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Lead halide perovskites (LHPs) have shot to prominence as efficient Introduction
energy-conversion materials that can be processed using cost-effective | pefect tolerance in halide
fabrication methods. A reason for their exceptional performance is perovskites

their crystallographic defect tolerance, enabling long charge-carrier Challenges in generalizing
lifetimes despite high defect densities. Achieving defect tolerance defect tolerance

in broader classes of materials would impact on the semiconductor gg?;gt\;ed methods to quantify

industry substantially. Considerable efforts have been made to
understand the origins of defect tolerance, so as to design stable and
nontoxic alternatives to LHPs. However, understanding defect tolerance
in LHPs is far from straightforward. This Review discusses the models
proposed for defect tolerance in halide perovskites, evaluating the
experimental and theoretical support for these models, as well as their
limitations. We also cover attempts to apply these models to identify
materials beyond LHPs that could exhibit defect tolerance. Finally, we
discuss the experimental methods used to understand defects in mixed
ionic-electronic conductors, as well as the important information that
isnecessary for adeeper understanding, in order to develop improved
models that enable the design of defect-tolerant semiconductors.

Conclusions and outlook

Sustainable
materials

Models for defect tolerance

Theory ——— Experiment

Defect-tolerant
materials

Lead-halide
perovskites

'Department of Materials, Imperial College London, London, UK. 2Inorganic Chemistry Laboratory, Department
of Chemistry, University of Oxford, Oxford, UK. *These authors contributed equally: Irea Mosquera-Lois, Yi-Teng
Huang, Hugh Lohan. <le-mail: a.walsh@imperial.ac.uk; robert.hoye@chem.ox.ac.uk

Nature Reviews Chemistry | Volume 9 | May 2025 | 287-304 287


http://www.nature.com/natrevchem
https://doi.org/10.1038/s41570-025-00702-w
http://orcid.org/0000-0001-7651-0814
http://orcid.org/0000-0002-4576-2338
https://orcid.org/0009-0005-9266-0915
http://orcid.org/0000-0001-8919-9236
http://orcid.org/0000-0001-5460-7033
http://orcid.org/0000-0002-7675-0065
mailto:a.walsh@imperial.ac.uk
mailto:robert.hoye@chem.ox.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1038/s41570-025-00702-w&domain=pdf

Review article

Introduction

Semiconductors that harvest light to produce clean electricity"?
or clean fuels and chemicals®>, without emitting any greenhouse
gases, are becoming increasingly important for enabling society’s
transition towards net-zero carbon dioxide-equivalent emissions.
The deployment of these technologies benefits from cost-effective
manufacturing methods, but implementing these methods typically
leads toacompromise in performance because of the deleterious role
played by defects'. Defects in semiconductors lower the performance
by causingirreversible lossesinenergy (see Box1), as well as limiting the
transport of charge carriers. The effects of defects have traditionally
been mitigated by minimizing their presence through careful growth
and the passivation of materials"**’. However, since the 2010s, lead
halide perovskites (LHPs) have proven to be an exception, rapidly rising
inperformance in photovoltaics (Fig. 1a), which harvest light to produce
cleanelectricity. The most efficient LHP photovoltaic devices are made
using simple solution processing or evaporation methods; they are
polycrystalline, and the absorber layer is processed at temperatures
up to only 150 °C. By contrast, the most efficient Si photovoltaics are
made using capital-intensive equipment, they are single-crystalline,
andtheyare processed at >1,000 °C; yet, the certified record light-to-
electricity power conversion efficiencies (PCEs) are very similar (27.3%
for Si photovoltaics and 27.0% for LHP photovoltaics, at present)®’.
The ability to achieve efficient LHPs using standard laboratory equip-
ment has engaged a large global community, such that the cycles of
learning required to reach the performance of single-crystalline Si
photovoltaics have taken a considerably shorter period of time than
for other materials, according to the National Renewable Energy
Laboratory'®" (see Fig.1a,b).

This unusual high performance of LHPs has largely been attributed
to defect tolerance, according to which high PCEs are achievable in
solar cells despite a high defect density by primarily forming defects
that do not promote free carrier recombination (for example, with low
rate-limiting capture coefficients, as shown in Fig. 1¢)***™, Indeed,
photovoltaics based on polycrystalline LHP thin films canachieve 21.2%
PCEwithout any dedicated effortstointentionally passivate defectsin
the bulk of the perovskite layer or at interfaces', reaching 69% of the
maximum theoretical efficiency predicted by the Shockley-Queisser
model®" (Fig. 1d). By contrast, polycrystalline Si photovoltaics only
reach-17% PCE without substantial interface passivation'*?° (Fig. 1d).
If we compare LHPs with another polycrystalline direct-bandgap mate-
rial, CdTe photovoltaics only reach ~10% PCE without passivation*,
whereas the optimally passivated devices are at only 70% of the theo-
retical limit — in contrast with the value of 80% for passivated LHPs
(Fig. 1d). Even in the most efficient LHP photovoltaics, the defect
density (10"-10Y cm™3; or parts per billion to parts per million)?**
is orders of magnitude larger than in optimized single-crystalline Si
(<10" cm™ —in other words, parts per quadrillion or lower)?.

Defect tolerance in solar absorbers was discussed before the turn
ofthe century by Zhang et al. to account for the surprisingly high effi-
ciency of CulnSe,, despite hosting extraordinarily high concentrations
of native defects, on the order of ~1%**. In this case, defect tolerance
arises because the deep indium on copper antisites (Inc,2") and cop-
per vacancies (V") combine to formbenign complexes 2V, +Ing,*")
that can order to form new crystallographic phases®. However, for
LHPs, a wide range of models have been put forward to account for
their tolerance towards point defects, which draw upon electronic
and structural factors?®.. The concept of defect tolerance has been
extended by considering that dynamic disorder of LHPs results in

substantial energetic fluctuationsin trap levels, by asmuch as1eVon
a ps timescale®, raising the question of how traps can be considered
shallow or deep. Defect spectroscopy in LHPs is also complicated by
contributions fromionic and electronic processes, whichare difficult to
disentangle®. Deep-level transient spectroscopy (DLTS) measurements
have indicated the presence of deep traps®***. Some of these defects
arerelatively benign, with small capture cross-sections (<107 cm?)***,
whereas other works have identified more harmful defects with larger
capture cross-sections ~10™ cm? (ref. 35). Using positron annihila-
tion lifetime spectroscopy (PALS) on methylammonium lead iodide
(MAPbL,), negatively charged Pb vacancies were identified and found
to act as recombination centres®. The concentration of these V>
was estimated to be high, in the 10-10" cm™ range®®. Despite this,
the non-radiative recombination coefficient reported for MAPbI,
(1.4-1.5x107 s™) is similar to established inorganic semiconductors,
such as single-crystalline Si (0.1-2.5x10” s ) and GaN (0.1-1.0x107 s ™),

The field has therefore reached a critical juncture, in which it is
important to bring together the experimental and computational work,
especially those made since the 2010s, to evaluate the multifaceted
nature of defect tolerance in LHPs. This Review begins by discussing the
definition of defect tolerance, whichisinconsistent between communi-
ties because of the different ways in which defects are probed. Next,
we evaluate the models put forward for defect tolerance, discussing
the evidence for and against these models. We balance out the Review
with a discussion of efforts to generalize defect tolerance beyond
LHPs, which can lead to the discovery of efficient and cost-effective
solar absorbers that overcome the stability and toxicity limitations of
halide perovskites. We discuss the strategies that have been adopted,
as well as the successes and challenges found among the materials
investigated. Furthermore, we discuss the challenges of experimentally
probing defects, as well as some of the improved spectroscopy and
microscopy techniques developed. We finish off with a discussion of
some of the important questions that need to be addressed to move
forward towards a consolidated view of defect tolerance and the devel-
opment of design rules that enable the discovery of defect-tolerant
semiconductors.

Defect tolerance in halide perovskites

In this section, we discuss how views around the definition of defect
tolerance have evolved over time, the roles that defects over differ-
ent length scales play, and the models that have been put forward for
explaining how defect tolerance comes about in LHPs.

Defining defect tolerance
Aspecificand widely accepted definition of defect tolerance remains
elusive, partly because of continued debate over how defect tolerance
arisesand partly because of the different probes used for evaluating the
role of defects — from computational methods (Box 2) to experimental
techniques, and with sensitivities ranging from the parts per trillion up
tothe percentlevel (Box 3). Adding to these difficulties, not all defects
detected from measurements are recombination-active. Analysing
defect concentrations alone without understanding what these species
aremakesit challenging to relate to non-radiative recombination rates.
Zakutayeyv et al. defined defect tolerance as “the tendency of a
semiconductor to keep its properties despite the presence of crys-
tallographic defects”. Brandt et al. subsequently built upon this
to specify that materials could be defect-tolerant if they form low
defect concentrations despite being processed rapidly at low tem-
perature, or have minimal reductions in charge-carrier mobilities and
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Box 1| Charge-carrier trapping at defect sites

Point defects can create localized energy levels in crystalline
materials. If these occur within the bandgap of a semiconductor,

the associated charge transition levels (called traps) can capture
electrons () and/or holes (h*), resulting in charge-carrier annihilation
that occurs without emitting photons (that is, non-radiative
recombination). Photoexcitation leads to the introduction of excess
carrier density with e”in the conduction band and h*in the valence
band. The rate of charge trapping by defects will depend on this
excess carrier density (An), along with both the concentration of
active defects (Nyecr) and their capture coefficients (Cyeecr), @S Shown
in the left diagram below.

The microscopic process that determines C..: can be visualized
with a configuration coordinate diagram (sketched below, right
panel), in which each curve represents the energy of the system (E)
as atoms are distorted from their equilibrium configuration (Q)**?*“.
Starting with a neutral defect (X°) in the presence of excess charge
carriers following photoexcitation (blue curve), by overcoming or
tunnelling through the energy barrier E,", an electron is captured,
leading to a change in the defect charge state and distorting the local
structure (change in Q). The system becomes a negatively charged

Charge trapping in real space
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minority-carrier lifetimes, despite the presence of extrinsic, intrinsic or
structural defects®. The definition of materials with defect tolerance
as materials that have minimal reductions in charge-carrier mobili-
ties and minority-carrier lifetimes, despite the presence of extrinsic,
intrinsic or structural defects, recognizes the importance of long
minority-carrier diffusion lengths to achieve efficient performance and
that charge-carrier transport has historically limited the development
of emerging thin-filmsolar absorbers®. It remains challenging to quan-
tify ‘minimal reductions’, but for the purposes of materials screening,
Buonassisi and co-workers proposed to use 1 ns minority-carrier
lifetime as a critical threshold, given that established thin-film solar
absorbers needed lifetimes exceeding this to eventually reach 10%
PCE in photovoltaics®*. However, it is difficult to directly compare the
lifetimes between materials if their recombination processes are not
identical due to the differing dependences on excess carrier density by
trap-mediated, radiative and Auger recombination®*°. Furthermore,
recombination rates depend on the excess carrier density, doping
level and distribution of traps (whether they are mainly shallow or
deep, or a mixture of both). Accurately determining lifetimes can
therefore be challenging**, especially for novel materials for which

defect with excess h* (red curve). Further overcoming energy barrier,
E.P, leads to h* being captured by X', and the system re-entering
the ground state (green curve). During this cycle, the energy of an
electron and hole (that is, the bandgap, E,) has been converted into
heat through multi-phonon emission.

The overall non-radiative recombination rate depends on
the carrier with the lowest capture rate, as described by the
Shockley-Read-Hall model?**. It is possible to obtain a low rate
despite a high defect density by having traps close to one of the
band-edges, such that the capture rate of one charge carrier is
minimized (Fig. 1c). These are called shallow traps, and they are
one route to defect tolerance. Although standard analysis for
conventional semiconductors typically considers the regime of
weak distortion (small changes in Q) and harmonic potential energy
surfaces (such as parabolic E-Q curves), many defect charge
transitions result in considerable rearrangements in bonding
(for example, dimer formation), especially for materials with soft
structures. In this case, the energy gap between the trap level and
band extrema is a poor proxy for charge-carrier capture, requiring

consideration of the full potential energy surface’®*.

Charge trapping in configurational space
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the nature of charge carriers and recombination mechanisms are not
well established. Overly relying on minority-carrier lifetimes can also
bedeceptiveifself-trapped excitons or small polarons form, which can
lead to prolonged decays in the measured photoexcited charge-carrier
population, but give substantial reductions in mobilities, thus overall
leading to short diffusion lengths**~*¢, We therefore propose to refine
this definition to ‘the effect in which a semiconductor, which readily
forms free carriers, does not experience a substantial increase in its
non-radiative recombinationrate or reduction in charge-carrier mobili-
tieswhen defects are presentin high concentrations’, as materials with
carrierlocalization, or which cannot readily separate excitonsinto free
carriers, are inherently limited in performance. One way in which this
manifestsisifthe defects presentinsemiconductors have low total cap-
ture coefficients (Cyerecs Fig. 1cand Box 1). In this case, defect toleranceis
notabinary property but rather acontinuous one. Defect tolerance can
also be manifest through self-healing (see section on thistopiclaterin
the Review), or defects pairing up to form benign defect complexes?®.
That being said, we cannot compare materials based on the values
of Cyerec due to a lack of available data, as calculating these values is
computationally expensive and challenging to perform reliably for
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Fig.1|Impact of defect tolerance on the performance of solar absorbers.
Comparison of the learning rate of lead halide perovskite (LHP) versus crystalline
silicon (c-Si) and cadmium telluride (CdTe) photovoltaics, with respect to
development time (part a) and cumulative number of publications (partb
which canbe considered as a proxy for the level of effort. ¢, Map of the theoretical
maximum power conversion efficiency (PCE) of materials in photovoltaics,
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halide perovskites, anditis difficult to determine C... experimentally
from the recombination coefficient and defect concentration, due
to difficulties in reliably measuring the concentration of a specific
defect (Box 3). We suggest that, in the future, more emphasis could
be placed on the photoluminescence quantum yield (PLQY), which
can be measured without having to know or assume knowledge of
the dopinglevel, injection level or recombination mechanism (unlike
extracting lifetimes**’). However, many novel materials with indirect
bandgaps have low PLQYs that are difficult to quantify above the noise
level during the early stages of development, and there is no consen-
sus on a cut-off in PLQY for a material to be considered promising for
further development in photovoltaics*®.

Classifying the role of defects

Awiderange of defect types exist in materials. These can be classified
based ontheir scale and dimensionality. At the atomicscale, there are
0-dimensional (or OD) point defects, comprised of one atom missing
ormisplaced (for example, vacancy, anti-site or interstitial). There are
also structural defects, including 1D dislocations, 2D stacking faults

and grain boundaries, and 3D twin domains, along with macroscopic
voids, and defects occurring at surfaces and interfaces. Structural
defects could be minimized through careful materials processing (for
instance by increasing grain size or passivating surfaces), but 0D point
defectsare thermodynamically unavoidable, and they are also the most
straightforward tomodel (Box 2). The discussion of defect tolerance has
therefore focused on the effects of intrinsic point defects, and materials
that tolerate point defects could also be more resilient to non-radiative
recombination at structural defects. Indeed, this resilience has been
observed for single-crystal LHPs,inwhich the optoelectronic properties
seem unaffected by the presence of structural defects®.

The presence of adefect does not necessarily lead toanincreasein
non-radiative recombination. Defects must capture both an electron
and holeto annihilate them. Therole of defects in optoelectronic mate-
rials, therefore, strongly depends on the capture rates for charge carri-
ers,and thisdepends onthetraplevel and capture cross-section (Box 1),
whichdescribes the areaaround a defect where charge carriers canbe
captured, typicallyin the 10™-10* A>range***". Defects that do not intro-
duce atrap level in the bandgap are recombination-inactive and are
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therefore classified as benign defects (for example, V;*in CH;NH,Pbl;)*.
Such defects can give rise to defect tolerance, although they may be
active in other ways, such as ion diffusion or chemical degradation.
Similarly, defects with trap levels close to one of the band edges and low
capture-cross-sections are not recombination-active (Box 1), but they
willactaselectrontraps (close to conductionband minimum) or hole
traps (close to valence band maximum), with very low capture rates
for the other charge carrier. Recombination-active defects (termed
recombination centres) tend to be defects with trap levels close to
mid-gap, with similar capture coefficients for both charge carriers,
especiallyifthe capture coefficients are high. Such ‘killer defects’ can
be detrimental even in low concentrations and include Vs, in Sb,Se,
(ref.53) and Vs in Cu,ZnSnS, (ref. 54).

Furthermore, defects can existin multiple charge states, especially
ifthe species involved have higher valence (as anexample, Vz;hasmore
possible charge states than V,,,), giving rise to multiple transition levels
(Box 2). For example, although the (+/0) transition of Vi, in Sb,Se; is
inactive (slow carrier capture), the (2 +/+) transition is fast, thus render-
ing Vs.afast recombination centre®’. Limitations of asingle-trap model
have been observed frequently, with the need to consider metastable
charges or structural configurations that can also participate in the
charge-trapping processes by introducing intermediate states®*>°°,

Models for defect tolerance

Several models have been proposed in the literature to explain
one or more aspects of the observed defect tolerance of metal halide
perovskites.

Box 2 | Predicting the role of point defects

High dielectric screening. The strength of the electrostatic interac-
tionsbetween chargesinacrystal depends onthe dielectric constant.
This constantinfluences relevant processes, ranging from the binding
energy between electrons and holes to form excitons, the scattering
between charge carriers and charged defects that may limit mobility,
and the rates at which defects capture and annihilate charge carri-
ers. For example, a higher dielectric constant weakens the Coulomb
attraction between charge carriers and charged defects, and thus
reduces the carrier-capture coefficient (Fig. 2a). In standard inor-
ganic semiconductors, the static dielectric constant is comprised
of two components: a high-frequency optical response (g,,.) and a
low-frequency ionic response from phonons (g;,,). For CH;NH,Pbl;, the
reported values of g, (4-7) are typical for photovoltaic absorbers,
whereas those reported for ¢;,, are substantially larger (17-29) due to
the low-frequency infrared-active phonon modes and the unusually
high Born effective charges, especially from Pb** (ref. 57). Unlike oxida-
tion states, Born effective charges provide a dynamic measure of the
atomic charges by capturing the effects from charge redistribution due
tobonding and vibrations, with high Born effective charges leading to
larger ¢;,,.. Finally, there is an additional component for the reorienta-
tion of the polar CH,NH;" molecule, which hasbeen measured to have
values between13 and 37, depending on the temperature and frequency
range. The combined contributions of the optical response, ionic
response and molecular reorientation result in a dielectric screening
that far exceeds the static dielectric constants of Si (12) or CdTe (10).
These observations motivated the search for other highly polarizable
semiconducting materials®.

Defect behaviour can be modelled at the atomic scale. The addition,
removal or rearrangement of atoms in a crystal can be described using
quantum mechanical methods (such as, density functional theory) or
force fields (for example, classical or machine-learning interatomic
potentials). The key thermodynamic quantity that influences many
derived properties is the defect formation free energy AG;, often
approximated as defect formation enthalpy (AH;)*.

The advantage of quantum mechanical methods is that the
electronic structure is rigorously described and there is no presumptive
assumption on the type of bonding that occurs in the material or at
the defect site. The main disadvantage is the high computational cost.
Defect properties are also sensitive to choices in the level of theory,
with a high level (that is, a hybrid exchange-correlation functional with
relativistic effects) often required for accurate predictions of charge
trapping with localized defect wavefunctions?®*/°6236-240,

The first step of defect calculations consists of creating an atomic
model for each native defect (for example, by removing a Bi** ion
to model V% in Bi,S;). As defects can capture charge carriers from
the host, thus undergoing structural rearrangements (see Box 1), a
separate atomic model is needed for each charge state. Here, it is key
that each atomic model represents the most stable defect geometry
for each charge state to obtain accurate predictions®>**'*, The next
step involves calculating the formation energy of each defect, which
describes how easily they can form. These energies can be combined
to predict the equilibrium concentrations and thus the dominant
defect”*?*°, There is progress in automating many of these steps
in software packages®“*"' such as ‘doped®” and ‘pydefect®*.

The charge transition levels, which correspond to states that
defects introduce within the bandgap, can also be analysed and
are typically classified as resonant, shallow or deep. Generally,
defects that introduce deep levels are considered to be potential
recombination centres. However, the position of the defect levels
is not a reliable proxy for recombination activity******?*® (Box 1).
Instead, the non-radiative recombination rate for each defect can
be calculated using the capture coefficients for electrons and holes
(modelling the process depicted in Box 1)***"2°¢%" with packages like
‘CarrierCapture”® and ‘NonRad'**°. By considering the recombination
rates for all detrimental defects, the overall effect on photovoltaic
efficiency can be predicted”*.

Equilibrium growth conditions are commonly assumed, which
can be used as an avenue to tune the defect populations (for example
through growth temperature, ratio of the precursor elements or partial
pressure). By predicting defect concentrations for varying synthesis
conditions, one can identify the conditions minimizing the density of
harmful defects®*. Another factor that can affect the concentration
of efficiency-killing defects is the incorporation of extrinsic dopants.
For instance, impurities can reduce the concentration of detrimental
defects by passivating them”® (for example by binding to the native
defect to form a benign complex®**®', like filling a vacancy site®*?%?).
Alternatively, dopants can also act indirectly by modifying the
density of free carriers (that is, the Fermi level), thus changing the
concentration of the native defects® and their effect on non-radiative
recombination?*?%3,
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Box 3 | Measuring the point defects present and their effects

The density, energy and capture cross-sections of defects, along
with their effects on non-radiative recombination, can be determined
using a wide range of spectroscopic, optical, electrical and
capacitance techniques, as shown in the figure in this box. Owing
to the multi-varied nature of how each technique works, we focus on
the overarching principles, the strengths and the challenges of using
each method on the materials considered in this Review.

Spectroscopic methods indirectly measure the effects of defects
on non-radiative recombination, and they have the advantages of
being non-destructive and not requiring pinhole-free films. Common
techniques include steady-state photoluminescence quantum
yield (measuring the fraction of recombination events that are
radiative)®®* and time-resolved techniques, such as time-resolved
photoluminescence®*?®® and transient absorption spectroscopy?*°.
With these methods, the sample is optically pumped, but other pump
sources can be used, such as electrons in cathodoluminescence
spectroscopy’®’ and positrons in positron annihilation lifetime
spectroscopy>’. Spectroscopic methods can also be applied to
devices in which multiple excitation sources can be used to re-excite
trapped carriers, producing changes in photocurrent that can be
used to provide qualitative information on trap density?*°?¢%?%°, Often
these technigues are used together, but extracting recombination
rate constants requires the development of a model to fit the time-
resolved data®**°, which is typically a simplification of the many
complex processes occurring.

Relative changes in defect concentrations can be determined
by measuring energetic transitions below the bandgap by tuning
the energy of the probe beam of light (where hv is photon energy).
However, the increase in sub-gap absorption due to defects is

typically orders of magnitude below the band-edge absorption.
Techniques sensitive to these small changes include photothermal
deflection spectroscopy?®, surface photovoltage measurements?”
and Fourier transform photocurrent spectroscopy”’?. However, these
techniques are unable to directly quantify defect densities or identify
the defects present, and are more useful for qualitative comparisons
between samples. In the figure, CBM stands for conduction band
minimum and VBM for valence band maximum.

Quantification of defect concentrations can be achieved through
space-charge-limited current density measurements®°. This method
requires a single-carrier device to be made, and the voltage (V) swept
until traps are filled from the resulting electrical current (/). The trap
density can be determined from the voltage at which trap-filling
occurs, but this assumes an ideal device, which is often not the case.
More accurate ways to quantify defect density, as well as capture
cross-sections, involve monitoring changes in the capacitance (C)
of a device due to trap filling or de-trapping. Prominent techniques
include deep-level transient spectroscopy?’ and admittance
spectroscopy?’®, which are sensitive to defects at the parts per trillion
level’”®, but only deep-level transient spectroscopy can differentiate
between electron and hole traps and measure their capture
coefficients””’. However, these techniques cannot directly identify
the defects giving rise to the traps, they require the fabrication
of devices (that is, they need compact films for analysis) and are
unable to detect shallow defects”*?”*, lon migration will affect the
capacitance profiles, requiring consideration of how these affect the
measurements®. Furthermore, deep-level transient spectroscopy
and admittance spectroscopy may present lower estimates of trap
densities, and such results need to be treated with caution.

Identifying and quantifying defects

|

Spectroscopic methods Optical methods
\Pump Sample CBM
hv
Detector T T
Probe
VBM

Shallow trap model. Most of the reported defect calculations for
CH;NH,Pbl; have concluded that the dominantintrinsic defects create
mostly shallow levels?¥* that result in low carrier-capture coefficients,
thus partially explaining the long electron-hole diffusion lengths and
high open-circuit voltage (Vo). This observation does not mean that
deep states cannot form; for example, there is a considerable body
of literature on deep traps introduced by halide interstitials or lead
antisites, but, fortunately, they do not support rapid non-radiative
recombination cycles*>*°,

Microscopically, the tendency to form shallow traps was attributed
tothe anti-bonding nature of the upper valence band (Pb 6s —15p) and

|

Capacitance-based methods

J-l Filling pulse
Vv

Trap emission

Electrical methods

I CBM

lower conduction band (Pb 6p — 1 5p), as illustrated in Fig. 2b. In this
orbital arrangement, the atomic orbitals from which non-bonding
defect states arise are located close to the band edges, and thus often
lead to shallow or resonant states®®’. However, deep states can still form
when there is substantial hybridization between the defect dangling
bonds, as the resulting (anti)bonding state will have (higher) lower
energy than the original atomic orbitals®>. Such behaviour is exempli-
fied by the halide vacancy in the CsPbX, family, whose (+/0) donor
level changes from shallow to deep through the halide series (1, Br, Cl)*
due to the decreased lattice constant (thus smaller Pb-Pb distance in
CsPbCl;) and increased ionicity, which favour the hybridization of Pb
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orbitals®***, The relationship between increased lattice constants and
reduced trap-mediated recombination has been further confirmed by
the calculated carrier capture calculations of I,in orthorhombic FAPbI,,
inwhichal%lattice expansionreduces the carrier capture coefficient
by one order of magnitude®.

Low density of deep defects. An argument put forward against the
shallow defect model is that some low-energy defects (for example,
Vyand I;in MAPbI,)®*%” may act as rapid non-radiative recombination
centres. However, these studies seem to be limited by either model-
ling less common defect species (that is, V;, corresponds to forming
methylamine, CH;NH,, forming a gas that evaporates under typical
synthesis and processing conditions) or disagreements with other
theoretical studies that also investigated carrier capture by 1,475,
Moreimportantly, they would challenge the experimentally observed
long charge-carrier lifetimes found in LHPs. These discrepancies
between theoretical studies illustrate the challenges for accurately
modelling defects in LHPs due to the instability of the cubic phase at
0 K and the soft potential energy surface that supports considerable
thermal motion, including dynamic octahedral tilting around room
temperature®®®, This soft potential energy surface and the chemical
flexibility of the halide ions®® have been linked to the observed low
non-radiative recombination rates, as they result in large structural
changes upon carrier capture that can increase the energetic barrier
for one of the capture processes™.

Self-compensation of defects. Most LHPs are intrinsic semiconduc-
tors, withlow charge-carrier concentrationsin the dark”, and are resist-
ant to extrinsic n-type or p-type doping. Sn-based compounds are an
exception, due to the oxidation of Sn(ll) to Sn(IV)”’. One model used
to explaintheintrinsic behaviour, which can be beneficial to ensuring
alow current in the dark and enhancing charge separation through a
wide depletion region’>” in solar cells, is self-compensation. Rather
than forming charged defects that are compensated by electrons or
holes, the defects formin predominately charge-neutral combinations
(Fig. 2d). Compensation can occur in the form of Schottky (vacancy)
disorder, thatis, [V, 1+ [V3>1=3[V\'], or Frenkel (vacancy/interstitial)

disorder, thatis, [V,']1=[X;T*. The thermodynamic cost to form ensem-
bles of compensated defects is low”*. This introduces an insensitiv-
ity to the growth conditions, and large defect concentrations can be
supported without the detrimental effects of high carrier concentra-
tions that would otherwise reduce solar cell efficiency by limiting
charge-carrier extraction. This model has been further validated by
posterior theoretical studies on MAPbI;, which predicted that the
vacancies V,", Vp,2 and V,,, form in high concentrations and follow a
ratioranging between 9.1:3.5:2 and 9.5:2.3:3.8 from MAI-rich to Pbl,-rich
conditions, respectively. Therefore, they are in agreement with the
formation of astoichiometric amount of cation and anion vacancies”.
In addition, the predicted high vacancy concentration supports the
observed high ionic conductivities as they facilitate mass transport.

Polaronic model. Zhu and co-workers proposed that the defect
tolerance of LHPs is linked to the formation of large polarons™ 7%,
Large polarons arise due to the weak-to-intermediate coupling
between charge carriers and longitudinal optical phonons, and
there is now a plethora of evidence for large polaron formation from
temperature-dependent mobility, optical pump terahertz probe spec-
troscopy, transient absorption spectroscopy and transient electron
diffraction measurements, among others*®’®. For example, calcula-
tions of the polaron radius for CH;NH;PbBr; and CsPbBr; perovskites
give values an order of magnitude larger than the unit cell””. Zhu and
co-workers speculated that the formation of large polarons could lead
to reduced scattering by defects compared with free carriers, due to
the higher effective mass and larger momentum. Additionally, the
ionic distortions created by large polarons may add an extra energy
barrier to the recombination of two large polarons with opposite
charges, slowing down the recombination process and increasing the
charge-carrier lifetime” %% (Fig. 2e). However, no detailed model has
been put forward regarding this, and the balance between a reduc-
tion in electron-hole recombination due to dynamic shielding and
the additional non-radiative channels that they open remains unex-
plored.Indeed, the recombination of electrons and holes via polarons
could lower PLQY and reduce the overall photovoltaic performance
of the material, even if the defect capture coefficient is reduced.
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One disadvantage of large polaronsis the reduction in charge-carrier
mobility. Fortunately, the low deformation potential in electronically
3D halide perovskites ensures that small polarons do not form, such
that charge carriers remain delocalized, and mobilities >50-200 cm?V™*
sareachievable®. Polycrystalline thin films can have lower mobilities
ontheorderof2 cm?V's™?duetoadditional scattering processes, but
this is still sufficient for achieving >1 um diffusion lengths because of
thelong charge-carrier lifetimes®.

Low-energy phonons. A key feature of LHPs is the soft nature of
their structure comprised of flexible corner-sharing octahedra, with
bulk moduli an order of magnitude smaller than metal oxides®***
(such as, 20 + 2 GPa for MAPDI, (ref. 85) versus 390 GPa for a-Al,O,
(ref. 86)). The underlying vibrational spectrum is complex, ranging
from low-frequency modes (<100 cm™), associated with octahedral
tilting and deformations, to high-frequency modes (>100 cm™), linked
to molecular vibrations®. The low-frequency infrared-active phonon
modes make thelargest contribution to electron-phonon coupling and
resultinan upper limit to the charge-carrier mobility®. Kirchartz etal.
pointed out that withinthe Shockley-Read-Hall model of non-radiative
recombination, alow phonon energy is beneficial. As carrier trapping
isamulti-phonon emission process, alarger number of phonons need
to be emitted if the phonon energy is smaller, making carrier trap-
ping less likely to occur (that is, a lower capture coefficient)®’. The
role of phonon modes has also been explored using non-adiabatic
molecular dynamics simulations that track the non-adiabatic cou-
pling constant between electrons and holes with defect states at finite
temperatures. Low non-adiabatic coupling constant values have been
linked to defect tolerance, including contributions from differences in
wavefunction overlap, as well as contributions from the nuclear veloc-
ity of the heavy Pb and I atoms®***, Although non-adiabatic molecu-
lar dynamics is useful to model the dynamics of defects in excited
states, itisimportant to consider all recombination mechanisms with
appropriate charge-carrier and defect densities to estimate the con-
tributions of changes in non-adiabatic coupling constant to device
performance. These factors canincrease the predicted carrier lifetimes
from nanoseconds to miliseconds™.

Dynamic local symmetry breaking. As well as being low-energy,
the phonon modes of LHPs are highly anharmonic, as indicated by
observables such as large thermal expansion coefficients, short pho-
non lifetimes and highly structured diffuse scattering. One conse-
quence of phonon anharmonicity is that thelocal structure can deviate
from the global average structure at short timescales. This can occur
through BX, octahedral rotations and/or cation off-centring of the
ions, which has been observed in chalcogenides and LHPs at tem-
peratures above the cubic phase transition” °>. Breaking of the B-site
centrosymmetry, described as a dynamic second-order Jahn-Teller
distortion or emphanisis, results in a weak expression of the B-site
ns?lone pair, which can re-orient itself in response to the orientation
of other nearby lone pairs, or the presence of charged lattice spe-
cies such as defects or polarons®***, This can result in the formation
of nanoferroelectric domains and enhanced dielectric screening of
charged species, in which the latter can contribute to defect toler-
ance by spatially separating the charge carriers, and thus suppressing
electron-holerecombination. Dynamic symmetry breaking is hidden
in typical Bragg-like diffraction experiments (which only gives the
average structure) but canbe revealed by techniques probing the local
structure and dynamics, such as pair distribution function analysis.

The stability of the ns? lone pair may be tuned primarily by changing
the chemicalidentity of B-site cation and halide anion®>”, although the
choice of the A-site cation has been shown to influence local ordering
aswell™,

Self-healing. This refers to the ability of a material to autonomously
recover its original performance after being damaged by an exter-
nal stressor (Fig. 2f). It has been proposed to explain the high radia-
tion resistance of LHPs?®"*® and their performance recovery during
light-dark cycles” 2. Microscopically, self-healing has been attributed
torapidion migration*7*°*%°_External perturbations, like high-energy
radiation®, lightillumination®®, stress'*?, crystal cleavage'®* or chemi-
cal agents, can create defects. After the perturbation ceases, ions can
migrate and return to their energetically favoured lattice positions,
thus annihilating the defects'”. Beyond defect migration, self-healing
has also been linked to the low dissociation energy of LHPs into their
binary constituents'*®, which enables the rapid reformation of the
LHP after damage. For example, the self-healing behaviour induced
by chemical agents was investigated by Zhou and co-workers, who
demonstrated that a mild stimulus (methylamine gas) can induce
the collapse of the perovskite structure into an intermediate liquid
phase, whichtransformsintoasmooth ‘defect-free’ film, once the gas
isremoved'””.

Challenges in generalizing defect tolerance

A core motivation for unravelling the origins of defect tolerancein LHPs
istoreplicate thisfeature inbroader classes of semiconductors, particu-
larly nontoxic and stable compounds. Semiconductors developed on
this basis are termed ‘perovskite-inspired’ and have especially focused
on materials with heavy main group cations that have stable valence
ns?electron pairs (In*, Sn*", Sb* and Bi*"). In this section, we cover key
pointsin the progress of these materials in photovoltaics, before dis-
cussing the challenges in obtaining defect tolerance in chemistries
beyond halide perovskites.

Progress of perovskite-inspired materials in photovoltaics

To give a sense of the progress in this area, we cover key perovskite-
inspired materials (PIMs), namely Sn and Ge perovskites, Bi-based com-
pounds and antimony chalcogenides. These are most relevant for the
discussion below, but amore detailed coverage of this broad materials
space, including In-based compounds, can be found elsewhere'* "2,
Although the exploration of some compounds predates the devel-
opment of LHP photovoltaics, it is useful to consider these as PIMs,
because they are electronically, structurally or chemically analogous to
LHPs, and the motivationis the same—to develop an efficient, nontoxic
and stable alternative to halide perovskite photovoltaics.

Sn and Ge perovskites. The greatest successes have been in materials
most similar to LHPs, the isostructural tin-based perovskites (ASnl;,
with the cation Ae{methylammonium (MA), formamidinium (FA),
Cs})'™ %, FASnl, photovoltaics have now reached PCEs 0f 15.7% (Fig. 3),
with aphotoluminescence lifetime of 207 ns. However, Sn perovskites
have limited stability, due to the facile oxidation of Sn(ll) to Sn(IV),
formingreactive defects that accelerate degradation. As such, excess
SnX, halides and reducing additives, such as Sn powder, hydrazine
vapour, and hydrazine-derived compounds, are widely used in
high-efficiency Sn perovskite solar cells™. Careful encapsulation of
Sn perovskite devices, or the formation of protective layers (such as
SnCl, covering grains) are essential'™. Similarly, Ge(ll) is easily oxidized,

Nature Reviews Chemistry | Volume 9 | May 2025 | 287-304

294


http://www.nature.com/natrevchem

Review article

16| Vacancy-ordered Bi chalcogenide . Fig. 3 | Progress of perovskite-inspired materials

triple perovskites -®- AgBis, ~_L.--T ° ©15.70% as solar absorbers. Plot of the progress in the

12 @ MAGBI,l, Bi oxyhalide photovoltaic power conversion efficiency (PCE)

“d- Cs Bil, -@- BiOl W 12.05% over time of key compounds. References by
19 ‘M- Cs;Sbj, Sb chalcogenides . ©10.83% material: MA;Bi,l, (ref. 151), Cs,Bi,l, (refs. 142,143),
Sn perovskites Cubs, =Y 1075%  CsSbyly (refs. 184-186), FASNI, (refs. 113-123),

104 - @ FASNI, Sb,Se, ? U .-crrh® 10.57% MASnI, (refs.124-127), CsSnl, (refs. 128-135), AgBiS,
< ::: g"s“ssn’:'a ggz’(sé Y S R o S A1020%  (refs.144-148,156) BiOI"*%12, CuSbS, (refs.181,182),
= el e 2910 8.00% CuSbSe, (refs.157,183), Sb,S; (refs. 164-170),

Q Sb,Se; (refs.158-163), Sb,(S,Se,._,); (refs. 171-177).

6 See Supplementary Information for details.
4.70% FA, formamidinium; MA, methylammonium.

ad M 3.25%

3.22%

o | A 3.20%

® 317%

o @----""" o ®1.80%

T T T T T T T T T T
R R & P

leading to the formation of detrimental defects and competitive
phases™®"*°, and, with few exceptions, most Ge-based perovskites
(for example, CsGel;) have bandgaps exceeding 2 eV'*°. There is
therefore limited work on Ge-based perovskites.

Bi-based materials. Although Bi-based compounds have been the
subject of much research due to their low toxicity’*™°, a common
characteristic of these materials is self-trapping, which substantially
limits mobilities and diffusion lengths, gives rise to larger V. losses,
and canlead tounavoidable energy loss channels (see Carrier-phonon
coupling section for further discussion). As such, many Bi-based mate-
rials perform poorly, including MA;Bi,l, (ref.151), NaBiS, (ref. 152) and
Bil, (ref.153), all of which form small polarons or self-trapped excitons.
However, work has shown that self-trapping is not universal among
Bi-based materials, and both BiOl and homogenously disordered
AgBIS, have mobilities greatly above unity**'*, There is therefore
hope that Bi-based PIMs could be developed into efficient devices,
andindeed AgBiS, has already reached a certified PCE of 8.85%", with
lab-measured PCEs now exceeding 10%" (Fig. 3).

Antimony chalcogenides. The isostructural antimony chalcoge-
nides Sb,Se; (refs. 158-163), Sb,S; (refs. 164-170) and Sb,(S,Se,_,);
(refs.171-177) are promising systems, with the highest reported effi-
ciencies 0f 10.57%"%, 8.00%'** and 10.75%'"", respectively, but they
are limited by low V, values. Of the binary compounds, the selenide
analogue shows the best efficiencies, in which process control of
the defects present is key to high-efficiency devices. There has been
some debate over whether the critical performance losses originate
from deep defects or self-trapping (see Carrier-phonon coupling
section). Nevertheless, reducing the grain boundary density and
passivating interfaces (for example through the use of chelating or
lanthanide additives) has been beneficial forimproving Vo and device
performance*'°,

Ternary cuprous compounds include CuSbSe, and CuSbs,,
both of which showed early promise in their performance™"'®', have
since stagnated (with peak PCEs of 4.7%'%* for CuSbSe, and 3.2%'* for
CuSbsS,; Fig. 3 (refs. 184-186)). These isostructural materials were pre-
dicted to be defect-tolerant'®. For both materials, a Cu-poor growth

conditionis preferred, as the dominant V, resultsin p-type character
via self-compensation. The poor performance has been attributed
to low short-circuit current density values, yet the reasons remain
unexplored'®. Morphological defects, such as voids and delamina-
tion, are also common and device-limiting. Additionally, it has been
proposed that grain boundary defects may be strongly detrimentalin
this class, as with CdTe*"*.

Challengesin achieving defect tolerancein
perovskite-inspired materials

The development of PIMs has provided an opportunity to evaluate the
strengths, generalizability and limitations of the design principles
for defect tolerance proposed for LHPs, which has in turn enabled
refinements to be made.

Diversity of the electronic structure. Early efforts to discover PIMs
were driven by dielectric screening and shallow trap models®**
(Fig. 2a,b). However, these models have not been able to pinpoint
the discovery of defect-tolerant semiconductors. For example,
Zakutayeyv et al. proposed an electronic structure model for defect
tolerancein Cu;Nresembling themodel for LHPs. In Cu;N, cation-anion
orbital interactions produce a pair of bonding-antibonding states
in both the upper valence and lower conduction bands™ (Fig. 4a).
Although this was initially proposed to increase the likelihood of
forming shallow defects®, work has since suggested the copper
interstitial Cu, to be a potential deep trap™’. LHPs similarly form a
bonding-antibonding pair within the upper valence band, although
the conduction band minimum has an antibonding state (Fig. 2b).
Such an electronic structure increases the likelihood of shallow
acceptor defects. Buonassisi and co-workers therefore proposed
to search for PIMs in which the upper valence band has a consider-
able contribution from the cation valence s’ electrons, as they could
resultin a qualitatively similar electronic structure at the band edges
as LHPs***,

However, this qualitative model does not account for the degree
ofinteraction between cation and anion orbitals or the specific crystal
environments. In particular, Bi has a higher effective nuclear charge
than Pb, and this results in the 6s? orbital being deeper and more
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polymorph (right). d, Normalized (norm.) photoconductivity kinetics of BiOl and
NaBiS, (refs. 152,155). In NaBiS,, delocalized large polarons initially occur after
photoexcitation, but due to strong electron-phonon coupling, small polarons
rapidly form ona ps timescale, leading to localized small polarons and asharp
decrease in photoconductivity. By contrast, the photoconductivity of BiOl slowly
decays because carrier localization does not occur.

misaligned with the anion orbitals, resulting in aless disperse valence
band (higher effective mass), along with an increased tendency to
form deeper traps.

Strength of interactions between dangling bonds. When defects
form, dangling bonds can hybridize, forming bonding-antibonding
states. The (anti)bonding states can occur withinthe bandgap, becom-
ing recombination-active traps (Fig.4a). Stronger hybridization leads
to agreater bonding-antibonding state splitting, increasing the like-
lihood of deep traps. This hybridization strength between dangling
bonds depends on their spatial and energetic separation. Therefore,
traps become deeper whenthelattice parameter decreases (see Shallow

trap model sub-section) or when the cation-anion orbitals are more
poorlyaligned (thatis, as Clis further from Alin Fig.4a). Forexample,
in comparing iodides of heavy main group cations with stable 6s>
electron pairs (Tl to Bi), the cation vacancy forms a deeper level going
across this series (Fig. 4b) due to the increasing energetic separation
between cation-anion orbitals (C1-Al in Fig. 4a). Furthermore, the
higher cation oxidation state leads to a larger number of transition
levels (Fig. 4b), thusincreasing the likelihood of deep traps™°. The role
of spatial separation can be illustrated by BiOl, in which the long Bi-I
bonds (3.4 A) weaken the interaction between Bi dangling orbitals, thus
forming ashallowiodine vacancy V,, in contrast with the deeper oxygen
vacancy V, and the shorter Bi-O bonds (2.3 A)****2,
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The strength of the interactions between dangling bonds is also
affected by the ionic radius and anion coordination number. For
instance, large anions coordinated with small cations, as well as low
anion coordination numbers, have larger inter-cationseparation, which
could result in shallow anion vacancies™”.

The discussion thus far has been on compounds in which the
cation and anion orbitals hybridize. Another way to formshallow traps
involves materials withlittleinteraction between the cation and anion
orbitals, such that forming vacancies would notlead to dangling bonds.
This could be obtained either by forming a structure with separate
cation and anionsub-lattices (such as TIBrin the primitive cubic rather
than face-centred cubic lattice; Fig. 4¢)'?, or by having cation and anion
orbitals with sufficient energetic separation to avoid mixing (such as
in monolayer transition metal dichalcogenides)™*.

Low dimensionality. A critical difference between most of the PIMs
explored and LHPsis the lower structural and electronic dimensionality
of PIMs, leading toimportant challenges. First, excitons can form more
easily,impeding charge-carrier extraction. Second, lower dimensional-
ity favours wider bandgaps, with values close to 2 eV for most PIMs
versus 1.5-1.6 eV for MAPDbI, (refs. 196,197). A wider bandgap reduces
the optical dielectric constant, as fewer free carriers are available for
polarization, thusreducing the dielectric screening of charged defects.
Third, insome cases, low dimensionality could facilitate defect forma-
tion. For example, although Sb,Se, has been considered promising
because it has achieved >10% PCE in photovoltaic devices (Fig. 3),
both density functional theory calculations and DLTS measurements
indicateits lack of defect tolerance"***’, This has been attributed to
the quasi-1D crystal structure of Sb,Se;, in which the [Sb,Se], chains
are bonded through van der Waals interactions. These weak inter-
actions, in addition to the valence alternation of Sb and Se**°, allow
substantial structural reconstructions upon defect formation, thus sta-
bilizing many charge states and leading to many defect levels. Finally,
low electronic dimensionality also increases the likelihood of carrier
localization, asis discussed next.

Carrier-phonon coupling. Charge carriers can couple with lattice
vibrations, giving rise to quasi-particles known as polarons®”’. Strong
electron-phonon coupling canlocalize the carrier wavefunction within
aunit cell, whichis known as carrier localization or self-trapping. This
substantially reduces mobilities (typically to <1-10 cm?V?*s™), limit-
ing diffusionlengths, andis unavoidable evenin defect-free materials.
Carrier localization can result in short diffusion lengths despite long
charge-carrier lifetimes"®. The past decade of work has revealed the
considerable presence of self-trapping in PIMs, especially Bi-based
materials*?°*?% including Bil, (ref. 204), NaBiS, (ref. 152), Cu-Ag-
Bi-I compounds™***, Cs,AgBiBr, (ref. 202) and other silver-bismuth
elpasolites. This originates from their low electronic dimensionality,
which can lead to barrierless carrier localization, especially when
thereis strong carrier-acoustic phonon coupling. Such a process can
be observed experimentally by monitoring the photoconductivity,
in which the signal decreases markedly within a picosecond, as
demonstrated in the case of NaBiS, (Fig. 4d).

Carrier localization can change the optoelectronic behaviour of
materials, such that deep trap states no longer play a dominant role.
For example, introducing defects at the percentage level in NaBiS,
barely changed the decay of the excited state, which proceeded on
the microsecond timescale™’. This is due to the formation of small
electron and hole polarons, spatially separated on Bi-richand Na-rich

regions, respectively, whichlowers the likelihood of both charge carri-
ersannihilating viathe same defect. Although this gives the appearance
of defect tolerance, strong localization leads to low charge-carrier
mobilities (<0.1cm?V's™; Fig. 4d), thuslimiting diffusion lengths and
charge-carrier extraction. Developing efficient PIMs therefore neces-
sitates compounds with free charge carriers. By studying CuSbSe,,
we rationalized that this may be found in compounds with a layered
structure. This results in a lower deformation potential, because the
strains to the unit cell from a propagating acoustic wave are mostly
relaxed through changesininter-layer gaps, rather than bond lengths
orangles®, Furthermore, orbital hybridizationacross inter-layer gaps
resultsinahigher electronic dimensionality>”’. For example, although
CuSbSe, is structurally 2D, its lower conduction band has nearly 3D
electronic dimensionality due to quasi-bonding across the inter-layer
gaps. This higher electronic dimensionality reduces the likelihood of
carrier localization being energetically favourable®®.

Finally, electron-phonon coupling can also create anon-radiative
loss channel that does not arise from defects. This is found in BiOl, in
which the coupling between charge carriers and interlayer breathing
modes greatly distorts the potential energy surface, such that the
ground and excited states approach each other, and excitations can
then directly return to the ground state following a non-radiative
pathway?%,

Improved methods to quantify defects
Experimentally probing defect tolerance is made challenging by
the difficulties in accurately quantifying the concentration and
energy of specific defects giving rise to the measured recombination
coefficients*?°°", This challenge is amplified in halide perovskite
semiconductors because of the mixed ionic-electronic nature of charge
transport?>*3, which is also a complication found in many PIMs?%%2*,
Here, we discuss the advances made with emerging spectroscopy and
microscopy techniques to address this limitation.

Spectroscopic techniques
Two of the most powerful techniques for quantifying the concentration
and properties of defects are DLTS and PALS.

Deep-level transient spectroscopy. As discussed in Box 3, DLTS moni-
torsthe change in capacitance from carrier capture and emission from
defects —andin conventional analysis, it isassumed that these defects
areimmobile. These traps arefilled through a voltage or current pulse,
but this can also cause ions to migrate, which also affects the
capacitance signal®*”'>?", Futscher and Deibel pointed out that both
ionicand electronic defects can be probed by DLTS and are identified
by comparing the time constants for the rise (z;) and fall (z,) in capaci-
tance with the application of a voltage pulse (Fig. 5a). If electronic
defects are probed, then ;< 7,. This is because 7; would be due to
carrier capture whereas 7, would be due to carrier emission, and
1,/T,= exp(—E1/kgT) inwhich E; is the trap energy, k; is the Boltzmann’s
constantand T'is the temperature®. 7;/7, can only be close to unity for
shallow traps, but these cannot be resolved by DLTS, and so 5 < 7.
By contrast, for ionic transport,  would be due to ion diffusion whereas
7, would be due to ionic drift, such that ; 2 1, as /1, = V/kg T, in which
Vinthisequationis voltage. The timescales of capacitance rise and fall
would also be longer, as ion migration takes place on the ms-s time-
scale, whereas carrier capture typically takes place over 10 2-107°s*,
The effects ofion migration could therefore be reduced by performing
DLTS measurements at higher frequencies. However, if the activation
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Fig. 5| Emerging techniques to characterize point defects. a, Illustration of how
therise and fall of the capacitance (C) signal (with time constants 7; and 7,
respectively) in deep-level transient spectroscopy measurements of mixed-ionic
electronic conductors changes depending on whether measurements are
dominated by electronic or ionic transport®. b, Diagram of transient absorption
microscopy. ¢, Hyperspectral microscopy of lead halide perovskite film to obtain
the photoluminescence quantum efficiency (PLQE) map (top: scale bar 1 pm) and
Urbach energy (£,) map over the same area, and the two properties correlated
together (bottom). d, Schematic of photoemission electron microscopy (left) and

example of the application of photoemission electron microscopy to image the
morphology of alead halide perovskite film (by mapping a valence band
spectrum) with the map of trap states imaged from the same area superimposed
ontop.¢t, time; e”, electron; norm., normalized; UV, ultraviolet; V, voltage; Ey,.,
vacuum energy level; £, conduction band minimum; £, Fermi level; £, valence
band maximum. Part b reprinted with permission fromref. 217, AIP. Part ¢
reprinted fromref. 223, Springer Nature Limited. Part d is reprinted from
ref.227,under a Creative Commons licence CC BY 3.0.

energy barrier to ion migration is low, ionic defects will stilldominate
measurements, even at high frequencies®”. Materials with suppressed
ion migration, such as (PEA),PbBr, (PEA* = C(H;C,H,NH,") or Sb,Se,,
are necessary to observe electronic defects that are not obscured by
ion migration'*”®,

Positron annihilation lifetime spectroscopy. This techniqueis advan-
tageous with respect to DLTS in that it is not affected by ion migration
becauseit probes the local environment of the defect that localizes the
positron®. However, PALS is not able to directly identify the defects,
requiringa comparison betweenthe lifetime of positron states measured
with calculated values foramodel configurationto establish the nature of
the defect. Furthermore, positronslocalize in open-volume defects that
areneutral or negative relative to the average structure. Therefore, PALS
is better-suited to identifying neutral or negatively charged vacancies,
and it may be insensitive to positively charged vacancies or other types

of defects. For example, PALS can be used toidentify negatively charged
cation vacancies, but not the more abundant halide vacancies. Using
PALS, Keeble et al. identified Pb vacancies in MAPbL,, with an estimated
concentration of -10” cm™, to be present, and confirmed that methylam-
monium vacancies were absent, but they could not establish whether
iodide vacancies, antisites or interstitials were present’.

Microscopy techniques

The challenge with using microscopy techniquesis improving the spa-
tial resolution to understand defects with smaller length scales. Recent
advances have also focused on bringing together spectroscopy with
microscopy, enabling the effect of defects on variationsin lifetime and
luminescence on the micro-to-nanoscale to be resolved. This section
discusses the advances and applications of transient absorption and
photoluminescence microscopy, as well as photoelectron emission
microscopy.
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Transient absorption and photoluminescence microscopy. These
are powerful techniques that can probe the spatial distribution of
defects in a contactless and non-destructive manner under ambient
conditions by combining time-resolved spectroscopy with microscopy
(seeFig.5bfor transient absorption microscopy (TAM); photolumines-
cence microscopy has a similar setup®’). TAM accounts for the total
carrier population and is especially useful for understanding the role
of defects in PIMs that have weak luminescence, for which photolu-
minescence mapping could notbe used. TAM can be used to estimate
defect concentrations from the pump fluence that saturates defect
states?®”, and it has been shown to be capable of resolving sub-gap
defect signals obscured by noise in conventional transient absorption
spectroscopy. This is because TAM can be focused to regions with high
defect density, which represents an advantage over transient absorp-
tion spectroscopy””’. In addition, by probing the broadening of TAM
signals, the diffusion coefficients — and hence diffusion lengths in
different regions — can also be estimated®**. Although photolumines-
cence microscopy is not suitable for materials with weak luminescence,
by only mapping carriers undergoing radiative recombination, pho-
toluminescence microscopy provides larger signal contrast between
regions of differing defect density®?*** (Fig. 5¢). The defects can be
more directly probed by mapping PLQY based on photoluminescence
microscopy”?. This can be used to extract quasi-Fermi-level-splitting
energy, which correlates to the V. loss for solar cells*. However, a
limitation of most TAM and photoluminescence microscopy setups
is that they only resolve down to ~-100 nm and therefore can barely be
used to image at the sub-grain level, let alone the point-defect level.
Moreover, these techniques cannot be used to directly identify the
defectsimaged. They can, however, be correlated with compositional
measurements over the same area (for example, from nano-X-ray fluo-
rescence or transmission electron microscopy-energy -dispersive
X-ray’*’. Correlative microscopy (Fig. 5¢) is animportant area to push
forward regarding the understanding of how the processing of the
materials affects the arrangement and nature of defects and how this

(inturn) affects optoelectronic performance®®.

Photoemission electron microscopy. Finer spatial resolution can
be obtained with photoemission electron microscopy (PEEM), which
combines photoemission spectroscopy with microscopy by focusing
the spot size of the incident ultraviolet (UV) beam used to generate
photoelectrons, as well as magnifying the photoelectrons emitted with
anelectromagneticlens (Fig. 5d). Spatial resolution on the order of tens
of nanometres is achievable””**°, whichis stillinadequate for imaging
point defects butis useful forimaging trap clusters. These trap clusters
manifestinthe photoemission spectraas aphotoelectronsignal above
the valence band maximum due to the emission of electrons from
thesetrap states. By lowering the UV excitation energy to4.65 eV, it was
possible to only photoexcite electrons from these trap states without
perturbingthe valence band in mixed iodide-bromide perovskite films,
enabling the mapping of trap clusters. These could be directly corre-
lated with the microstructure of the material by mapping over the same
areawith ahigher UV energy of 6.2 eV to emit photoelectrons from the
valence band, providing grain boundary contrast**® (Fig. 5d). Further-
more, time-resolved PEEM could be performed by photoexcitingatan
energy resonant with the bandgap of the material, followed by imaging
thetrap clusters with atime-delayed UV probe. The time resolution can
be 300 fs (ref. 228), and modelling the decay in PEEM intensity from
trap clusters allows the timescales for photogenerated holes to be
captured by thetrap clusters, and hence the size of the region affected.

However, PEEM is unable to directly identify the nature of the clusters or
how they affect the charge-carrier lifetime of the material. These goals
can be achieved through correlative microscopy, in which the same
region (with the help of fiducial markers) is imaged by PEEM, nano-
X-ray diffraction (structure), nano-X-ray fluorescence (composition),
transmission electron microscopy (composition and structure) and
photoluminescence mapping. Such correlative measurements have
revealed the important role of trap clusters at grain boundaries in
triple-cation perovskite films in degrading performances, and how
these could be mitigated through oxygen passivation’”*, PEEM can
therefore provide powerful information and broaden the discussion
of defect tolerance towards larger length scales than point defects.

Conclusions and outlook

Defect tolerance is key to developing high-performance and
cost-effective optoelectronic materials. The exceptional performance
of LHPs has revived this topic, which has been examined from a wide
range of perspectives. Although this hasled to differentinterpretations,
atits core, we define defect tolerance to mean that the semiconductor
maintains free charge carriers, low non-radiative recombination rates
and high mobilities, despite the introduction of defects, which then
affords it with the long charge-carrier transport lengths necessary to
approachits optical limits in performance. A wide range of models have
been proposed for defect tolerance in LHPs. The most popular are the
shallow trapping and dielectric screening models, but they have yielded
only few materials that may exhibit defect tolerance, and none that
have yet matched the performance of LHP photovoltaics. A key issue
is that these models do not account for the strength of cation-anion
orbital overlap, or the hybridization between dangling bonds. Detailed
studiesinto binary halide PIMs have proven valuable in refining these
design criteria. At the same time, there are still several outstanding
questions that need to be addressed.

First, the soft and dynamic nature of the LHP structure has com-
plicated theinterpretation of the role of traps via the Shockley-Read-
Hall model, questioning whether the trap energy is a reasonable
proxy for the carrier capture rate. In-depth investigations combining
high-level theory with state-of-the-art characterization that can probe
similar length-scales and time-scales will be necessary to quantify the
fluctuations in charge transition levels and resolve this debate.

Second, a greater mechanistic understanding of self-healing is
required, which will establish the importance of ion transport both
inthe dark and under illumination. Self-healing is poorly understood
computationally due to the long timescales involved, but there is
growing experimental evidence of its importance for the manifesta-
tion of defect tolerance in LHPs. If self-healing requires considerable
mass transport, this would open up important questions regarding
whether there would be a compromise with the stability of devices
under operation.

Third, it will be critical to consider the role of carrier-phonon
coupling. Although carrier localization may be considered distinct
to defect tolerance, from the discussion in this Review, it can be seen
that this effect plays a critical role in PIMs, and it should be studied
alongside defect tolerance. This includes understanding whether a
trade-off is required between factors affecting both of these effects.
For example, lower-energy phonon modes contribute to defect tol-
erance but would increase the strength of electron-phonon cou-
pling, reducing mobilities. Similarly, higher Born effective charges
increase theionic contribution to the dielectric constant, whichleads
to improved screening of carriers from charged defects, but would
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also increase the strength of electron-phonon coupling. Beyond the
current focus on band-edge charge carriers, an important challenge
will beto extend the understanding of defect tolerance to hot carriers.
Inparticular, understanding how traps influence the hot carrier cooling
process, hot phononbottleneck effect, Auger reheating and the overlap
of polarons will be critical to achieving hot carrier solar cells that can
exceed the Shockley-Queisser limit of a single-junction solar cell*°,
with a theoretical efficiency limit >50%>*"%*2,

Finally, research efforts on defect tolerance have focused on link-
ing the chemistry of materials with non-radiative recombination®.
Mobility is also a critical parameter, and future efforts should
investigate the effect of defects on charge-carrier transport, for
example through impurity scattering or carrier capture (requiring
hopping transport).

Overall, addressing these challenges could improve our under-
standing of the multifaceted nature of defect tolerance, not only for
the current focus on intrinsic defects but also extended to extrin-
sic impurities®**. Fully understanding the tolerance of materials to
more complex defect systems requires the continued refinement
of correlative, multimodal characterization tools. This technique
development,in concert withanimproved conceptual understanding
of defect tolerance, can lead to new avenues to create efficient and
cost-effective semiconductors.

Published online: 7 April 2025
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