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Polarons and Charge Localization in Metal-Halide
Semiconductors for Photovoltaic and Light-Emitting Devices

Leonardo R. V. Buizza and Laura M. Herz*

Metal-halide semiconductors have shown excellent performance in optoelec-
tronic applications such as solar cells, light-emitting diodes, and detectors.

In this review the role of charge-lattice interactions and polaron formation

in a wide range of these promising materials, including perovskites, double
perovskites, Ruddlesden—Popper layered perovskites, nanocrystals, vacancy-
ordered, and other novel structures, is summarized. The formation of
Frohlich-type “large” polarons in archetypal bulk metal-halide ABX; perov-
skites and its dependence on A-cation, B-metal, and X-halide composition,
which is now relatively well understood, are discussed. It is found that, for
nanostructured and novel metal-halide materials, a larger variation in the
strengths of polaronic effects is reported across the literature, potentially
deriving from variations in potential barriers and the presence of interfaces at
which lattice relaxation may be enhanced. Such findings are further discussed
in the context of different experimental approaches used to explore polaronic
effects, cautioning that firm conclusions are often hampered by the presence
of alternate processes and interactions giving rise to similar experimental
signatures. Overall, a complete understanding of polaronic effects will prove
essential given their direct influence on optoelectronic properties such as
charge-carrier mobilities and emission spectra, which are critical to the per-

29% when used in tandem silicon-MHP
solar cells.’l More recently, a new range
of related metal-halide semiconducting
materials has emerged, many of which
exhibit similarly advantageous properties;
these materials are not perovskites, but
often share aspects of the crystal structure,
such as octahedral geometries, or have
similar chemical compositions, notably
the inclusion of halide elements.*8 So
far, investigations have included lay-
ered Ruddlesden—Popper perovskites,®*!
vacancy-ordered  perovskites,'”)  double
perovskites,' and quasi-0D metal-halides.'?
Applications for these metal-halide semi-
conductors range from solar cells® to ther-
moelectrics,®l and gamma-ray detectors!™l
to LEDs.B®) Understanding whether charge
carriers in a material recombine radia-
tively or not, whether they move without
encountering obstacles, or whether they
can be extracted easily can determine the
success of one composition over another

formance of energy and optoelectronic applications.

1. Introduction

The rise of metal-halide perovskites for photovoltaic applica-
tions over the last decade has been rapid and successful. These
materials have shown a range of outstanding optoelectronic
properties ranging from excellent optical absorption,!! to tun-
able bandgaps, high electron and hole mobilities,?! and long
charge-carrier diffusion lengths. These properties have enabled
metal-halide perovskite (MHP) solar cells to achieve power con-
version efficiencies above 25%, rivaling the laboratory record for
commercially ubiquitous silicon solar cells, and even surpassing
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when innovative materials for such appli-

cations are explored. Thus, in order to pre-

dict the suitability of any of these materials

for specific optoelectronic applications,
a clear understanding of the dynamics of charge carriers, and
of their interaction with the crystal lattice, is critical. A funda-
mental type of charge-lattice interaction manifests as a polaron,
which forms when a photoexcited electron or hole interacts with
the ions in a polarizable crystal, leading to a displacement in
ionic positions. The displaced ions can then couple to the orig-
inal charge carrier, and the overall lattice polarization along with
the charge are considered as a single entity, a polaron,>1 with
the typical effect being that charge-carrier motion is impeded as
the lattice distortion moves throughout the lattice along with the
charge carrier.["18]

The use of new metal-halide materials in solar cells illus-
trates the links between materials selection, a fundamental
understanding of charge-lattice couplings, and innovation in
optoelectronics. Initial research focused on the metal-halide
perovskite MAPbI; (MA = CH;NH;),[M but has now shifted
to more complex, multi-cation MHPs and hybrid 2D-3D
perovskites that provide better stability and enhanced crystal-
linity.'2% Alongside this shift, a thorough understanding of
the role of large polarons in MHPs developed,???l providing
crucial insights into the costs and benefits of charge-lattice
interactions for device applications.?3%’] Notwithstanding this
improved understanding, there is still broad scope for the
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exploration of new materials beyond MHPs. The desire to avoid
the use of toxic lead,? adjusting bandgaps to suit tandem
solar cell, 2! the introduction of nanostructuring or varia-
tion of crystal structures to tailor optoelectronic properties, 23
and the push to make use of more stable fully inorganic com-
positionsB3! all open new avenues for the exploration of novel
materials and compositions.

As research has moved beyond MAPDI; toward other
materials, the need to understand the impact of charge—carrier
interactions has remained as pressing as ever. For photovoltaics,
large polarons appear not to be significantly detrimental, low-
ering charge-carrier mobilities and introducing some moderate
couplings to the lattice but still allowing for efficient charge
extraction.l??23233] On the other hand, small polarons that limit
charge-carrier mobilities substantially and lead to charge-carrier
self-trapping and fast non-radiative recombination are clearly
detrimental for photovoltaics.""7734 However, if self-trapped
charges lead to broadband, efficient white-light emission, small
polarons could be quite beneficial for solid-state lighting,®3°!
as well as other applications such as gamma-ray detection.!36]
Recent reviews have emphasized the potential promise of
metal-halide semiconductors in lighting applications*’-3% and
for radiation detection,**!l but there has been little focus on
the fundamental understanding of polaronic effects and charge
localization, which affect the performance of these materials in
devices. Thus, understanding the role of charge-lattice inter-
actions is critical in ensuring that new materials for energy
innovation are designed rationally and tailored appropriately to
specific applications.

In this review, we summarize the state of current under-
standing of charge-carrier localization and the role of polarons
in a range of metal-halide semiconductors. First, we outline the
evolution of polaron theory and its application to metal-halide
perovskites, before covering briefly a variety of experimental
approaches that can be useful for observing and understanding
the role of polarons in semiconducting materials. We then
explore a variety of material classes, starting with archetypal
bulk 3D MHPs and moving on to nanocrystal MHPs, double
perovskites, Ruddlesden—Popper perovskites, and a range of
novel metal-halide semiconductors. In each case we outline
the current understanding of the role of polarons and interac-
tions between charge carriers and the lattice. As we discuss
throughout, polaron formation and charge-carrier localization
in metal-halide semiconductors relies on three complementary
factors: the chemical composition of the material, the dimen-
sion of the material (both structural and electronic, as discussed
below), and the ease of structural distortions in the material.
Finally, we provide a brief outlook, covering some questions
that remain unanswered and potential new avenues of research.

2. Polaron Theory: A Brief Introduction

2.1. The “Large” Polaron of Landau and Frshlich

As a guide for the remainder of this perspective, we provide
a short outline of the development of theories to describe
polarons and provide a useful framework in which to consider
the formation of large and small polarons. An initial theoretical
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description of polarons was provided by Landau in 1933, and
later work with Pekar showed how polarons alter the effective
mass of charge carriers moving in crystals.©#2] Frohlich, Pelzer,
and Zienau subsequently developed a quantum mechanical
description of polaron theory, introducing electron—phonon
couplings in the place of the interaction between a charge
carrier and a polarizable continuum.®! Solutions to their
Hamiltonian were then provided by Fréhlich,* Feynman,[®l
Hellwarth,*! Osakal*#] and others in order to describe a range
of electron—phonon interaction strengths,*® focusing specifi-
cally on couplings of charges to the macroscopic local electric
fields generated by longitudinal-optical (LO) phonons in ionic
crystals. This approach describes ‘large’ polarons for which the
interactions are long-range, covering dozens of unit cells, and
localization effects and changes in charge-carrier dynamics are
less pronounced.*!

The original Frohlich Hamiltonian describes a free elec-
tron interacting with a single, dispersionless LO phonon.[*
Within this theory one can consider the dimensionless para-
meter o, which is used to quantify the strength of the interac-
tion between the charge and the LO phonon:

o i_ 1 R, 1/2 Wi 12 )
o € Eguic J\ O m, @)

where R, = 13.606¢eV is the Rydberg constant, w0 is the LO

m’ . . .
phonon frequency, and — is the ratio of charge-carrier effec-

tive mass to the free electTén mass. Further, &, and &, are the
high-frequency and static limits of the dielectric function with
respect to @y, typically approximated as the values in the optical
and THz frequency ranges, respectively.’") This parameter is
of great value, as m*, @po, &. and & can all be measured
or calculated for a material, allowing direct evaluation of the
coupling strength, as has been done for some semiconducting
perovskite materials (see below and Table 1),2232] often making
use of formulations by Feynman and Hellwarth.*>>1 Once the
value of o is known, it can conveniently be used to calculate

2
F, OF

the polaron effective mass through m, :m*(1+%+ 40+...)y an

approximation first proposed by Feynman.!'® Further, one can
also use the Feynman and Hellwarth*>! formulation to cal-
culate polaron mobilities, as has been done by Sendner et al.
for bulk 3D lead-halide perovskites.?) However, there are
some limits to the applicability of the Frohlich description;
for example, its simplified assumption of a purely harmonic
lattice potential*! may reduce accuracy for soft MHPs that are
expected to exhibit stronger anharmonicities.**>2%3

2.2. The “Small” Polaron

Holstein developed an approach for describing short-range
interactions that lead to strong charge localization, and these
situations are referred to as “small” polarons as they are typi-
cally limited to approximately a single lattice site.l”] Landau
originally suggested that, in cases with strong charge-lat-
tice couplings and slow-moving charges, charge carriers
might become immobilized, and thus be described as “self-
trapped,”™! a state which has since been described in much
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Table 1. Summary of measurements or calculations of the Fréhlich coupling parameter o, polaron effective mass m,, (in terms of its increase with
respect to the band effective mass m*), room-temperature charge-carrier mobility 1 and power-law exponent p for the temperature-dependence of the
mobility, across a variety of bulk metal-halide perovskite and related materials.

Reference Material Theoretical or Approach OF m, (% boost relative to u(cm? Vs at p (from
Experimental band effective mass) room temperature) o< TP)
Frost2l MAPbI; Theoretical Single-phonon Frohlich model ~ 2.39 (e) +37 (e) 136 (e) -0.47
CsPbl, 2.68 (h) +43 (h) 94 (h)
1.35 +21 258
Schlipf et al.4 MAPbI; Theoretical Three-phonon Fréhlich polaron 14 +28 -1.5
model
Poncé et al.*3] MAPbI, Theoretical Multi-LO phonon coupling 1.91 (e) 33 (e) -1.37
175 (h) 50 (h)
CsPbl, 1.69 (e) 76 (¢) -0.92
1.63 (h) 61 (h)
CsPbBr; 2.36 (e) 41 (e)
2.15 (h) 44 (h)
CsSnl; 0.75 (e) 177 (e)
0.97 (h) 241 (h)
CsSnBr; 1.20 (e) 89 (e)
163 (h) 61 (h)
Sender et al.l? MAPbI; Experimental  Far-IR spectroscopy, then using 1.72 +35 197
single-phonon Frohlich model
MAPbBr; 1.69 +35 158
MAPbCls 2.17 +48 58
Zhao et al.l?% MAPbBr; Experimental THz spectroscopy, then using 1.68 (e) 83 (e)
single-phonon Fréhlich model 1.17 (h) 265 (h)
Lan et al.”"l MAPbI; Experimental THz spectroscopy, then using 2
single-phonon Fréhlich model
Batignani et al.['0%] MAPbBr; Experimental ~ Raman spectroscopy, then using ~ 1.84 (e)
single-phonon Fréhlich model 1.28 (h)
Puppin et al.%®] CsPbBr; Experimental ~ ARPES direct measurement of ~ 1.82 (h) +50 (h)
m*, then using single-phonon
Fréhlich model
Neutzner et al.}4 (PEA),Pbl, Experimental ~ Temperature-dependent PL line-  1.67 — 2.2
width measurements, then using
single-phonon Frohlich model
Manna et al.l°Z Cs,AgBiClg Theoretical Single-phonon Frohlich model ~ 2.82 (e) +67 (e) 17 (e)
3.35 (h) +84 (h) 9 (h)
Cs,AgIng 25Big 75Clg 2.41 (e) +55 (e) 30 (e)
3.02 (h) +73 (h) 14 (h)
Cs,AgIng 75Big25Clg 3.93 (e) +104 (e) 5 (e)
315 (h) +77 (h) 10 (h)
Cs,AgInClg 1.99 (¢) +43 (¢) 52 (e)
466 (h) +132 () 2 (h)
Steele et al.[¥3] Cs,AgBiBrg Theoretical Single-phonon Frohlich model 2.54 (e)
2.0 (h)

We distinguish between theoretical and experimental studies, and give a brief description of the approach used to calculate the parameters. We use the term “single-phonon
Fréhlich model” for the expression for o given in the main text, based on the high-frequency and static dielectric constants €., &g, and the extracted LO-phonon

frequency w,o.
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more detail in a variety of materials,**% notably by Williams
and Song,**** and is associated with instances of strong
localization. Cases of self-trapping can be purely intrinsic,
where the formation of a self-trapped state automatically leads
to a lower-energy configuration, or can be extrinsic, where
an already-present lattice defect leads to charge localization,
which induces a further lattice distortion at that site.] In some
cases, self-trapped charges recombine radiatively with a free
charge, at so-called “color centers”.’”%8 Both color centers and
strongly self-trapped charges are often described as a “mole-
cule in a crystal,” that is, the formation of a covalent bond in
an ionic crystal, because their energy levels resemble those of
halogen molecule negative ions X,~.>>%7-° Although the ter-
minology varies, all of these states involve the formation of a
polaron and lead to a qualitative change in the properties asso-
ciated with charges, such as their effective mass, mobility or
energetics.[1>718:25.00]

2.3. Emin and Holstein’s Evaluation of Polaronic Regimes

A useful framework for considering the large and small
polaron regimes was outlined by Emin and Holstein,®! and
summarized by Stoneham et al.’® One can consider four con-
tributions to the energy of an electron coupling to a polarizable
lattice, via short- and long-range interactions, and coupling to
a defect state. These contributions depend on the electronic
wavefunction length scale L, with L = 0 corresponding to an
infinitesimally localized state at a lattice site. The kinetic energy
of the charge carrier scales as +L72 The short-range interaction
scales as —L™¢ (where d is the number of dimensions of the
system); the long-range interaction scales as —*% and a cross-
term from the short- and long-range interactions scales as —L2.
Finally, the defect potential is assumed to be Coulombic, and
thus scales as —L7%. Overall, using the same notation as Emin
and Holstein, the total energy may be expressed as:

T, 1(\4; Vi, V,-if)_ﬁ 2

E(l)y==-= + +
W) 1
where T,, V;and V! are constants associated with the kinetic
energy, defect potential, and the charge-lattice interactions,
respectively, and d is the number of dimensions of the system.

For a 3D system, the expression is thus:

E(L)=—t—=| 22ty .

T Vi Vie Vil | Va
r 2( r L r G

In the 3D case, four distinct situations can arise, which are
sketched out in Figure 1. If the charge-lattice interaction is
purely long-range a single minimum exists in the dependence
of energy on L, giving only large polarons that are stably bound
(Figure 1a), and this situation is qualitatively the same whether
or not a defect potential is present. In cases with only short-
range interactions, the energy has a minimum at L = 0, giving
a small polaron, and at L = e, giving a free charge (Figure 1b).
In the presence of both a defect potential and a short-range
charge-lattice coupling, a small polaron state can always form
at L =0, and the large polaron state at finite L can be metastable
(Figure 1c) or unstable (Figure 1d).
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2.4. The Role of Dimensionality in Charge-Carrier Localization

There have been suggestions that the formation of small
polarons depends on the dimensionality of the system:161621 2D
and 3D systems may have an energetic barrier between free and
localized states (as shown schematically in Figure 1b for small
polarons), whereas this barrier has been argued to be effectively
zero in 1D systems.[®?] Such effects are evident from Equation 2:
in one or two dimensions the exponent of interaction terms
will be different,®! altering the dependence of energy on L
and removing the barrier between the free electron and small
polaron states displayed in Figure 1b. Experiments have provided
some confirmation of this dependence, with 3D RbI showing
self-trapped state formation over a few nanoseconds,® whereas
1D systems display much faster small polaron formation,!6>6l
on picosecond timescales, implying the presence of low to no
energetic barriers.

2.5. Applying Polaron Theory to Metal-Halide Semiconductors

Both the Frohlich and Holstein Hamiltonians are simpli-
fied models, and there are inherent difficulties in calculating
polaronic effects, especially long-range interactions, when com-
putational methods are based on small systems that often cover
only a handful of unit cells.[*”%8 However, they provide useful
frameworks within which to discuss interactions between
charges and phonons, and can be expanded upon and adapted
to specific cases, as discussed below.

Approaches to describe large and small polarons have been
attempted across a variety of metal-halide semiconductors,
with varying degrees of success. Theoretical descriptions of
polarons in typical bulk 3D metal-halide perovskites (used to
describe materials with formula ABX; such as MAPbI;, shown
in Figure 2a) have focused on Frohlich-type couplings, and these
have been developed with constant input from experimental
results across the field.?1?25%531 As we discuss below, calcula-
tions of the Frohlich coupling parameter o have yielded values
between 1 and 2 for bulk 3D lead-halide perovskites,!2%670]
comfortably within the weaker coupling regime of large
polarons. Theoretical descriptions of less investigated metal-
halide semiconductors, such as double perovskites or low-
dimensional metal-halides, are more difficult because of their more
heavily disordered crystal structures,”'? although attempts have
been made to describe how small polarons and self trapping can
lead to emission in layered Ruddlesden—Popper perovskites,/'73]
and calculations of the influence of lattice anharmonicity on Fey-
nman/Hellwarth polarons in vacancy-ordered perovskites have
also been carried out."*”! Further, there have been suggestions
that it is the electronic dimensionality of a material (described
as the connectivity between the orbitals that make up the con-
duction band minimum and valence band maximum),”® as
opposed to its structural dimensionality, that is the more impor-
tant feature in determining suitability for different optoelectronic
applications.”®””] Thus, materials with a high electronic dimen-
sionality are more likely to have lower charge-carrier effective
masses, isotropic charge-carrier transport and shallower defect
states,”®l making them ideally suited for solar cell devices,
whereas the converse case of low electronic dimensionality might
be more applicable to broadband, white-light emitting diodes./”!

© 2021 Wiley-VCH GmbH
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a) b)

c) d)

Energy (a.u.)

Wavefunction Length Scale L

Figure 1. Schematic plots of energy against length scale L of the elec-
tronic wavefunction, adapted from Emin et al.l®'l The figures describe the
energy of a polaron in a 3D polar material where a charge can interact with
the potential of a defect, and with the lattice via long- and short-range
interactions, as described in the main text. In case (a), the charge inter-
acts only with the lattice via a long-range interaction, leading to a stably
bound large polaron forming at finite L. When the charge interacts only
with the lattice through a short-range potential, a small polaron can form
at L = 0 or charge carriers are free as L tends toward infinity, as in case
(b). When the charge interacts with a defect potential and with the lattice
via a short-range potential, a small polaron will always form at L =0, and
the large polaron state is metastable, as in (c), or unstable, as in (d).
Adapted with permission.®l Copyright 1976, American Physical Society.

3. Experimental Approaches for Observing
Polaronic Effects

To facilitate the discussion of polaronic effects across different
classes of metal-halide semiconductors, we have included some
of the most common structures adopted by metal-halide semi-
conductors in Figure 2. Such materials include bulk 3D MHPs
with chemical formula ABX;, double perovskites with chemical
formula A,B’B”X,, Ruddlesden—Popper perovskites with com-
position R,A, B, X3,.1 (R is a longer organic cation, relative
to the small A-site cation, and n is the number of octahedral
planes), two types of vacancy-ordered perovskites with composi-
tions A,[1B**X, and A;[1B, "X, (O indicates a vacancy), and
two types of quasi-OD metal halides with [MX] octahedra and
[MXs] pyramids. For these materials, a variety of experimental
techniques have been implemented in order to explore charge-
carrier localization and polaronic effects, as discussed below.

3.1. Steady-State Photoluminescence and Absorption
Measurements of a semiconductor’s photoluminescence and

absorption spectra provide insights into its energetic distribu-
tion of states,”! although steady-state optical absorption cannot
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provide direct evidence of polaronic states as polaron binding
energies tend to be in the infrared (IR) (discussed below).

In the case of weak charge-carrier localization, such as in
MAPDI;, the effects of large polaron formation on steady-
state absorption and photoluminescence (PL) are relatively
small, and the influence of electron—phonon couplings on PL
linewidths have mainly been investigated via temperature-
dependent measurements, as discussed below. Modeling such
phenomena accurately from first principles is difficult, and
requires a summation over all phase space available for charge-
carrier scattering events within the band structure of a semi-
conductor, which has, for example, been done through GW
first-principles calculations for hybrid lead halide perovskites./!
Such calculations depend on similar factors to those entering
the Frohlich parameter o such as the dielectric constants,
Born effective charges and vibrational frequencies; however,
because of the complexity of such calculations they may not be
directly relatable to o through a simple analytical expression.

In the case of strong localization radiative recombination
typically displays highly Stokes-shifted emission, several hun-
dred meV lower than absorption energies, because large ener-
getic losses are associated with the induced lattice deformation
and with changes in the kinetic and potential energy of the
charge carrier.®°%8)] Both very strong electron-phonon cou-
pling to a single state, or the presence of multiple self-trapped
states within a material, can lead to broadband white-light
emission, as has been observed in several Ruddlesden—Popper
perovskites and the metal-halide material Rb,Ag,BiBr,.[53>81
In the case of stronger couplings, spectra can sometimes be
well-captured by the Huang-Rhys oscillator model,®?! which is
a simplified model based on the Frank-Condon principle for
optical transitions, with the spectra composed of electronic
transition replica separated by an associated phonon energy E,.
Although this model is not applicable in all cases,233 it has
been used successfully to model the PL spectra of the double
perovskite Cs,AgBiBr; (shown in Figure 3a),'Vl and to describe
the low-temperature absorption spectra of Ruddlesden—Popper
perovskites. 84

We also note that it is important to distinguish the red-shifted
PL arising from strongly localized states from that originating
instead from sub-gap electronic trap states. It has recently been
suggested that excitation with photons of energy falling below
the bandgap may be one way to distinguish polaronic from
trap-state emission, given that some sub-gap trap states may be
directly excitable, while polaron formation generally requires
excitation with above-gap photon energies. Since a PL emission
band was present for both above- and below-bandgap excitation,
Kahmann et al. ascribed emission from Ruddlesden—Popper
perovskites to deep defect states, as opposed to the formation of
selftrapped excitons.®!

Measurements of Urbach energies, from fits of the exponen-
tial tail of optical absorption, are sometimes used as a proxy for
quantifying the strength of electron-phonon coupling in a mate-
rial,B% although such low-energy tails can often simply reflect
the amount of energetic disorder in a material without providing
fundamental insights,"®%] and we would caution against using
them as a measure of charge-carrier localization. There is also
significant uncertainty around interpretations of the fluence
dependence of the intensity of measured photoluminescence

© 2021 Wiley-VCH GmbH
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Figure 2. Example structures for some of the material classes discussed here. a) Bulk 3D perovskites with composition ABX;, with characteristic corner-
sharing octahedra for which the halide ions are located at the octahedral corners and the metal ions are located in the center of the octahedra. The
A-site cation is located at the center between octahedra. b) Double perovskites, for which alternating metal ions are located at the center of adjacent
octahedra (shown by different colours). c) An n =2 Ruddlesden—Popper perovskite, for which the larger organic cations (in green) separate planes of
corner-sharing octahedra. d) 2-1-6 Vacancy-ordered perovskites, where metal ions have been removed from alternating sites in a chequered pattern.
e) 3-2-9 Vacancy-ordered perovskites, for which every third metal ion has been removed along the <111> directions. f,g) Finally, two different types of

quasi-0D metal-halides, with [MX¢] octahedra (f) and [MXs] pyramids (g).

spectra, given the difficulty of establishing a variety of para-
meters: whether the photoexcitation is pulsed or continuous-wave;
whether the emission arises from a localized state, excitons or
band-to-band recombination; whether the emission is meas-
ured using time-resolved spectroscopy or in steady-state condi-
tions; and whether the density of photoexcited charge-carriers
leads to monomolecular, bimolecular or Auger recombination
dominating.*’®%8] Thus, again we would caution against over-
interpretation of such measurements to prove or disprove the
presence of polaronic effects, especially if such analysis is not
supported by other experimental techniques.

3.2. Temperature-Dependent Photoluminescence

Temperature-dependent photoluminescence measurements are
crucial for an examination of the activation of phonon modes
and the influence of phonon interactions on the broadening
of PL spectra. Electron-phonon couplings can depend on
the phonon occupancy of states, which is given by the Bose—
Einstein distribution.”®% In the case of acoustic phonons, whose
energy is much smaller than kT over typical experimental
regimes, this dependence is approximated as linear, allowing
the contribution from acoustic deformation potential couplings
to be distinguished from that of Fréhlich-type couplings to LO
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phonons."372% Wright et al. used measurements of PL broad-
ening to extract LO phonon energies and electron-phonon cou-
pling constants for 3D MHPs, showing that Frohlich couplings
were the dominant source of PL broadening.” Similarly, PL
arising from localized states typically narrows and increases sub-
stantially in intensity as temperature is lowered,¥ a behavior
that has been observed across a range of materials including
MHPs,720 Ruddlesden—Popper perovskites, ) OD tin-halides,!"”!
vacancy-ordered perovskites,!% and the metal-halide Rb,Ag,BiBr,
(see Figure 3b).! Further, in the case of small polarons or self-
trapped charges, the lifetime of PL increases substantially, as
measured by time-resolved PL spectroscopy, because charges
cannot de-localize as easily and other non-radiative recombina-
tion pathways become less effective.l’>34%2 Given that photolu-
minescence spectra can have multiple contributing processes,
variation of temperature can help further distinguish between
band-to-band recombination, emissive trap states and self-
trapped emission,® or between emission from self-trapped
states occurring at particular lattice sites.[B!

3.3. Temperature-Dependent Charge-Carrier Mobility
Polaronic effects fundamentally alter the way charge carriers

move within a lattice, meaning that temperature-dependent
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Figure 3. Characteristic behavior of photoluminescence that arises from strongly localized charges, notably exhibiting large Stokes shifts, broadband
emission and significantly increased PL intensity at lower temperatures. a) Photoluminescence and photoluminescence excitation spectra, with their
respective Huang—Rhys model fits, for Cs,AgBiBrg.'"! The large phonon energy, high Huang—Rhys parameter value and large Stokes shift, as well as
Raman measurements, led Zelewski et al.l'"l to attribute the emission at 2 eV to a color center. Reproduced with permission."l Copyright 2019, The
Royal Society of Chemistry. b) Photoluminescence spectra of Rb,Ag,BiBrg at 4 and 295 K, with four separate emission peaks P1-P4 identified.’l The
sharp increase in emission intensity of peaks P2—P4 as temperature decreases is part of the evidence used to argue that emission bands arise from
distinct self-trapped states located on [BiBrg] structural units.®' Reproduced with permission. Copyright 2019, American Chemical Society.

measurements of their mobility give insights into the nature of
different scattering processes that affect their motion. Within
the conventional Drude model, charge-carrier mobilities
qr

P

depend on both scattering rates and effective masses as y =

where 7 is the momentum relaxation time (which can have
multiple contributions). Although this simplified model does
not necessarily capture effects of charge-carrier localization
particularly well, it can be illustrative of its effects: when large
or small polarons form, increases in m* or changes in electron—
phonon scattering will alter charge-carrier mobilities.[’32
As temperature is varied, polaron formation and transport
dynamics change (for example, via the scaling of temperature
with respect to LO phonon energies), and the dominance of
different mechanisms yields different dependencies for p o< T7.
In the case of Frohlich-type couplings, the mobility increases
with falling temperature, as the LO phonon mode contribution
decreases, 178 behavior which is typically found in 3D bulk
MHPs.321321 In contrast, the temperature-activated hopping
that is typical of small polarons leads to mobilities increasing
with higher temperature.l”?3] Measurements of temperature-
dependent charge-carrier mobilities using optical-pump, tera-
hertz-probe (OPTP) spectroscopy and time-resolved microwave
conductivity (TRMC) have yielded insights across a variety
of materials, with MAPDI;,® MAPDbBr;,1>) FASnI;,°® and
the double perovskite Cs,AgBiBr¢® having been reported to
show exponents around p = —1 to —1.5. However, less negative
exponents have also been reported, as for example for FAPbI;
(u = TP with p =~ —0.53)% and for the low-temperature tetra-
gonal phase of MAPbBr; (p = —0.5).%1 However, it is impor-
tant to note that a variety of both intrinsic and extrinsic factors
will contribute to the exact value of p encountered in a mate-
rial, as has been discussed extensively in other reviews.!>%
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While p may be influenced by the intrinsic electronic cou-
pling to a variety of phonon modes,**! extrinsic factors such
as scattering off grain boundaries or ionic impurities will also
impart a strong temperature dependence on the charge-carrier
mobility.>%-%]

3.4. Far Infrared and Vibrational Spectroscopy

Far IR and vibrational spectroscopy are able to probe energy
scales ranging from tens to hundreds of meV, providing
direct insights into the phonon modes that charge car-
riers couple to in metal-halide semiconductors and enabling
direct measurements of the binding energies typically asso-
ciated with large and small polarons in these materials.[®"!
Pérez-Osorio et al. conducted a wide-ranging study of the
IR vibrational properties of thin-film MAPDI;, combining a
variety of IR absorption measurements and theoretical calcula-
tions to show significant low-energy (< 110cm™, 14 meV) con-
tributions from LO phonons to the static dielectric constant.”!
Assuming that effective masses m* of charge carriers are
known, then one can use optical phonon frequencies and
dielectric constants measured using IR spectroscopy to calcu-
late the Frohlich coupling parameter o, following Feynman
and Hellwarth’s approaches.'®#] Sendner et al. used this
method to calculate the polaron effective mass, binding
energy and mobility in different lead-halide perovskites (see
Figure 4).22 Excited-state IR spectroscopy that probes the
IR absorption spectrum following optical photoexcitation of
charge carriers can also be used to measure the dynamics
and energetics of polaron states;%) combining these meas-
urements with theoretical descriptions of polaron absorption
bands can provide valuable insights into polaron binding

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a) 60 T T T T T T T | T I T b)
i ——MAPbDI, ]
i —— MAPbBr, |
i MAPbCI, |
40 / | BCl, |
w 20 -
0
-20 l
0 50 100 150 200 250 300

wavenumber [cm™]

www.advmat.de

T ' T I T | T I T I T _
60 MAPb|3; B |m(_1/€) 118
i MAPbBr,: g, S Im(=1/)

50 | MAPDCI,: & Im(=1/) 415
= 12
L
|
- 09 g

— 0.6

- 0.3

0.0

250 300

wavenumber [cm]

Figure 4. Dielectric function in the far IR range for MAPb(Cl/Br/1);, calculated from transmittance measurements by Sendner et al.l?? a) Real part of
the dielectric function & in solid lines. b) Imaginary part of the dielectric function &, in solid lines, and the loss function Im[ —1/&(®)] in dashed lines.
Peaks in &, correspond to transverse optical phonons, and peaks in the loss function correspond to longitudinal optical phonons. The frequencies of
the phonons can be used to calculate the value of &y, and then also the Fréhlich coupling parameter o and polaron mass.?2#4 a b) Reproduced
under the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0).22 Copyright 2016,

The Royal Society of Chemistry.

energies and the extent of charge-carrier localization.’>8
Raman spectroscopy has also enabled measurement of phonon
frequencies and quantification of electron—phonon scattering
in the double perovskite Cs,AgBiBrg,"! vacancy-ordered metal-
halides,"” and 2D lead halide perovskites.!]

3.5. Ultrafast Spectroscopy

Given that polaron formation often occurs on picosecond
timescales, ultrafast spectroscopy can provide a window into
the transient dynamics of charge carriers as they localize.
OPTP measurements can give insights into both ultrafast
dynamics and charge-lattice couplings,°21°] whilst Transient
Absorption (TA) experiments can probe dynamics associated
with a variety of optical transitions, which can be affected by
polaronic processes, as shown in Figure 5.(8101106.107] {J]trafast
spectroscopy in the IR region provides information on the
dynamics of specific phonon modes and polaron formation
dynamics,[190198] 35 demonstrated recently by Munson et al.
in their study of polaron formation in (MA/FA/Cs)PbBr;.[10%]
Alternative spectroscopic approaches have included optical
Kerr effect spectroscopy and 2D spectroscopy,®*11%11 hoth of
which are also able to provide sub-picosecond time resolution,
as well as slower techniques such as X-ray transient absorp-
tion, which can give insights into structural distortions in a
material. 121 We would caution that, although these tech-
niques can provide valuable information regarding ultrafast
processes in metal-halide semiconductors, in general there
can be a variety of contributing signals at early times and great
care needs to be applied when interpreting specific transient
experimental signals.
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3.6. Experiments Under High Magnetic Fields

The presence of strongly bound polarons can be probed using
magnetic fields, the presence of which modifies the measured
optical absorption spectrum of the polarons.**5] For example,
polarons are expected to exhibit a cyclotron resonance at a fre-
quency @, = qB/m,, where m, is simply the polaron effective
mass and B is the magnetic field,* and early experiments on
silver halides confirmed the potential of such studies for deter-
mining polaron effective masses.l'l More recent spectroscopy
under high magnetic fields has focused on determination of
effective masses and binding energies of excitons, and their cou-
pling to phonons, in bulk 3D and layered Ruddlesden—Popper
perovskites.""721l For example, one very recent study reported
magneto-optical absorption measurements of n = 1-6 layered
Ruddlesden—-Popper perovskites, demonstrating how carrier
effective masses may be tuned by varying the number of octahe-
dral layers or swapping lead for tin at the B-site cation."””l Com-
parison of such experimentally determined masses with those
derived from band structure calculations, made without consid-
eration of polaronic effects, may further elucidate the extent to
which polaronic contributions enhance carrier masses in reality.

4, Polarons in Metal-Halide Semiconductors

4.1. Bulk 3D Metal-Halide Perovskites

The nature and impact of polarons in bulk 3D metal-halide
perovskites (such as MAPDI; or FASnI;, FA = CH(NH,),,
see Figure 2a) has undergone significant debate, with both
theoretical and experimental contributions seeking to clarify

© 2021 Wiley-VCH GmbH
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Figure 5. Measurements of (PEA),Pbl, by Thouin et al."%l based around ultrafast transient absorption. a) Exciton absorption spectrum measured at
5 K. b) Schematic of crystal structure of (PEA),Pbl,. c) Time-resolved differential transmission AT/T, measured at 5 K with a pump energy of 3.06 eV.
d) Oscillatory components from (c), obtained by subtracting the population dynamics. e) Temperature dependence of the oscillatory response, taken
from slices at 2.35 eV. The oscillations are short-lived and weak at 150 K, mainly because of dynamic disorder.'"!l As temperature decreases, clear
coherent oscillations on a picosecond timescale are visible due to phonon modulations. The Fourier transform of the oscillations shows the presence
of six low-energy (<50 cm™) phonon modes, which match well with the calculated phonon modes, and which contribute to the formation of electron
and hole polarons in (PEA),Pbl,.[ a—e) Reproduced with permission.[?l Copyright 2019, The Authors, published by Springer Nature.

our understanding of MHPs.[6232550 Whereas scattering in
the classic inorganic semiconductor silicon is dominated by
couplings to acoustic phonon modes,”® as it is a non-polar
material, MHPs are ionic materials with a highly polarizable
lattice that leads to much stronger interactions between charge
carriers and longitudinal optical phonon modes, more similar
to the case of the polar semiconductor GaAs.?32%0 As such,
there was some initial discussion around whether charge—
carrier interactions with the lattice in 3D bulk MHPs were
dominated by acoustic deformation potential scattering,!3123]
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but these approaches struggled to accurately replicate meas-
ured charge-carrier mobilities or their temperature depend-
ence. Instead, there is now broad acceptance that interactions
are dominated by Frohlich-type interactions of charge carriers
with the electric fields generated by LO phonons of the polar
ionic sub-lattice.?"327°1 Frost applied the Frohlich/Feynman
polaron model to MHPs, and although the results produced
good qualitative agreement with experimental results, they
failed to replicate the experimentally observed T~ temperature
dependence for the charge-carrier mobility.?!l More recently,
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Figure 6. Figure taken from Poncé et al.}%l showing the dependence of charge-carrier mobility on Fréhlich coupling strength o, band effective mass
m* and LO phonon frequency @, for a variety of semiconducting materials, calculated using a model that includes Frohlich-type electron—phonon
coupling. In this model, the mobility only depends on two dimensionless parameters: om*/m,, referred to as the “polar mass,” and the ratio of LO

phonon and thermal energies, h,:o—f. The x-axis values are calculated for T =300 K (kgT = 25.9 meV), and the labels e, h correspond to electron and
B

hole mobilities, respectively. Materials with higher LO-phonon frequencies or smaller “polar masses,” at a given fixed temperature, have higher charge-

carrier mobilities. Reproduced with permission. Copyright 2019, American Chemical Society.

attempts have been made to expand upon the simplified
Frohlich model by extending the coupling to three distinct
groups of LO phonons,3233 or by developing new ab initio the-
ories that encompass both Frohlich polar couplings and non-
Frohlich couplings to acoustic and optical phonons:(%%8] both
approaches appear to replicate measured trends in charge-carrier
mobility with temperature better than previous attempts.

4.1.1. Fréhlich Coupling Strengths and Phonon Anharmonicity

Various attempts at quantifying the polaron coupling strength
o in MAPDI; have been made,?%?233 and we provide a sum-
mary of values across a range of MHPs in Table 1. Values tend
to lie in the range of o = 1-2, with renormalization of carrier
effective masses limited to between 20% and 50% of the band
effective mass, indicating that polaronic effects in MHPs are
limited to the weak-to-intermediate coupling range, that is,
behavior that is well described by Fréhlich-type large polarons.
These couplings do serve to limit charge-carrier mobilities at
room temperature, with the effect varying between different
halide and metal anions,?l as discussed below and as can be
seen in Figure 6. Further, Munson et al. carried out mid-IR
measurements on MAPDbI;, from which they calculated a
polaron delocalization length of 9-13 nm,% much larger than
the unit cell lengths on the order of approximately 1 nm for
tetragonal MAPDI;,11?#123] clearly placing polarons in this mate-
rial in the “large” regime.

There has been discussion around the suitability of the
simple Frohlich model to bulk 3D MHPs, given that it is based
upon a harmonic approximation for lattice potentials,?*33 with
some arguing that lattice anharmonicity plays a more substan-
tial role in soft 3D bulk MHPs than in most polar inorganic
semiconductors.’21261771 A recent study by Mayers et al.l*’l
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applied a molecular dynamics approach to account for large-
scale, low-frequency anharmonic lattice motion; this approach
replicated the temperature dependence of both the charge-
carrier mobility and bandgap in MAPbI; reasonably well.l>?]

4.1.2. The Influence of Compositional Variation on Electron—
Phonon Coupling in MHPs

Compositional variation does allow for some tuning of elec-
tron—phonon interactions in 3D bulk MHPs. Both compu-
tational and experimental studies show that replacing iodine
with bromine at the X-site leads to stronger polaronic cou-
plings,”*128] and MAPDbI; and MAPDbBr; exhibit different
temperature dependence of charge-carrier mobilities,**%]
potentially indicating further variations in electron—phonon
couplings in each material. Wright et al. investigated the tem-
perature-dependent photoluminescence of (MA/FA)Pb(I/Br);
to obtain LO phonon energies of iy = 11.5, 15.3 meV and LO
phonon coupling strengths of 97, = 40, 60 meV in the iodide
and bromide MHPs, respectively.””! (They also provided a very
informative list of phonon coupling strengths across a wide
range of inorganic semiconductors in their Supporting Infor-
mation.) Further, Sendner et al. used far-IR measurements on
MAPbD(I/Br/Cl); to derive polaron effective masses and electron—
phonon coupling constants for each material, placing
upper limits on the charge-carrier mobility in single-crystal
MAPD(I/Br/Cl); of i = 200, 160, 60 cm? V-1 s7! respectively.l?2
As outlined in Equation 1, the Frohlich coupling strength

depends on the inverse of the effective dielectric constant of

1 1
the material, defined as —=—-— . Given that lead-bro-
8eff E. 85Lat‘ic

mide MHPs have more ionic metal-halide bonds, leading to
a lower value for &4, the observed stronger couplings can be
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easily explained within the Frohlich polaron picture.” This
effect is also apparent from calculations carried out by Poncé
et al. for charge-carrier mobilities in MHPs, shown in Figure 6,
which reveal that stronger lattice couplings for bromide MHPs
lead to a larger “polaronic mass” and thus lower charge-carrier
mobilities.>*]

There has been significant debate around the role of
the A-site cation,”’ notably on whether the replacement
of dipolar organic cations (MA/FA) with inorganic Cs may
lead to changes in polaron binding energy or formation
dynamics.['28-13% Swapping MA with FA or Cs does not appear
to affect ultrafast polaron formation dynamics, although there
may be a difference between iodide and bromide MHPs:
Bretschneider et al. reported polaron formation times of
approximately 400 fs in (FA/MA/Cs)PbI3,l1% whereas Munson
et al. reported timescales below 150 fs in (FA/MA/Cs)PbBr;.[10]
Further, mid-IR absorption measurements found no variation
in energetics or lattice extent of large polarons when swap-
ping between the three cations,% and temperature-dependent
PL also showed little variation in Fréhlich couplings between
FA and MA."’l Molecular dynamics simulations, combined
with Raman measurements, have also been used to argue that
replacement of polar MA with Cs does not change the polar,
anharmonic fluctuations in lead-halide perovskites.”” These
findings are in good agreement with the notion that Frohlich
coupling is associated with LO phonon modes of the inorganic
metal-halide sublattice in 3D bulk MHPs, with the A-cation
having little influence. 399131

There have been contradictory claims regarding the effect of
replacement of lead with tin at the B-site: Neukirch et al. argue
that MASnI; has lower polaron binding energies than present
in MAPDI; for electrons and holes, whereas Mahata et al. argue
the opposite and find polaron binding energies to be largest
for low Sn content in mixed-cation MAPD,75Sn,,513. Although
replacement of lead with lighter tin indeed leads to higher
phonon frequencies,*¥ much of the deterioration in various
optoelectronic properties for low tin content can be traced back
to higher defect densities and increased non-radiative recom-
bination pathways,32133] without polaronic effects necessarily
playing a role. Purely tin-based MHPs have consistently shown
higher charge-carrier mobilities than their lead-based counter-
parts,>%134 which can be linked to the higher optical phonon
frequencies in these materials,®*32 as well as the lower effec-
tive charge-carrier masses in tin-based MHPs.’3) Kahmann
et al. analyzed the FWHM of PL spectra as a function of tem-
perature for FASnI; Y following Wright et al.,” and obtained
a value of 68 meV for the relevant LO phonon energy, a factor
of six higher than that reported for (MA/FA)PbI;.”") However,
this seems somewhat too high: an approximate model con-
sidering the reduced mass of either Sn-I or Pb-I diatomic
chains would predict a factor of approximately 1.1 between the
resulting phonon frequencies, and this has indeed been meas-
ured for the transverse optical modes in mixed tin-lead iodide
perovskites.’? In any case, given that the Frohlich coupling

scales as O < @5°, we would expect tin-based MHPs to exhibit

lower polaron couplings and higher charge-carrier mobilities
compared to their lead-based counterparts—as reported in both
theoretical®¥ and experimental workl*?¢132] (see also Figure 6).
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4.2. Perovskite Nanocrystals

The study of perovskite nanocrystals has allowed for compari-
sons of charge-carrier properties between bulk MHPs and their
nanoscale counterparts, with the majority of work focusing on
all-inorganic CsPbBr; nanocrystals. Early-time photoconduc-
tivity studies of CsPbBr; nanocrystals, large enough (=30 nm)
to be considered as analogues of single crystals, clearly dem-
onstrate the formation of large polarons in this material.03]
OPTP measurements have also shown that smaller nanocrys-
tals, exhibiting stronger electronic confinement, have broad-
ened, blue-shifted phonon modes that absorb more strongly in
the THz frequency domain relative to bulk CsPbBr;, which is
proposed to be caused by a stronger coupling between the THz
radiation and optical phonon modes in the nanocrystals.!3’
The broadening of the phonons is associated with shorter
phonon lifetimes and is typical of nanoparticles; the blue shift
of the modes, however, does not appear to be dependent on size
over the studied range (6-10 nm), indicating that phonon con-
finement is not the sole responsible factor.!*’ These changes in
the phonon spectra compared to the bulk perovskite are likely
related to structural differences in the lattice, evidenced by XRD
studies revealing increasing lattice parameters with decreasing
particle size.®>13% Such differences in the lattice properties
are expected to impact the coupling between phonons and
charge carriers, although further studies are needed to confirm
and quantify such effects. A study based on TA and molecular
dynamics simulations also found strong coupling between
charge carriers and phonons in CsPbBr; nanocrystals across
a range of strong-to-weak confinement (0.8-12 nm).'l Fur-
ther, a study that combined optical and X-ray transient absorp-
tion spectroscopy of moderately confined (=8 nm) MAPDBr;
nanocrystals argued that structural distortions around the Pb?*+
cation may lead to the formation of small electron polarons.!3!

Recent work has highlighted the importance of structural dis-
tortions in inducing polaron formation across MHPs,2>114138]
and a crucial question with regards nanocrystals is whether
such structural distortions, and thus polaron formation, are
facilitated or inhibited by nanoscale structures, as is the case
for quasi-OD metal halides (discussed below). Given that tem-
perature-dependent PL studies have found LO-phonon ener-
gies between hw;o = 14-33 meV for (FA/Cs)PbBr; nanocrys-
tals,I391 gimilar to the value of 15 meV obtained for bulk
FAPDBr; by Wright et al.,/? as well as a similar LO-phonon
couplings (45 meV in nanocrystal FAPbBr3, as opposed to
60 meV in bulk”), it is not fully clear how much fundamental
change is caused by the formation of nanocrystals. Although
polaron formation and electron—phonon interactions are pre-
sent in MHP nanocrystals, further clarification is needed in
order to distinguish the extent to which polaronic behavior
is affected by the increased presences of boundaries and sur-
faces in nanocrystals and the resulting ease of structural distor-
tions, from the effects of electronic confinement that vary with
nanocrystal size. Interestingly, intrinsic quantum confinement
in nominally bulk FAPbI; has recently been shown to be asso-
ciated with lowered electron-phonon coupling,*! suggesting
that in the absence of clear material boundaries, such as those
present in MHP nanocrystals, electronic confinement may lead
to polaronic effects being reduced, rather than enhanced.
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4.3. Double Perovskites

By swapping the B-site cation in MHPs with two heter-
ovalent cations of charge 1" and 3*, double perovskites can
be formed with composition A,B’B”Xs, opening up a new
class of over 90 000 different materials for investigation (see
Figure 2b)."*31* Given the wide variety of compositions that
can be studied, it is difficult to draw any fundamental conclu-
sions with regards the origin of charge-lattice interactions that
are valid across all double perovskites. Depending on whether
the ions at the B’ and B” sites have lone-pair electronic s? states,
Zhao et al. separate double perovskites into three classes,!"!
which helps to distinguish these materials based on their elec-
tronic dimensionality and thus the likelihood of charge locali-
zation occurring.”’) When both ions contribute lone-pair states
(e.g., Cs,InBiClg), they can be considered as electronically 3D
analogous to MAPDI;. If only one ion contributes a lone-pair
state, then one set of [BX;] octahedra is electronically isolated
from the other, making these double perovskites electroni-
cally quasi-OD, as has been found for Cs,AgBiBrs and Cs,Na
BiClg.™8 Finally, if neither ion has a lone-pair electronic
state, this leads to contrasting contributions to the VBM and
CBM, "] as is the case in Cs,AgInCly where the electronic char-
acter of the VBM is low-dimensional, with quite flat bands and
low hole effective masses, whereas the CBM has very curved
bands, more typical of 3D bulk MHPs.[4>1#]

Given that lower electronic dimensionality leads to low- or
zero-energy barriers between free and self-trapped states, 6162
one would expect a higher likelihood of polaron formation in
CseAgBiBrg and Cs,AgInClg, and in other double perovskites
electronically analogous to these. Zelewski et al.™ combined
low-temperature emission, PL excitation and Raman measure-
ments to argue for the presence of a color center as the source
of the emission peak at 2 eV in Cs,AgBiBrg (see Figure 3a),
and they were able to successfully replicate the PL and PLE
spectra based on a Franck—-Condon model with Huang-Rhys
factor of S =117 and a phonon energy of 22.4 meV (obtained
from Raman spectroscopy).!!! Another study carried out fitting
of the temperature-dependent PL linewidth for Cs,AgBiBrg,!"l
obtaining hiw; o = 22 meV, slightly above the equivalent values
found for (FA/MA)Pb(I/Br);,”” as well as a much stronger
coupling of charge carriers to LO phonons, with a coupling
parameter of ¥, = 226 meV (compared to 40 and 60 meV for
FAPDI; and FAPDBr;, respectively).”>* The stronger coupling
of electrons to the LO phonons is also consistent with the lower
charge-carrier mobilities measured for Cs,AgBiBr.[”")

Studies of Cs,AgInCly have shown confinement of holes on
[AgClg] octahedra, leading to the formation of self-trapped exci-
tons that result in broadband white-light emission.** Strong
blue emission, with a large Stokes shift, from antimony-doped
Cs;NaInClg has also been attributed to self-trapped exciton
states,[® and calculations of the band structure of Cs,NalnBr,
have been used to argue that small hole-polarons and self-
trapped excitons form easily in this material.* Raman meas-
urements of Cs;AgSby_,Bi,Xs (X = Br, Cl) nanocrystals indicated
very strong charge-phonon interactions that lead to intrinsic
self-trapping of charges within a few ps, as measured by ultra-
fast TA.®Y Work by Manna et al.'®@ combined Raman meas-
urements with density functional theory (DFT) calculations,
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finding Fréhlich coupling constants in the range op = 2-5
for Cs,Agln; ,Bi,Cls nanocrystals, and calculations of charge-
carrier mobilities using the Feynman/Hellwarth polaron model
suggested upper limits of 2-52 cm? V7! s in nanocrystals
across the range of x.%

One recent study reported a reduction in the structural
dimensionality of the double perovskite Cs,AgBiBry into
n =1, 2 octahedral layers, analogous to the case of Ruddlesden—
Popper perovskites (discussed below).'>3 This work found that
reduction of structural dimensionality can modify the elec-
tronic band structure of Cs,AgBiBrg, especially in the case of
a single octahedral layer, and demonstrated the ease of struc-
tural distortion as the number of octahedral layers is reduced,
which enhances the likelihood of charge-carrier localization.!>3!
Overall, double perovskites appear to show good correlation
between their electronic dimensionality and the likelihood of
charge localization, making them promising model systems for
further experimental studies.

4.4. Ruddlesden—Popper Layered Perovskites

Ruddlesden—Popper perovskites include large organic cations
that cannot be incorporated at the A-site*> leading to 2D
layers of corner-sharing octahedra with a general formula of
RyA,_1B,X;5,,1. An example structure for an n = 2 Ruddlesden—
Popper perovskite, such as (PEA),(MA)Pb,l; (PEA = phenyleth-
ylammonium), is shown in Figure 2c. The variation of type
and concentration of the large organic cation allows for close
control over the number of connected 2D octahedral planes,
and the materials are often referred to by the (hkl) direction
in which a 3D MHP lattice has been sliced in order to achieve
the layering. As outlined above, polaron formation depends on
the dimensionality of the system being studied, and layered
Ruddlesden—Popper perovskites appear to be at the threshold
for an energetic barrier forming between localized and free
states,[616273,155]

The additional electronic confinement present in Rud-
dlesden—Popper perovskites, as well as stronger dielectric
screening caused by alternating conducting and insulating
layers, lead to strong excitonic effects in these materials.78150]
Indeed, narrow, efficient radiative recombination at low
Stokes shift has been observed for several Ruddlesden—Popper
perovskites.B2156 However, in some cases PL from layered
perovskites is highly Stokes-shifted, exhibiting a broadband
emission spectrum,>115738] typical of emission from self-trapped
states.’®7! Ultrafast TA and OPTP spectroscopy of the (110)
material (N-MEDA)[PbBr,] (N-MEDA = N'methylethane-1,2-
diammonium) showed fast self-trapping of photoexcited
carriers, leading to broadband emission from a distribution
of selfitrapped excitonic states.'>”! Temperature-dependent PL
combined with TA and DFT calculations also confirmed the pres-
ence of emissive self-trapped small polarons in (100) materials
(EDBE)PbX, (X = Br, Cl, and EDBE = 2,2-(ethylenedioxy)bis-
(ethylammonium)).[1%! A study of a new cadmium-based single-
layer perovskite, (F,CHCH,NH;),Cd,Pb,_,Br,, demonstrated
the importance of structural deformation in enabling emission
from self-trapped states, with alloyed Cd-Pb materials emit-
ting much more strongly than either purely Cd- or Pb-based
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materials because of increased octahedral distortions." Fur-
ther, swapping the organic spacer cations between BA to PEA
has a significant effect on the intensity and energy of Raman
modes'?! and can alter the charge-carrier effective mass,!?
thus varying the strength of the electron—phonon interaction.
This has been linked to the fact that swapping organic spacer
cations modifies the stiffness or “corrugation” of the octahedral
layers in Ruddlesden—Popper perovskites, aiding structural dis-
tortion and thus impacting on the likelihood of charge-carrier
localization in these materials.[120122]

Computational studies have tried to describe small polaron
formation in single-layer Ruddlesden—Popper perovskites,
finding substantial polaron binding energies of several hundred
meVs,”? as well as strong exciton couplings to Raman modes. 0!
Temperature-dependent TA and time-resolved PL measure-
ments have also been used to argue that phonon couplings in
(PEA),PbI, lead to the formation of electron and hole polarons,
and drive transitions between different excitonic states and influ-
ence exciton dynamics and diffusion (see Figure 5).[4101160.161]
Further, it also appears that variations in exciton binding ener-
gies have an effect on the energies of the polaronic state formed
in the case of Coulombically bound electron-hole pairs.!12"162
For example, a recent study has argued that two excitonic states
are present in (BA),Pbl, (BA = butylammonium), and that the
different binding energies of the two excitons lead to different
couplings with the lattice, with a weak exciton binding energy
leading to the formation of large polarons.!®?

We note that there has been some debate around whether
closely-spaced features in low-temperature optical absorption
spectra of Ruddlesden—Popper perovskites arise from the pres-
ence of multiple excitonic states®*100162 or rather from a single
excitonic state that couples to a high-energy (=40 meV) phonon
mode, leading to vibronic progressions.219] However,
regardless of the origin of these specific features, there is
clear literature consensus that the presence of strong elec-
tron-phonon couplings to low-energy LO phonon modes of
the halide sub-lattice plays a key role in polaron formation in
Ruddlesden—Popper perovskites,8+101.120.163]

Overall, we find that while several experimental and com-
putational studies have examined the role of polarons in
Ruddlesden—Popper perovskites, their role is not yet fully clari-
fied, given that multiple alternate processes have been evoked
to explain their absorption and emission features. As high-
lighted in two recent reviews,’>® many different sources
of emission are present in layered perovskites including exci-
tons, lattice defects, light-induced defects, self-trapped states,
molecular chromophores in the organic layers, and structural
distortions.®l Notably, if the emission is not arising from the
metal-halide octahedral planes but from the larger organic cat-
ions, this immediately rules out polaronic or self-trapped states
as the source of photoluminescence. We suggest that for these
materials identification of specific localization effects needs to
be done with particular care, requiring multiple complementary
experimental or theoretical approaches to provide convincing
evidence of polaron formation. For example, in certain cases
defect states have been found to induce self-trapping (some-
times known as “extrinsic self-trapping”),®>%l making it difficult
to distinguish emission from an intrinsic self-trapped state to
that associated with a radiative trap state;>>#! equally, lattice
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distortions can both aid the formation of self-trapped states>®!
and alter the electronic properties of layered perovskites,®>16%]
further confusing the impact of structural changes on charge-
carrier transport and emission.®! Given the wide variety of
potential applications for Ruddlesden—Popper perovskites, from
solar cells to LEDs,[>"*8 photodetectors or X-ray sensitisers,1°¢17]
a better understanding of the fundamental processes governing
charge-lattice interactions would be of great value, as has been
achieved so far for their 3D analogues. A clearer picture of these
couplings would be especially useful with regards to lighting
applications, given the interest in achieving efficient, “sun-like”
or broadband white-light emission in LEDs.[3:149:168]

4.5. Non-Perovskite Metal-Halide Semiconductors

Finally, a wide range of non-perovskite metal-halide semicon-
ducting materials have been investigated for potential optoelec-
tronic applications. Some of these research studies date back to
original work involving alkali halides and photographic mate-
rials, 364169 with other more recent investigations focusing on
MHP-related materials such as vacancy-ordered perovskites.['%
We focus here on more recent results, and recommend reviews
by Stoneham et al.l’® and by Williams and Song*! for compre-
hensive coverage of earlier work including the alkali halides,
vacancies in quartz, and metal-oxides.

4.5.1. Vacancy-Ordered Perovskites

Vacancy-ordered perovskites have been investigated as poten-
tial all-inorganic, lead-free variations of MHPs.260l There are
two main types of compositions: materials with the formula
A;0B,**X, ([ indicates a vacancy),l”!! where every third B3
site is unoccupied and the structure involves either quasi-OD
dimers of face-sharing octahedra or 2D layers of octahedra (the
latter is shown in Figure 2e);”! and vacancy-ordered double
perovskites with formula A,[JB*X,,[72 where every other B#
site is unoccupied and the structure involves isolated [BXg]
octahedra (shown in Figure 2d).2®) McCall et al.'¥ combined
Raman and temperature-dependent PL measurements to argue
that strong electron—phonon couplings in vacancy-ordered
A3IM,Iy (A = Cs, Rb; M = Bi, Sb) gave rise to small polaron
formation, with broad, highly Stokes-shifted emission arising
from selftrapped excitons.'”! Another study combined optical
and x-ray transient absorption with DFT calculations to argue
for the formation of small polarons in Cs;[]Bi,Bro, through
the formation of V, centers (or, Br,~ dimers).''?l Doping of
Cs,[1SnClg nanocrystals with antimony leads to an additional
low-energy emission band, ascribed to triplet-state self-trapped
excitons,73 and a combination of Raman spectroscopy and fit-
ting of PL linewidths found intermediate electron—phonon cou-
pling strengths in Cs,[JSnl¢.["74 The inclusion of larger cations
at the A-site in A,[JSnls (A = Cs, MA, FA) leads to increased
lattice anharmonicity and octahedral tilting, caused by changes
in the interoctahedral I-I distances, leading to more tightly
bound polarons and lower polaron mobilities.” Although
some of the vacancy-ordered metal halides show quite disper-
sive band structures, indicative of lower charge-carrier effective
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Figure 7. Photoluminescence measurements and DFT calculations for the quasi-OD metal-halide (DETA)PbCls-H,O by Yangui et al,1® illustrative of the
behavior observed across many quasi 0D metal-halide semiconductors. a) Temperature-dependent spectra between 4-280 K, with four emissive species
P1-P4 identified. P1 is attributed to emission from a self-trapped exciton localized on the [Pb,Clyo]® bi-octahedra. b) Fit of the full-width half-maximum
of the P1 peak, following the procedure outlined by Wright et al.’’l The fit gives an LO phonon energy of 16.9 meV, matching a measured Raman
mode at 137cm™ (17.0 meV), and also gives a very large electron-phonon coupling constant of ¥ = 385meV K. ¢) Band structure calculated
for (DETA)PbCls-H,0O using the PBE functional.'®” The bands are highly non-dispersive, which typically indicates a higher likelihood of charge-carrier
localization. Adapted with permission.'® Copyright 2019, American Chemical Society.

masses and higher mobilities,?>”/771l the high likelihood of lat-
tice distortion in many vacancy-ordered perovskites is condu-
cive to polaron formation and strong charge localization, 177170l
making it difficult for these materials to be used in photovoltaic
applications where good charge transport is crucial.

4.5.2. Quasi-0D Metal-Halides

Quasi-0D metal-halides also tend to display strong locali-
zation effects, which can be traced back to their structures
having easily-distorted individual metal-halide octahedra
or similar structural units. Electronically one would expect
them to behave analogously to very small nanocrystals, that
is, charges are strongly confined and become spatially local-
ized easily./%7>770] Materials with chemical formula A,BX,,
where A is a large organic cation, have isolated [BXg] octa-
hedra (shown in Figure 2f).1817] For example, in single-crystal
(CgNH13)4Big 57Sbg43Br;- H,O the structure has both [BiBrg]*~
and [SbBrg]>~ octahedral units separated by the larger organic
cations;” in fully inorganic Cs,(Sn/Pb)Br, the [(Sn/Pb)Brg]*
octahedra are separated by Cs* cations;!'>3178179 and in (DETA)
PbCls-H,0 (DETA = diethylenetriammonium) bi-octahedral
units of [Pb,Cly]® form (see Figure 7).%9 Slightly different
structures arise in (CoyNH,),SbCls, which has isolated quad-
rangular [SbCls]>~ pyramids (shown in Figure 2g);7% Cs;Cu,ls,
which has tetragonal and trigonal [Cu,ls]*~ sites;!81182] and
(Bmpip),MX, (Bmpip = 1-butyl-1-methylpiperidinium; M = Ge,
Sn, Pb; X = Br, I), which forms isolated disphenoidal [MX,*~
anions.!®3 Beyond this, a variety of other quasi-OD materials
with a range of compositions and structures have been studied,
for which self-trapping or charge localization has been attrib-
uted as the source of photoluminescence.[18+-188]

A mixture of DFT and photoluminescence-based studies in
quasi-0D materials have been used to argue for emission from
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polaronic or self-trapped states being prominent, exhibiting typ-
ical behavior including large Stokes shifts,7#172183] and longer-
lived, narrower PL at low temperatures (see Figure 7a,c for a
typical example).1218018L184 However, as highlighted above, a
clear distinction of excitonic and polaronic experimental signals,
for example, in ultrafast TA measurements, can be convoluted
in 0D systems.®] The calculated VBM/CBM electronic bands in
quasi-0D metal-halides tend to be highly non-dispersive,185187]
making charge localization more likely.l"627¢] Overall, the broad-
band, high-efficiency, long-lived PL that is present across many
of these materials makes them very promising for applications
in lighting or as X-ray scintillators.'2168182] On the other hand,
one would expect their isolated structures to inhibit the efficient
charge transport and extraction that is crucial for solar cells.

4.5.3. Other Metal-Halide Semiconductors

Finally, studies of other metal-halide materials also include
Rb,Ag,BiBry, which has a quasi-3D structure involving [BiBr]
octahedra and [AgBrs] square pyramids,®!l and 1D chains of corner-
sharing metal-halide octahedra.'**!!l Sharma et al. used temper-
ature-dependent PL measurements to argue for the presence of
multiple self-trapped states contributing to broadband emission in
Rb,Ag,BiBr, (see Figure 3b),Bl whereas studies of (C4N,H;,)PbBr;
and CsCu,X; (X = Cl, Br, I) have identified multiple distinct self-
trapped exciton states along 1D chains,1**1! leading to broadband
light emission in the case of (C4;N,H4)PbBr, 1%

4.5.4. The Role of Structural Distortion and Low Dimensionality
in Non-Perovskite Metal-Halides

The unifying theme for all of the novel non-perovskite metal-
halide materials that we discuss here appears to be that,
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notwithstanding a wide variety of chemical compositions and
crystal structures, these materials often have easily deform-
able lattices and low-dimensional electronic structures,”"7614]
greatly enhancing the likelihood of both structural distortions
and charge-carrier localization.[®%2 This scenario is particu-
larly relevant to quasi-OD metal-halides, as they lack the cohe-
sive crystal structure that stabilizes against distortions.[12168l
However, so far most studies have relied solely on computa-
tional and PL-based measurements for proof of charge-carrier
localization; although these materials are more likely to exhibit
strong charge-carrier localization effects, further experimental
evidence from IR/Raman spectroscopy, ultrafast spectroscopy
and charge-carrier mobility measurements would be of great
value in identifying the precise origins of these processes.

5. Conclusions and Outlook

We have provided an overview of current understanding of
polarons and localization effects across a wide variety of metal-
halide semiconductors. In the case of ubiquitous 3D metal-
halide perovskites, there is widespread consensus around the
dominant role of Frohlich couplings leading to the formation of
large polarons.l®”°l Polaron formation is fast, occurring within
hundreds of fs, and the organic cation plays little to no role in
this process.'*1% Compositional tuning of the halide alters
polaronic effects, with bromide giving much stronger couplings
than iodide.’*13% Replacement of lead with tin might lead to
changes in charge-lattice couplings, although the full impact
is not yet clear, given that some of the fundamental changes
in optoelectronic properties may still be obscured by extrinsic
effects deriving from high defect densities and poor crystallinity
in tin-based MHPs.°6132133] The role of lattice anharmonicity in
MHPs is still the subject of some debate,?*3260 and detailed
experimental studies, for example using magneto-absorption
spectroscopy or electron paramagnetic resonance, which can
provide valuable insights into polaron energy levels, transport
and interactions with the local lattice structure, 115192193 could
help to clarify which modeling approach is more suitable for
understanding the fundamental properties of MHPs. Overall,
polarons in metal-halide perovskites have little detrimental
impact, and thus high-performance solar cell devices have
indeed been developed based on these materials.
Ruddlesden—Popper layered perovskites are the “edge case”
of small polaron behavior, with several experimental studies
of these materials indicating the presence of strong charge—
lattice interactions,®1% although there are several other com-
peting processes that might play a role in these materials
including defect-mediated recombination, exciton formation
and structural distortions.’>1% Understanding clearly why
certain types of Ruddlesden—Popper perovskites have sharp,
efficient emission at low Stokes shift whereas others exhibit
broadband PL at large Stokes shifts, and which compositional
or structural parameters can be tuned to alter this, will be
valuable in developing their application, especially for LEDs.
Studies of non-perovskite metal-halide materials, from vacancy-
ordered semiconductors through to 0D metal-halides, have to
date mainly made use of DFT calculations and photolumines-
cence-based experiments to indicate the presence of strong
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charge-carrier localization.1%!27! These materials tend to show
highly non-dispersive electronic bandsi?*!®! and highly effi-
cient, broad emission at large Stokes shifts,">1%8] which point
toward polaron formation and charge-carrier self-trapping.

Overall, we find that there is still plenty of scope for experi-
mental studies of new metal-halide semiconductors, ideally
using IR, Raman or OPTP spectroscopies to better understand
the precise nature of charge-carrier localization and its influence
on optoelectronic properties. Given the wide range of possible
materials, focusing research onto a few “prototypical” metal-
halide systems could be of great help in clarifying common
properties of some of these materials, as has been done with
MAPDI; with respect to MHPs. Thus, research should focus on
model vacancy-ordered materials with formula A;[B,> *X, and
A,[IB**X,, and the 0D metal-halide A,BX;. Ideally, such work
would center around materials that included the same metal
and halide elements, allowing for easier comparisons to be
made. Alternatively, given the ease of compositional variation
across double perovskites, these could be good model systems
for studying the correlation between electronic dimensionality,
structural dimensionality, and charge-carrier localization. Such
studies would help to clarify fundamental questions around
whether charge-carrier localization is linked to the peculiar lat-
tice structure of many metal-halide materials,*?¢71 or whether
the role of low-dimensional electronic structures is more crit-
ical.7*M] Further work might also clarify whether structural
distortion in a material can be used as an impactful way to
tune its optoelectronic properties, which would provide a new
window into materials design and selection.”412% Such research
would set a clear pathway toward identification of the most
promising material systems for future investigation and appli-
cation in optoelectronic devices.

There is clear demand for new semiconducting materials
applied to energy innovation, from efficient white-light emit-
ting LEDs!®* to lead-free, non-toxic solar cells”?° that make
use of earth-abundant materials with low environmental foot-
prints.1941%] Thus, establishing a rigorous and methodical
approach to exploring this wide range of new metal-halide
semiconductors will be crucial to ensuring that research can
focus on those materials best suited to specific applications. As
we have outlined here, identifying and characterising polaronic
behavior is complex, requiring multiple complementary exper-
imental signatures, yet it is also fundamental to understanding
charge-carrier transport and dynamics in a material, and thus
judging its effectiveness for a particular optoelectronic device.
There are several potential pitfalls in such work. First, multiple
processes can lead to similar experimental signals, as in tran-
sient absorption decays. Second, carrying out only one kind of
steady-state measurement, such as PL or optical absorption,
is often not enough to provide definitive evidence for charge-
carrier localization. Third, disentangling which processes lead
to polaron formation can prove fiendishly difficult. Nonethe-
less, it is clear that there are many varied, fascinating and
potentially useful materials that are only at the start of being
investigated and understood. Innovative material selection
and characterization, along with careful, strategic approaches
across this field of research will be necessary to drive con-
tinued exploration of new metal-halide semiconductors for
energy applications.
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