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Wide-Bandgap Perovskite-Inspired Materials: Defect-Driven
Challenges for High-Performance Optoelectronics

G. Krishnamurthy Grandhi, David Hardy, Mokurala Krishnaiah, Brenda Vargas,
Basheer Al-Anesi, Mahesh P. Suryawanshi, Diego Solis-lbarra, Feng Gao,

Robert L. Z. Hoye, and Paola Vivo*

The remarkable success of lead halide perovskites (LHPs) in photovoltaics
and other optoelectronics is significantly linked to their defect tolerance,
although this correlation remains not fully clear. The tendency of LHPs to
decompose into toxic lead-containing compounds in the presence of humid
air calls for the need of low-toxicity LHP alternatives comprising of cations
with stable oxidation states. To this aim, a plethora of low-dimensional and
wide-bandgap perovskite-inspired materials (PIMs) are proposed.
Unfortunately, the optoelectronic performance of PIMs currently lags behind
that of their LHP-based counterparts, with a key limiting factor being the high
concentration of defects in PIMs, whose rich and complex chemistry is still
inadequately understood. This review discusses the defect chemistry of
relevant PIMs belonging to the halide elpasolite, vacancy-ordered double
perovskite, pnictogen-based metal halide, Ag-Bi-1, and metal chalcohalide
families of materials. The defect-driven optical and charge-carrier transport
properties of PIMs and their device performance within and beyond
photovoltaics are especially discussed. Finally, a view on potential solutions
for advancing the research on wide-bandgap PIMs is provided. The key
insights of this review will help to tackle the commercialization challenges of
these emerging semiconductors with low toxicity and intrinsic air stability.

1. Introduction

Lead halide perovskites (LHPs), with a gen-
eral formula “ABX;” (where A = mono-
valent cations such as Cs* or methylam-
monium, MA*; B = Pb**; X = CI-, Br-,
I7), have emerged as the premier emerg-
ing photovoltaic technology, as they en-
able high-performance devices combined
with cost-effective low-temperature solu-
tion processability. Notably, the certified
record power conversion efficiency (PCE)
of LHP-based solar cells has now ex-
ceeded 26%, and is approaching the PCE
of the most efficient crystalline silicon so-
lar cell (26.8%)."?] Such a remarkable per-
formance stems from the long charge-
carrier diffusion lengths, high photolumi-
nescence quantum yields (PLQYs), low ex-
citon binding energies, sharp absorption
onsets, and high absorption coefficients.
The ability to achieve high PLQYs and long
diffusion lengths from low-temperature
solution-processed films is remarkable, and

G. K. Grandhi, B. Al-Anesi, P. Vivo
Hybrid Solar Cells

Faculty of Engineering and Natural Sciences
Tampere University

P.O. Box 541, Tampere FI-33014, Finland
E-mail: paola.vivo@tuni.fi

D. Hardy, F. Gao

Department of Physics

Chemistry and Biology (IFM)

Linképing University

Linképing SE-58183, Sweden

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202307441
© 2023 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202307441

Adv. Funct. Mater. 2023, 2307441 2307441 (1 of 52)

M. Krishnaiah

Department of Electronic Engineering
Incheon National University

Incheon 406-772, Republic of Korea

B. Vargas, D. Solis-Ibarra

Laboratorio de Fisicoquimica y Reactividad de Superficies (LaFReS)
Instituto de Investigaciones en Materiales

Universidad Nacional Auténoma de México

Circuito Exterior s/n, CU, Ciudad de Maaxico, Coyoacan 04510, Mexico

M. P. Suryawanshi

School of Photovoltaic and Renewable Energy Engineering
University of New South Wales

Sydney, New South Wales 2052, Australia

R. L. Z. Hoye

Inorganic Chemistry Laboratory

Department of Chemistry

University of Oxford

South Parks Road, Oxford OX1 3QR, UK

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202307441&domain=pdf&date_stamp=2023-10-02

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

has been attributed to “defect tolerance”, but there are still many
questions regarding its origins and nature.

Research into LHPs has tremendously advanced over the last
few years, with remarkable improvements in the environmental
and operational stability of LHP-based devices.'*] However, the
toxicity of the lead cation (Pb?*) in the most efficient LHP com-
positions still raises concerns about their widespread commer-
cialization, with the allowed limit of lead in electronic devices be-
ing <0.1% by weight according to the European Union.*! Photo-
voltaics for rooftop and utility-scale applications are exempt from
these regulations, but other applications, such as light-emitting
diodes or indoor photovoltaics, are not, and this may limit the
use of LHP devices in consumer electronics. Furthermore, when
in contact with humid air or water, LHPs decompose to water-
soluble lead compounds that could possibly leach out to the en-
vironment. This may cause the accumulation of lead halide salts
in the food chain more effectively than for other lead-based com-
positions (e.g., PbS) used in existing technologies such as lead-
acid batteries.>® Therefore, the high water solubility of the LHPs
makes them potentially hazardous to the environment and hu-
man beings, particularly children. The possible leakage of lead
into the environment during the life cycle of LHP-based devices
may still be possible even with effective encapsulation.!*’] There-
fore, the design and synthesis of lead-free perovskite-inspired
materials (PIMs) with substantially reduced toxicity is a heavily
investigated topic, yet still requiring further attention. It should
be noted that while the compounds with an ABX, stoichiometry
and a crystal lattice made of a cubic network of corner-sharing
BX, octahedra are termed halide perovskites,®! both the three-
dimensional (3D) halide perovskite derivatives, namely Sn(II)
halide perovskites and halide elpasolites, and electronic analogs
of the halide perovskites (i.e., zero- (0D), one-(1D), and two-
dimensional (2D) metal halides containing various mono, tri, and
tetravalent cations) have been commonly known as PIMs.l!

A large fraction of the studies into PIMs have focused on Sn-
based perovskites obtained by the homovalent substitution of
Pb** (at the B-site) with Sn** to retain the three-dimensional (3D)
perovskite crystal structure. The narrow bandgaps of Sn-based
perovskites in the 1.2-1.4 eV rangel'% are close to the optimum
value (1.34 eV) for solar light absorbers."!l However, Sn-based
perovskites currently face a major shortcoming, namely the rapid
oxidation of Sn** to Sn** in air. By contrast, low-toxicity and ox-
idatively stable cations such as Ag®, Na*, Bi**, Sb**, In**, Sn**,
Ti*+, Te*t, etc. have been employed to synthesize a plethora of
PIM compositions that belong to the halide elpasolites, vacancy-
ordered double perovskites, pnictogen-based metal halides, and
so on. However, owing to the differences in the size and va-
lence state of these ions compared to Pb?*, the resultant PIMs
often do not retain the 3D perovskite structure but instead crys-
tallize in OD, 1D, and 2D structures. These PIMs usually also dis-
play wider bandgaps in the 1.6-2.5 eV range than their Pb?* or
Sn**counterparts, in turn, being of interest for a range of emerg-
ing applications, such as photocatalysis, tandem solar cells, and
indoor photovoltaics. Low-toxicity PIMs comprising Group V
cations Bi** and Sb** are anticipated to be promising due to their
ns? valence electron configuration and high polarizabilities (sim-
ilar to Pb?*). Nevertheless, the PCE of devices employing these
materials is far below that of LHP-based counterparts. In addition
to the high exciton binding energies and constrained charge car-
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rier transport arising from their low dimensionality, the high con-
centration of defects in the wide-bandgap PIMs remains a ma-
jor obstacle to their material and device performance. The domi-
nant non-radiative recombination in most of the wide-bandgap
PIM compositions is evident from their low PLQYs and high
non-radiative recombination rate, which correlates with losses
in the open-circuit voltage (Vo). Although some progress has
been made in understanding the role of defects in these materi-
als from both experimental and theoretical viewpoints, dedicated
follow-up studies are a pressing priority for an in-depth under-
standing of the defect mitigation pathways and the identification
of defect-tolerant PIM candidates. These future studies will ben-
efit from the critical assessment of the existing knowledge on the
defect chemistry of PIMs and the related device performance lim-
itations.

Although a few other reviews on PIMs exist, a compre-
hensive study focusing on the defect chemistry of wide-bandgap
PIMs to explain their still modest performance in applications
within and beyond photovoltaics is currently lacking. In this re-
view, we aim to address this knowledge gap by discussing the
up-to-date experimental and theoretical information on the in-
fluence of the defects on the optical and electronic properties
of PIMs for key device applications, namely solar cells, indoor
photovoltaics, photodetectors, and memristors. In addition to the
perovskite-inspired metal halide compositions, we also discuss
relevant examples from the chalcohalide and metal chalcogenide
families, given the enormous interest of the community in these
absorbers for future optoelectronics. These materials are still con-
sidered PIMs because of the similarity in their electronic struc-
ture at band extrema to LHPs, which may be conducive to achiev-
ing defect tolerance.

In this review, we first provide a brief overview of the struc-
tural and stability aspects and optical properties of the investi-
gated PIMs. We then discuss the origin of defect tolerance in
LHPs, examine the role of defects in various wide-bandgap PIMs,
and discuss effective strategies to mitigate the deleterious role
of defects in these materials. This is followed by an assessment
of the application of PIMs in outdoor and indoor photovoltaics,
photodetectors, and memristors, with a close look at the progress
and performance bottlenecks in relation to the materials defects
and trap-related recombination. Finally, we provide our insights
on how to address the defect challenge and other device-limiting
factors in PIMs.

[9,12-15]

2. Structure and Stability

Before diving into the intriguing optoelectronic properties of
lead-free PIMs with wide-bandgap in relation to their defect
chemistry and device applications, it is essential to begin with an
overview of the composition, structure, and stability of the ma-
terials under consideration. While this section aims to provide
a basic understanding, it is important to note that this review is
by no means exhaustive. For a more in-depth analysis, we rec-
ommend referring to some excellent reviews that focus on spe-
cific families of lead-free materials, their structures, history, and
more.[1%20 An important note for this section is that, in accor-
dance with the standard perovskite notation, B will be used as a
symbol for the central metal atom of these materials and should
not be confused with the element boron.
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n=1: (BA),AgBiBrg n = 2: (BA),CsAgBiBr,

n=:Cs,AgBiBrg
\ J

Figure 1. a) Schematic illustration of the cation-transmutation from the
archetype APbX; 3D perovskite to a double perovskite (DP) or halide
elpasolite.31] The lower box represents the dimensional reduction of the
Cs,AgBiBrg halide elpasolite with the organic cation BA (C,H;,N*). 2D-
halide elpasolites with b) n =1, ¢) n = 2 and d) 3D-halide elpasolite. Pan-
els (b—d) are reproduced with permission.32 Copyright 2018, American
Chemical Society.

2.1. Halide Elpasolites

Halide elpasolites, also commonly referred to as double per-
ovskites (DPs), are a class of materials with a unique crystal struc-
ture that is based on the ABX; perovskite structure but contains
two different cations at the B-site position, thus resulting in the
general chemical formula of A,BB’X, where A is a monovalent
cation (e.g., Cs* or methylammonium, MA*), B and B’ are mono-
valent and trivalent cations respectively (e.g., Ag* and Bi**), and
Xisahalide (F~, Cl~, Br~, and I7). The crystal structure of halide
elpasolites is cubic or pseudocubic, and each unit cell contains
two interpenetrating cubic lattices, with the A cations occupying
the cuboctahedral vacancies, and the B and B’ cations occupying
alternating octahedral sites in the other lattice (Figure 1a). This
results in a highly ordered and symmetrical structure.[']

Some halide elpasolites have shown good stability to-
wards air and humid air, such as Cs,AgBiCl;, Cs,AgBiBr,,
Cs,AgSbCl,, Cs,AgInCl, Cs,NaBiCl;, and Cs,NalnCl,. For ex-
ample, Cs,AgBiBr,;, one of the most studied halide elpaso-
lites, can be heated up to 430 °C with no visible phase transi-
tions or decomposition processes. Despite its thermal stability,
Cs,AgBiBr, and other Ag-containing halide elpasolites show sig-
nificant degradation under continuous light irradiation.l?!l In-
terestingly, most of the experimentally confirmed halide elpa-
solites are formed with Cl as the halide. When trying to in-
corporate bromide anions, the more thermodynamically stable
A,B" X, phase is predominantly formed instead (along with
other phases). Even fewer halide elpasolites with iodides have
been synthesized, for example, MA,AgSbI,[??l Cs,NaREI, (RE:
Sc, Lu, Tm, and Er),[?*] and Cs,AgBil,.[>*] The latter composition
has been successfully obtained only in nanocrystal form, even
though theoretical calculations predict its thermodynamic insta-
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bility. This phenomenon of metastable structures becoming sta-
ble when synthesized under a colloidal approach also applies to
chalcohalides, as will be seen in the next section. It is worth men-
tioning that some lesser-known members of this halide elpaso-
lite family are highly hygroscopic or readily decompose in air,
as in the case of luminescent Cs,NaMBr, (M : Sc, Y, La)[®*} and
Cs, LiBiCl,, 2% respectively.

A 2D version of halide elpasolites can also be attained by
introducing long organic cations and dications (ammonium
or diammonium in nature) in between the inorganic layers
(Figure 1b—d). In most ways, the dimensional reduction of halide
elpasolites (with both structural and electronic dimensionality
being reduced) is similar to the dimensional reduction of 3D per-
ovskites to 2D perovskites.[?’) Among other things, dimensional
reduction increases its stability range and widens their bandgaps.
For example, while most 3D-halide elpasolites are unstable with
iodine, most 2D-halide elpasolites form with this halide. More-
over, some unstable halide elpasolites in ambient conditions
(e.g., Cs,AgInBr,) have stable layered organic-inorganic analogs
(PA,AgBiBrg, with PA = Propylammonium).?82% So far, only 2D
elpasolites with one and two octahedra thick slabs have been re-
ported (n =1 and 2) with general formulas A,BB'X; (A an organic
monocation) and A,CsBB’X;, respectively, which means there
could be an intrinsic instability for structures with n > 3.3% The
soft and dynamic nature of the organic cations also enables fer-
roelectricity in some 2D-halide elpasolites and a phase transition
from an acentric state to a centrosymmetric phase is observed,
usually at nearly room temperature.

2.2. Vacancy Ordered Halide Perovskites

Vacancy-ordered perovskites (VOHPs) can have either a 0D (0D-
VOHP) or a 2D structure (2D-VOHP). The 0D-VOHPs can be
further divided into two subgroups. The first can conceptually
be derived from a halide ABX, perovskite where the divalent B
metal is replaced by a tetravalent one (B'), causing the removal
of half of the B cations to fulfill the charge neutrality and form-
ing a checkerboard-type pattern of alternating BX, octahedra and
vacancies (Figure 2). The 0D-VOHPs can also be described as an-
tifluorites and usually have a face-centered cubic structure with a
Fm3m space group and chemical formula A,B!VX,. Alternatively,
they can also be described as double halide perovskites where the
B’-site is a vacancy, hence vacancy-ordered. The representative
perovskite of the A,BVX, group is Cs,Sn'VI, which is known to
be more stable than CsSnl, toward air oxidation because of the
more stable tetravalent Sn'V. Although the decomposition rate of
Cs,Snl; when exposed to air is slower than CsSnl;, it still de-
composes into Csl after several weeks.*}] 0D-VOHPs, such as
Cs,PdBr,, Cs,TiX, (X: Cl, By, and I), and Cs,Tel;, have a much
higher tolerance to moisture and heat and can even withstand
water at room temperature for 10 min without decomposition
in the case of Cs,PdBr,.>*¢ This higher stability in compari-
son to the Pb-based perovskites is due to the higher degree of
covalency between the tetravalent and the halide ions. However,
this higher covalency is also responsible for the dominant defects
forming deep states in the bandgap.l*’] It is worth noting that
several 0D-VOHPs have been successfully implemented in solar
cells.38
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Figure 2. Schematic illustration of the cation-transmutation from the archetype APbX; 3D perovskite to a vacancy-ordered perovskite (left) and 0D

dimers A;B,Xq. When the Pb'! is replaced by a trivalent metal, due to the
dimeric structure.

The next subgroup of 0D-VOHP is obtained by replacing B!
with a trivalent cation (B!). The 0D structures with chemical
formula A,B", X, correspond to face-sharing BX, octahedra oc-
curring as B,X,*>~ dimers with the Cs atoms filling the hexag-
onal channels (Figure 2). They crystallize either in a thombohe-
dral (e.g., Cs;T1,Cly) or a hexagonal space group (e.g., Cs; W, Cl,).
Some relevant materials in this group are Cs;Bi, I, and MA,Bi, I,
which have been used as an absorber for solar cells and other
applications. Further, Cs;Bi,I, has been shown to be very sta-
ble under ambient conditions®! and is also stable under light
illumination.[*®] The stability of other 0D-VOHP with transition
metals or rare earth in the B-site in this group has not been re-
ported in the literature, but one can anticipate that it will vary
depending mostly on the overall stability of the B! metal and its
decomposition products.

The 2D-VOHPs are the layered polymorphs of the A;B",X,
perovskites. They are derived by replacing B! in the 3D ABX,

charge difference, 1/3 of the B-sites are left vacant (B”|2/3) giving rise to the

halide perovskite structure with a trivalent pnictogen cation (B:
As, Sb, and Bi), provided the A cation is a small organic cation
or an alkaline metal. The layered structure consists of slabs com-
prised of two layers of corner-sharing BX, octahedra (n = 2) alter-
nating with a layer of vacancies, with the A cation occupying the
voids between the octahedra (Figure 3) and usually crystallizing
with a trigonal space group P3m1. 2D-VOHPs with n =2, such as
Cs, Sb, Iy, degrade up to 400 °C and can withstand up to 88 days
under exposure to atmospheric moisture.[*!]

The slab thickness can be increased to three octahedra (n = 3)
by incorporating a divalent transition metal (M!: Mn, Fe, Cu, Cd,
In) in the B sites and X = Cl, Br and I, to yield A,M"M' X,
perovskites (Figure 3).81 To date, only one 2D-VOHP with fluo-
ride as the halide has been reported, K,Fe!'Fe!'', F,, [*?] whereas
there are several known with Cl or Br, and a few with I. 2D-
VOHPs with n = 3 in bulk form can also withstand humid air
(up to 50% relative humidity) and continuous illumination for

3D perovskite
oriented in <111>

3D perovskite direction

4 2D-VOHPs )

<111>-oriented layered
perovskite

AM, X, n=2

¥

Figure 3. Schematic illustration of the cation-transmutation from the arch
with permission.[*4] Copyright 2020, American Chemical Society.
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etype APbX; 3D perovskite to a 2D-VOHP with n = 2 and n = 3. Reproduced
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( a) Navo,, R3m

.

.1 Stoichiometry: a’+b’+A’=a”+b"+A”"=1
Charge neutrality: a’+a”’+3(b'+b")=2

M’=A, B, A,
M”=A,.By Ay

A: Ag*, Cu*

B: Bi3*, Sb3*
X: I, Br

A: vacant site

© : Silver (Ag)
@ : Bismuth (Bi)
a * @ :lodine (I)

—

_J

Figure 4. Crystal structures of the a) NaVO, prototype oxide and b) A,ByX, halide rudorffites. Reproduced with the permission.[*3] Copyright 2017,
Wiley-VCH. Panel (c) shows different representations of the rudorffite AgBi, ;. Reproduced with the permission.[>%] Copyright 2016, Wiley-VCH.

weeks (under simulated sun and UV light) without showing any
sign of degradation. According to thermogravimetric analysis,
the Sb perovskites are usually stable up to approximately 200 °C,
while the Bi-based perovskites are stable up to 350 °C. In gen-
eral, 2D-VOHPs present reasonable stability in highly polar sol-
vents containing water, unlike the Pb-halide perovskites. Simi-
larly, Cs,CuSb,Sb,, has shown excellent stability under irradia-
tion in humid conditions.!**]

2.3. Pnictogen-Based Metal Halides and Rudorffites

Pnictogen-based metal halides are a class of compounds that con-
tain both a pnictogen (P, As, Sb, or Bi) and a halogen (F, Cl, Bz,
or I). They are often ternary compounds, comprised of a metal
cation, a pnictogen, and a halogen, with a wide variety of stoi-
chiometries to maintain the charge neutrality condition. While
there are many known and potentially accessible pnictogen-based
metal halides, for photovoltaic and optoelectronic purposes, a
class of these materials gaining substantial attention are ternary
Ag-Bi-I semiconductors. The general formula is Ag,Bi l, 5, . The
iodide sub-lattice maintains a cubic close-packed (ccp) structure,
while both Ag* and Bi** occupy octahedral holes, with a range
of octahedral motifs adopted. Ag-poor compounds (e.g., AgBi,I,)
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adopt a 3D defect-spinel octahedral motif, with a cubic unit cell
(Fd3m space group). AgBil, has been found to adopt either a
defect-spinel octahedral motif or a 2D CdCl,-type structure (R3m
space group), in which all octahedral holes in alternating layers
are filled (i.e., all octahedral holes in the I ccp sub-lattice filled
in layer 1, with no octahedral holes filled in layer 2). For Ag-rich
compounds (e.g., Ag,Bil; or Ag;Bil;), the extra Ag™ cations fill
the octahedral holes in layer 2 with partial occupancy, giving rise
to a 3D NaVO,-type structure.l**#’] Turkevych et al. proposed to
call these NaVO,-type Ag-Bi-I compounds “rudorffites”,*®! be-
cause the structure of NaVO, was first reported by Walter Rii-
dorff and Hans Becker in 1954.1°2] Turkevych et al. also proposed
that all Ag-Bi-I stoichiometries could be explained by NaVO,-type
structures, with different fractions of Ag*, Bi**, and vacancies oc-
cupying each layer of octahedral holes!*8] (Figure 4). As a result,
it has become very common in the burgeoning field to refer to
all Ag-Bi-I and related compounds (including Cu-Bi-I materials)
as rudorffites. We emphasize that this is not strictly speaking cor-
rect, since not all of these materials have been proven experimen-
tally to adopt a NaVO,-type structure, and we cannot therefore
refer to all of these materials as rudorflites in the same way as we
use the term “perovskite” by itself to strictly refer to compounds
with the perovskite crystal structure. Furthermore, in Cu-Bi-I ma-
terials, Cu* does not occupy an octahedral hole in the same way
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as Ag", but rather occupies tetrahedral holes.[**] Thus, we cannot
refer to Cu and Ag both being the A-site cation in a simple ABX,
general formula.

As will be discussed later in this review, pnictogen-based metal
halides and rudorffites have received increasing attention in re-
cent years due to their interesting electronic and optical prop-
erties and their subsequent applications in photovoltaics and
beyond. Furthermore, initial reports have shown that several
rudorffites have shown excellent thermal stability, which makes
them very attractive as potential candidates for several devices.[!]
However, despite early reports on thermal stability, there is very
limited information about their stability under operational con-
ditions, and the effect of heat, moisture, and illumination, or how
ion migration within these materials might affect their opera-
tional stability.

Although the majority of efforts have been on Ag-Bi-I semicon-
ductors, Cu-Bi-I materials have also been synthesized and pro-
posed as photovoltaic materials, albeit with lower stability than
their Ag analogs. To resolve this, Sansom et al. proposed to inves-
tigate the quaternary Cu-Ag-Bi-I compounds, in which Cu* occu-
pies tetrahedral holes, while the larger Ag* and Bi** still occupy
octahedral holes.[*>!] One of the materials realized is Cu,AgBil,,
which was found to be more stable than CuBil,.>! This material
has a CdCl,-type structure where layers of edge-sharing disor-
dered Ag* and Bi** octahedra alternate with a layer of vacant octa-
hedral sites. Conceptually, Cu,AgBil, can be obtained by adding
tetrahedral Cu* to AgBil,. In this scenario, vacancies are formed
to maintain charge balance, reducing the octahedral occupancy
of the Ag* and Bi** sites. Another promising material for pho-
tovoltaics is hexagonal AgBiS, (also known as matildite).’?] Al-
though this material contains the chalcogenide S instead of a
halide, AgBiS, can exhibit the NaVO, prototype oxide structure,
where layers of edge-sharing Ag octahedra alternate with layers
of Bi octahedra. Also, it has been found that because Ag*™ and Bi**
have similar ionic radii, these two cations often occupy the same
lattice site, giving rise to cation-disordered AgBiS, with a rocksalt
structure.>?]

2.4. Metal Chalcohalides

Metal chalcohalides are a class of compounds that contain both
a chalcogenide (S, Se, or Te) and a halide (Cl, Br, or I), as shown
in Figure 5. These materials have a wide range of compositions,
and the most common chemical formula is B,,Ch X,, where Bisa
metal, Chis a chalcogenide, X is a halide, wand y are integers, and
z is a fractional number that satisfies the charge neutrality con-
dition. In this section, we will focus on ternary chalcohalides but
quaternary and more exotic compositions that incorporate rare
earth and/or alkaline metals have also been reported.>*! Chal-
cohalide materials have attracted significant attention in recent
years due to their unique and tunable optical and electronic prop-
erties and remarkable stability. They have applications in a range
of fields, including photovoltaics, light-emitting diodes, optical
sensing, radiation detectors, batteries, and photocatalysis.!*”]
The crystal structure of chalcohalide materials can vary de-
pending on their composition. The most common ternary chal-
cohalides are the heavy pnictogen chalcohalides (B: Sb and Bi)
with an orthorhombic crystal structure and a 1:1:1 stoichiome-
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try (w = y = z = 1). These compounds form 1D chain-like struc-
tures of BCh,X, e (e is a vacancy) edge-sharing pseudo-octahedra
(except for AsSel). The BiTeX chalcohalides form a layered 2D
structure of [BiTe]", like the bismuth oxyhalides. The 1D or 2D
structures lead to anisotropic electronic and optical properties
that can be exploited for various applications, particularly, so-
lar cells.>>! The structural characteristics of these compounds,
such as the formation of chains or double chains, affect their
growth and carrier transport properties and contribute to many
potential applications. For instance, SbSI presents good stability
and an isostructural material, Sby ¢,Bi, ;;SI is a promising photo-
voltaic absorber with excellent device stability under exposure to
light, moisture, and temperature of 85 °C.I*°! The crystal struc-
ture of Cu,l,Se, has also been studied, revealing different co-
ordination environments and polyhedral arrangements.l>”] Fur-
thermore, hybrid organic-inorganic metal chalcohalides, such as
MASDSI, and MA;Bi, I, _, S, have also been reported and imple-
mented in solar cells,*® as discussed later.

3. Defect Chemistry of Wide-Bandgap
Perovskite-Inspired Materials

As will be detailed in later sections, wide-bandgap (close to 2 eV)
PIMs have many important applications in next-generation en-
ergy, communications, and computing applications. A critical
factor affecting their performance is defects, which act as sites of
non-radiative recombination. One of the key factors driving the
exploration of PIMs is the identification of compounds that could
replicate the defect tolerance of LHPs. In this section, we discuss
evidence for and against defect tolerance in LHPs, whether it can
be replicated in wide-bandgap PIMs, and the progress made in
devising strategies to mitigate the role of defects in PIMs.

3.1. Defect Tolerance in Halide Perovskites and their Applicability
to Wide-Bandgap Alternatives

3.1.1. What is Defect Tolerance?

There is a hierarchy of defects that impact on device performance,
from 0D point defects, to 1D and 2D structural defects (e.g., grain
boundaries and stacking faults), through to 3D macroscopic de-
fects (e.g., voids). Macroscopic defects, and to a certain extent
1D and 2D structural defects, can be mitigated by optimizing
the processing of the materials, e.g., by avoiding pinholes and
increasing grain size. Discussions around defect tolerance have
therefore focused on point defects, which include vacancies, anti-
sites, and interstitials, as well as defect complexes, such as Schot-
tky defects.l°-*] Such point defects can readily be simulated us-
ing modern computational techniques, and also evaluated exper-
imentally, for example through deep-level transient spectroscopy
(DLTS).

Defect tolerance is typically considered to refer to point defects
not affecting the charge-carrier mobility or non-radiative recom-
bination rate.[°¢”] Based on the Shockley—Read—Hall model for
one defect state within the bandgap of a semiconductor, a low
non-radiative recombination rate can be retained despite a high
defect density if the trap is shallow (i.e., within a few kT of one of
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Figure 5. Structures of a) heavy pnictogen chalcohalides with a 1: 1: 1 stoichiometry, b) Pb-based stable chalcohalide Pb,S;Br,[] and the three different
Pb-coordination polyhedral in the structure and, c) a hybrid organic-inorganic chalcohalide MASbSI,. Reproduced with permission.[] Copyright 2018,

American Chemical Society.

the band-edges), and/or has a low capture cross-section, %] ag
illustrated in Figure 6. However, we would add that this definition
of defect tolerance should only refer to free charge-carriers or ex-
citons. Bismuth-halide PIMs have been widely found to exhibit
carrier localization, in which the wavefunction of the charge-
carrier or exciton is constrained to within a unit cell owing to
coupling with optical or acoustic phonons.!®7!l In this case, an
increase in defect density does not affect the charge-carrier life-
time or mobility because these parameters are limited by the
small polarons or self-trapped excitons.”?! But because the mobil-
ity is severely reduced, diffusion lengths are short,[”>’?] whereas
the implication of defect tolerance is that long diffusion lengths
can be achieved to enable high charge-collection efficiency in
diffusion-driven devices, such as photovoltaics.

3.1.2. Evidence for and Against Defect Tolerance in Lead-Halide
Perovskites

Although defect tolerance is widely quoted as a principal reason
behind the exceptional performance of lead-halide perovskites in
photovoltaics, the evidence for this occurring in these materials
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remains under debate. Defect tolerance was first proposed for so-
lar absorbers over 20 years ago by Zunger and co-workers to ex-
plain the ability of CulnSe, to tolerate high concentrations (on the
order of 1%) of native defects, which was based on copper vacan-
cies and Ing, anti-sites forming a benign defect pair.[®!l In 2014
and 2015, defect tolerance resurfaced to explain computational
work indicating MAPbI, to primarily form shallow transition lev-
els for its lowest formation energy point defects(®2%! (Figure 6).
The proposed explanation was that this was due to the unusual
electronic structure (shown in Figure 6, right) that resulted in
disperse band extrema, and therefore increased the likelihood of
defect transition levels being shallow, especially cation vacancies.
This effect was enhanced by spin-orbit coupling (SOC; which is
high due to the presence of heavy Pb) that lowers the bandgap
and further increases the chances of transition levels being close
to a band-edge.l%! The advantage of this model is that it implies
that defect tolerance is not unique to LHPs and may be found
in other semiconductors, even in classes of materials that are not
perovskites (e.g., BiOI, BiSI), provided that they can form qualita-
tively similar electronic structures at the band extrema. This has
particularly placed emphasis on compounds containing cations
that are heavy (high spin-orbit coupling) and have stable valence
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Figure 6. Illustration of how defect tolerance can arise in LHPs, based on
a simplified molecular orbital diagram of the band extrema. Defect intol-
erant materials (left) form deep traps that are close to mid-gap and have
an approximately equal probability of capturing both electrons and holes.
Along with high capture cross-sections, these deep recombination cen-
ters give rise to high rates of non-radiative recombination, and their den-
sity needs to be minimized as much as possible. Defect tolerant materi-
als (right), on the other hand, primarily have shallow traps with low cap-
ture cross-sections, such that low rates of non-radiative recombination are
maintained despite high defect densities. It is proposed that shallow traps
are favored based on the unusual electronic structure formed by LHPs
at the band-extrema (illustrated right), and low capture cross-sections
achieved through high dielectric constants and low effective masses. Re-
produced under the terms of the CC-BY license.[®®] Copyright 2021, The
Authors, published by Wiley-VCH.

s? electrons that can hybridize with anion orbitals to give a sim-
ilar electronic structure as LHPs at the upper valence band and
conduction band minimum (shown in Figure 6, right), especially
compounds with Bi**, Sb**, Sn**, and In*, which are termed
“ns?” compounds.[®®l The advantage of these heavy metal cations
is that they have high polarizability, which can lead to large di-
electric constants that Coulombically screen charged defects and
reduce the capture cross-sections of defects.[¢673.74]

However, it is clear that the electronic structure model (i.e.,
as illustrated in Figure 6, right) does not fully describe how de-
fect tolerance arises, and there is still debate over whether the
dominant point defects in LHPs do indeed have shallow transi-
tion levels.[¢75] Zhang, Van de Walle, and co-workers pointed out
that the early defect calculations on MAPDI, were performed with
a low level of theory using the Perdew-Burke-Ernzerhof (PBE)
functional. This underestimates the bandgap, but does not ac-
count for spin-orbit coupling (which would lower the bandgap).
As a result, these two errors cancelled out, and the calculated
bandgap (1.5 eV) was close to the experimental value (1.58 eV).[%]
However, in going to a higher level of theory, it was found that de-
fects that appeared to be shallow using the PBE functional were
in fact deep (e.g., I interstitials),[**”>] as shown in Figure 7a—c.
Furthermore, Van de Walle and co-workers found that the high
anharmonicity in LHPs, along with their strong electron-phonon
coupling, results in a breakdown in the conventional wisdom
that the capture coefficients of defects can be gauged simply by
the relative position of the transition level to the band-edges!””!
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(Figure 7d,e). To further complicate the picture, Kronik and co-
workers found that the significant local dynamic disorder of
CsPbBr; resulted in its Br vacancy transition level fluctuating by
1 eV on a picosecond timescale, whereas the fluctuation in GaAs
isonly 0.1 eV (Figure 8).7% In such a dynamic local environment,
It becomes difficult to classify defects as being shallow or deep,
although Kronik and co-workers proposed that the frequent vis-
its of deep defects to shallow regions allow trapped carriers to be
released, and this would be consistent with defect tolerance.!”®]
In addition, De Angelis and co-workers found that although I in-
terstitials form a deep trap, these are amphoteric, and hole traps
(I,7) can readily be converted to electron traps (I;*) under mildly
oxidizing conditions and become kinetically de-activated, making
them benign.[*4)

Experimentally, the density of defect states in LHPs has been
found to range from 10'°-10'2 cm~ in single crystals to 103~
10% cm~3 in polycrystalline thin films, with occasional reports of
up to 107 cm=3.[764] These values substantially exceed the de-
fect densities found in single-crystal silicon (108 cm=3), and yet
the best polycrystalline perovskite solar cells have power conver-
sion efficiencies approaching the record value for single-crystal
silicon photovoltaics (26.1% and 26.8%, respectively).?] For ex-
ample, the recent a-FAPDI; perovskite solar cell reported by Seok
and co-workers with a certified 25.7% PCE had a reported trap
density of 9.37 x 10" cm™3.1"l Careful passivation of interfaces
and grain boundaries are required to achieve the highest PCEs
in LHP photovoltaics, but the high PCEs achieved despite high
trap densities would suggest that these defects in LHPs are not
as harmful as in conventional semiconductors. Alivasatos and co-
workers provided further experimental evidence consistent with
defect tolerance in LHPs.””] They intentionally introduced halide
vacancies into CsPbl; nanocrystals by washing the nanocrystals
in a low polarity solvent (toluene), in which the oleylammonium
ligand is removed with a halide counterion. In doing so, they
found that the PLQY remained close to unity for CsPbl, as the
number of halide vacancies per nanocrystal increased from <25
to 350 (Figure 9a).l”’] Further evidence consistent with defect tol-
erance was provided by Steirer et al., who showed that the Fermi
level to valence band offset remained constant until the I/Pb ratio
decreased below 2.5 through the removal of MAI (Figure 9c).l”®]
On the other hand, DITS measurements have shown that deep
traps can occur in MAPbI; (0.76 eV from the band-edge) with
high density (10 cm™), but the capture cross-section was low
(107** c¢m?), and 18%-efficient solar cells could still be achieved.
The low capture cross-section is consistent with expectations that
the high dielectric constant in LHPs result in Coulombic screen-
ing of charged defects.[%67]

Beyond defect tolerance, an alternative explanation put for-
ward for the high performance of LHPs is self-healing, which
refers to the autonomous repair of damage to LHPs with-
out external factors.[*”] Self-healing has been widely invoked
to explain the high radiation hardness of LHPs, and the
ability of photovoltaic devices to recover in performance in
the dark (Figure 9d,e). It is expected that self-healing oc-
curs as a result of halide ion migration (which is known
to be prevalent in LHPs). But despite mounting experi-
mental evidence for self-healing, simulating these effects is
challenging.[”]
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Figure 7. Challenges of simulating the effects of defects in MAPbI;. Defect formation energy of the hydrogen vacancy from the ammonium group in
MA (V4[N]) as a function of Fermi level calculated using a) the PBE functional, b) HSE-SOC calculations from defect configurations relaxed using
PBE (HSE@PBE-SOC), and c) with both defect configuration relaxations and energies calculated using HSE-SOC. d) Typical configuration coordinate
diagram for defect X transitioning from a neutral state (X°, blue curve) to a negative charge state through electron capture (X~, green curve), followed
by transitioning back to a neutral state through hole capture (X°, orange curve). e) lllustration of how increasing the average distortion associated with
the neutral defect (AQ) affects the capture barriers (Ep). Reproduced with permission.”>! Copyright 2022, American Institute of Physics.

3.1.3. Defect Tolerance in Wide-Bandgap Perovskite-Inspired in BiOI (E, of 1.93 eV) show that the most common of these
Materials defects have transition levels either resonant in the bands, or

shallow within the bandgap®?! (Figure 10a). These defect cal-
There has been a handful of computational and experimental  culations also showed BiOI to be a self-compensating system,
evidence supporting defect tolerance in lead-free PIMs. Com-  with the Fermi level pinned close to mid-gap by the cross-over
putational investigations into the vacancy and anti-site defects  point between the lowest formation energy donor and acceptor
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Figure 8. Illustration of how local dynamic disorder influences the calculated eigenvalues for the valence band maximum (VBM), defect level, and
conduction band minimum (CBM) for a) CsPbBr; (Vg,) and b) GaAs (As,), which represent different extremes in the local dynamic disorder. Reproduced
with permission.l”] Copyright 2019, American Chemical Society.
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Figure 9. Experimental evidence for defect tolerance and self-healing in lead-halide perovskites. a) Variation in the PLQY for CsPbl;, CsPbBr;, and
CsPbCl; as a function of halide vacancy per nanocrystal, with halide vacancies intentionally introduced through removal of labile ligands in non-polar
solvents. Reproduced with permission.[’’] Copyright 2018, American Chemical Society. b) Illustration of how the transition level of halide vacancies
change with bandgap and the ionicity of the Pb-X bond. Reproduced under the terms of the CC-BY license.[®%] Copyright 2022, The Authors, published by
Springer Nature. CsPbX; compounds behave in a similar way.l”’}® c) Fermi level to valence band offset (AE,) of MAPbI; as a function of reducing I/Pb
ratios as MAI is progressively removed. Reproduced with permission.”8] Copyright 2016, American Chemical Society. d) Photographs of triple-cation
perovskites (top) on indium tin oxide (ITO)-coated glass substrates (bottom) before and after exposure to 2.3 Mrad y-ray after 1535 h. e) Proposed
mechanism for self-healing in perovskites after damage from y-ray exposure. Reproduced with permission.[8'l Copyright 2018, Wiley-VCH.
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Figure 10. Defect properties and multi-phonon emission processes in BiOl. a) Defect diagram for BiOl under I-rich, Bi-poor growth conditions for
vacancy and anti-site defects. b) Fraction of Bi, | or O in the surface of BiOl (measured by X-ray photoemission spectroscopy) after vacuum annealing
at 100 °C for varying times, and c) the resulting Fermi level to valence band offset (AE,). d) Time-resolved photoluminescence (TRPL) of BiOl thin
films under different fluences at room temperature. The lifetime obtained by fitting a drift-diffusion recombination model was 2.7 ns. e) TRPL of BiOIl
single crystals from room temperature (RT) down to 80 K. f) Proposed configuration coordinate diagram to describe changes in the ground state (blue)
and excited state (red) after photo-excitation and coupling to the two dominant A,, longitudinal optical phonon modes induced through displacive
excitation of coherent phonons. Steps are: 1) photoexcitation, 2) relaxation to local minima in the excited state potential energy surface and coupling
to the ground state to give photoluminescence, 3) non-radiative coupling of charge-carriers to the ground state, and 4) non-radiative relaxation of the
lattice to equilibrium. Reproduced under the terms of the CC-BY license.[32-34] Copyright 2017, The Authors, published by Wiley-VCH (a,d), Copyright
2020, The Authors, published by Wiley-VCH (b,c), and Copyright 2023, The Authors, published by Springer Nature (e,f).

defects.®?] This was confirmed through experiment, in which
X-ray photoemission spectroscopy (XPS) measurements showed
the Fermi level to be close to mid-gap,!®? and this was unchanged
after percent-level changes to the stoichiometry of the surface
of BiOI® (Figure 10b,c). The charge-carrier lifetime was also
unchanged after these percent-level changes in the surface sto-
ichiometry, but the maximum lifetime measured from BiOI thin
films was only 2.7 ns (Figure 10d).[32 Recently, Jagt, Bravi¢ et al.
showed that electron-phonon coupling results in the formation
of a non-radiative recombination channel in BiOI that is not re-
lated to defects, and still limits the room-temperature PL lifetime
to only ~2 ns, even in single crystals with < 10" cm= defect
density®! (Figure 10e,f).

Going beyond ns? compounds, there is mixed computational
evidence for defect tolerance in the vacancy-ordered double per-
ovskite Cs,Snl. Defect calculations by Maughan et al. suggested
the iodine vacancy to be shallow (Figure 11a),®%] whereas cal-
culations by Xiao et al. suggested the opposite, and that these
defects have deep transition levels under both I-rich and I-poor
conditions.*® Under I-poor conditions, Xiao et al. also found that
Sn; also has deep transition levels.*®! Upon changing Sn** to
Te**, the iodine vacancy transition level stays at the same energy
relative to the valence band maximum, but the bandgap increases
(from 1.36 eV for Cs,SnI® to 1.5 eV for Cs,Tel#")), thus mak-
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ing this a deep trap (Figure 11a).1®] Despite the expected defect
intolerance of Cs,Tel, charge-carrier lifetimes as long as 2.6 ns
have been extracted from TRPL measurements.®’]

Finally, computational studies have also hinted at the interest-
ing defect chemistry of BaZrS; (E, ~1.7 eV).l*”) When Zr vacan-
cies form, or when S-based point defects arise, the dangling S
bonds are expected to form trimers and tetramers, thus clean-
ing up deep traps, and form benign defect states. For example,
the Zr vacancy in BaZrS; was predicted to have a (0/+) tran-
sition level that is closer to the valence band than conduction
band (Figure 11b), and the capture coefficient for electrons would
therefore be low. This implies another route towards achieving
defect tolerance, and is consistent with the room-temperature PL
observed in BaZrS,.[*") However, further work is needed to verify
this proposed defect mitigation mechanism.

Overall, achieving defect tolerance, and even measurable
room-temperature PL, is challenging in wide-bandgap PIMs.
This is partly because a lower electron affinity (EA), or high ion-
ization potential (IP) increases the likelihood of traps becom-
ing deep, as evidenced in the earlier discussion on Cs,Snl, and
Cs,Tel, (Figure 11a). Another example is the case of CsPbX;, in
which it was shown that the defect tolerance of CsPbl, is not pre-
served as the halide is changed for Br and Cl, and the bandgap in-
creased. Alivasatos and co-workers found that while the PLQY of
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CsPbI, remained close to unity with the intentional introduction
of halide vacancies, CsPbBr; had a lower PLQY that decreased
slightly, while CsPbCl; had a strong dependence on halide va-
cancy concentration (Figure 9a).[”’! In addition to a lower EA and
higher IP, changing from iodide to chloride results in a reduc-
tion in the lattice parameter, and thus Pb dangling bonds hy-
bridize more strongly when halide vacancies form, increasing the
likelihood of deep traps forming/®!l (Figure 9b; this illustration
also applies to CsPbX;). Unlike these wide-bandgap semiconduc-
tors, BiOI has a shallow iodide vacancy that is resonant within
the conduction band because of the relatively large EA of 4.1 eV,
as well as comparatively long Bi-I bonds, which would lead to
a smaller overlap between Bi dangling bonds when I vacancies
form (Figure 10a).18082]

Another challenge with wide-bandgap materials is that there
tends to be a decrease in the polarizability, in which the optical
dielectric constant varies inversely with the square root of the
bandgap, which can lead to larger electrostatic interactions be-
tween charge-carriers and charged defect states (Figure 11c). In
screening through compounds on the Materials Project database,
it was also found that the effective mass overall tends to increase
with bandgap (Figure 11d). This not only leads to lower mobil-
ities, but also a higher capture cross-section, due to an increase
in the factor by which the capture cross-section increases when
a defect is charged rather than neutral (i.e., the Sommerfeld en-
hancement factor).

Beyond these challenges, computational studies have shown
that unlike Pb, the 6s orbital plays a less prominent role in
Bi-based PIMs, and the valence band density of states is often
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dominated by other species, especially in ternary compounds.
Thus, despite predictions hinting at the potential of Bi-based
materials,”?! many of these compounds do not have an electronic
structure at the band extrema that are qualitatively the same as
that found in LHPs. Furthermore, how deep or shallow cation
vacancies depend on the bonding-antibonding splitting in the
molecular orbitals formed between the ns? cation and halide an-
ion. A greater misalignment in the cation/anion orbital energy
levels results in smaller bonding/antibonding orbital splitting,
and therefore a greater likelihood of deep traps forming. For ex-
ample, defect calculations suggest that while Inl is tolerant to In
vacancies (Figure 11f), SbI, (Figure 11g) and Bil, are not tolerant
to ns® cation vacancies.!®! It is therefore important to develop
deeper insights into how defect tolerance arises and identify a
wider range of descriptors for defect tolerance, as well as gain
deeper insight into the defect chemistry of wide-bandgap PIMs.

3.2. Defects in Wide-Bandgap Perovskite-Inspired Materials
3.2.1. Halide Elpasolites

Cs,AgBiBr, is by far the most studied halide elpasolite. Unfor-
tunately, this attention is not matched by the promise of the
bulk properties of the material, and photovoltaic efficiencies are
mostly <3%.%2] Defect calculations have shown that a wide range
of deep traps exist in this material, including Agg;, V;;, and Br;, al-
though V,,, and Vy, have shallow transition levels'’! (Figure 12a).
These calculations were made using PBE functionals without
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Figure 12. Defects in Cs,AgBiBrg halide elpasolite. a) Defect diagram of this complex material under Br-poor (left) and Br-rich (right) conditions.
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SOC, but when the transition levels for the dominant V,, and
Agy,; defects were recalculated using hybrid functionals with SOC
incorporated, the energy levels were almost the same. These cal-
culations predict Cs,AgBiBr, to have p-type conductivity,[**! and
this was verified using X-ray photoemission spectroscopy mea-
surements of the Fermi level to valence band offset,® as well as
field-effect transistor measurements.[*]

Despite predictions that Cs,AgBiBr, has a wide range of deep
recombination centers that would limit performance, original re-
ports of single crystals of this material found that the PL decay
had a long tail with a time constant exceeding 660 ns, albeit this
tail was reached after an order of magnitude decrease in PL inten-
sity within the first couple of nanoseconds.!”] Transient absorp-
tion spectroscopy measurements indicate charge-carriers persist
for over a microsecond after photoexcitation.”l But again, short-
time transient absorption spectroscopy measurements showed
the original ground state bleach to decrease by a half within
2 ps after photo-excitation.[**l These observations prompt ques-
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tions on the nature of excitations in Cs,AgBiBr,, and how such
slow non-radiative decays could be achieved in the presence of
a high density of non-radiative recombination centers. An in-
creasing body of recent work suggests that these observations
are due to carrier localization in Cs,AgBiBr,, which arises due to
strong coupling between charge-carriers and acoustic phonons
due to the high deformation potential and low electronic di-
mensionality in this material.7}%] As a result, while excitations
are long-lived, mobilities are substantially restrained, limiting
diffusion lengths.”1%] Indeed, analyses of polycrystalline thin
film Cs,AgBiBr, photovoltaics found that photovoltaic efficien-
cies were limited due to low electron diffusion lengths of only
30 nm, with mobilities <1 cm? V=1 §71.9%1 It was believed in ad-
dition to self-trapping, trapping at surfaces and interfaces also
played a role.””! Cathodoluminescence mapping measurements
of Cs,AgBiBr, thin films have also shown grain boundaries to
be sites of non-radiative recombination (Figure 12b), and that de-
creasing their density increased the lifetime found from transient
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Chemical Society.

absorption spectroscopy measurements.*! Thus, in addition to
intrinsic limitations in Cs,AgBiBr, due to carrier localization, de-
fects also play a role on charge-carrier transport, and it is impor-
tant to mitigate their effects to improve performance.

Conversely, judiciously increasing the defect density in
Cs,AgBiBr, can lead to an improvement in PCE to 6.37%.1%!
Zhang et al. found that doping Cs,AgBiBr, with H (by treat-
ing spin-coated films with a H, plasma) lowered the IP and
increased the absorption further in the red wavelength range,
thus increasing long wavelength EQEs (Figure 12¢), with Jqcs
improving from ~1 mA cm™ (no H, plasma treatment) to
11.4 mA cm™ (optimal H doping, estimated at 0.3 at.%), as
shown in Figure 124.[6:100]

3.2.2. Vacancy-Ordered Perovskites

A wide variety of vacancy-ordered double and triple per-
ovskites have been investigated.l'®!] Among all materials con-
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sidered, some of the more interesting are Cs;Sb,I,, Rb;Sb,I,,
and Cs;Bi,I, vacancy-ordered triple perovskites, and Cs,TiBr,
vacancy-ordered double perovskites because these are the wide-
bandgap PIMs that have achieved some of the most efficient pho-
tovoltaics in this family of materials.[1!]

Defect calculations on Cs;Sb,I, showed that V|, V, and I;
form deep transition levels, located ~0.2 eV from the closest
band-edges. Depending on the chemical potential, the forma-
tion energies can fall below 1 eV, and would be considered to
be present in sufficient concentrations at room temperature to
be significant (Figure 13a). These transition levels also only in-
volve the charge state changing by unity, suggesting that capture
cross-sections could also be significant.[192] Measurements of the
defect states in Cs;Sb, I, by photoinduced current transient spec-
troscopy (PICTS) showed a state centered at 0.41 eV, albeit with a
low-fitted capture cross-section of 5 X 1077 cm? (Figure 13b).[1%
Possibly the signatures of multiple defect states were obscured
together. Indeed, cathodoluminescence measurements showed
at least three sub-bandgap peaks that were broad and merged
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together, which may be due to multiple defects in the
bandgap.!' The worse defect tolerance of Cs;Sb,1, compared
to LHPs is due to the more localized nature of Sb 5p states com-
pared to Pb 6p, leading to stronger Sb 5p — I 5p antibonding or-
bitals and a lower EA than in LHPs, which would make donor
defects deeper. The deeper acceptor defects are due to weaker Sb
6s — I 5p repulsion, with a lower antibonding state, and hence
higher IP.["2] The more prominent role of defects in Cs,;Sb,I,
may account for its weaker PL compared to LHPs (along with the
indirect nature of the bandgap).

Rb;Sb,I, similarly has a layered structure, comprised of
corner-sharing Sbl, octahedra. Cathodoluminescence measure-
ments suggest the presence of deep defects in solution-processed
thin films of this material, located at 1.41 and 1.63 eV (compared
to an E, of 2.24 eV). Furthermore, the Urbach energy was high
in these samples (>85 meV), and the V. loss >1.5 V. Defects
therefore play a severe role in Rb;Sb,I,. PICTS measurements
found a trap located 0.62 eV from the band-edge with a high cap-
ture cross-section of 6 X 107* ¢m?, causing a severe effect on
non-radiative recombination.[*%]

Although Cs;Bi,l, photovoltaics have exceeded the perfor-
mance of both Cs;Sb,I, and Rb,Sb,I,,["! deep traps are
expected to be present based on defect calculations of this
material.l'V1%] In particular, the Csy, and Cs; defects are ex-
pected to have deep transition levels and low formation energies,
and are thus expected to act as deleterious recombination cen-
ters (Figure 13c). Measurements of the PL decay of large Cs,Bi, I,
nanocrystals (9 nm or larger, and therefore probably not quan-
tum confined) gave lifetimes in the range of ~1 ns to 5 ng,[19107]
and these may be limited by these recombination centers. On the
other hand, the acceptor defect Vy; is shallow above the VBM,
while the donor defect V, is very deep, to the extent that it may
have a low capture coefficient for electrons. Other point defects
have deep transition levels (e.g., Bi;, Bic,, Bij;, I;), but have high
computed formation energies, and are therefore not expected to
be present in sufficient quantities to be harmful. It is suggested
that Cs-free analogs to Cs;Bi, I, may avoid harmful traps, since
these are mostly from Cs-based point defects.!®] At the same
time, in considering hybrid alternatives (e.g., MA;Bi, L), it is im-
portant to consider the effects of H vacancies from the alkylam-
monium cation, since these have been shown to be deleterious
in hybrid halide perovskites.l”>!

Cs, TiBr; (E, of 1.78 eV)!'%®l have reached similar photovoltaic
efficiencies as Cs; Bi, 1, (%3%),[1%] although the measured PLlife-
times have exceeded the vacancy-ordered triple perovskites de-
scribed above, with values reaching 24 ns.'%! The V. loss is
moderate, at approximately 0.45 V (maximum V¢ of 1.04 VI19%I;
radiative V. limit of 1.48 V).[11% The ] and fill factor losses are,
however, more severe. Js. values approaching 6 mA cm=2 have
been reported, whereas the radiative limit in Js. is 18 mA cm™2.
Further work is needed to understand how severe the role of de-
fects are in Cs,TiBr,, and whether these limit the performance
of this material, or whether the performance is instead limited
by carrier localization. Defect calculations have been performed
on the smaller-bandgap Cs,Til; (E, of 1.02 eV), which have deep
traps due to Cs;, Ti;, V; and I; (Figure 13d).'®] Given the discus-
sion above, it is likely that these same traps occur in Cs,TiBr,
but at deeper levels. On the other hand, it may be possible to
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suppress deep recombination centers under certain growth con-
ditions, and this requires further investigation.

3.2.3. Ag-Bi-1 Semiconductors

Currently, investigations into the defect properties of Ag-Bi-
I semiconductors are in their infancy.*®l The materials have
bandgaps in the range of 1.7-1.9 eV, and photovoltaic efficien-
cies under 1-sun illumination have reached up to 4.3% (with
Ag;Bil(), [ increasing to 5.56% with the use of S additives in
Ag,Bil, because of reductions in bandgap to increase light ab-
sorption in the long wavelength range.l""!l However, Vs have
reached mostly in the 0.5-0.8 V range,!''?! which are well below
the radiative limit of 1.4-1.6 V for a 1.7-1.9 eV bandgap solar
absorber.[''% Originally, there was speculation that non-radiative
losses may arise from pinholes and shunt pathways in thin films,
since it is challenging to achieve compact morphology in Ag-
Bi-I rudorffites by solution processing.[*! However, intensive ef-
forts to realize dense-morphology rudorffite films (e.g., through
hot casting!!'3] or thermal evaporation)!'l have still yielded poor
photovoltaic performance with 1-sun PCEs below 3%.113114] This
leads to suggestions that Ag,Bi I, ; semiconductors are not de-
fect tolerant, and are limited by defects forming in the bulk and
surface of these materials.
Defect calculations on Ag,Bi I, are challenging to perform,
due to cation disorder (where Ag*™ and Bi** occupy the same
lattice site), and partial occupancies of some lattice sites. How-
ever, spectroscopic measurements have been performed on these
materials with varying x/y ratios. Iyoda et al. performed time-
resolved microwave conductance measurements on a series of
Ag-Bi-I stoichiometries, and found that compounds with lower Bi
content in the range of 14-50 mol.% had the best combination of
mobility and lifetime.[**] This may be rationalized based on the
ratio of vacancies in the structure of Ag, Bi I, ,;, reducing for Ag-
rich stoichiometries (Figure 14a),l*8] and there may possibly be
a lower concentration of detrimental traps in these compounds.
Indeed, the most efficient Ag-Bi-I photovoltaics are based on Ag-
rich Ag;Bil; (see above). At the same time, it is important to
avoid the formation of Agl phase impurities, which act as sites
of high rates of non-radiative recombination.''?] Fitting tran-
sient absorption spectroscopy and terahertz spectroscopy mea-
surements of Ag,Bi I, ,; compounds have yielded monomolec-
ular rate constants (k,) in the range of 108107 s71,[112115] whereas
the k; constant for MAPDI, from computations (hybrid function-
als with SOC) and experiment are on the order of 107 s~1.17%]
Attempts have been made to identify the dominant recombi-
nation centers in Ag Bi I, ., compounds through PICTS and
Fourier-transform photocurrent spectroscopy (FTPS). PICTS
measurements of AgBil, identified two centers, located at
0.25 eV and 0.33 eV, and both with low capture cross-sections
of 107 ¢m?, indicating that they are comparatively benign!'%*!
(Figure 14c). By contrast, FTPS measurements (shown in
Figure 14b) identified a deep defect located at 0.6 eV from a band-
edge of AgBi,I,.11"%] The authors suggest that such deep traps
are consistent with the high k; values and high V. loss, and
could also be present in other rudorffite stoichiometries. Such
deep traps may not have been identified in PICTS measurements
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because the signature from these deep traps may have been too
weak to measure above the response from other components. In
addition, the Urbach energy of AgBi, I, was found to be 70 meV,
and this was attributed to the presence of shallow traps, as well as
due to carrier-phonon coupling effects.''?] Finally, we note that
like Cs,AgBiBr,, AgBil, was found to exhibit carrier localization,
with a high fitted localization rate of 1-2 ps~1.[1]

3.2.4. Chalcohalides

As discussed earlier in Section 3.1, BiOI has evidence from both
computations and experiment of being able to tolerate common
point defects, such as V; and Vy;. PICTS measurements on BiOl
thin films showed there to be three states at 0.27, 0.53, and
0.54 eV from the band-edge, with capture cross-sections of 1072,
1071, and 107 cm?, respectively. The concentrations of these
states were ~10'® cm™3.19] If these were recombination cen-
ters, the third defect (0.54 eV, 107> cm? capture cross-section)
would be harmful. However, after intentionally introducing de-
fects through vacuum annealing at 100 °C, it was found that
the concentration of these defects did not significantly change
from 10 cm~3, despite the surface stoichiometry changing over
the percent level.l®3] The origin of these states needs to still be
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established. One possibility is that these states arise due to the
local minima in the excited-state potential energy surface that
occurs due to electron-phonon coupling in BiOI (illustrated in
Figure 10f), from which charge-carriers can be thermally re-
excited via a multi-phonon emission process, as with defects.(#*

Another chalcohalide PIM investigated is BiSI. Although this
material has sizeable spin-orbit coupling and a noticeable con-
tribution of the Bi 6s orbital to the upper valence band density
of states,!!] it has only reached modest photovoltaic efficiencies
of 1.3%.1'7] Defect calculations performed by Ganose et al. on
BiSI showed that a number of deep recombination centers exist
with low formation energy, namely Vg, as well as S and Bi inter-
stitials, and Big and Sy, anti-sites.l"!®] Overall, Bi-poor and S- and
I-rich conditions were predicted to give rise to fewer detrimental
defects, with higher formation energies for the dominant deep
defects (Sg; and V), but it will be important to adopt growth con-
ditions to minimize the formation of sulfur vacancies,!'!8] such
as by cooling down furnace-grown samples with a S overpres-
sure. Ganose et al. also examined the case of BiSel, but found that
deep traps and high rates of non-radiative recombination would
prevail under both p- and n-type growth conditions, due to a com-
plementary set of defects with deep traps and low formation en-
ergies under each condition. It is suggested that moving towards
moderate chemical potentials could mitigate these deep traps the
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Figure 15. Strategies to mitigate the effects of defects in Cs,AgBiBrg. lllustration of the grains in Cs,AgBiBrg pressed pellets a) without passivation
and b) with BiOBr heteroepitaxial passivation. Calculated energy profile for Vi, migration c) in the bulk, compared to in-plane migration on the surface
without and with BiOBr passivation, and d) in the out-of-plane direction. Parts (a)—(d) reproduced under the terms of the CC-BY license.l''®! Copyright
2019, The Authors, published by Springer Nature. Scanning electron microscopy images of Cs,AgBiBrg deposited from €) 0.3 mol L™ (118 + 4 nm
thick) and f) 0.5 mol L=! (242 + 6 nm thick) precursor solutions. Parts (e) and (f) reproduced under the terms of the CC-BY license.[°] Copyright 2021,

The Authors, published by Wiley-VCH.

most.['18] Overall, the more challenging defect chemistry of BiSel
may account for the sparsity of photovoltaic performance data for
this material.

3.3. Effective Strategies for Mitigating the Role of Defects in
Wide-Bandgap Perovskite-Inspired Materials

From the discussion made in Section 3.2 on the defect chemistry
of wide-bandgap PIMs, it can be seen that tuning the chemical
potentials during growth is expected to be an effective strategy to
mitigate the concentration and effects of harmful defects. Apart
from tuning growth conditions, passivation is a valuable strat-
egy. Yang et al. improved the performance of Cs,AgBiBr, through
heteroepitaxial passivation with BiOBr.'*] This was achieved
through isostatic pressing of CsBr, AgBr and excess BiBr; pow-
ders together and annealing in air at 350 °C to form Cs,AgBiBr,
with BiOBr covering the surface of the halide elpasolite, and per-
haps also at grain boundaries (Figure 15a,b). The distance be-
tween Br atoms in the unit cell of BiOBr (3.915 A) is close to
the distance between Br atoms in Cs,AgBiBr, (3.977 A), allow-
ing lattice-matched growth of the heteroepitaxial layer with few
defects at the interface. BiOBr forms a Type II heterojunction
with Cs,AgBiBr,, and that can thus enable passivation, whilst
also enabling electron extraction. It was found that growing the

Adv. Funct. Mater. 2023, 2307441 2307441 (17 Of52)

BiOBr layer increased the PL lifetime, and also increased the re-
sistivity of Cs,AgBiBr, from 10° Q cm to 10'° Q c¢m, along with
an increased activation energy barrier to ion migration. All three
effects can be explained by the passivation of Vy,. Simulations
also confirmed that the diffusion barrier to Br~ migration on the
surface of Cs,AgBiBr, increased from 250 meV to 440 meV (in-
plane; Figure 15c¢), or 560 meV (out-of-plane; Figure 15d) with
BiOBr.[1**]

Similarly, Sansom et al. found that CuAgBil; substantially im-
proved in PL intensity after storing in air for 90 min.l*¢l They at-
tributed these observations to oxygen passivation of deep recom-
bination centers. Consistent with this explanation, the PL life-
time increased after air exposure.[*l However, it is not known
what oxygen-based species formed on the surface. In an earlier
work on MA;Bi, I, it was found that after storing thin films of
this material in air for 25 days, extra diffraction peaks attributable
to Bi, O, or BiOI appeared.!'?"] Possibly a related species forms on
the surfaces of the CuAgBil; after air exposure.

Another approach is to use ligands for passivation, as has
been extensively explored in LHP nanocrystals.l®! Santra and co-
workers developed the synthesis of layered Cs,Sb,I, nanocrys-
tals by hot injection, and found oleylamine and octanone ligands
on the surface. These passivating ligands improved the environ-
mental stability of these materials, and the authors suggested that
these ligands could also inhibit iodine diffusion.[*!l The use of
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oleate and octylammonium halide ligands was also found to pas-
sivate surface defects in Cs;Bi,Br, nanocrystals, improving the
PLQYs by over an order of magnitude to the range of 4.5-22%.[12!]

Cl-doping is also effective for passivating defects in MA,Bi, Br,
and Cs,Sb,1,.1122123] Tang and co-workers found that incorporat-
ing MACI and BiCl, into the precursors during the synthesis
of MA,Bi,Br, by ligand-assisted re-precipitation, and concluded
that Cl~ was incorporated into the lattice of the nanocrystals. In-
creasing the Cl content led to an increase in the PLQY (up to
54.1%) and PL lifetime, and this was attributed to Cl passivating
surface defects on the nanocrystals.['?2] For Cs;Sb,1,, Paul et al.
incorporated Cl into the 2D lattice by using SbCl; in the precur-
sor, and up to 1/9 of the halide site was substituted for CL.['?3]
There were minimal changes to the bandgap, but Cl incorpora-
tion led to the grain size doubling from 230 nm (no Cl) to 400 nm
(1/9 Cl), and samples with 0.56/9 to 0.71/9 Cl had the slowest de-
cay in the time-resolved microwave conductance transients.!'?3]
This correlated with the greatest improvement in photovoltaic
performance up to 2.0-2.2% PCE (from 1.4% with no Cl), and
suggests that Cl incorporation passivated defects in Cs;Sb,1,.[1%3

Finally, grain boundaries often act as sites of non-radiative re-
combination, as found, for example from cathodoluminescence
mapping measurements of Cs,AgBiBr,, in which grain bound-
aries were darker than the bulk.®® As with other classes of
thin film semiconductors, finding approaches to minimize the
density of grain boundaries can reduce the overall defect den-
sity, as well as realize other benefits, such as improved mobil-
ities (through reduced grain boundary scattering) and reduc-
ing the density of pathways for ion migration. The grain size
of Cs,AgBiBr, was increased by increasing the thickness of
the films (since grain size is limited by film thickness('?*), as
shown in Figure 15e,f, and in the case of Cs;Sb, I, was increased
through Cl doping.!'?}! A wide range of other strategies have also
been adopted (both for PIMs, and more generally for thin film
semiconductors), including hot casting and post-synthetic vapor
annealing 113124

4. Optoelectronic Properties

4.1. Optical Properties

In this section, we briefly review the absorption, bandgap,
and photoluminescence, which are crucial properties of PIMs
(Table 1) dictating their performance in optoelectronics.

Halide elpasolites, such as Cs,AgBiBr,, show indirect
bandgaps and absorption coefficients in the 10°-10* cm™!
range at the band-edge, thus lower than those of LHPs
(10° cm~1).°%13] The bandgap values of Cs,AgBiBr, are in the
1.95-2.19 eV range (the bandgap of the Cl analog is 2.77 eV),[**]
higher than for other PIMs.°l Tunable bandgaps between 2.08
and 2.25 eV and bandgap bowing effect have been reported for
Cs,Ag(Sb,Bi,_,)Brg.11?%l Cs,AgBiBr, has been characterized by a
weak and broad self-trapped exciton (STE) emission (red-shifted
from the absorption band edge) centered at ~2 eV.** The limited
charge carrier mobility of ~0.5-1.0 cm? V-1 s7! (212 cm? V- s7!
for single crystals) of Cs,AgBiBr, has been attributed to the
carrier self-trapping process,l’"%127] which causes V. losses
and performance drop of the corresponding photovoltaic devices
despite an impressive charge carrier lifetime of 1.4 ps.**] In
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addition, despite the 3D crystal structure, a very high exciton
binding energy of 268 meV was reported for Cs,AgBiBr,!'?#!
which suppresses its high photovoltaic performance.

In the case of Cs;Sb,1,, the 0D dimer is a photoinactive phase,
while the 2D layered structure is a photoactive phase with an ab-
sorption coefficient of 10° cm~1.['?] The 2D structure has a lower
exciton binding energy than the 0D dimer.[3%! The 2D Cs;Sb, 1,
exhibits direct and indirect bandgaps of 2.05 and 1.95 eV, re-
spectively, suggesting its quasi-direct bandgap nature.['3!] Strong
carrier-phonon coupling has been found in Cs;Sb,1, (and other
A;M,1,, where A = Cs, Rb and M = Bi, Sb) as a result of a high
Huang—Rhys parameter (S = 42.7), which leads to a weak and
broad STE emission.['3?] The nanosecond PL lifetime of Cs,Sb, 1,
films and single crystals12>130133134] gyogests a high density of
trap states. By contrast, emission lifetimes of A;Bi,I, (A = Cs,
MA) single crystals extend to the microsecond range, thus im-
plemented in high-performance X-ray detectors.[!3>13¢]

Cs, TiBr, is a promising VOHP absorber leveraging an eco-
friendly and earth-abundant element at the B site (i.e., Ti) with
a quasi-direct bandgap of 1.8 eV and charge carrier diffusion
lengths greater than 100 nm.'®] The PL and stability aspects
of this material have been under debate.!'*1*8] By employing
a colloidal hot-injection synthesis, Grandhi et al. obtained sta-
ble and nonemissive Cs,TiBr, nanocrystals,”®! consistently with
the findings from Euvrard et al.'3”] Cs,Snl; is a suitable candi-
date for photovoltaics and photodetector applications due to its
bandgap of around 1.3-1.6 eV, the broadband absorption, the ab-
sorption coefficient of 10°~10° cm™!, and good charge carrier mo-
bility (~10-500 cm? V! §71).[139] Cs, Tel, exhibits a bandgap of
1.5 eV an absorption coefficient of 10°~10° cm™!, but a low charge
carrier lifetime of 2.6 ns.®”! This indirect bandgap material has
not been extensively explored in photovoltaics.[*”] Moreover, tel-
lurium imparts mild toxicity to Cs, Tel,.

Various Ag-Bi-I semiconductors exhibit direct bandgaps in
the 1.60-1.93 eV range and high absorption coefficients of 10°—
106 cm~1.11945] However, AgBil, and Ag,Bil; were found to
have high exciton binding energies of 260 and 150 meV, re-
spectively. Ghosh et al. realized that fabrication conditions sig-
nificantly impact the film quality and charge transport charac-
teristics of Ag-Bi-I compounds.""3] Charge carrier lifetimes of
AgBil, and Ag,Bil; were increased from 23 to 75 and 83 to
133 ns when the film processing procedure changed from spin-
coating to dynamic hot casting.['"3] A charge carrier mobility of
~2.3 + 0.3 cm? V7! s7! was achieved for the Ag,Bil; films.[!3]
Furthermore, very weak to no photoluminescence and short PL
lifetimes of a few nanoseconds of Ag-Bi-I compounds can be
attributed to dominant high nonradiative recombination and
symmetry-forbidden transitions.[*#1131*1] On the other hand,
quaternary Cu,AgBil, exhibits a direct bandgap with an absorp-
tion coefficient of 1 x 10° cm™, a low exciton binding energy of
25 meV, and a PLlifetime of 33 ns.[>!] However, the charge carrier
mobility in this case also is limited by the carrier self-trapping.l*!!

In the context of lead-free perovskite materials, the in-
corporation of transition metals and chalcogen elements has
been proposed to improve their properties through bandgap
engineering.[®l The bandgaps of chalcohalide materials can be
tuned from 0.7 to 3.0 eV by varying the composition of chalco-
gen and halogen elements.”] Chalcohalides have layered or 1D
ribbon-like structures and strong anisotropy in their optical and
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Table 1. Summary of the optical properties of various PIMs.
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PIM composition Bandgap [eV]/nature Valence band [eV] Conduction band Emission maximum [eV] Ref.
[eV]
Cs;Bi g 1.9/direct -5.70 —3.40 1.93 (STE) [132, 144]
Rb; Bi, lq 2.10/direct -6.00 -3.80 - [144]
K, Biyly 2.10/direct -6.10 -3.90 - [144]
MA;Bi, g 2.26/indirect —5.95 —-3.69 2.05 [145]
FA;Bij g 2.19 - - 1.98 [146]
(NH,);Bi,lg 2.1 -5.70 -3.60 - [147]
CsBisly 1.77/ direct -5.90 4.15 1.77 [148-150]
MABi; 1, 1.95 -6.10 4.15 - [149]
FABI; 1o 1.90 —6.00 4.10 - [149]
Cs,AgBiBrg 2.39/indirect —6.39 —4.00 2.42 [157]
Ag;Bilg 1.87 —5.51 —3.64 1.72 48]
AgBil, 1.86/ indirect —5.87 -4.01 - [152]
AgBi, |, 1.83/direct -6.00 —4.30 - [153]
Ag,Bils 1.90 —5.80 —4.10 - [153]
Cs,NaBilg 1.66 —5.82 —4.16 - [154]
BiOl 1.93/indirect —-6.10 —4.20 1.77 [155,156]
ATBil, 1.78 —4.90 -3.10 - [157]
Cu,AgBilg 1.91/direct -5.25 -3.35 1.71 (STE) [158-161]
MA,Sb,1,Cl, 2.13/indirect - - - [162]
Cs3Sb,[Cllg_,] 1.95/ near-direct —-5.36 -3.14 1.96 [155]
Cs; 4MAgsFAG1Sb,lg sClys 2.1/direct - - 1.57 (STE) [163]
Cs,AgSbBrg 2.18 / indirect —5.63 —3.45 - [164]
MA,Sb, I 2.14/ indirect —5.50 -3.30 - [165]
MASbSI, 2.03/ indirect -5.87 -3.84 2.53 [166]
Cs3Sb,lg 2.05/ direct -5.16 -3.11 1.91 (STE) [129, 165,
167]
Rb;Sb, g 2.0 —5.54 -3.30 1.92 [132, 168]
Cs,TiBrg 1.8/indirect -5.80 —4.00 1.76 [169,170]
BiSI 1.57/direct —6.20 —4.60 1.56 (7]
Sbsl 2.15 —-5.50 -3.35 2.40 [172]
Sby 67Big33S! 1.62 -5.71 —4.09 - [56]

charge-carrier transport properties. They offer defect-tolerant
transport properties due to their high dielectric constants, low
effective masses, and antibonding character of the valence band.
BiOI possesses an indirect bandgap of ~1.9 eV and absorption
coefficients >10* cm™,#2] whereas BiSI has a lower bandgap of
1.57 eV.['¥7] Both BiOI and BiSI are characterized by PL lifetimes
of a few nanoseconds. While such a short lifetime in the case
of BiSI was attributed to sulfur vacancies (deep traps),''’] the
origin for the same is unclear in the case of Bi. On the other
hand, the SbSI is an indirect bandgap material with a bandgap
of 2.15 eV.'"*2] However, its large dielectric constant of 1.6 x 10*
(measured at 292 K)!'**) may suppress the influence of charged
defects and improve its defect tolerance.

4.2. Charge-Carrier Transport in PIMs
Efficient charge transport is essential for obtaining high-

performance PIM-based optoelectronic devices.[%6173-176] The

Adv. Funct. Mater. 2023, 2307441 2307441 (19 0f52)

charge transport properties, such as carrier mobility, conductiv-
ity, lifetime, and diffusion length, are highly dependent on the i)
intrinsic (interstitials)"”7178) and extrinsic defects (for instance,
halide vacancies and surface defects) induced in the film during
the processing steps (see Section 3.1),17+179189 i) disordered
crystal structure, 751771 iii) structural defects,['7#17%] iv) charge
carrier-phonon coupling,® and v) physical parameters!®!
(dielectric constant and effective mass) of PIMs. The carrier
mobility and conductivity values of a few PIM materials realized
experimentally are summarized in Table 2. The discrepan-
cies in these two parameters for a given PIM compositions
may be attributed to various processing techniques, leading
to different surface quality and defects in films.['>%182-184] The
defects in the PIM films can be minimized by improving the
crystallinity, and obtaining compact, dense, and larger grains
with fewer boundaries,['*®17>185] in turn, enables a superior
diffusion length, enhanced carrier lifetime, and high mobility
desired for the efficient charge separation and transport in
the PIM films.[138179.182.185.186] Partially replacing I~ with Cl-
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Table 2. Charge transport properties of lead-free PIMs.
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PIM Process Film thickness o Electron/hole, Mobility Ref.
[nm] [Sem™] ne/ny, [em=] [cm?V~1s7]
Cs,Snlg Co-evaporation of Snl,, 600 0.1099 2.0x 10" 509 [210]
Csl and followed by
annealing in | vapor at
50°C
Cs,Snlg E beam evaporation of N/A N/A 7.18 x 10™ 329 [217]
Csl film followed by
annealing in Snl,+l,
vapor
Cs,Snlg Spin coating process 600—800 3.65x 10" 382 [212]
Cs,Snlg Thermal evaporation of 350 N/A 6x 107 29 [33]
Csl films and followed
by annealing in Snl,
vapor
Cs;Biylg single crystals Inverse temperature N/A N/A N/A 4.57 [213]
crystallization
Cs3Sb, 1y microplate CcVvD N/A N/A 4x10" 33 [214]
Cs;3Sb,lg —HCl films Solution spin coating N/A N/A N/A 6.81 [179]
Rb;Sb, I, films Solution spin coating N/A N/A 2.64x 10" 250 [104]
process
Cs,AgBiBrg films Solution spin coating N/A N/A N/A 17 [215]
Cs,AgBiBrg single crystals Inverse temperature N/A N/A N/A 11.81 [216]
crystallization
Cs,AgBiBrg films Solution spin coating N/A N/A N/A 0.99 x 1073 [189]
Cs,AgBiBrg:Na* films Solution spin coating N/A N/A N/A 1.45 x 1073 [189]
Cs,AgBiBrg:Ce®* films Solution spin coating N/A N/A N/A 1.62x 1073 [189]
Cs,AgBiBrg:Nat,Ce3* films Solution spin coating N/A N/A N/A 1.94 x 1073 [189]
MA; Bi, I, films 2T-CVD N/A N/A N/A 0.22 [182]
MA, Bi, I, (MBI)) films cvD 400 nm N/A N/A 0.03 [217]
MA,Bi,lsCl; (MBIC)) films cvD 400 nm N/A N/A 0.162 [217]
Cs3Cu,lg Solution spin coating N/A N/A N/A 0.036 [218]

in iodide PIMs can enhance the carrier lifetime and mobil-
ity with restrained recombination.l'>187.1%] The metal ion
doping! 1781881891 and polymer additivel'*®! strategies can offer
pinhole-free films with larger grains and reduce the num-
ber of carrier trapping centers and grain boundaries, thereby
enhancing carrier mobility in the PIM films.’ The sur-
face passivation by ionic liquids!’®~3] and organic additives,
such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4-TCNQ),* and phenethylammonium iodide (PEAI),%!
effectively mitigate the trap formation in the PIM films, thus
leading to improved carrier transport in their optoelectronic de-
vices. The temperature-dependent electrical conductivity study
is a powerful tool for elucidating influence of defects on charge
transport in PIMs.!83196-198] For instance, the temperature-
dependent electrical conductivity trend of Cs,Snl, shows two
different slopes, implying that distant conduction mechanisms
operate in the measured temperature range of 148-378 K.[183
The increase in conductivity above 273 K is speculated to be
thermally activated defect states with optical bandgap.[1¥*1%° The
estimated activation energy (=110 meV) lies within the range of
the theoretically calculated AH of V; and Sn; defects.’”33] In a
word, the increase in the electrical conductivity with temperature

Adv. Funct. Mater. 2023, 2307441 2307441 (20 of 52)

is mainly attributed to the exponential rise in the number of free
carriers, partially accelerated by internal trap-based excitation
in the donor-like defect states (Sn; and V,) located below the
conduction band of Cs,Snl,.371831%] The thermal activation of
intrinsic and extrinsic defects by increasing the temperature
leads to the declined performance of other PIM-based optoelec-
tronic devices (solar cells,['772%! photodetectors,183191:201-204]
memristors,252%]  field-effect transistors (FETs),12%) and
others).[18329] In conclusion, a temperature-dependent electrical
conductivity study helps understand the mechanism of charge
transport properties and operational stability in the implemented
PIM for optoelectronic devices.

In summary, although most of the PIMs discussed in this sec-
tion possess high absorption coefficients and direct-to-near direct
bandgaps, they display low PLQYs and short lifetimes, mainly
arising from the dominant non-radiative recombination pro-
cesses. In addition, the charge transport properties of PIMs are
hindered by their low charge carrier mobilities, conductivities,
and diffusion lengths. The intrinsic defects, the non-continuous
film morphology with small grains or domains, and the ineffec-
tive surface passivation contribute to the poor charge transport
properties of PIMs.
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Table 3. A summary of the record holding device efficiencies for each material system under AM 1.5G.

PIM Bandgap [eV] PCE [%)] Voc V] Jsc [mAcm™? FF [%] Ref.

Halide Elpasolites Cs,AgBiBrg 1.64 6.37 0.92 11.40 60.93 [96]
MA,AgAgXe 1.38 0.007 0.33 0.052 41.04 [244]

Cu,AgBilg 2.06 2.45 0.71 5.30 65 [239]

MA;Sb,l,_ Cl, 2.05 3.34 0.70 7.38 65 [162]

Vacancy Ordered Cs,Snl,Br, 1.40 2.10 0.56 6.23 57 [257]
Cs, TiBrg 1.82 3.30 1.02 5.69 56 [109]

(Cu-)Ag-Bi-I CuBil, 1.81 0.38 7.18 28.67 [262]
Ag;Bilg 1.83 4.3 0.63 10.7 64 [48]

Ag3Bils 075004 1.84 5.44 0.569 14.6 65.7 i

Chalcohalide MASbSI, 2.03 3.08 0.65 8.12 58.5 [277]
MA;Bi,lg 5, S, 1.67 0.152 0.52 0.58 47.6 [278]

BiSI 1.51 1.32 0.445 8.44 35.14 [117]

Sbsl 2.10 3.62 0.6 9.26 65.2 [280]

Sbyg 67Big 335! 1.62 4.07 0.53 14.54 52.8 [56]

Chalcogenide AgBiS, 1.1 9.17 0.495 27.1 68.4 [53]

5. Photovoltaics
5.1. Solar Cells

Solar cells based on PIMs aim to branch out from the established
ABX; metal halide paradigm, in the hope that new non-toxic ma-
terials can also achieve both the high photovoltaic performance
and ease of device fabrication that have caused LHPs to be so suc-
cessful. As discussed in the previous sections, PIMs span a wide
range of structural and chemical diversity, resulting in a myriad
of optoelectronic and photovoltaic properties, and caveats that
must be considered when aiming to fabricate performant solar
cell devices.[]

In this section, we aim to summarize the key developments
within solar cells based upon PIMs, such as halide elpasolites,
vacancy-ordered perovskites, rudorfittes/pnictogen-based metal
halides, chalcohalides, and chalcogenides (Table 3). State-of-the-
art devices will be described and the current ongoing efforts (i.e.,
optimized device engineering, doping strategies, and simulation
studies) to combat performance limitations will be discussed.

5.1.1. Halide Elpasolites

While many B3* = Bi, Sb, In, Fe, and Tl-based halide el-
pasolites have been determined to possess promising photo-
voltaic properties, presently only a few materials have been
used in solar cells, such as Cs,AgBiX, and its doped deriva-
tives, Cu,AgBil,, MA,Au,Br,, and Cu,Sb,1,.[2212221 Of these,
Cs,AgBiBr, is considered the front runner, with reported PCE’s
rising from 2.43% to 6.37% in the last 6 years.®??3] However,
there are a number of intrinsic trade-offs that limit device perfor-
mance. Indeed, Cs,AgBiBr, possesses a wide indirect bandgap
~1.95 eV!”’] a modest absorption coefficient of 4 x 10* cm™
above 2.5 eV,[*" and is defect intolerant.[??*] Consequently, a lack-
luster Js (=3.7 mA cm™?) was observed in the first pure phase
Cs,AgBiBr, devices, and thus efforts in device engineering to im-
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prove charge extraction, or doping strategies to improve absorp-
tion via bandgap alteration, have become commonplace.[??3]

In terms of device engineering, sensitizing the TiO, electron
transport layer (ETL) has been shown to improve device perfor-
mance, as it can enhance electron extraction, energy level align-
ment, reduce interfacial defects, and offer improved light har-
vesting. Indeed, a chlorophyll-derivative sensitized TiO, ETL re-
duced defects and suppressed interfacial charge recombination,
resulting in improved J¢. 0f4.09 mA cm~2.122] While a combined
approach of sensitizing TiO, with photoactive D149, alongside
adding MXene nanosheets to the Cs,AgBiBr, active layer, yielded
a Jsc of 8.85 mA cm~2, PCE ~4.47% under AM1.5 G.[220]

Despite modest improvements, engineering strategies alone
cannot overcome the suboptimal bandgap and absorption of
Cs,AgBiBr,, and so intrinsic modification of the perovskite ac-
tive layer via doping/alloying has been investigated. Indeed, there
are numerous reports of attempts utilizing A site materials (MA,
Li, Na, K, and Rb) to modify film morphologies, slightly alter the
bandgap, and reduce defects, B site metals (In, Sb, T1, Sn, Cu)
to alter bandgaps or introduce sub band states for increased ab-
sorption, and X site (I, Cl, S) modification to further tune the
bandgap.!'26227-2351 However, only few of these materials have
currently been applied to functional solar cells, and their effi-
ciencies still lag behind those achieved via engineering strate-
gies. For example, an A-site Rb doped (Cs,  Rb,),AgBiBr, yielded
a marginally increased J, FF, and PCE.?"] As a result, the PCE
of the Cs,AgBiBr, device was improved to 1.39% from 1.21%
upon replacing 10% of Cs with Rb (Figure 16a).2!?) Whereas al-
loying various percentages of B-site Sb** into Cs,Ag(Sb,Bi, ) Br;
films, resulted in a reduced bandgap of 2.08 eV and PCE of 0.25%
(2.22 eV, 0.19% undoped).[?*®] Alternatively, sulfide modification
Cs,AgBiBr,,, S, has also produced an enhanced PCE 0f 2.0% (un-
doped 1.4%), due to enhanced absorption and J..[**"!

The current state-of-the-art Cs,AgBiBr, solar cell relies upon a
novel method of plasma post-treatment, to dope hydrogen atoms
into interstitial sites in the crystal lattice, resulting in a signif-
icant bandgap reduction from 2.18 eV to 1.67 eV, a stark color
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Reproduced with permission.[21°] Copyright 2019, Elsevier. b) J-V curves of

Cs;Sb,lg solar cells with and without HCl treatment. Reproduced with permission.['2] Copyright 2019, Wiley-VCH. c¢) SEM images of Cs,Snl films
fabricated with (bottom) and without (top) 7% I,. d) PL spectra of Cs,Snlg films prepared at 200 °C under varying |,. Panels (c) and (d) are reproduced
with permission.[220] Copyright 2021, Wiley-VCH. e) PCE distribution of AgBil,- and Ag, Bil-based solar cells with conventional and dynamic spin-coating
techniques applied for the absorber layers. f) Photobleach decay dynamics (collected at 590 or 605 nm) of Ag-Bi-I thin films fabricated with conventional
and dynamic spin-coating techniques. Panels (e) and (f) are reproduced with permission.['"3] Copyright 2018, Wiley-VCH.

transformation from yellow to black, and greater carrier mobil-
ities and lifetimes. This collectively results in an AM1.5 G PCE
of 6.37%,°° a significant improvement that offers hope for fu-
ture high-performance devices. A recent study numerically op-
timized hydrogenated Cs,AgBiBr, devices with respect to vari-
ous transport materials and their energetic alignments, absorber
layer thicknesses and associated defect densities, and series and
shunt resistances, to ascertain the combination that would yield
the upmost performance: a FTO/Nb,O;/Cs,AgBiBr,/Cul/Cu
stack with »1.14 V V(, 224 mA cm™2 Jg, 83.55% FF, and
21.28% PCE.[?"] Such exciting prospects render hydrogenated
Cs,AgBiBr, a promising avenue for further research and device
engineering studies. Furthermore, Tl-based halide elpasolites,
namely Cs,AgTICl, and Cs,AgTIBr,, exhibit direct and tunable
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bandgaps of 0.95 eV and 2.0 eV; they don’t serve to fulfil the aim
of low-toxicity PIMs as Tl is significantly more toxic than Pb.[2?2]

Alternatively, related silver-bismuth materials, such as
Cu,AgBil; may have photovoltaic potential.[221238-240] Cy, AgBil
possesses both octahedral and tetrahedral motifs.’!l This
material has a high absorption coefficient of 1 x 107> cm™,
and a reduced bandgap of 2.06 eV.5!l The highest performing
Cu,AgBil, device used a hot casted active layer to improve
film morphology and coverage, and exhibits a PCE of 2.45%
in a FTO/c-TiO,/m-TiO,/Cu,AgBil;/Spiro-OMeTAD/C device
stack.[?%9]

Interestingly, the mono and trivalent B-sites in a double per-
ovskite do not have to be occupied by two different elements,
as two atoms of a single element with different oxidation states
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can be incorporated into a double perovskite lattice. For exam-
ple, gold based (A,AutAu’*X;) possesses direct bandgaps in the
range of 1.2-1.4 eV, absorption coefficients up to 14 x 10* cm™
and high thermal stability.2*1-243] However, despite the success-
ful synthesis of several A,Au,X,, (A = Cs, MA, Rb, X = Cl, Br, I)
perovskites materials, only devices based upon MA,AuBr, and
MA,Aul have been manufactured.?*124324*] These devices do
demonstrate a photo-response, but unfortunately only a low per-
formance, PCE ~ 0.007%, V,- = 0.3 €V, is obtained due to a
high prevalence of traps, with estimates placing the trap densi-
ties to be 3.35 x 10" cm™3.1222244] Furthermore, these MA-based
gold perovskite devices suffer from poor stability in the pres-
ence of moisture. Therefore, the conventional approach of swap-
ping unstable MA for Cs to achieve an all-inorganic Cs,Au,X,
(X = I, Br) perovskite has been investigated. Indeed, Cs,Au,Br,
powders have been demonstrated to possess high stability in
ambient conditions, in combination with a direct bandgap of
1.4 eV and low structural defects.[?!] Additionally, Cs,Au, I, dis-
plays an improved bandgap of 1.31 eV, due to the introduc-
tion of an intermediate band between the conduction and va-
lence band, resulting in simulated devices with PCE values of
~20%.12%1 Though presently these materials are yet to be trans-
lated into functional devices, as gold double perovskite devices
are hindered by the difficulties encountered during synthesis
and film processability, and more experimental efforts will be
required before the potential of these materials can be fully
assessed.

Similarly, Cs;Sb,1, has been proposed as an alternative per-
ovskite photo-absorber, with the preferred 2D layered phase pre-
senting a bandgap of 2.05 eV, and similar absorption coeffi-
cients to MAPbI,.'%] Initial improvements have been made to
the active layer in solution-processed devices through, vapor-
assisted processes, HCl additives to reduce annealing tem-
perature, and antisolvents to improve film morphology.['2134]
Figure 16b shows the improvement in the solar cell performance
of Cs;Sb,I, by HCI treatment. Moreover, several investigations
into suitable hole transport materials for Cs;Sb,I, devices have
occurred, with the addition of P3HT as a hole transport layer re-
ported to achieve record PCEs as high as 2.5% due to large V.~
and J gains that result from the well-matched valence bands of
Cs,Sb,1, and P3HT (—5.16 eV and —5.0 eV respectively).['*3] Al-
ternatively, investigations into active layer modification via halide
and cation substitution have taken place.[2#>24] Cs,Sb,1,_ Cl, in-
corporates chloride to stabilize the 2D layered phase and tune
the bandgap to 1.95 eV and has been reported to achieve de-
vice efficiencies of 2.22% under AM1.5G conditions. Presently
MA,Sb,1,_,Cl, possesses the highest PCE for any antimony-
based perovskite to date, at 3.34%.[162]

5.1.2. Vacancy Ordered Perovskites

In lieu of a monovalent and trivalent B site substitution, it is
possible to construct a perovskite framework using a A,B*"[]X,
structure, where a single tetravalent metal and a vacancy are used.
One motivation for the adoption of B** metals is that some com-
mon lead-free ABX, halide perovskites tend to readily oxidize to
their B* state, i.e., Sn** rapidly becomes Sn*+.[?*’] Therefore, tin-
based vacancy-ordered perovskites of Cs, Snl; have been explored
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as a means of utilizing the stable Sn** in a PV active layer.[>*8]
Reported to possess a bandgap of 1.25-1.62 eV, absorption coef-
ficient ~10° cm™?, and excellent stabilities, Cs,Snl, devices were
first reported with a PCE of 19%,[245-2%] which has since been fur-
ther raised to 2.1%, via X-site halide modification to Cs,Snl,Br,,
and the mitigation of unreacted CsI impurities.?>!] These lim-
ited efficiencies are likely due to high resistivity and the presence
of defects, with large surface and bulk defect densities reported,
mostly caused by Sn interstitials and iodine vacancies.37252l
These iodine vacancies can however be mitigated through alter-
ation in thin film processing such as iodine-rich environments,
which have been shown to improve grain sizes, morphology, and
PL intensity with an addition of 7% excess iodine (Figure 16c¢,d),
but has yet to be applied to a device.l??"! Interestingly Cs,Snl
has also been utilized as an inorganic hole-transporting mate-
rial in a solid-state dye sensitized solar cell, achieving a PCE of
7.6% PCE.38 Here pristine Cs,Snl, was reported to be an n-
type semiconductor with an electron mobility of 310 cm? V-1 s71,
however, upon Snl, doping, it will become p-type, with a hole
mobility of 42 cm? V=1 s71, both with a carrier concentration of
~1 X 10 cm 3.

To avoid the intrinsic setbacks encountered in Cs,Snl, mate-
rials, a Ti** based perovskite: Cs, TiBr, offers an alternative non-
toxic, stable, and earth-abundant material system. Presently the
only experimental device exhibits a bandgap of 1.8 eV, but still
surpasses the performance of the lower bandgap Cs, Snl, deliv-
ering an efficiency of 3.3%, with an impressive V. of 1.02 V.[1%°]
This is achieved from a two-step vapor deposition process, result-
ing in an active layer with uniform and bright PL, and carrier life-
times of #24 ns in a thin film (< 3.6 ns when adjacent to transport
layers). However, the bandgap of Cs, TiBr is strongly affected by
the method of synthesis, varying from 1.7 eV (indirect) to 2.3 eV
(direct) for melt crystallization, solution, colloidal, and vapor de-
position, with further variance for the chloride (1.82-3.4 eV)
and iodide (1.02 eV) analogs, limiting the available methods of
efficient device fabrication.[?>3] Therefore, presently no devices
based upon solution processes have been reported. Furthermore,
chlorobenzene can dissolve Cs,TiBr, rendering Spiro-OMeTAD
as an incompatible hole transport layer (HTL), and instead the
device stack relies on P3HT as the HTL, which may benefit from
further optimization in energy alignment and interfacial engi-
neering for improved charge extraction. Consequently, a num-
ber of computational studies have designed device stacks with
alternative transport layers (ETL: TiO,, SnO,, ZnO. HTL: Cu,0,
CuSCN, Mo0;), back contacts (Cu, Fe, Au, Ag, Nb, C), and ac-
tive layer thicknesses (130-4330 nm), reporting various potential
optimized efficiencies, up to 18.15%.[232%] Alternatively, more
theoretical studies have explored doping Cs,TiBr, and Cs,Til,
with other tetravalent metals such as Sn, Pb, or Zr, for example,
Cs, Ti, ,5Sn, ;5 Br, exhibits a promising direct bandgap of 1.50 eV,
corresponding to a theoretical efficiency of 22.13%.1252¢] How-
ever, functional devices based upon these simulation studies are
yet to be reported.

Several other vacancy-ordered perovskites with appealing
properties for solar cell applications have been reported, such as
Cs,PdBrg, Cs,Tel;, and Rb,Snl,.[8527-29] Even a mixed valence
vacancy-ordered analog to double perovskites A,B3*B>*X,, that
utilize a B-site trivalent and pentavalent metal to sum to the B+
have been reported, such as A,Sb3*Sb>+X,,, A, In**Sb>*X,, and
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A,Bi3TSb X, .[2492600.261] Byt none of these materials are yet to be
implemented in functional devices.

Presently the literature for vacancy-ordered perovskite solar
cells is dominated by theoretical and material-based studies and,
therefore, while initial devices have demonstrated their potential,
and many high-performing device stacks have been designed,
further efforts in thin film deposition, and device engineering are
required if such predicted device performances are to be realized.

5.1.3. Silver/Copper Pnictogen-Based halides

Maintaining the octahedral motif of perovskites, crystallized
in an edge-sharing orientation, silver/copper pnictogen-based
halides of the formula A By X, (A: Ag; B: Bi, Sb; X: I, Br) x =a+3b
(as well as analogs containing Cu), have only recently demon-
strated promise for photovoltaic applications.[*¥! Of these mate-
rials, Ag-Bi-I and Cu-Bi-I have been the subject of most attention
for photovoltaic applications.

Unfortunately, Cu-Bi-I based materials have seen little photo-
voltaic progress, with the best reported device to date yielding
a lackluster PCE of only 1.1%, with a low V. (0.38 V) and FF
(29%), due to severe recombination.?%2 However, Ag-Bi-I devices
have reported PCEs rising from 1.22% to 5.44% in only a few
years, and are thus more promising.'2%3] This is because Ag-
Bi-I materials possess direct bandgaps within the range of 1.60—
1.93 eV, good absorption coefficients of #10°-10° cm™, and are
compatible with multiple doping strategies.['*") While impres-
sive, two main caveats prevent higher performances, first Ag-Bi-I
materials are defect intolerant, with a tendency to form midband
defects that result in short carrier lifetimes and significant charge
carrier recombination.[*¥] Secondly, Ag-Bi-I films degrade in the
presence of traditional hole transport layer (HTL) additives like
Li-TFSI, t-BP, and acetonitrile, which has prevented the use of
Spiro-OMeTAD in devices, limiting charge extraction.?**! Thus,
optimization through device engineering, such as active layer de-
position techniques that suppress defect formation, and alterna-
tive transport layers have been attempted.

Efforts to reduce defects via improvements in the film mor-
phology of Ag-Bi-I active layers are numerous. Agl has poor sol-
ubility in DMSO and DMF, and so solvent engineering, such
as the use of hot solvents or additives like aqueous HI, or Li-
TFSI, have been shown to improve solubility and hence film
morphology.[48100265266] Antigolvents also are employed, such
as chlorobenzene, toluene, diethyl-ether, chloroform, etc, and
are shown to influence the charge generation efficiency, charge
mobility, and carrier lifetime within Ag-Bi-I films.[1%] Also, dy-
namic hot casting has been shown to promote pinhole-free,
large-grained films with longer carrier lifetimes.["*] Ghosh et al.
achieved a solar cell efficiency of ~2.5% for dynamic hot-casted
Ag-Bi-1 (Figure 16e).'"3] The dynamic hot casting method en-
hanced the carrier lifetimes of AgBil, and Ag,Bil; thin films
from 23 and 83 ns to 75 and 133 ns, respectively (Figure 16f),
which led to improved carrier transport in the corresponding
photovoltaic devices.

Transport layer optimization within Ag-Bi-I devices has also
been conducted. Indeed, utilizing a mesoporous TiO, ETL re-
duces the distance a charge carrier must diffuse to be extracted,
and thus partly counteracts the short carrier lifetime of Ag-Bi-
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1.1 While for HTLs, alternatives to Sprio-OMeTAD, such as
polymer materials like PTAA, have been employed to effectively
extract charge carriers.[*8113.267.268] Therefore, the present cham-
pion device based upon pure phase Ag-Bi-I achieved a PCE of
4.3% in a stack of FTO/c-m-TiO, /Ag,Bil,/PTAA/Au, and is still
significantly shy of the theoretical maximum PCE of 18%.8] The
observed low V. of 0.63 V indicates that voltage losses occur
due to recombination, as indeed carrier lifetimes remain short
~1 ns. Furthermore, organic ligand-based surface passivation
strategies for Ag-Bi-I remain unexplored, and thus the use of a
PTAA HTL may result in poor interfacial contact with the ac-
tive layer, reflected in the relatively low FF of 64%. Perhaps some
recent developments Spiro-OMeTAD doping strategies may of-
fer a route for future Ag-Bi-I compatibility, as incompatible addi-
tives such as Li-TFSI, t-BP, and acetonitrile have been removed in
lieu of pre-synthesized Spiro-OMeTAD?**(TFSI-), radicals and
a TBMP*(TFSI™) salt, with superior performance, and enhanced
stability.[26%]

Similar to perovskites, doping strategies can be employed
to overcome intrinsic material drawbacks. Indeed, A-site ce-
sium doping is shown to increase device FF and V., via
improvements in surface morphology while introducing An-
timony at the B-site raises [y of devices due to modified
bandgap and improved charge extraction.?’?”2] X.site dop-
ing has also been conducted by either, halide substitution,
which incorporates Bromide to tune the material bandgap,
and optimize film quality, or sulfide modification to yield
Ag,Biy L, 35, S,.[11#73] Presently, sulfur-modified Ag-Bi-I mate-
rials hold the record for the highest efficiency of 5.44% from
an FTO/c-m-TiO,/Ag;Bils,S,0/PTAA/Au device stack. Sul-
fur anions were incorporated via a solution process, using a
bismuth(III)tris(4-methylbenzodithioate) precursor additive in
various materials (AgBil,, Ag,Bils, Ag;Bil, and AgBi,1,), result-
ing in increased absorption and bandgap contraction of ~0.1 eV
from an initial range of 1.84-1.89 eV, due to an upshift in the va-
lence band. This means that small percentages of sulfur 1-4% re-
sultin an enhanced J,.. Buta reduction in V- and FF occurs due
to interfacial issues caused by residual surface impurities likely
from the organo-metal-sulfide additive used in film fabrication.
Thus, alternative metal sulfide complexes or gas-assisted sulfu-
rization processes may offer a way to incorporate higher sulfur
percentages and preserve high film quality.

5.1.4. Metal Chalcohalides

Metal chalcohalides in a perovskite structure are also referred
to as a split anion perovskite. Such materials aim to improve
perovskite stability by introducing covalently bonded chalcogens,
while also improving their optoelectronic properties.['7-274-276]
Presently only a few chalcohalides have been reported as an active
layer material and the reliability is a little ambiguous. Although a
MASDSI,-based solar cell with a device efficiency of 3.08% via
a three-step process was reported, the composition of the ab-
sorbing layer has been debated; As the formation of MASbSI,
is thermodynamically unfavorable under equilibrium conditions,
the light-absorption layer could be a binary mix of Sb,S, and
MA,Sb,1,.58%”7] Furthermore, MA;Bi,l,, S, devices have also
been reported, with a solid-state process yielding a PCE 0f 0.13%,
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but significant Bi,S, phases remaining present in the final film,
while another low-pressure vapor-assisted method yielded a pure
phase material with a PCE of 0.152%.[278:27%]

Alternative chalcohalide materials typically rely on the pnicto-
gens of BiSI and SbSI which have achieved respective PCEs of
1.32% and 3.62%.[117-28%] Pregently BiSI (1.51 eV) development
has been limited by the propensity to form 4 ternary and over
15 binary undesired phases during synthesis, leading to film
impurities.[?#"] Only thermolysis procedures have succeeded in
the fabrication of phase pure, yet flakey polycrystalline films,
which are thus inhibited by bulk defects and short carrier life-
times ~1 ns.l''”] Comparatively, SbSI (1.83 eV) is easy to syn-
thesize, and uniform-phase pure films have been used in de-
vices. Indeed, in addition to a solution phase synthesis, Sbl va-
por has also been demonstrated to uniformly modify thick Sb, S,
films, to obtain either SbSI (PCE = 3.62%), or layered Sb,S;-
SbSI (PCE = 6.08%) devices. Furthermore, architecture plays
an important role in charge extraction, indeed it is important
to achieve intimate contact between the SbSI active layer and
the HTL, for example a penetrative PCPDTBT layer beneath PE-
DOT:PSS, in combination with a m-TiO, ETL has been demon-
strated to improve charge extraction before recombination can
occur.[1*?]

Presently a mixture of antimony and bismuth, Sb,,Bi,;;SI,
prepared by treating Sb,S; films with Bil via chemical bath de-
position, possesses the highest PCE reported of all chalcohalides
at 4.07%.5¢1 It purports a bandgap of 1.62 eV, midway between
that of SbSI and BiSI, without suffering phase impurities and
poor film quality found in BiSI-based devices. The device demon-
strates improved [ relative to Bi-free SbSI devices, and high en-
vironmental stability. However again this film relies on a pene-
trative HTM of PCPDTBT/PEDOT:PSS to suppress recombina-
tion at the m-TiO, active layer interface, and efficiently extract
electrons and holes. A quaternary chalcohalide, Sn,SbS,1;, is a
promising solar cell absorber with a bandgap of 1.41 eV, result-
ing in a PCE of 4.04%.1282] Unencapsulated Sn,SbS,I; devices
demonstrated excellent stability in the air, under moisture and
continuous light illumination.

Presently chalcohalide materials are limited by either the
need for challenging non-equilibrium conditions to prevent
phase segregation during synthesis, or complex architectures
to inhibit rapid charge recombination. Through further the-
oretical and experimental research into thin film synthe-
sis/deposition techniques, and compatible materials for planar
device architectures, chalcohalides may experience further PV
success.

5.1.5. Chalcogenides

It is possible for perovskite-inspired materials to explore beyond
the halide motif, and investigate chalcogenides. These materials
offer the potential for improved material stability, due to the co-
valently bonded nature of chalcogenide materials, and various
promising optoelectronic properties. AgBiS, is one such stand
out material that has achieved rapid progress, with PCEs ris-
ing from 0.53% to 9.17% in only 9 years.>>?#3] These improve-
ments have been achieved via synthesis, and device engineer-
ing strategies such as, enhanced absorption coefficients from in-
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creased cation disorder, optimized nanocrystal passivation from
organic ligands, and improved energy alignment with the se-
lected HTL.3%284]

An alternative class of promising chalcogenide materials are
the chalcogenide perovskites, analogous to the naturally occur-
ring perovskite namesake- CaTiO;, oxygen is substituted for less
electronegative chalcogens such as sulfur or selenium.[?®>! This
reduces the wide-bandgap that oxide perovskites are known for,
improving photovoltaic viability.?2¢287] A mix of simulation and
material synthesis studies have determined BaZrS, as a frontrun-
ning photovoltaic material, with a moderate bandgap of ~1.7-
1.9 eV, high absorption coefficient ~10° cm™!, defect tolerance,
dopability (6% Ti*" shifts the bandgap to 1.4 eV), high carrier mo-
bilities, and extreme thermal and moisture stability.[890-288-291]

Crucially however, functional solar devices are yet to be fab-
ricated, as the high temperature sulfurization steps that are re-
quired to synthesize these chalcogenide perovskites are destruc-
tive to the underlying transport layers and substrates in a de-
vice stack.[???] Therefore, attempts to reduce these fabrication
temperatures are of the upmost importance. Indeed, PLD meth-
ods have reported a reduction from 1100 °C to 500 °C, while
a number of breakthroughs in ligand-based solution synthesis
have also obtained coarse films as low as 500 °C, and colloids
at just 330 °C.[2932%] Presently, further research into film depo-
sition techniques, or thermally resistant transport layers, are re-
quired before a functional chalcogenide perovskite solar cell may
be realized.

5.2. Indoor Photovoltaics (IPVs)

There is a rapid rise in the demand for self-powered, indoor-
located Internet of Things (IoT) nodes, with an estimated instal-
lation of billions of wireless sensors in the next ten years.[3%!
Indoor photovoltaics (IPVs) would be promising for supplying
reliable power and enabling uninterrupted communication in
the IoT ecosystem due to their ability to harvest indoor light (ar-
tificial illumination from white light-emitting diodes (WLEDs),
compact fluorescent light (CFL), and halogen bulbs as shown in
Figure 17a). Hydrogenated amorphous silicon (a-Si:H) is the in-
dustrial standard for IPVs, with indoor PCE (PCE(i)) values of
4-99.1300391] The spectral range (%400—800 nm) of different in-
door light sources differs from that of 1-Sun, allowing the ab-
sorbers with bandgaps in the 1.8—2.0 eV range ideal for IPVs.
Peng et al. introduced indoor spectroscopically limited maximum
efficiency (i-SLME) method and estimated that a maximum the-
oretical PCE(i) (radiative limit) of ~60% can be achieved for ab-
sorbers with bandgaps around 1.9 eV under WLED and FL illu-
minations (Figure 17b).3%2 The i-SLME assumes negligible non-
radiative recombination and considers the absorption coefficient,
bandgap nature (direct or indirect), and fixed thickness (500 nm)
for the absorber layer. LHPs are the finest candidates for IPVs
in terms of efficiency compared to the other emerging IPV tech-
nologies, such as dye-sensitized and organic PVs, with record
PCE(i) of ~#40% and a corresponding V. greater than 1V aris-
ing majorly from their defect-tolerant nature.393-3%] By contrast,
high concentration of defects and the related non-radiative re-
combination in wide-bandgap (E, = 1.8—2.0 V), air-stable anti-
mony (III) (Sb**)- and bismuth (I11) (Bi**)-based PIMs has led to
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Figure 17. a) 1-Sun spectrum and emission spectra of CFL (color temperature: 3000 K) and WLED (color temperature: 5000 K). Reproduced with
permission.3%3] Copyright 2022, American Chemical Society. b) SLME, i-SLME, and radiative limits of the photovoltaic efficiencies of various Bi/Sb-
PIMs under 1-Sun (AM 1.5G) and indoor (FL and WLED) illuminations. Both MAPbI; and a-Si:H are involved for the comparison. c) Variation of FF with
indoor light intensity for the Sb-PIM and BiOl. b,c) The SEM image (top) in (d) are reproduced under the terms of the CC-BY licence.l3?] Copyright 2020,
The Authors, published by Wiley-VCH. d) SEM images of Cs;Sb,Cl,lq_, (top) and CsMAFA-Sb (bottom). The SEM image at the bottom is reproduced
under the terms of the CC-BY licence.!1%3] Copyright 2022, The Authors, published by Wiley-VCH. e) Transparent Ag,Bils absorber layer that delivered a
PCE (i) of 3% under 1000 lux WLED illumination. Reproduced with permission.[3%°I Copyright 2023, American Chemical Society. Variation of f) FF and
g) with WLED light intensity for mesoscopic and planar Cu,AgBilg photovoltaic devices. Reported under the terms of a Creative Commons Attribution

3.0 Unported Licence.[?2'] Copyright 2023, The Royal Society of Chemistry.

modest PCE(i)s (Table 4) despite their suitability for IPVs from
the bandgap point of view.[300:302]

5.2.1. Sb-Based PIMs

Peng et al. conducted the first-ever investigation in 2021 on the
indoor performance of Cs;Sb,CL Iy, PIM, which possesses an
optimal bandgap of 1.9 eV. They found that the PCE of the fully
inorganic Sb-PIM increased from 1% (under 1-Sun) to 5% un-
der WLED and FL illuminations.[**?) The authors demonstrated
that Cs,;Sb,Cl, I, IPV devices could deliver sufficient power re-
quired for printed thin-film transistor (TFT) circuits.**?) The in-
door PCE (PCE(i)) of the freshly made Cs;Sb,CLI,_, cells was
around 2%, which rose to the reported 5% during the five months
of storage in an N,-filled atmosphere. The corresponding V-
of 0.49 V suggests the devices incurred huge V. losses; an ab-
sorber with a bandgap of 1.9-2.0 eV can achieve V. as high as
~1.4 eV under 1000 lux, as predicted by Ho et al.>%! The indoor
light intensity dependencies (10-200 uW cm™2) of V., Jgc, and
FF were conducted to understand the major IPV device perfor-
mance degradation pathways of Cs;Sb,Cl I,_,. The semi-log plot
of V¢ vs light intensity results in a slope of n,,k;T/q, where n,,
is the ideality factor and kg, T, and q are Boltzmann’s constant
(= 1.38 x 1072 J K1), temperature (= 293 K), and elemen-
tary charge (= 1.6 X 107 J), respectively. The n,, value of ~2
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for the Cs;Sb,CLI,_, IPV devices suggested that the majority
of the photoexcited carriers undergo Shockley-Read-Hall (SRH)-
type trap-assisted recombination via mid-gap states in the ab-
sorber layer,2%] consistent with the PL QY of 0.1% (i.e., ~99.9%
of recombination is non-radiative). The FF of the devices sig-
nificantly reduced at lower light intensities (Figure 17c), and
Jsc exhibited a linear trend with the light intensity, which fur-
ther verified the predominant mid-gap state-mediated defect-
assisted recombination.[?643%] [t was anticipated that the discon-
tinuous morphology and the pin-holes in the Cs,Sb,CLI,_, lay-
ers (Figure 17d) created shunt pathways and contributed to many
recombination centers in the device.[3%?]

A triple cation Sb-PIM, CsMAFA-Sb (elemental composi-
tion: Cs, ;MA,;FA,;Sb,l;sCl;;), obtained by cation mixing in-
volving Cs, methylammonium (MA), and formamidinium (FA)
cations in the A-site delivered an improved PCE(i) of 6.37% at
1000 lux illumination,31%) placing it within the PCE(i) range of
amorphous silicon.3%3% In contrast to Cs,Sb,CL]I, 3% 2D
CsMAFA-Sb demonstrated dense and uniform film morphology
with a grain size of #250 nm (Figure 17d). This led to low dark
current, reduced defect density, and non-radiative recombina-
tion in CsMAFA-Sb devices compared to corresponding double-
cation counterparts (CsMA- and CsFA-Sb), and possibly even
Cs;Sb,Cl,I,_,. This reveals the importance of mixing inorganic
and organic cations in the A-site to reduce recombination losses
and improve charge carrier extraction (peak EQE = 77%), which
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Table 4. Performance of state-of-the-art PIM-based IPVs at 1000 lux illumination.

Active layer (PIM) Bandgap Device structure Light source  PCE(i) [%] FF Js V,. V] Ref.
(eV) [type [WA cm™?]
Cs3Sb,[Cllg_,] 1.95/ near-direct  FTO/TiO,/m-TiO, (Cs;5b,Cl, lg.,), Poly- WLED 4.4 0.40 76 0.47 1302]
TPD/Au FL 4.9 0.42 82 0.49
BiOI 1.93/ indirect ITO/NIO, /BiOI/Zn0O/Cr/Ag WLED 40 0.38 56 0.60 [302]
FL 4.4 0.40 62 0.60
AgBil, 1.8/ direct FTO/c-TiO, /AgBil, /spiro-OMeTAD/Au WLED 5.17 0.56 5.7 0.55 [308]
Ag,Bil; 1.89/ direct ITO/SnO,—SnO, /ABI/ WLED 5.02 0.48 39.1 0.70 [309]
PTAA/Au
ATBil, (AT =2- 1.78 FTO/c-TiO,/ ATBil,/PTAA/Ag WLED 0.52 0.50 435 0.71 [157)
aminothiazolium)
Cs, 4MAg5FA, 1Sb,l5 s Cly s 2.1 /direct FTO/c-TiO,/ Cs, 4MAqsFAg 1Sbylg sClos/ WLED 6.37 0.61 106.7 0.55 [163]
P3HT/Au
Cu,AgBilg +HI 1.94 /direct FTO/c-TiO,/ WLED 4.7 0.65 80 0.60 [238]
Cu,AgBilg+HI/Spiro-OMeTAD/Au
Cu,AgBilg 1.91 /direct FTO/c-TiO,/m-TiO,/ WLED 5.52 0.67 72 0.53 [227]

Cu,AgBilg/Spiro-OMeTAD/Au

enhanced the IPV device performance of an Sb-PIM. The maxi-
mum V. of 0.6 V obtained from CsMAFA-Sb devices was higher
than that was achieved for fully inorganic Sb-PIM (V. = 0.49 V).
The decrease in V- under indoor light was estimated using the
following relation:['"]

nipky T In L _gun (1)

AVye =
Lyrep

In the case of only radiative recombination (n;, = 1), V. loss
(AVyc) at 1000 lux was estimated using the above expression to
be 0.14 V at 1000 lux, which was lower than the value (0.20 V)
obtained experimentally because of dominant non-radiative re-
combination in CsMAFA-Sb (n;, = 2). However, a reduction in
Voc in the 0.12—0.24 V range occurs for many IPV technologies,
including LHPs.B%] Furthermore, transient absorption-based
study on charge carrier dynamics at the device interfaces indi-
cated in CsMAFA-Sb, the hole transfer process dominates the
interfacial charge recombination process,!1%] as also observed in
LHPs.[312l A moderate charge carrier mobility of CsSMAFA-Sb of
~12 cm? V=1 571, comparable to other PIMs such as halide elpaso-
lites, silver iodobismuthates, and Cu,AgBil,, could be improved
by optimizing the fabrication conditions.['®*] Another IPV study
on Sb-PIM involved Cs;Sb,1,/ITIC heterostructure-based photo-
voltaic cells, which delivered a PCE(i) of 9.2% at 1000 lux.*"3] It
should be noted here that the organic photovoltaic devices based
on ITIC delivered a PCE(i) of 15-18% (1000 lux).*'*] Thus, the
demonstrated PCE(i) of 9.2% of Cs;Sb,1,/ITIC IPVs does not in-
dicate an improvement in the performance of the Sb-PIM.

5.2.2. Bi-Based PIMs

Bismuth oxyiodide (BiOI) is one of the wide-bandgap PIMs that
is characterized by shallow traps and high defect tolerance.[8%82]
Nevertheless, only a modest PCE(i) of ~4% (increased from
2.4% to 4% in 5 months in an N, environment) and a corre-
sponding V. of 0.6 V was demonstrated for BiOI under 1000
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lux fluorescent light.3%2] A notable observation about this sys-

tem is its increasing FF trend with decreasing indoor light in-
tensities (Figure 17c), indicating its aptness for low-light inten-
sity applications.?2l However, a low absorption coefficient of
10* cm™! limits the i-SLME PCE(i) value of BiOI to 44%.0392] The
IPV performance of another Bi-based PIM family, Ag-Bi-I materi-
als, was first studied by Turkevych et al., who reported a PCE(i) of
5.17% and V. 0f 0.55 V at 1000 lux for AgBil,-based photovoltaic
cells.B%) The corresponding output power of 1.76 pW cm™
might be only sufficient to power low-power wireless data trans-
mitters that consume energy as low as 1 pJ per bit.*®) Arivazha-
gan et al. achieved a high V- of 0.71 V at 1000 lux by replacing
Ag* in AgBil, with a 2-aminothiazolium cation. The high built-
in potential and reduced interfacial charge accumulation were
attributed to the enhancement in the V. but the correspond-
ing PCE(i) was limited to 0.54%.11>7] On the other hand, very re-
cently, Guerrero et al. demonstrated a V- 0of 0.7 V and a PCE(i)
of 5% (and 3% for a semitransparent cell) at 1000 lux for Ag, Bilg
IPVs (Figure 17€).3%] In this study, the authors realized the im-
portance of low bimolecular (influences J¢.) and trap-assisted (af-
fects V) recombination in achieving improved performance for
the Ag,Bil;-based photovoltaic devices. The PCE of the AgBil,
and Ag,Bil; devices cells was only around 1-2% under 1-Sun
illumination,3%3%] whereas Ag;Bil, demonstrated higher PCE
values of 5-6% under 1-Sun,'''l which may guarantee PCE(i)
values greater than the existing 5%. Only one report exists on
IPVs based on halide elpasolites. Cs,AgBiBr, /D149 indoline dye-
based (with or without Ti;C, T, MXene) IPV cells demonstrated
PCE(i) ~7% at 1000 lux.[***] However, this system also falls into
the same category as the Cs,Sb,1,/ITIC heterostructurel3!*! be-
cause the indoline dye also contributes to the observed photocur-
rent of the cells.l??] Thus, Cs,AgBiBr, may have yet unrealized
potential for IPVs.

The quaternary Cu,AgBil, with a bandgap of ~1.9-2.0 eV
has been explored for IPVs, owing to the excellent match
between its absorption (or EQE) profile and WLED emis-
sion spectrum.2128] Grandhi et al. demonstrated a PCE(i)
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of 4.7% and V. of 0.6 V Cu,AgBil; devices in their planar
architecture through an enhanced microstructure of the
Cu,AgBil absorber layer by hydroiodic acid (HI) additive.[?*®]
Despite the additive engineering, the morphology of the
Cu,AgBil, layer remained moderate, with a large room for
improvement. Pai et al. showed an improved morphology and
surface coverage of the Cu,AgBil, film on mesoporous TiO, by
modifying processing conditions.[”*”) In addition, mesoporous
ETL in the mesoscopic PIM-based devices allows enhanced
charge extraction and suppresses the |-V hysteresis, unlike
the case of their planar counterparts.>1162221239.19] Megoscopic
Cu,AgBil, devices delivered an improved PCE(i) of 5.52%
under 1000 lux WLED illumination.?2!! Furthermore, the typical
illuminance levels in indoor environments are 200700 lux.[*8]
High shunt resistance is desirable to prevent the leakage of
photogenerated current under low illumination conditions,®"!
as observed in the case of Cu,AgBil 22!l (and CsSMAFA-Sbl1¢3]),
which ensured a minimal loss in FF upon decreasing the light
intensity (Figure 17f). As a result, mesoscopic Cu,AgBil, devices
delivered a PCE(i) of 4.64% at 200 lux and a V- of 0.38 V at
50 lux.[?2!] The mesoscopic devices registered a lower n,;, value
of 1.5 compared to the Cu,AgBil; planar devices (n,, = 2.3),
suggesting a decreased trap-assisted (SRH-type) recombination
under open-circuit conditions (Figure 17g). The same conclusion
was deduced for the short-circuit conditions from the log-log
plots of J¢. versus light intensity.[**!! The reduced non-radiative
recombination combined with the superior charge extraction
by the mesoscopic architecture was attributed to the stable
performance of the Cu,AgBil, devices at varying indoor light
intensities. The estimated (see Equation (1)) V. loss (AV,()
of 0.14 V of the best Cu,AgBil-based devices under radiative
recombination assumption closely matched the corresponding
experimental value of 0.13 V. Although the minimized V.
loss of Bi/Sb-PIMs due to intensity reduction by two orders of
magnitude (from 1-Sun to WLED) is commendable,[221:309310]
the actual V. value approached only ~0.6-0.7 V. This, in turn,
implies a large room to enhance the V,, and advance the PCE(i)
of Cu,AgBil-based (and other PIM-based) IPV devices towards
their theoretical limit.

5.3. Photovoltaic Performance of Bi/Sb-PIMs versus Theoretical
Limits

Cucco et al. predicted the spectroscopic limited maximum
efficiency (SLME) limits to the solar cell performance of
Bi-based PIMs, namely Cs,AgBiBr,, AgBil,, and Ag;Bil,
(Figure 18a,b).32% Cs,AgBiBr, experimentally delivered ~40%
(3.119%[25]) of the PCE with respect to its SLME value of ~7%.
This low SLME is a consequence of its indirect bandgap nature
of the material that was considered in the SLME calculations.[**!]
On the other hand, the direct bandgap nature of hypothetical ab-
sorbers, namely Cs,TIBiCl; and Cs,TIBiBr, can deliver PCEs in
the 16-18% range.*”?] Furthermore, Ag;Bil; solar cells achieved
PCE of ~4%,!111l which is only 26% of its SLME, because the ex-
perimental ] and V. reached only 60% and 43% of their corre-
sponding SLME values.??%l Rondiya et al. compared the solar cell
performance of several Bi-PIMs, including BiS], to their radiative
limits.[%] The PCEs of all these PIMs were found to be < 25% the
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theoretical limit due to the corresponding [ and V. values be-
ing below 75% and 50% of their radiative limits, respectively.l®!
BiSI also exhibited low PCEs, i.e., less than 50% of its theoretical
limit, due to low FF (poor thin film morphology) and strong J-
and V. losses.??3

Ag-Bi-I-based IPV devices delivered V,. of 0.55-0.70 V
and maximum J¢. of 40 pA cm=2 (at 1000 lux WLED
illumination),?%3%] which correspond to only ~40-50% and
~30% of their i-SLME values, respectively (Figure 18¢).3%2 Sb-
based PIM IPV devices also demonstrated ~40-45% V. losses
in the i-SLME limit.?%?] These huge [ losses and V. deficits up
to a few hundred meVs mainly occur due to carrier—-phonon cou-
pling, high Urbach energies, and trap densities and lead to lower
PCEs (under both 1-Sun and indoor illuminations) for Sb/Bi-
PIMs compared to their theoretical limits.[6:9%:181:302:320]

5.4. Urbach Energy and V. Losses

In LHPs, the sub-bandgap features of the absorption spectra typ-
ically consist of 1) a region related to deep trap states with am-
plitudes several orders of magnitude lower than the absorption
onset, and 2) the exponential tail region, where the absorbance
decreases exponentially with decreasing energy (E), given by the
following relation:*?* a (E, T) E;E—‘Z(T? where a, T, and E,
represent the absorption coefficient, t[émperature, and bandgap
onset energy, respectively. E;; denotes the steepness of the ab-
sorption onset and is known as Urbach energy, which energy
typically increases with the temperature due to carrier-phonon
coupling.3?*! Photothermal deflection spectroscopy (PDS) has
been employed to obtain the absorption coefficient (a) spectra,
in turn, extracting E; values.[13%] Ultrasensitive EQE measure-
ments (sensitivities in the range of 107!%) were recently pro-
posed to differentiate between the exponentially decaying Ur-
bach tails and the sub-bandgap features contributed by deep
trap states, in turn, determining the E, values accurately within
an uncertainty of 1 meV (Figure 19a).324326] Another advantage
of the EQE-based measurements is the negligible influence of
the strongly bound excitons on the extracted E, values. Further-
more, unlike conventional semiconductors, the disorder in LHPs
changes from static to dynamic as temperature increases, accom-
panied by an increase in the mobility of photogenerated charge
carriers, which can reach deep trapping centers.3?’] The static
disorder (the temperature-independent contribution to the Ur-
bach energy) in LHPs has been found to be solely dominated by
zero-point phonon energy rather than defect-induced structural
disorder.’**] The remarkably lower static disorder values of LHPs
in the 3.3-5.1 meV range, as determined by Zeiske et al.,[3?] are
comparable to or lower than those of crystalline Si and GaN semi-
conductors.

Higher E, values typically lead to high dark currents and hence
high V. losses.[%325] The lower E; (215 meV)!!®] values of
high-quality LHP thin films compared to thermal energy at room
temperature (=25 meV) minimize the V. losses and ensure ex-
cellent electronic properties. In addition to expressing the de-
gree of energetic disorder, Urbach energy indicates the electronic
quality (charge carrier lifetime, mobility, and diffusion lengths)
of thin films of solar absorbers.[32+328] In their study on the cor-
relation between Urbach energy and V. deficit, Subedi et al.
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Figure 18. a) SLME for Cs,AgBiBrg, AgBil,, and Ag;Bilg as a function of the thin-film thickness. b) SLME calculated J-V curves for 300 nm absorber layer

thickness. The dashed curve represents the experimental J-V curve of a Ag;Bilg solar cell.[*8] Panels (a) and (b) are reproduced with permissio

n.[320]

Copyright 2022, Wiley-VCH. c) Calculated Js¢ in the SLME and i-SLME (for FL and WLED light sources) limits for various Bi/Sb-PIMs. Reproduced under
the terms of the CC-BY licence.l?%2] Copyright 2020, The Authors, published by Wiley-VCH.

observed the E|; values in the 18-65 meV range for various mixed
anion-cation perovskite compositions, which possess compara-
ble bandgaps.*»! The authors attributed this large variation in
E, to the difference in the optoelectronic quality of the perovskite
films (such as grain size, grain boundary passivation, and conti-
nuity of the grains). The E; values of PIMs are typically higher (in
the range or greater than 60 meV) than LHPs due to high struc-
tural disorder, high concentration of defects, and suboptimal film
morphologies.['112 We note that the information regarding the
energetic disorder of the Bi/Sb-PIMs has not been extensively re-
ported in the literature. Hebig and coworkers showed that the
Urbach tail energies of Cs, MA, and FA-based Bi/Sb-PIMs lie
in the 57-69 meV, and these tail states served as non-radiative
recombination channels and contributed towards V. losses of
these PIM-based solar cells.**! Bi-based PIMs such as Cs;Bi, 1,
(X = Cl, Br, I) demonstrate a high structural disorder compared
to LHPs, as verified by the high Urbach energies ~60-95 meV
of single crystals of Cs;Bi, X, (X = Cl, Br, 1).**”) A large amount
of vacancies for the mobile ions (i.e., high structural disorder)
in the crystals of Cs;Bi,X, introduce many sub-bandgap states
in their band structure (Figure 19b). Lower structural disorder of
the 2D (layered) form (E;; = 134 meV) of Cs;Sb,I, compared to
the 0D (dimer) one (E, = 162 meV) was verified by its lower Ur-
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bach energy value, 3 which might contribute to the lower trap
density in the 2D Cs, Sb, I, than the 0D one.!'?! Single crystals of
Cs,AgBiCl, and Cs,AgBiBr, demonstrated a high level of energy
disorder with the corresponding E; values of 95 and 170 meV,**
attributed to the Agyp,; antisite defects or Ag vacancies (shallow
acceptors).[”*] On the other hand, Bi vacancies (as well as bro-
mide interstitials) contribute to deep traps in Cs,AgBiBr,,!**) and
hence synthesis under Br-poor conditions may maximize its pho-
tovoltaic performance. A following study on a thin film sample of
Cs,AgBiBr, revealed a lower Urbach energy of 70 meV, which is
still a large value to cause additional non-radiative trapping of the
photoexcited carriers and hamper the V,,..[°! Sb alloying into the
Bi sites of Cs, AgBiBr, has been proposed as an efficient approach
for reducing its bandgap with anticipation of improved solar cell
performance. In addition to lowering the bandgap, Sb incorpora-
tion resulted in the elevation of sub-bandgap absorption (hence
high Urbach energy; see Figure 19¢) and, importantly, it intro-
duced a defect state at 1.55 eV, i.e., 0.7 eV below the bandgap of
Cs,AgBiBr,. The authors accounted for the V. deficit of 0.7 V
in the Sb-alloyed Cs,AgBiBr, solar cells to the non-radiative re-
laxation of the photoexcited carriers into this additional defect
state.®?] The authors further performed post-annealing of the Sb-
alloyed Cs,AgBiBr, samples to mitigate the sub-bandgap state
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Figure 19. a) EQE spectra of LHP solar cells with different absorber layer thicknesses. The horizontal dashed line denotes the EQE noise floor. Reproduced
with permission from Ref. [324] Copyright 2022, American Chemical Society. b) Reproduced with permission.33°1 Copyright 2020, American Chemical
Society. c) Absorption spectra of Cs,AgSb, Bi_,Brg. d) Variation of integrated sub-bandgap state intensity (I;,;,) and Urbach energy (E;) of the absorption
edge with Aerosol annealing temperature. Panels (c) and (d) are reproduced under the terms of the CC-BY license.[%?] Copyright 2022, The Authors,
published by Wiley-VCH. e) Vo deficit versus reported Urbach energy compared against the theoretical Vo loss for different bandgaps (E;), considering
the non-radiative losses are primarily due to the Urbach energy. Reproduced under the terms of the CC-BY license.[¢°] Copyright 2021, AIP publishing.

formation as well as lower the strain. As shown in Figure 19d,
the Urbach energy decreased from 120 to 94 meV because of an-
nealing at 150 °C. In addition, the integrated sub-bandgap state
intensity gradually decreased with the annealing temperature.[?]
By contrast, Sb alloying caused a reasonable reduction in the
energetic distribution of sub-bandgap trap states in Cu,AgBil.
This contributed to the positive influence of Sb incorporation on
the photovoltaic performance of Cu,AgBil,.1*'”] Furthermore, the
known energy disorder in the BiOI absorber with the correspond-
ing E|, values of 70-90 meV leads to V. losses due to recombi-
nation from the band tail states.!®?] Rondiya et al. obtained the
correlation between the V. loss and the published Urbach en-
ergy values in the case of Cs,AgBiBr, and BiOL.[%] It is evident
from Figure 19e that the V|, deficit in the solar cells of these two
Bi-PIMs is majorly due to their high Urbach energies. A high
degree of structural disorder has been noticed in metal chalco-
halides, such as Sn,SbS,1; (E, = 1.41 eV), with a very high Ey;
value of ~#464 meV.?82] High trap density in this material led to a
low V- of 0.44 V due to large V. losses.

Future efforts may improve the microstructure and other
thin film properties of these materials to mitigate the Urbach
tail state-induced V. deficit in the corresponding optoelec-
tronic devices. Alternatively, improved cation order has been pro-
posed to reduce the Urbach energy and hence defect concen-
tration in Cs,AgBiBr,.**!l' A lowered cation disorder can also
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hinder STE formation and improve charge carrier transport in
Cs,AgBiBr,.3*! Engineering the cation disorder has played a sig-
nificant role in achieving a substantially enhanced PCE of #9.2%
for AgBiS, nanocrystal-based solar cells.I>*! An increased homo-
geneity of cation disorder lowered the Urbach energy from 173 to
26 meV and contributed towards reducing the V. deficit of the
AgBiS, devices by 80 meV. Finally, it’s interesting to note that the
high defect-tolerant potential photovoltaic absorbers like BaZrS,
exhibit E|; values comparable to the room temperature thermal
energy of 25 meV (22-28 meV).[3%2]

6. Self-Powered Photodetectors

The development of operationally stable and flexible self-powered
photodetectors (SPPDs) with a multifunctional design will ben-
efit daily life and society’s well-being in the future.[188:217:333-335]
The flexible SPPDs that can be twisted, bent, stretched, folded,
and operated at zero bias have unique applications in wear-
able electronics,!3**3%] encrypted communication,**”] sensory
skins, smartphones, implantable biomedical devices,?**! and
healthcare,?*! which cannot be achieved with the existing
technology on rigid substrates.33°] The SPPDs have been fab-
ricated with n-i-p or p-i-n based photovoltaic devices,[**3%]
heterojunction,[191:203:340] Schottky junction,40:341:342]
asymmetric metal electrodes based devices, 23] and

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD BRI 3(edl|dde ) Aq peusenob ale sapie YO ‘8sn Josajn. 1oy Afeiq18Ul|UO A8|IAN U0 (SUONIPUD-PUB-SWBIAL0D" AB | IM"AJeIq Ul |UO//ScY) SUOIPUOD Pue SW 1 8L 88S *[£202/0T/0T] Uo AriqiTauliuo A8jim N Yool JO Aisiealun aedure | Aq Tii/0€202 WiPe/Z00T OT/I0pAL0D" A8 |1 Aleiq Ul |uo//Sdiy Woj papeo|umod ‘0 ‘8Z09TIT



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

photodetectors ~ with  externally intergraded  powered
generators>*3*] (nanogenerator (triboelectric, or piezoelectric),
and pyro-phototronic). This section deals with the use of lead-
free PIMs as photoactive layers for SPPDs. The photodetection
properties (PDPs), such as photoresponsivity (R,), specific
detectivity (D), linear dynamic range (LDR), external quantum
efficiency (EQE), noise equivalent power (NEP), photoresponse
(t,)/decay time (t;), and mechanical flexibility, are the figure
of merits of flexible SPPDs.[>*¥] The effects of intrinsic defects
and defects induced during the processing of PIM photoactive
layers on PDPs of SPPDs are discussed here. The defects and
trap states in the PIM layer act as carrier recombination centers,
leading to high dark current (I,), low photocurrent (I,), and
inferior performance of SPPDs.['7434-351 Several protocols,
such as 1) precursor compensation treatment,>**! 2) bulk
heterojunction,3373°!1 3) metal ions doping,!'®®3>2 4) surface
treatment with organic salts (PEAI),!® 5) solvent additive
as ionic liquids (ILs)!"! and pyridine,'®) 6) interface defects
passivation with PMMAP] were reported for reducing defects
trap density, intrinsic and surface defects, interface defects, thus
implying the enhancement in the PDPs of SPPDs.

Huang et al. reported the precursor-compensation treat-
ment (PCT) of spin-coated Cs,Snl; (CSI) films resulting in
a pinhole-free and pure phase photoactive layer for SPPDs
(FTO/TiO,/PCT-CSI or controlled CSI/Spiro-OMeTAD/Au, n-i-
p device structure).35% A higher photocurrent gain (151) was
achieved for PCT-CSI-based SPPDs than controlled devices (81).
Furthermore, improved PDPs, with R, 0f 1.07 (0.0059) mA W™,
Dy, of 6.03 x 10'° (2.94 x 10'%) Jones, and t,/t; of 0.59 5/1.90 s
(2.68 s/4.20 s), were reported for PCT-CSI (controlled CSI) based
SPPDs.* The inferior PDPs of the controlled CSI-based SP-
PDs were attributable to incomplete surface coverage (presence
of voids), nonuniform surface morphology, I-deficient chemical
composition, and low carrier mobility (1.93 cm? V=1 s71).13% The
voids on the CSI surface act as surface defects, in turn acting
as charge trapping centers/recombination centers. These lead
to high dark current (leakage current), low photocurrent, and
poor charge transport properties in SPPDs.[1833%] The 98% re-
tention of D, value over 28 days in ambient air (relative humid-
ity (RH) = 20-30% at room temperature (RT)) indicates the good
environmental stability of PCT-CSI-based SPPDs.3°% The supe-
rior stability of devices owing to uniform surface coverage, dense
and compact surface morphology, and I-rich chemical composi-
tion can prevent the formation of intrinsic defects.**"! In con-
trast, the fast degradation of D, (retention of 78%) values of con-
trolled CSI devices during the same period (28 days) was ascribed
to the acceleration of ion migration (iodine vacancies (V;)) in the
device.l183349350] The power-dependent I-V (Figure 20a) and I-t
(Figure 20b) characteristics of CsCu,I; heterojunction-based SP-
PDs (In/n-GaN/CsCu, 1, /p-Cul/Au) provide information on the
possible intrinsic defects in the CsCu,1; and interface defects at
heterojunctions.***! A gradual increment in photocurrent (I,,)
was observed with the increase in light (365 nm) illumination
from 0.01 to 8.88 mW cm™? (Figure 20c).3** The photocurrent
and light intensity relationship is as follows: I, = aP’ I, = -
I, is the photocurrent, a is a constant, and P is the light inten-
sity. The  is constant varied from 0—1, which helps in under-
standing the photoconductive mechanism in the SPPDs.[3**] Ac-
cording to the Rose—Bube theory, a lower g value (0.44) indicates
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higher recombination of photogenerated charge carriers via trap
centers within the optical bandgap of the CsCu, I;.5%*3>°] A lower
p value also suggests complex electron-hole generation, trap-
ping, and recombination processes involved in the heterojunc-
tion device.”>****] The R,;,, D,;, and EQE were gradually reduced
with the increase in light intensity, demonstrating the higher car-
rier recombination possibility under high light intensity.3>* The
maximum PDPs include light current (I,)/dark current (I;) ratio
0f9.78 x 10%, R,, of 71.7 mA w1, D,, of3.3x 10" Jones, LDR of
99.8 dB, EQE of 26.1% were reported for CsCu, I, heterojunction-
based SPPDs.[***] The power-dependent I-t characteristics of SP-
PDs reveal that the faster ¢,/t; (160 ms/160 ms) was observed
at lower light intensity (<0.56 mW cm™2) (Figure 20b).3% In
comparison, a slower t, (8.8 s) was noticed at higher light in-
tensity (8.88 mW cm™2), which might result from carrier trap-
ping/releasing due to defects at Cul/CsCu,[,/GaN heterojunc-
tion interface.*®*] The interfacial defects at the heterojunction
interface in the SPPDs can be passivated by an ultra-thin PMMA
layer or Al, O, layer.[3533¢]

Generally, a high processing temperature (>200 °C) is nec-
essary to obtain a PIM photoactive layer with high crys-
tallinity and low trap density for high-performance SPPDs.3*
However, the high concentration of the defects in the PIM
layers processed at low temperatures negatively impacts the
PDPs of flexible SPPDs. Defect mitigation routes like metal
ions doping (Mn*, Rb*, Li*, and others),l*13* jonic liquids
(ILs),[1%Y and surface treatment with organic salts (PEAI),[!*]
thiophene-2-carbohydrazide (TAH)3%’] and phenyl-ethyl ammo-
nium (PEA*)P®]) have been employed. For instance, the ef
fect of alkali metal ions (Li*, Na*, K*, and Rb*) doping on
surface morphology and PDPs were studied on Cs,AgBiBr,
(CABB)-based SPPDs (PEN or glass/ITO/SnO,/CABB/Ag) im-
plemented on rigid and flexible substrates.['#352] The compact,
pinhole-free, and smooth surface morphology was reported for
Rb-doped CABB (Rb, , Cs, yAgBiBr;) films compared to undoped
and other alkali dopant-based CABB films.['®] The I/, ra-
tio of the Rb-doped CABB-based SPPDs was ~70000, demon-
strating ~3 orders of magnitude enhancement compared to
the undoped CABB devices."®] In addition, the highest R, of
0.23 AW, D, of 1.6 X 10"’ Jones, LDR of %177.8 dB, and t,/t,
of 1.6 ps/1.6 ps were achieved for Rb-doped CABB SPPDs on a
rigid substrate.['®8] The higher performance of Rb-doped CABB
devices might be due to dense, compact, uniform surface mor-
phology, lower defect density, and superior carrier transport prop-
erties leading to lower dark current (I; = 1.3 x 107! A, which is
~2 orders of magnitude lower).['®] The Rb-doped CABB device
has shown a negligible decay in I;, value even after 20 days in the
air (RT and RH of 30%), unlike the other devices, demonstrat-
ing the stability and reliability of the devices.['®] Furthermore,
the flexible SPPDs were implemented on polyethylene naphtha-
late (PEN) substrate with CABB and Rb-doped CABB as photoac-
tive layers.['®] The I/ I, ratio of CABB and Rb-doped CABB-
based devices was 1.2 and 4.8.'%] The lower temperature an-
nealing of the photoactive layers (CABB or Rb CABB) leads to
a higher dark current (107°A) and high defect density, imply-
ing a lower I,/1; ratio of devices.['®8! The dark current was sup-
pressed in the presence of a hole transport layer (P3HT) in SP-
PDs (PEN/ITO/SnO,/CABB or Rb CABB /P3HT/Ag, n-i-p device
structure).'®] The maximum I,/ I, ratio of 400, R, of 0.26 AW~",
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Figure 20. Power-dependent a) I-V, b) I-¢ characteristics, and c) photocurrent (I,p,) of CsCuj 3 heterojunction-based self-powered photodetectors (In/n-
GaN/CsCu,ls/p-Cul/Au) under the illumination of 365 nm light sources. Panels (a)—(c) are reproduced with permission.[334] Copyright 2022, Elsevier.
d) Photodetectivity spectrum of the Cu,AgBilg-based photodetector. ) Effect of hole transport layers on specific detectivity Cu,AgBilg-based SPPDs.
Panels (a)—(c) are reproduced with permission.l'®! Copyright 2022, American Chemical Society. f) Schematic diagram of MA;Bi,|cCl; (MBIC)) based
flexible SPPDs. g) Responsivity (Rpy,) and specific detectivity (D) of MBIC-based SPPDs as a function of bending strains (or different radii) under the
illumination of 382 nm. h) R,;, and D), of MBIC-based SPPDs for 5000 bending cycles at strain of 5% under the illumination of 382 nm. i) The long-term
stability of three different photodetectors measured under continuous UV light (382 nm) illumination for 500 h with an intensity of 1.0 mW cm~2. Panels
(F)—(i) are reproduced with permission.[21”] Copyright 2023, Elsevier. Progress in the Responsivity (Rph) and photoresponse time of different SPPDs on
j) rigid and k) flexible substrates. Panels (j) and (k) are constructed using the information provided in Table 5.

Dy, of 3.2 x 10" Jones, and LDR of 152 dB of flexible Rb-doped
CABB-based SPPDs with HTL layer under weak light illumina-
tion of 3.6 yWcm~2.1188]

Zhang et al. reported that pyridine is an effective solvent
additive for fabricating dense, pin-hole free, and continuous
Cu,AgBil; photoactive layer (Figure 20e).'*] The delocalized
« electrons in pyridine are responsible for the complete disso-
lution of the precursor salts in a polar solvent at room tem-
perature, and aid in the uniform Cu,AgBil; film formation at
a low temperature of 150 °C.'"%] In addition, a PEAI treat-
ment was employed to suppress the nonradiative recombina-
tion by passivating the bulk and surface defects of Cu,AgBil,
film.['%] The PEAl-treated Cu,AgBil, films possess hydropho-
bic surfaces, which improved the stability of Cu,AgBil-based
SPPDs against ambient moisture.'®! The Cu,AgBil-based SP-
PDs (ITO/Sn0O,/ Cu,AgBil,/HTL/Ag) were fabricated with two
HTLs, namely, Spiro-OMeTAD and P3HT (Figure 20e).') The
higher photocurrent and faster ¢,/t; = 1.11 ms/3.32 ms was re-
ported for P3HT-based SPPDs than Spiro-OMeTAD-based de-
vices (t,/t; = 1.17 ms/3.66 ms) (Figure 20e). The broadband R,,
(~0.085 AW~") and D,, of %10 Jones were noticed in the wave-
length range from 350 to 600 nm for Cu,AgBil;-based SPPDs
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(Figure 20e).[1%] The selection of a suitable HTL layer is critical
for proper band alignment and suppressing the dark current for
obtaining high-performance SPPDs.[***]

Shuang et al. addressed the effect of the DMF content in
DMSO solvent and the spin coating speed on film quality (in
terms of dense, compact, and large grain size with a uniform
surface) with minimized defects (trap-state density) upon con-
trolling the pinholes in CABB film, which can reduce the dark
current and enhance the photocurrent (I;,) of CABB-based
SPPDs.["! Furthermore, high-quality CABB films were fabri-
cated at a lower temperature (150 °C) by adding 1-Butyl-2,3-
dimethylimidazolium chloride IL as a solvent additive to the op-
timal Cs,AgBiBr, perovskite precursor solution.”!l The TRPL
analysis revealed the longest carrier lifetime for CABB films
prepared with IL and annealed at 150 °C, which displayed ex-
cellent crystal quality and minimum non-radiative recombina-
tion, in turn being potentially suitable for constructing the high-
performance SPPDs.'! Furthermore, the highest I,/1 ratio was
reported for CABB films prepared with optical 2.5 mL IL.['! The
optimal IL (2.5 mL)-based CABB films-based SPPDs were im-
plemented on rigid and flexible substrates. The PDPs such as
I/I; ratio of 1.66 x 10* (0.5 x 10%), R, of 0.075 (0.031)A W1,
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D,, of 1.87 x 10'? (8.04 x 10') Jones, t,/t; of ~0.24/0.29 ms,
LDR of 100 dB for rigid (flexible) substrate-based SPPDs un-
der the illumination of 473 nm laser,['!] respectively. The sta-
ble device performance after 25 days stored at room tempera-
ture in the air with an RH of 50% + 10%, as well as holding
of 75% of I, at 333 K for 6 h, indicates that IL passivated de-
fects in fabricated CABB film, in turn, enhanced the environmen-
tal and thermal stability of SPPDs.!""!] The 85% hold of I, after
5000 bending cycles with a radius of 6.4 mm demonstrates that
flexible CABB-based SPPDs have potential in flexible wearable
devices.®!) Apart from the processing parameters and intrinsic
defects, the structural dimensionality and chemical composition
of the PIM photoactive layer influence the PDPs of SPPDs.[217:3>]
Mei et al. addressed the effects of the structural dimensionality
of Sb-based PIMs (Cs;Sb,X,) and 2D Rb,Sb,1, (2D-RSI)) based
photoactive layers for SPPDs (FTO/TiO,/PIM/Poly-TPD/Au, n-i-
p device structure).*>! The highest and broad PDPs, with R, of
205 (174) mA W', D,;, of 6.1 x 102 (3.5 x 10'?) Jones, LDR of
193 (175) dB, t, of 15ps (101ps) and EQE of 54.8% (50%), were ob-
tained for 2D-Cs;Sb,1,_,Cl, (2D-RSI) based SPPDs compared to
0D Cs;Sb, I, based devices (62 mA W1, 4.3 X 10'2 Jones, 51.3 dB,
94us, and 25%),13%] respectively. The larger PDPs might be due
to higher mobility, longer carrier lifetimes, and decreased STE
formation in 2D-Cs;Sb,1,_,Cl (2D RSI).’**] The 87% and 47%
retention of I, for 2D and 0D PIM-based SPPDs without encap-
sulation for 600 h confirm the superior stability of 2D PIM layers-
based devices over their 0D counterpart.l***]

Vuong et al. investigated the effect of the chemical compo-
sition tuning of methylammonium bismuth iodide ((MA;Bi, I,
(MBI)), (MA,Bi,I Br, (MBIB)) and MA,Bi,I.Cl, (MBIC)) based
photoactive layers for flexible SPPDs (Figure 20f).[2"7) The high-
est PDPs, such [/I; ratio of ~10°, R,, of 0.92 A W', D,
of 2.9 x 10" Jones, EQE of 30.2%, faster photoresponse
(t,/tq = 0.46 /0.41 s) for MBIC based flexible SPPDs, under the
illumination of 382 nm light source (0.04 mW c¢m™?), compared
to other devices (Table 5).1217] The better figures of merit were
attributed to high crystallinity, compact, dense, smooth surface
morphology with improved interconnection between the grains,
higher carrier mobility, and lower trap density of MBIC films.[217]
The 95% retention of R, and D, values were reported for bend-
ing strain up to 5% (bending radius of 3.7 mm) for MBIC-based
flexible SPPDs (Figure 20g), and the PDPs parameters were de-
graded for higher bending strain (6%).2'”] The devices upheld
85% of the initial R, and D,, values after 5000 bending cycles at
5% strain (Figure 20h), demonstrating the excellent mechanical
stability of the MBIC-based SPPDs.?'”] The decrement in PDPs
parameters at higher strain (6%) was accredited to the crack for-
mation of the surface of the perovskites and a top-gold electrode
after 1000 bending cycles.*'”] The >94% retention of I, value,
even after an exposure time of 500 h in the air (RH > 75% at RT),
demonstrates the excellent photostability of MBIB and MBIC-
based SPPDs (Figure 20i).””] In contrast, the I, value of the
MBI devices decreased to 15% same exposure conditions. The
MBIB and MBIC-based SPPDs displayed superior photostability
ascribed to the suppression of iodine vacancies through halide
substitution in MBI films.[?'”] These devices exhibited excellent
robustness against mechanical stress and long-term photostabil-
ity, promising suitability in next-generation flexible, foldable, and
low-cost flexible SPPDs.[2!7]
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The recent progress in PDPs of SPPDs with various
PIMs, such as bismuth-based (Ag,Bils,[2**! Cu,AgBil,!**]
Cs,AgBiBr, 188352191 CsBi,I,,,2?1  Cs,Bi,I,, and oth-
ers), antimony-based>! (Cs;Sb,I, ,Cl and 2D Rb,;Sb,l,),
Cs,SnI¢*% and Cu-based (Cs;Cu,I;)33* and their heterojunc-
tions with Si (p- or n-type) is shown in Figure 20jk and sum-
marized in Table 5. The SPPDs based on Cs,AgBiBr,,[201:203.343]
CsBi, .22 Ag,Bil, 20" Cs,Bi, I, [40341358359] Cs,Snl 3% and
Cs;Cu,[5,P#360361] retained >85-95% of I, values under en-
vironmental storage (more than 30 days in the air at room
temperature and under RH of 30-50%), thermal treatment (up
to >60 °C) and light exposure (continuous illumination for >5 h)
(Table 5). The degradation of I, in SPPDs might be ascribed to
ion migration due to the deficiency of halides, nonradiative sites
in the devices, and degradation of the metal/perovskite inter-
face, which increases dark current with environmental storage
over time.[40,201—204,334,341,343,349,358,359,360—363] Ful’thel’more, the Iph
decreased in SPPDs at high temperatures owing to thermally
activated free carriers from halide vacancies (V,, Vp,, and V)

and interstitial defects (for example, Sn;) in the PIM photoactive
layers.140201-204334,341,343,349,358,359,360,361]

7. Memristors

Developing operationally stable, flexible memristors with multi
functionalities, such as ultra-low power, electro-forming free,
self-compliance, and multi-bit, will benefit next-generation high-
density data storage,[*”2%] computation,[?!*3%8] encryption, %]
healthcare, 3] wearable electronics,*®”] hardware security!3®!
(physical unclonable functions (PUFs) and true random number
generators (TRNGs)*%), and IOT device applications.367:36]
The memristor comprises of a simple device architecture
configured with a bottom electrode-resistive switching (RS)
layer—top electrode (Figure 21a). This review focuses on lead-free
perovskite-inspired RS layers for rigid and flexible memristors.
The device schematic of the A;Bi,I, (A = Rb, Cs) PIM RS
layer-based memristor (Au/A;Bi,I, /Pt) on a rigid SiO, substrate
is shown in Figure 21a.’”! Generally, the electro-forming (EF)
process is required to trigger RS characteristics in the PIM (for
example, A;Bi, o) RS layer-based memristors due to their initial
high resistance state (HRS) values (Figure 21D).*!] The EF was
performed with constant current compliance (CC = 1 mA) to
prevent the permanent breakdown of devices.[*’! The EF voltage
of Cs;Bi, I, and Rb,Bi, I, based devices was 1.3 and 1.5 V, respec-
tively. After electro-forming, the device switches from HRS to
a low resistance state (LRS) (Figure 21c).’”t] The EF voltage is
always higher than the memristor operating voltage (V.,//V,eset)
(Figure 21b,c).’71 The RS properties RSPs, such as operating
voltage (set (V) /reset voltage (V,.)), Ron/Rog ratio, and
endurance, retention, switching speed, stability, and mechanical
flexibility are the figure of merits of flexible memristors.[3¢7:36]
It is well known that the migration of ions (for instance, iodine
vacancy (V;) and iodine ions (I7)) inside the PIM RS layer is
responsible for the RS characteristics of memristor devices
(Figure 21D).1372373] These defects (halide vacancies and their
ions) adversely affect RS performance, specifically the higher
operating voltage range.3%%372374] Therefore, controlling defects
migration in the RS layer during RS operation is essential for
reliable RS performance.3®! The role of defects in the PIM
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Table 5. Comparison of PDPs of lead-free PIM-based self-powered photodetectors.
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Device structure/Operating)
wavelength (nm)

Ron [mA W]

D, (X10'°)

[Jones]

t/t [ms]

ON/Off ratio /EQE Stability (retain of PDPs)

Ref.

Au/Cs,AgBiBrg/Ag, 400 nm
Asymmetric electrode-based
devices

Ag/Cs,AgBiBrg /ITO, 375 nm
Asymmetric electrode-based
devices

FTO/Cs;Bi,ly/Ag, Schottky device
Broadband (450-950 nm)

FTO/AI, 0, /Cs;Bi, s /Au
405 nm, Schottky device

Ag/FTO/Cs;Biyly/C
405 nm, Schottky device

FTO/TiO,/ Cs,Snlg/
SpiroOMeTAD/Au white light,
n-i-p photovoltaic devices

FTO/TIO,/ 2D-Rb;Sb, g
/poly-TPD/Au
Broadband (350-600 nm), n-i-p
photovoltaic devices

FTO/TiO,/ 0D-Cs;Sb,
/poly-TPD/Au
Broadband (350-600 nm), n-i-p
photovoltaic devices

FTO/TiO,/2D-Cs;Sb, l,_,Cl, /poly-
TPD/Au, Broadband
(350-600 nm), n-i-p photovoltaic
devices

ITO/SnO, /Cs;Biyly-SC /PTAA /Au
/ITO, 405 nm, n-i-p photovoltaic
devices

ITO/PEDOT:PSS/Cs, Bi,ls,, Br,/
/C60/BCP/Ag, Broad band
(300-600 nm)

p-i-n photovoltaic devices

ITO/SnOx/MA;Bi, l4/Spiro-
OMeTAD/Au
382 nm, 528 nm
n-i-p photovoltaic devices

FTO/TIO, / Ag,Bils / SpiroOMeTAD
/Ag, Broad band (350-700 nm),
n-i-p photovoltaic devices

In—Ga/p-Si/PMMA/Cs;Cu,ls
MCs/Au, 298 nm,
Heterostructured-based devices

In-Ga/p-Si NWs/Cs;Cu,ls NCs/Au,
Broadband (265-1000 nm),
Heterostructured-based devices

Au/n-Si /Cs;Cu, 5 film/LiF/Al,
330 nm
Heterojunctions

Si0,/Ag/Si/ CsBizl1o/Au
Broadband (256-980 nm),
Heterojunctions

quartz In/GaN/ CsCu, 15/ Cul/Au,
365 nm
Heterojunctions

4880

3.8

100

0.005

1.07

174

62

205

52.06

280

120

83.6

7.1

178.7

1220

160

N/A

0.059

2.94

430

350

610

219

46

880

20

81

21

26

4.99

330

0.008/0.0088

0.0061/0.028s

62.74/90.25

N/A

1.525/2.29s

0.59/1.90s

0.101

0.094

0.015

6/6.8

40.7/27.1

380/450

45to 175

41.43/47.84

0.018.2

160/160

0.073/0.036

8.8/0.32s

>10%/20% I}/ ratio >10? stable over
180days

6.6 x 10° 50 days in air, 85% retention of
Ion at 358K and 263K for 1h,
relative humidity (85%)

1.4 x 10 95% retention of |, after
90days
3.85x 10° 30 days in air

102

151 98% of D, after 28 days

N/A 87% I, over 600 h under light

N/A 47% |, over 600 h under light

N/A 87% Iy, over 600 h under light

5700 90% I, over 75 days and 76%
Iy after 18.5h

4.1% 10* 96% of I, over 100days

>95% of I, over 100days

27%

414 x 10° 95% retention of stable over 8 h
under light @293K and 60
days in the air.

3.72x 10° 95% retention of stable over
10 h under light @293K and
300 days in the air.

2.15x 103 N/A

~1x 10%/27.2% Stable over 3 months

9.7 x 10%/26.1% N/A

[343]

[201]

[347]

[40]

[342]

350]

355]

355]

355]

358]

1359]

[182]

[264]

353]

[364]

360]

365]

[354]
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Table 5. (Continued).

Device structure/Operating) Ron [mA W] D, (x10%) t,/tg [ms] ON/Off ratio /EQE Stability (retain of PDPs) Ref.

wavelength (nm) Jones]

Ti-Au/p-Ga,03/Cs;Cu,ls /Au, 2.33 0.024 37/45 5.1% 104 60 days stable in air, 1, stable [360]
265 nm over 12 h under light
Heterojunctions

ITO/ SnO,/CsBis 15 /Au 200 1800 2.33 x 10°/30% 73 days in the air, 93% retention [202]
Broadband (360-800 nm) 0.0078/0.0088 of I, value for 333K for 4h
Heterojunction based devices

ITO/ Cs;Bi,Brq SC//Cs;BiBrg SC/Au 59.4 120 200 ns/1.09 1.88 x 10* Stable even after 30 days [337]
360 nm, Bulk Heterojunction us

2.09-33 2.07-32.7 0.151/0.215 103 N/A [340]

Sapphire/In/GaN/Cs,AgBiBrg /NiO/Au
Heterojunction based devices

ITO/Sn0O, /Cs,AgBiBrg /Au 110-130 2.1-2.4 3 38.5% 180 days in air, thermally stable [203]
(350-480 nm), Heterojunction upto 358K

FTO/Sn0, /Cs,AgBiBry/C, 7.5 187 0.24/0.29 1.66 x 10 25 days in air, 75% retention of ED!
473 nm (145 mW cm™2), I value for 333K for 6h
Heterojunction

FTO/SnO,/2%Mn-Cs, AgBiBr,/Ag, 120.8 345 0.0034/0.002 2.7 x 10* 80% retention of I, after 23 [352]
405 nm (0.45 mW cm2), days
Heterojunction

FTO/SnO, /Cs, gRb, ;AgBiBrg /Ag, 230 1600 7.00 x 10* 20 days stable in air [188]
405 nm (0.45 mW cm~2), 0.0016/0.0016
Heterojunction

FTO/TiO,/ (CH3NHj3);Bi,lg 80 0.08 0.79/0.36s N/A [366]
(MBI)/graphite, Heterojunction

ITO/SnO,/ Ag,Bils/Au 300 530 0.34/0.26 25 days in air, 91% retention of [204]
(365- 440)nm, Heterojunction Ioh upto 373K

Flexible devices

PEN/ITO/SnO, /Rby ,Cs; oAgBiBrg/ 260 32 N/A N/A [188]
P3HT/ Ag, 405 nm,
Heterojunction

FTO/Sn0O,/2%Mn-Cs, AgBiBrg /Ag, 21.6 2.46 1.60 x 10 90% retention of |, after 700 [352]
405 nm (1.8 mW cm™2), 0.0017/0.0018 bending cycles
Heterojunction

PET/ITO/SnO,/Cs,AgBiBrg/ C 31 80.4 N/A ~0.5 x 10 85% retention oflpl1 after 5000 [197]
473 nm (14.5 mW cm~2) bending cycles

PET/ITO/SnO,/MA,Bi, 15Cl, 920 2900 460/410 95% of Iy, over 500 h, No [217]
(MBIC)/ Cul/ Au, 382 nm changes of Rp, and D, over
(0.04 mW cm=?) 1000 cycles at low strain
n-i-p photovoltaic devices

PET/ITO/SnO,/MA;Bi, |¢Br, 630 2000 N/A 95% of I, over 500 h after light 217]
(MBIB) / Cul/ Au, 382 nm illumination

(0.04 mW cm~2)
n-i-p photovoltaic devices
PET/ITO/SnO, /MA,;Bi,lsBr, (MBI) 300 900 N/A 85% of 1, over 500 h after light [217]
/ Cul/ Au, 382 nm illumination
(0.04 mW cm=?)
n-i-p photovoltaic devices

PET/ITO/PEDOT:PSS/Cs,Cu, s /Au, 170.3 1000 0.177/0.195 ~5.7 % 10%/76.8% Decay of 11.7% and 20.0% of R 334]
275 nm (480.3 uW cm~2) and D after 12 months
Heterojunction
262 230 0.027/0.02 70 R-value does not change even [333]
PEN/ITO/PEDOT:PSS/FA, s PEA,,Snl; after 10000 bendings
/PCBM/BCP/Ag, 630 nm
(480.3 W cm2)
p-i-n photovoltaic devices
Adv. Funct. Mater. 2023, 2307441 2307441 (35 of 52) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 21. a) Schematic diagram of A;Bi, lq layer-based memristor (Au/A;Bi,lq /Pt, A = Cs, Rb) on rigid SiO, substrate. b) Different steps in resistive
switching of Rb;Bi, lq-based memristors: 1) Pristine state, 2) electro-forming process, 3) low resistance state (LRS) after forming, 4) rupturing process,
and 5) high resistance state (HRS). c) I-V bipolar resistive switching (BRS) characteristics of A;Bi,lq layer-based memristors after electro-forming.
d) Endurance performances of Au/Cs;Bi,lq/Pt devices at V,,, = 0.5 V. Panels (a)—(d) are reproduced with permission.[“0*] Copyright 2018, American
Chemical Society. €) Progress in lead-free PIM RS layers-based memristors on rigid substrates: R, /Rogratio Versus endurance cycles. Progress in lead-
free PIM RS layers-based memristors on flexible substrates: f) Ry, /R.g ratio versus endurance cycles and g) R,,/R.g ratio versus bending cycles.
Panels (e)—(g) are constructed using the information provided in Table 6. h) I-V BRS characteristics of MAPbl;layer-based memristors with current
compliance (CC) and self-compliance mode. Reproduced with the permission.[*3%] Copyright 2022, American Chemical Society. i) I-V BRS characteristics
of Cu,AgSblg layer-based memristors with current compliance (CC): Multiple LRS state (Multi-bit). Reproduced with permission.l"l Copyright 2022,
American Chemical Society. j) I-V BRS characteristics of Al/Cs,NaBilg/ITO device with different temperatures. k) Plot of In(t) versus the inverse of the
measured temperatures. Panels (j) and (k) are reproduced with permission.[#12] Copyright 2022, Elsevier.

RS layers for electro-forming free, self-compliance, multi-bit
characteristics of memristor devices are discussed in the fol-
lowing subsections. In addition, the effect of dimensionally,
chemical composition, and morphology of the PIM RS layer
on the Ry, /Rog ratio, operating voltage (Vi./V,eser)» and sta-
bility (endurance and retention) of memristor devices are also
highlighted.

7.1. Effect of Physical Characteristics of PIM RS Layer on
Memristor Performance

The RS properties and reliability of memristors strongly depend
on the physical characteristics of the PIM RS layer, such as the

Adv. Funct. Mater. 2023, 2307441 2307441 (36 0f52)

thickness,*”>”7] morphology,!2°6378-38] chemical composition
(halides),381-3%3] dimensionality, 2073793831 and defects.[372373:384]
The surface quality®’!3%] and surface roughness,*’*3%! grain
size,[205:385-387] and density of grain boundaries/2>385388] in the
polycrystalline PIM RS layer play a pivotal role in the reliable
RS properties of memristor devices.?803%:38] For instance, the
effect of A;Bi,I; (A = Rb, Cs) PIM RS layer surface rough-
ness on the reliability of memristor (Au/A,Bi, I, /Pt) devices was
studied.’”!] The fabricated memristor displayed bipolar resistive
switching (BRS) with an ultralow V ,/V .. (0.09 V/-0.24 V),
Ro,/Rog ratio (>107) (Figure 21c), retention properties (10° s),
and low endurance cycles (200 for Rb;Bi, I, and 400 for Cs;Bi,1,)
(Figure 21d).7!l The inferior endurance of these devices is re-
lated to the surface quality (or surface roughness) of the RS layer,

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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which is associated with the electric field distributions within
the device.[290:39371] The non-uniform electric field distributions
within the device, because of the higher surface roughness of the
RS layer, leads to the multifilament formation, thus lowering the
endurance properties of the devices.[?’13¢207] The fluctuation in
the HRS state (Figure 21d) might be due to the formation of mul-
tiple filaments or incomplete rupturing filaments during the re-
set process of the device.[2063%371] The iodine vacancy (V;) based
valance change mechanism (VCM) is responsible for RS charac-
teristics in A,Bi,l, based memristors.’’!] The ions (V; and 17)
can easily migrate via the grain boundary regions compared to
bulk because of their lower energy than the bulk region, thus
leading to the ultralow V., /V . of the memristor.[371:38>3%] The
pinhole-free, compact, low surface roughness, and uniform mor-
phology of Cs,Sb,X, (X =1, Br, and Cl), Cs;Bi,I,Cl;, Cs;Bi,Br,,
BA,CsAgBiBr,, MA;Bi,l, Cu,AgSbl, (C;Hs;CH,NH;),CuBr,,
dual-phase ((Cs;Bi, ), ,-(CsPbl;), (AgBi,I,-CsBi,1,)) RS layers
lead to reliable RS properties (>500 endurance cycles, Ry, /Rog
> 10? and retention>10* s) of rigid substrate based memristors
(Figure 21e and Table 6).

The dimensionality of the PIM RS layer highly influences the
RS properties of memristors.[27372383] Likewise, lower V[V,
(0.22 V/—0.45 V) and higher Ry, /Ry ratio (10%) were reported
for lower dimensional (0D-Cs,Bi,[,) device as compared to 1D
Cs,Bi,Cl, (10?, 0.44/—0.97 V) and 2D-Cs;Bi,Br, devices (10,
0.67/—1.21),138 respectively. The higher Ry, /Rqg ratio is due
to a large HRS resistance value of the 0D-Cs;Bi, I, device.’!
The free carrier density and migration rate of halide vacancies
(V1, Vg, and V() control the resistance of the HRS state of
the memristor.?®3] The migration rate of halide vacancies can
change with the reduction of dimensionality of metal halide
perovskite because of the variation of activation energy (E,)
values.3#] The lower E, indicates the easy migration rate of
halide vacancies due to a smaller electric field.*®¥¥ The esti-
mated E, values based on DFT calculation for 0D (Cs,Bi,I,),
1D (1D-Cs;Bi,Cly), and 2D (2D-Cs,Bi,Br,) are 0.29, 0.59, and
0.98 eV, respectively, indicating the decrease of E, with increas-
ing the dimensionality. The higher E, values denote the more
difficult migration of V; in the device, leading to the highest re-
sistance of HRS value in 0D Cs;Bi,1,.383] The memristor prop-
erties can be tuned by chemical composition via changing the
halides from I, Br, to Cl in PIM-based RS layers.[**1-38] For ex-
ample, the Cs;Sb,Cly-based memristor exhibited lower V,,/V,,...
and higher R, /Rqq ratios compared to the devices based on
Cs;Sb,X, (X =1, Br) (Table 6).38?] The large HRS resistance leads
to a higher Ry, /R ratio of Cs; Sb,Cly-based devices.**?] The de-
crease in operating voltage (Vy./V,ee) from —0.40 V/1.55 V to
—0.21 V/1.34 V and the increase of R, /Ryq ratio from 10% to
10° were reported for doping of chloride in Cs,AgBiBr RS layer
(Cs,AgBiBryCl).?8! The smaller V, /V,, is correlated to the in-
crease of defect density in the Cs,AgBiBr;Cl RS layer, confirmed
by TRPL analysis.*®! The progress in performance and RS mech-
anism of PIM RS layers-based memristors are summarized in
Table 6. The migration of halide vacancies (V;, Vy,, V¢, valence
change mechanism (VCM)), cation ions (Ag*, Al*, and Cu",
electrochemical metallization mechanism (ECM)), and combina-
tion of VCM and ECM are responsible for the RS characteris-
tics (conducting filaments) of PIM RS layers-based memristors
(Table 6).
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7.2. Flexible Memristor

A flexible memristor is one of the essential compounds of
wearable electronic devices.**’] The various lead-free PIM such
as Cu,Sbl,®! Cs,Bi,I,*’5 Cs,Bi,Br, QDs,2! AgBil, [
Cu,AgSbl, %] Cs,AgBiBr, [ Cs,AgSbBr, 5] MASnBr, 3!
dual-phase (AgBi,1,-CsBi,1,,*””] (Cs,Bi,lo),4—(CsPDbL,), "%
were investigated as RS layers for rigid and flexible memristor
devices (Figure 21e and Table 6). The mechanical flexibility (sta-
bility) on the RS properties of flexible memristor was performed
by bending cycles at various bending radii,[29>208397:3%] hending
lengths3*] and bending angles.3913%] The lead-free dual dual-
phase halide perovskites (AgBi, I,-Cs;Bi, I,) based memristor was
fabricated on rigid (SiO,/Ti-Pt/(AgBi,1,-Cs,Bi,I,)/PMMA/Au)
and flexible (cyclo-olefin polymer (COP)) substrate with an
inert electrode (Au).’”] The device implemented on a rigid
substrate showed BRS with ultra-low V,/V, .. (0.15 V/-0.07 V),
a high R /R 4 ratio (>107), an endurance of 10° cycles, and
long retention times (>5 X 10*s).3””] The RS properties of the
flexible device were sustained up to a bending radius of 5 and
3 mm.?’] However, the RS properties (R ,/R 4 ratio = 10%)
of the flexible memristor were reduced at a smaller bending
radius of 1 mm; this could be due to the higher HRS current
level caused by increased tensile stress in the flexible device at a
smaller bending radius.l*’! The R, /R ratio of the device was
retained even after 1 month air exposure.l*”] The deterioration
of the reset process was noticed in the memristor after a month
in the air because of the reduction of crystallinity.?*’] It is
attributed to the impeded ion migration properties in dual-phase
perovskite films.?”] The R, /R 4 ratio versus bending cycles
of flexible memristors based various PIM based RS layers are
shown in Figure 21g. The progress in other PIM RS layers-
based memristors is summarized in Table 6. The experimental
bending test and theoretical studies!3°13%53%] (integrated crys-
tal orbital Hamilton population (ICOHP) bending analysis)
revealed that RS properties degrade even for smaller bending
radii of <5 mm; attributed to the changes in the chemical bond
lengths in the PIM crystal structure, formation of a cracks on
the flexible substrate and RS layer, and elevated tensile strain in
memristors. 37139391 Selecting mechanically durable substrates
and electrode materials is highly recommended for obtaining
reliable memristors with high-performance.

7.3. Multi-Functionalities of Memristors

In general, electro-forming and current compliance (CC) are re-
quired for the stable RS operation of memristors.3713%%1 How-
ever, these are undesirable for their commercial applications,**]
specifically data processing in health care,**”] neuromorphic
computing,3*] and others, because of the requirement of a high
electric field and additional CC devices for the controlling cur-
rent in the devices.[3¢74%% Recently, memristors with multi func-
tionalities, such as electro-forming free (EFF), self-compliance
(SC), multi-bit, and ultra-low power, have been emerging topics
for global researchers. The correlation between the defects and
multifunctionality of the memristor was discussed here.

The EFF characteristics of memristors were achieved by the
non-stoichiometry of the PIM RS layer (halides ion migration
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383]
[403]

Self-compliance (SC)

N/A

7 days in air (RT, RH

VCM (V,-CFs)

400
3200

2

10

0.44/-0.97

ITO/Cs; Bi, Cly /Al

Self-compliance (SC)

40%)

Interface face =

10

—0.5/1

ITO/Cs, Bi,Bry /Ag

light-assisted multi-bit

1379]

Self-compliance (SC),

thermal stability upto 290K

VCM (V,-CFs)

250

108

~0.14/0.5

FTO/CsBis l15-AgO, /Ag

CC-based multi-bit
Self-compliance (SC)

1379]

thermal stability upto 290K

VCM (V,-CFs)

250

108

~0.12/1.0

FTO/Cs;3Bi,ly. AgO, /Ag

CC-based multi-bit
SC, CC-based multi-bit

1377]
[404]

37 days in air (RT, RH = 50%)

Interface (Vg,)
ECM (Cu-CFs)

10? 10*

10*

0.45/-0.38

ITO/Cs, Bi,Bry /Ag
ITO/MA,Bi,ly/Cu

SC, light-assisted, and

1730

1/-6.4

CC-based multi-bit
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and the presence of defects),[*® defect manipulation, 81400
metal doping,*’!) variation of active layer thickness.[*!l For in-
stance, Na incorporation into Rb,Bi,I[*!) and substitution of
Cl into Cs,AgBiBr, RS layers!®!l generate more defects (V, for
Rb;Bi; ¢Nay, I and Vi, V for Cs,AgBi;Cl), thus leads to EFF
characteristics of the memristors.[?3!] Furthermore, the reduc-
tion of interstitial Sb** to metallic Sb by the movement of a
Vg, ,V; in the MA;Sb,Bry / Cs;Sb,ly and RS layer is corre-
lated with the EFF-RS properties of memristors.[384%] Accord-
ing to previously reported literature, external doping of metal
ions or internal conversion of metal state cations via halide va-
cancies generates more defects in the lead-free PIM RS layer,
responsible for EFF characteristics of the memristors.[380.381:400]
However, the underlying physics behind the EFF of the mem-
ristor is not well understood, and further studies are re-
quired to find its origin. The progress in the performance of
Cs,Bi, Iy,375) Rb,Bi, 4Nag ,Ig .71 Cs,Sb, Iy, 35 MA,Sb,Br,, 4]
(CH;NH,);Bi,L,,*%2] Cs,AgBiBr, 8] and Cs,AgBi,C18!] based
memristors with EFF characteristics are summarized in Table 6.

Recently, Bi-based (Cs;Bi,Iy,[*”?) CsBi;l;, 7?1 Cs;Bi,Bryl*®%))
and antimony-based (Cs;Sb,1,/*% and MA,Sb,Br,[“?) and
other RS layers-based memristor devices!38238340+405] were under
switching operation without CC represent their self-compliance
characteristics (SCCs) (Table 6). The higher V.. /V, .. value of
SCC-based memristors was observed compared with devices
with CC (Figure 21h).393406] The SCCs indicate the built-in cur-
rent overshoot reduction capability of the memristor, thus sim-
plifying device circuit design without any additional current-
limiting devices. 3793804004031 The SCCs of Bi and the Sb-based de-
vices might originate from intrinsic defects, non-stoichiometric
chemical composition, interfacial defects (Br~/I~ and Vg, /V)),
and high potential barrier at the metal electrodes (BE or TE) /RS
layer interface.[379.380.382,383.400,403,404,405,407.408] The progress in self-
compliance-based memristor lead and PIM layer as RS layer is
summarized in Table 6. Based on previously reported literature,
the SCCs are partially associated with the VCM switching mech-
anism in the memristors (Table 6). However, further studies are
essential for understanding the origin of SCCs in the emerging
PIM RS layers for memristor devices.

The multi-level resistive states (multi-bit memory) of PIM RS
layer-based memristor can be achieved by modulating the cur-
rent compliance (CC)[205-207:377371,397,402.404.393:400409) o1 stop volt-
age (Vyp)’”") during the set process, tuning of V,, during
the reset process,?*%®l and under the illumination of light
with varying intensities.[25404410] The CC-based multi-level re-
sistive states were observed in most of the reported literature
on lead-free PIM RS layer-based memristors (Table 6). The in-
crease in V,., value and different LRS states were observed
for CC-based devices (Figure 21i).1""] The rise in V,,, values
and multiple LRS states with increased CC values are ascribed
to the change in size and shape of CFs and the formation of
several CFs.3713%] The lower CCs lead to a lower LRS state
resistance and smaller V,,,, and vice versa.’*! As per previ-
ous reports, the multi-level resistances originated from intrin-
sic and processing-dependent defects (halide vacancy, surface
defects, and others), acting as charge-trapping sites in the RS
layer|205-207.371,377,393,396,397,400.402.404:409] The multi-level resistances
(multi-bit) memristors are helpful in circuit complexity sim-
plification and have potential applications in high-density data
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storage for next-generation computing systems.[20>3714%0] The
stability of a lead-free PIM RS layer is essential for obtaining
reliable high-performance memristors.[3*$3493811 All the previ-
ously reported inorganic lead-free Cu-,[**®! Bi-, Ag-, and Sb-based
PIM RS layers-based memristors were environmentally stable
over >20 days**! and operationally working conditions up to
358K (Figure 21j, Al/Cs,NaBil,/ITO device, Table 6), thus
attributable to their structural stability over several months in
ambient conditions.?*36381] On the other hand, the decreased
R,,/R.¢ ratio value with increased temperature ascribes to the
thermal activation of defects (V,) (Figure 21j), thus leading to an
increase in HRS current (Figure 21k).[*12]

8. Conclusions and Outlook

In terms of optoelectronic properties and device performance,
PIMs are lagging behind the conventional lead halide analogs,
but they possess high potential for emerging applications, such
as IPVs. Unlike LHPs, one of the setbacks of the wide-bandgap
PIMs is the presence of high defect densities. We reviewed rele-
vant studies on the defect properties of various families of PIMs,
in turn providing a comprehensive picture of the chemical ori-
gin of defects, their nature (deep or shallow), density, and capture
cross-section. We then correlated the influence of the defects on
the material and device characteristics of the PIMs like charge
carrier lifetime and V., respectively. The defect mitigation path-
ways were also discussed. Finally, we summarized the state-of-
the-art performance of the PIMs in outdoor and indoor photo-
voltaics, self-powered photodetectors, and memristors, and dis-
cussed the influence of defects and other factors restricting their
device efficiencies, which still lie far below the theoretical lim-
its. As follows, we provide our views on the future directions and
potential solutions for the rapid advancement of the research on
wide-bandgap PIMs.

1) In Section 3, we highlighted the rich and complex defect
chemistry of PIMs. Further work is needed to better under-
stand the role of defects in many of these emerging materials,
and therefore rationally develop approaches to mitigate their
effects. It will be important to approach this from both an ex-
perimental and computational perspective. Detailed measure-
ments of the recombination centers in PIMs (e.g., through
DLTS, PICTS, or FPTS) are needed, and correlated with de-
fect calculations to help identify the origins of these defects.
At the same time, simulating the defects present in materials
is complicated by the complex chemistry of these materials,
which often involve many elements, and, in the case of Ag-
Bi-I and Cu-Ag-Bi-I semiconductors, involves cation disorder.
Furthermore, as discussed in Section 3.1.3, accurately deter-
mining the energies of transition levels of defects is challeng-
ing, depending on the level of theory used, and this can be
further complicated by the need to also account for Van der
Waals interactions in these materials, many of which are low
dimensional. It will also be important to establish the level
of local dynamic disorder in PIMs. In LHPs, high levels of lo-
cal dynamic disorder significantly complicate the accurate de-
termination of the capture coefficient of defects, which often
cannot be judged simply from the position of the transition
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level to the band-edges. But whether similar challenges exist
with fully inorganic PIMs remains to be established.

2) Further understanding the defects present in materials will
not only be important to identify routes to improve them, it
will also allow progress to be made to understand defect toler-
ance. As can be seen in Section 3.1, there is still significant de-
bate within the community about why LHPs have exceptional
optoelectronic properties, despite being processed by simple
solution processing. A sizeable fraction of the community be-
lieves that this is due to most traps being shallow with low cap-
ture cross-sections (defect tolerance), but many others believe
that it is due to self-healing (reduction in defect density after
defect formation), or simply due to a low defect density being
present. In PIMs, there is evidence among a small handful
of materials for defect tolerance and self-healing, and it has
also been possible to grow PIM single crystals with low defect
densities. While it is clear so far that defect tolerance is not
universally found in PIMs, there is still hope that tolerance
to at least a selection of dominant defects can be found and
identified through chemical and structural descriptors, such
as the orbital composition of the band-extrema or lattice pa-
rameters.

3) As discussed in Section 3.1.3, the capture cross-sections can
be increased (and traps become more detrimental) in wide-
bandgap semiconductors due to the optical dielectric constant
decreasing as bandgap increases. An approach to address this
could be to find materials with a large ionic dielectric con-
stant, since it was found that this was decoupled to changes
in bandgap. This may be found in materials with highly po-
larization cations, or materials close to a polar phase tran-
sition, and could balance the effects of the decrease in op-
tical dielectric constant.®) However, a larger difference be-
tween static and optical dielectric constants would result in
stronger coupling between charge-carriers and longitudinal
optical phonons, which can reduce mobilities, and potentially
also cause self-trapping if the coupling becomes strong.

4) As discussed in Section 3.3, there are a wide range of routes
to mitigate the effects of deep recombination centers, such
as through doping and heteroepitaxial passivation. Future ef-
forts should expand upon these more generally among PIMs,
and draw further inspiration from successful strategies made
in LHPs. For example, Cl doping is thought to passivate de-
fects, but it should be considered whether Cl (and Br) passi-
vation can shift defect formation energies to higher values,
as found for LHPs.[*?!l Further work is also needed to un-
derstand the role of H dopants in PIMs. For Cs,AgBiBr,, H-
doping led to improved photocurrents through a reduction
in the bandgap.l®®! But is not clear whether H-doping could
play a broader role by passivating dangling bonds, as they
do in silicon.*??] Furthermore, whilst the H interstitial was
found computationally to act as a deep defect in CsPbBry, it
is not clear whether such impurities can easily migrate and
passivate other defects, and therefore play a more beneficial
role.l”>*3] There is therefore a rich diversity of future oppor-
tunities to mitigate the effects of defects and improve the per-
formance of PIMs.

5) The nature of ion migration is not a well-explored research
topic in PIM devices. Defects aid ion migration (i.e., mi-
gration of defects) and grain boundary-driven ion migration
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under operation have been shown to cause irreversible dam-
age to device performance and lead to J-V hysteresis in LHPs,
and the corresponding mitigation pathways have also been
proposed.[“?*428] Such ion migration effects are anticipated to
significantly impact the performance and stability of the de-
vices employing PIMs because these materials possess high
defect density and film morphologies typically inferior to
LHPs. This may be one of the reasons for the poor oper-
ational stability observed in Bi/Sb PIM-based photovoltaic
devices.*?? Unfortunately, the origin of ion migration and its
influence on the device characteristics of wide-bandgap PIMs
have still not been given the necessary attention, with a lim-
ited set of studies thus far.[*041]

As discussed in section 5.3, the sub-par photovoltaic perfor-
mance of PIMs is majorly due to deficits in [, and V., ma-
jorly contributed by carrier-phonon coupling, limited selec-
tion for metal contacts and charge transport layers, and non-
radiative recombination losses.[¢9°432] Carrier-phonon cou-
pling may be suppressed by modifying the local structural
distortion. On the other hand, the typical sub-standard mor-
phologies of perovskite-inspired absorbers with pin holes and
small crystal grains lead to high bulk recombination losses,
which, in turn, causes a high V. deficit. Therefore, film mor-
phologies of PIMs may be improved by controlling the crys-
tallization process or adapting other strategies known to be
successful on LHPs. Since high shunt resistance minimizes
voltage losses at very low-light intensities, high-quality PIM
absorber layers with negligible shunt pathways are a prereg-
uisite for achieving photovoltaic efficiencies close to the very
high theoretical limit of 50-60%. Even in the case of defect-
tolerant PIMs such as BiOl, the film morphology has not
been fully optimal, which alongside the charge carrier cou-
pling, does not allow us to realize its true potential in pho-
tovoltaics. Furthermore, in addition to screening the existing
ETL and HTL and designing new and suitable candidates for
efficient charge carrier extraction in PIM-based devices, sur-
face/interface passivation strategies should be employed to
suppress the V- losses. It should be noted that the minimiza-
tion of undesired recombination at the device interfaces con-
tributed to the significantimprovement in both PCE and oper-
ational stability of the high-performance LHP solar cells.[***]
Despite the impressive stability of PIMs (under ambient air,
moisture, and high temperatures), their device operational
stabilities have been overlooked so far, which is known to de-
pend on various factors such as absorber layer quality and its
surface passivation, defect density, moisture infiltration due
to hydrophilic dopants in HTL, and ion migration.*3* Opera-
tional stability should also be given equal priority as efficiency
improvement.

As outlined in section 6, the operational stability (envi-
ronmental and thermal) and performance of the PIM
photoactive layers-based SPPDs can be further improved
by optimizing the chemical composition, morphol-
ogy, and thickness of the PIM films, minimizing the
charge recombination at interfaces (metal/ETL or HTL
or PIM/ETL or HTL), and developing an effective device
encapsulation,[40201-204334,341,343,349358359360-363] [ addition,
the lead-free PIM photoactive layers have been so far imple-
mented in SPPDs for only UV and visible light detection,
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with a few reports available for flexible SPPDs (Table 5).
We suggest the focus on the following aspects to improve
the performance and stability (thermal and mechanical) of
SPPDs and their fabrication on flexible substrates:

i) Ionic liquids as solvents to control the morphology!**]

or as additives may improve the crystallinity, reduce the
process temperature of the PIM layer,®!l and passivate
intrinsic!®?l and interfacial defects!'®>#% in devices, in
turn enabling efficient and stable SPPDs.

ii) Polymer scaffolds, such as PEG,[*7] PVA,[**#] are known
to improve the surface coverage and morphology,*¥43%]
control the phase of perovskites!**! and their grain
size,[*3®] passivate the surface defects,**! in turn enhanc-
ing the mechanical* and environmental stability of
SPPDs.[*7:440] The polymer scaffold protocol can be, thus,
one of the best methods for fabricating high-performance
flexible SPPDs.

iii) Proper design/selection of HTL/ETL to match the PIM
active layers is vital for improving the performance of
SPPDs.[1%518] For instance, the Cu,AgBil,-based SPPDs
(ITO/SnO,/Cu,AgBil,/HTL/Ag) fabricated with P3HT
HTL displayed higher PDPs and faster t,/t; time as com-
pared to Spiro-OMeTAD based devices.['*]

iv) The surface treatment of SPPDs with functional
molecules, such as thiophene-2-carbohydrazide
(TAH),’”) additive 4-amino-2, 3, 5, 6-tetra fluoro ben-
zoic acid (ATFBA),>*] N-(2-aminoethyl) acetamide,[*!]
phenethylammonium iodide (PEAI),®] and L-ascorbic
acid, is one of the most effective ways to passivate
nonradiative recombination sites (defects at the surface
or grain boundary) and reduce defect density in per-
ovskite films.>”] The surface-treated perovskite films
become hydrophobic and form a barrier against ambient
moisture,['”] hence this treatment may also contribute
to enhanced moisture stability of SPPDs.[*%]

8) As discussed in Section 7, ultralow operating voltage

(Vset/Vieset), self-compliance, electroforming, and multi-bit
are attractive properties of PIM-based (RS-type) memristors.
However, the origin of these multi-functionalities of the mem-
ristors has been under debate, and further studies are re-
quired to comprehend these properties. Despite the decent
progress on PIM-based memristors on rigid and flexible sub-
strates, their performance is inferior to LHPs and other mate-
rials. The following aspects need to be addressed to enhance
the performance and stability of memristors for their real-
time applications:

i) The retention, endurance, consistent performance
(device-to-device and cycle-to-cycle), stability, and power
consumption of memristors are crucial for their prac-
tical applications. The lower endurance of PIM-based
memristors compared to LHPs and perovskite oxides
is a consequence of a high surface roughness of the
PIM layer; thus, optimization of its surface coverage and
roughness, and grain size is necessary to improve the
endurance properties.

ii) A flexible memristor is a critical component for wear-
able electronic devices, which have potential applications
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in healthcare and IoT. The degradation in RS properties
of the memristors under high mechanical stress (at a
bending radius <5 mm) was speculated due to the for-
mation of the cracks in the PIM layer and delamination
of the electrode|PIM interface. A detailed investigation is
required to understand the origin of the degradation in
RS properties.

iii) The PIMs show excellent optical properties, and con-
structing a multi-bit, high-performance photo memristor
by selecting a suitable PIM RS layer is essential for their
implementation in emerging applications like logic op-
erations, neuromorphic computing, and artificial visual
system.

iv) The patterning of PIM RS layers is vital for system-level
implementation (cross-bar-array memristors). The degra-
dation of the PIM RS layers during the conventional
lithography process might cause a high Sneak current
and an obstacle to develop cross-bar-arrays-based mem-
ristors. In addition to existing patterning techniques,
such as dry etching-based lithography and polymer assist
patterning, integrating threshold memristor and mem-
ristor (1S-1R), transistor and memristor (IT-1R) device
configurations may minimize Sneak current paths in the
cross-bar-array memristors.

In conclusion, the research on wide bandgap PIMs is in its
early infancy and the full potential of these low-toxicity and air-
stable semiconductors is yet to be realized for high-performance
photovoltaics and other optoelectronics. We believe the thorough
understanding of the defect chemistry is the key to overcome the
challenges that still limit the performance and the operational
stability of PIM-based devices. We hope that this work will inspire
new material and device engineering strategies to boost the com-
petitivity of PIMs for sustainable light harvesting and beyond.
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