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Abstract

The origins of many unique properties of halide perovskite semiconductors can be traced
to charge-lattice interactions that lead to large polaron formation combined with their unusual
electronic structure of defects. However, the ability to understand and control the interplay of
these electronic states with dynamic disorder arising from structural fluctuations of the metal
halide framework is needed to guide continued development of new variants of these materials.
In this perspective, we examine the influence that dynamic disorder has on charge-lattice
interactions in halide perovskite materials that lead to charge localization and large polaron
formation. Furthermore, we describe how the interplay of material composition, structural
dynamics and large polaron formation influences radiative and non-radiative band-edge
recombination. Insights about how to control this interplay may inform development of related
metal halide semiconductors including 2D Ruddlesden-Popper, double perovskites and
nanocrystalline systems with tailored radiative and charge transport properties while avoiding

toxic elements.



Introduction

The extraordinary performance of halide perovskite-based photovoltaics is mainly due to
the low nonradiative recombination rates, ' micrometer carrier diffusion lengths,? and microsecond
carrier lifetimes®* exhibited in this material class. These properties enable halide perovskite
photovoltaic devices to exhibit high open-circuit voltages despite being processed from solution.®
Halide perovskites also possess other favorable optoelectronic properties, such as small exciton
binding energies® and high absorption coefficients,” making them ideal materials for a wide variety
of optoelectronic applications beyond photovoltaics such as lasers®® and LEDs.™

There is growing consensus in the literature that charge-lattice interactions cause charge
carriers to self-trap into large polaronic states and that these states figure prominently in the
remarkable optoelectronic properties of halide perovskite materials.'?° For example,
contemporary work using far-IR, terahertz, or Raman spectroscopy to examine polaron
frequencies and estimates of dielectric properties and carrier effective masses demonstrates that
this coupling is well described by Frohlich-type interactions of charges with polar phonon modes
in methylammonium lead halide perovskites.??* These polaronic states are considered to be
'large' in halide perovskites because the polarization cloud created by distortions of the perovskite
lattice around charge carriers span several unit cells.?°

The formation of large polarons is thought to be the origin of the slow second order
recombination rates and moderate charge carrier mobilities exhibited in three-dimensional
perovskites.?® Consistent with this hypothesis, recent theoretical work has suggested that the
lattice fluctuations that lead to polaron formation may generate repulsive interactions between
oppositely charged carriers.™ Lattice fluctuations may also affect the cooling rates of above-band-
gap “hot” carriers following optical excitation.?®%” In particular, the formation of large polarons may

suppress the carrier scattering events that lead to carrier cooling in halide perovskites.?®



The above reports highlight the need to understand the interplay between dynamic
disorder due to fluctuations of the perovskite lattice'> 2" and the charge-lattice interactions that
lead to polaron formation?'-2* Furthermore, the exact nature of the charge-lattice interactions, how
they are modulated by the underlying structure and composition, and how these in turn affect the
optoelectronic properties of metal halide perovskites has not been fully elucidated. Such
knowledge will be critical for understanding how the reduced dimensionality and modified crystal
structures of metal halide semiconductors such as 2D Ruddlesden Popper??' and double
perovskite materials®>3* influence their light emitting and optoelectronic properties.

In this Perspective, we describe recent experimental studies that used temperature-
dependent, mid-infrared transient absorption (mid-IR TA) spectroscopy and time-resolved
photoluminescence (TRPL) spectroscopy to examine the effect of large polaron formation on
band-edge recombination in halide perovskites at carrier densities closely matched to those of
operating photovoltaic devices to minimize higher order recombination artifacts. We then highlight
recent measurements of the structural fluctuations that are correlated with large polaron formation
using mid-IR TA spectroscopy to probe the vibrational dynamics of the halide perovskite lattice.
Furthermore, we examine the influence that various A-site cations have on the dynamics of large
polaron formation, their delocalization lengths, binding energies, and influence on charge
recombination using a series of lead bromide perovskite films. Finally, we discuss how the charge-
lattice interactions that lead to polaron formation may be modified by ion substitution and suggest
future studies using mid-IR TA spectroscopy that can be used to build structure-function
correlations to predict how the compositions of new metal halide semiconductors influence their

optoelectronic and light emitting properties.?°-34



Results and Discussion

The three-dimensional halide perovskites utilized in state-of-the-art photovoltaic devices
share a common ABXj3 structure where A is a monovalent cation, B is a divalent metal ion, and X
is a halide anion (Figure 1A).3%3¢ The A-site ion used to form halide perovskites are typically
either small organic molecules, such as methylammonium (MA) and formamidinium (FA), or
inorganic ions such as cesium (Cs). Lead (Pb) and tin (Sn) are commonly used as the B-site metal
ion. lodide (I") and bromide (Br-) anions typically occupy the X site of the perovskite structure.
However, chloride (CI7) anions also have been used. Interestingly, the composition of state-of-
the-art perovskite devices commonly includes several different A-site cations, B site metal ions,
and X site halide ions such as FAo.7sMAo.16Cs0.05Pbo.s5SN0.1512.5Bro.5.°

In stark contrast to other inorganic semiconductors such as Si and GaAs, the halide
perovskite lattice is mechanically soft and dynamically disordered.'? A variety of experimental

methods have been used to examine the anharmonic nature of the perovskite lattice.™ 373 For
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Figure 1. A. Representation of the perovskite unit cell depicting the
inorganic AXs framework and the structure of common A site cations used
in state-of-the-art devices. Reprinted with permission from Ref 28.
Copyright 2016 American Chemical Society. B. Refined structure of a
MAPbDIs single crystal obtained from neutron diffraction measurements.
The structure highlights the disordered nature of the perovskite’s MA
cations and the large displacement (ellipsoids) of the material’s halide
ions. Reprinted with permission from Ref 40. Copyright 2015 Royal Society
of Chemistry. C. Cartoon representation of the rotational motion of MA
cations in halide perovskites. Reprinted with permission from Ref 42.
Copyright 2018 American Chemical Society.
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example, Raman spectroscopy and molecular dynamics simulations have shown that the low-
frequency vibrational modes of the perovskite lattice’s BX3; framework undergo large amplitude
displacements at room temperature.® Likewise, neutron diffraction measurements also have
been used to investigate the structural dynamics of the perovskite lattice.*° Figure 1B shows the
refined structure of a MAPbI; perovskite single crystal obtained from neutron diffraction
measurements. The structure highlights the atomic displacements of the iodine atoms that arise
from the anharmonic nature of the perovskite lattice at room temperature. These displacements
are represented as ellipsoids in the figure. The structure also highlights the disordered nature of
the MA cations, which appear as a “sphere” in the center of the BX; framework.

Organic cations in hybrid organic-inorganic perovskites, such as MAPDblI3, interact with the
material’'s inorganic framework mainly via ion-ion, ion-dipole, and hydrogen bonding
interactions.*’ However, in the high-temperature tetragonal and cubic phases of the material,
these interactions are not strong enough to immobilize the organic ions.*> As a result, organic
cations can rotate rapidly within the perovskite lattice’s BXs framework. Numerous experimental
reports have examined the rotational dynamics of organic cations in halide perovskites. For
example, polarization-resolved two-dimensional infrared (2DIR) spectroscopy was used to
investigate the rotational motion of MA ions in halide perovskites.**** From these measurements,
the authors determined that MA cations in MAPDbI3 perovskite films undergo two distinct wobbling-
in-cone (~0.3 ps) and rotational motions (~3 ps), respectively (Figure 1C). Similar dynamics also
were obtained from polarization resolved 2DIR measurements of FA ions in FAPDI; thin films.*°
For more information about the rotational dynamics of organic cations, we direct the reader to a
recent perspective from Bakulin and coworkers.*?

The disordered nature of both the inorganic BX3 framework and A-site cations has led
several investigators to propose that fluctuations of the perovskite lattice underpin the remarkable

optoelectronic properties exhibited in this class of material.**® Evidence for charge-lattice
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interactions arising from electron-phonon coupling in halide perovskites has been obtained from
temperature-dependent PL,*® charge carrier mobility,’® 4" two-dimensional electronic
spectroscopy,® and THz measurements.?®>5" Such experiments led investigators to propose that
fluctuations of the perovskite lattice cause charge carriers to self-trap into large polaronic states
within the material.’? 20 2° These studies also revealed that the charge-lattice coupling in metal
halide perovskites is relatively week, consistent with Frohlich-type interactions of charge carriers
with polar LO phonons.?'?* The formation of large polarons prolongs the recombination lifetimes
of charge carriers'> 2° and may also shield charge carriers from defects within the material.>? It is
likely that these properties facilitate the ability to deposit high-performance halide perovskite
materials using a variety of solution-processed deposition methods.>?

The connection between the structural and electronic properties of halide perovskites has
encouraged studies that investigate the dynamics of charge carriers in these materials following
photoexcitation.®> % However, it has been challenging to draw direct correlations between
structural fluctuations and polaron dynamics using traditional spectroscopic techniques, such as
TRPL alone. In part, this is due to TRPL measurements being affected only indirectly by non-
radiative recombination pathways among the band-edge states of the material and because
numerous processes can contribute to the observed spectra and kinetics.*®

Recently, advances in mid-IR TA spectroscopy have enabled the technique to be used to
directly probe the spectroscopic signatures of large polarons in halide perovskites at low
photogenerated charge carrier densities (3-10'® cm) following optical excitation at 532 nm and
500 nJ/cm?."2 These excitation conditions produce transient carrier densities that closely resemble
carrier densities that occur under steady-state solar illumination,®-" allowing the dynamics of
large polarons to be measured under conditions relevant to functioning optoelectronic devices.
Figure 2A shows the large polaron spectra obtained from mid-IR TA spectroscopy measurements
of a polycrystalline MAPDbI; film following a 30 ns time delay after bandgap excitation.'? Such
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polycrystalline MAPbI; films will be called simply MAPDbI; films here and in the following. The inset
of Figure 2A shows the transitions that appear in the spectrum. The absorption spectra of large
polarons are characterized by a sharp absorption onset at a transition energy three times the
large polaron self-trapping energy and a Drude-like free carrier absorption tail at higher transition
energies.>® The origin of this behavior can be traced to a combination of short and long-range
charge-lattice interactions that define the kinetic and potential energies of charge carriers
interacting with their self-generated polarization clouds in the inorganic sublattice. The spectrum
appearing in Figure 2A also shows narrow vibrational features of the MA cations within the
MAPDI; film. These vibrational features serve as direct probes of the structural dynamics of the
perovskite lattice in the presence of charge carriers. Consequently, analysis of these vibrational
features enabled the investigators to obtain mechanistic information about the structural origin of
polaron formation in halide perovskites optoelectronic materials. The measurements of the
excited-state vibrational dynamics of the perovskite lattice are discussed below.

The ability to measure the dynamics of large polarons at low excitation densities enabled
their dynamics to be directly compared to TRPL measurements under identical conditions (Figure
2B)."? Figure 2C displays normalized recombination kinetics of large polarons (from their mid-IR
absorptions) compared with the normalized PL decays of a MAPbI; film measured under identical
conditions (532 nm, 500 nJ/cm? excitation density) at 190 and 290 K. We note that analysis of the
shapes of the large polaron absorption spectra appearing in Figure 2A as a function of
temperature allowed investigators to determine that the delocalization length of large polarons
decreased from ~11 nm at 190 K to ~ 9 nm at 290 K, indicating that charge carriers were more
spatially localized at higher temperatures.?° Thus, comparing the large polaron and TRPL decay

kinetics allowed the effects of carrier localization on band-edge recombination to be determined.



At lower temperature (190 K), where charge carriers are more delocalized, the TRPL
dynamics exhibited band-edge emission in quantitative agreement with the dynamics of charge
carriers probed using mid-IR TA spectroscopy (Figure 2C, left). However, at room temperature
(290 K), the lifetime of charge carriers probed in the mid-IR increased 20-fold relative to the lower
temperature measurement and deviated from the radiative recombination kinetics measured
using TRPL under the same conditions (Figure 2C, right). These results are also consistent with
temperature-dependent measurements of bimolecular recombination coefficients,?® which

showed that charge carrier localization also decreases bimolecular recombination rates within the

material.
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Figure 2. A. Mid-IR TA spectrum of large polarons in a halide
perovskite film measured at a 30 ns time delay following band-gap
excitation. The inset shows the transitions that appear in the
spectrum. The inset depicts the transitions that appear in the
spectrum. B. Schematic showing TRPL and TRIR measurements
performed under identical low excitation density conditions. C.
TRPL decay versus mid-IR TA recombination kinetics measured at
290 K (right) and 190 K (left) plotted on a logarithmic time axis.
The mid-IR TA and TRPL decay kinetics match within experimental
precision at lower temperature but deviate at higher temperature
because of carrier localization caused by charge-lattice
interactions that are enhanced by dynamic disorder at elevated
temperatures. Reprinted with permission from Ref 12. Copyright
2018 Elsevier.
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The above comparison reveals that the localization of charge carriers into large polaronic
states at elevated temperatures slows charge carrier recombination within the material. However,
the formation of large polarons also quenches photoluminescence (Figure 2C, Ref 12). Thus,
while polaron formation may be advantageous for photovoltaic devices due to prolonged charge
carrier lifetimes, it may hinder the efficiencies of perovskite-based LEDs.*® For example, the
efficiencies of light emitting diodes fabricated using two-dimensional (2D) lead-halide perovskites
are typically low®® and, in some cases, can only be measured at cryogenic temperatures.5%-6
These poor efficiencies may be due to enhanced electron-phonon interactions and polaron
formation within the material, which has been reported previously by Silva and coworkers.'®
However, certain intrinsic distortions in low dimensional halide perovskites can lead to polaronic
excitons with efficient broadband emission.?>3° These observations underscore the need to
understand the interplay of such polaronic effects on excited electronic states to predict and
control the electronic properties of halide perovskites.

Because the formation of large polarons in halide perovskites slows charge recombination
and quenches photoluminescence, modifying the charge-lattice interactions that lead to polaron
formation may allow investigators to tune the optoelectronic properties of halide perovskites for
specific applications, such as light-emitting diodes and lasers. To this end, several investigators
have examined the excited-state phonon dynamics in lead-halide perovskites that lead to polaron
formation.™ For example, time-domain Raman (TDR) measurements of a MAPbBT; film collected
after excitation of the material’'s bandgap using ultrashort laser pulses suggested that the
presence of photogenerated charge carriers shifts the equilibrium positions and vibrational
energies of the perovskite lattice.?* Likewise, time domain optical Kerr effect (OKE) spectroscopy
has previously been used to probe the relaxation of the perovskite lattice’s Pb-X modes following

optical excitation.™



As stated above, mid-IR TA spectroscopy is also capable of measuring the excited state
vibrational dynamics that are correlated with polaron formation in halide perovskites. Figure 3A
displays baseline corrected mid-IR TA spectra of a MAPbI; film collected in the MA cation’s
symmetric N-H bend region measured at 310 K and 190 K.2° The vibrational features depicted in

the mid-IR TA spectra arise from perturbations of the symmetric N-H bend mode caused by the
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Figure 3. A. Baseline corrected mid-IR TA spectra of a MAPbIs film in
its excited electronic state collected at 190 and 310 K following
bandgap excitation at 532 nm. The spectra highlight the N-H bend
region of the film. The smooth curves through the data represent the
Lorentzian functions used to quantify the full width at half maximum
of the vibrational features. Corresponding FTIR spectra are shown
below the mid-IR TA spectra for comparison. Reprinted with
permission from Ref 20. Copyright 2019 American Chemical Society.
B. Polaron absorption spectra of a MAPbIs film measured at different
temperatures following bandgap excitation. The density of absorbed
photons was identical for all temperatures, indicating that the
increase in amplitude of the large polaron spectra at elevated
temperatures is due to enhanced polaron formation. Reprinted with
permission from Ref 12. Copyright 2018 Elsevier.

presence of photogenerated charge carriers in the excited electronic state of the halide perovskite
film. The corresponding ground-state FTIR spectra of the film at each temperature appear in the
lower panels of Figure 3A. Similar perturbations were observed of N-H and C-H stretch vibrational
modes in a MAPDI; film using recent time-resolved® and steady-state mid-IR measurements.®?
Unlike the FTIR spectra, both the center frequency and line width of the of the N-H bend

mode change with temperature in the excited electronic state. The N-H bend vibrations of the
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excited electronic state were fit with Lorentzian functions to quantify the changes in their line
widths. The best fit functions are overlaid on the vibrational spectra shown in Figure 3A. The
increase in the linewidth of the vibrational mode at 310 K indicates faster vibrational dephasing of
the N-H bend vibrational mode in the excited electronic state at elevated temperatures. These
faster vibrational dephasing dynamics originate from structural distortions of the perovskite lattice
that change the hydrogen bonding and ion-dipole interactions between MA cations and the
material's Pbls inorganic framework.?°

The faster vibrational dephasing dynamics observed in Figure 3A at elevated
temperatures were correlated with the self-trapping of charge carriers into large polaronic states.
Figure 3B shows temperature-dependent polaron absorption spectra collected under the same
experimental conditions as the vibrational dynamics.'? The temperature-dependent study reveals
that the intensity of the mid-IR polaron absorption feature increases as the temperature was
raised, indicating that large polaron formation is enhanced at elevated temperatures when the
perovskite lattice undergoes larger amplitude fluctuations. This increase of large polaron
formation was associated with a corresponding decrease of the radiative quantum yield at
elevated temperatures from TRPL measurements.'> The TRPL and mid-IR TA measurements
were conducted with the same excitation intensities at all temperatures, allowing quantitative
comparison of the changes of radiative efficiencies with the variation of the densities of large
polarons. Taken together, these results indicate that temperature dependent anharmonic
fluctuations of the perovskite lattice enhance the charge-lattice interactions that underpin polaron
formation and recombination mechanisms in the excited state of this class of material.

Because polaron formation depends on the structural dynamics of the halide perovskite
lattice, several reports have investigated the influence that the material's A-site cations and
inorganic BXz framework have on polaron formation and recombination mechanisms. Both

computational and experimental reports have suggested that the motion of dipolar organic cations
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affects polaron formation, transport, and recombination in halide perovskites.?> 5368 For example,
the orientational motion of FA cations in FAPDIs films was suggested to influence the electronic
properties of halide perovskites on the basis of temperature-dependent photoluminescence
measurements.®> However, temperature-dependent Raman spectroscopy measurements
revealed that the polar fluctuations which underpin polaron formation in halide perovskites do not
depend on the dipole moment of the material's A-site cation.*®

To address whether the dipolar motion of A-site cations influences charge carrier
dynamics in halide perovskites, investigators used mid-IR TA spectroscopy to examine polaron
formation and charge recombination in halide perovskites with different types of A-site cations.*
Figure 4A shows the large polaron absorption spectra of MAPbBrs3, FAPbBrs, and CsPbBrs
perovskite films measured under identical excitation conditions. The similarity between the mid-
IR TA spectra, whose shape depends on the delocalization length and binding energies of large
polarons,?® % indicated that the dipolar disorder (or alignment) of organic cations within the
perovskite lattice does not influence the extent of carrier localization or large polaron binding
energies.

The influence of dipolar organic cations on the optoelectronic properties of halide
perovskites was further investigated by examining the decay kinetics of the large polaron
absorption spectra shown in Figure 4A. Figures 4B represents polaron decay kinetics of
MAPDbLBr3, FAPbBrs, and CsPbBrs films obtained by integrating the frequency range between
1000-1800 cm'" following 532 nm pulsed excitation. The comparison shows little variation in the
lifetime of large polarons photogenerated within each of the perovskite films. Additional analysis
of the decay kinetics using a method previously developed to examine polaron recombination
dynamics in MAPDI3 films revealed that the bimolecular recombination coefficients for the
perovskite films examined in Figure 4 were indistinguishable within experimental precision. This

finding is consistent with prior time-resolved terahertz spectroscopy measurements of CsPbls
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films that showed similar charge transport and recombination kinetics compared to their hybrid
organic-inorganic MAPbI; analogs.®® Taken together, these results indicate that the dipolar field
created by organic cations does not affect recombination rates in halide perovskites. Instead, the
charge-lattice interactions leading to polaron formation, slower recombination rates, and
quenched photoluminescence arise from distortions of the material’s inorganic sublattice.

The ability to probe the mid-infrared optical absorption spectra of large polarons in halide
perovskites also allowed investigators to determine if dipolar organic cations influence carrier
localization on ultrafast timescales. As mentioned previously, some investigators have suggested

that polaron formation in halide perovskite affects carrier cooling rates within the material.?’-28
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Figure 4. A. (top) Schematic diagram of the mid-IR TA optical
geometry. (bottom) Mid-IR TA spectra of MAPbBrs, FAPbBr3, and
CsPbBrs perovskite films. B. Polaron decay kinetics of MAPbBrs,
FAPbBr3, and CsPbBrs perovskite films following bandgap
excitation at 532 nm. The comparisons demonstrate that the
dipolar motion of organic cations does not affect polaron
spectra or recombination rates within the material. C. Polaron
formation kinetics measured in the series of lead bromide
perovskite films following optical excitation at 532 nm. The
polaron formation rates are identical despite the different
dipole moments of the A site cations, indicating that organic
cation rotations do not contribute significantly to polaron
formation in halide perovskites. Reprinted with permission from
Ref 36. Copyright 2020 American Chemical Society.
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Thus, understanding how to control polaron formation rates in halide perovskites may lead to the
development of design rules for how to utilize hot carriers in perovskite-based optoelectronics.
Figure 4C displays the ultrafast mid-IR TA kinetics of the large polaron absorption signal
presented in Figure 4A following pulsed excitation at 532 nm.* The formation rate of large
polarons in each film was estimated by monitoring the growth of the large polaron absorption
signal. For all of the ultrafast mid-IR TA kinetics displayed in Figure 4C, the rise time of the
transient absorption signal was limited by the instrument response of the ultrafast measurement
(grey line, Figure 4C), indicating that polarons form rapidly in halide perovskites in less than 150
fs following optical excitation. Importantly, the results presented in Figure 4C indicate that polaron
formation rates do not depend on the identity of the A-site cation. Furthermore, the rise times of
the polaron absorption signals are significantly faster than the diffusive motion of organic cations
(~3 ps) obtained by polarization-resolved 2DIR measurements,*? indicating that the dipolar motion
of organic cations does not underpin polaron formation in this class of material. Rather, distortions
of the inorganic sublattice underpin polaron formation on ultrafast timescales in halide
perovskites. This result is consistent with low-frequency Raman spectroscopy measurements,
which revealed that polar fluctuations underpinning polaron formation do not depend on the dipole
moment of the A-site cation in this class of material.*® Likewise, theoretical calculations have also
shown that Frohlich interactions between charge carriers and phonons occur predominately with
the stretching and bending LO phonon modes of the material's Pbls inorganic sublattice.”® The
above findings reveal that mixtures of A-site cations that can affect the optoelectronic properties
of halide perovskites?® 5368 may do so by their influence on the structure and dynamics of the
inorganic lattice rather than from the dipolar properties of the cations themselves. These
observations further highlight the need to understand the interplay of such polaronic effects on

excited electronic states to predict and control the electronic properties of halide perovskites.
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These findings also suggest that efforts to tune the properties of halide perovskites for
photovoltaic and light emitting applications should similarly focus on the structure and dynamics
of the inorganic sublattice and how organic A-site cations may influence this sublattice. Recent
theoretical studies have suggested that it may be possible to tune the structural dynamics of the
perovskite lattice that lead to polaron formation by incorporating ions with different sizes into the
material.*® 7' Figure 5A highlights one of these studies, which suggested that the mixing of
differently sized A-site cations (e.g., FA and Cs) within the perovskite lattice may slow the
dynamics of the perovskite lattice by effectively “locking” the material’s inorganic framework.*¢
Such reduced lattice fluctuations may lead to smaller charge-lattice coupling and would be
expected to slow the rotational dynamics of the FA cations, consistent with the molecular
dynamics (MD) simulations that examined the dynamics of FA cations in mixed-cation perovskites
(Figure 5A). The results of the these MD simulations were later confirmed experimentally in a
perspective written by Gallop and coworkers who used 2DIR anisotropy to examine the dynamics

of FA cations in mixed and pure cation perovskite films (Figure 5B). 42
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Figure 5. A. (top) Plot showing the positions of nitrogen atoms of FA over
time in pure and mixed-phase perovskite films. (bottom) Vector
autocorrelation function of FA cations in mixed and pure phase
perovskite films obtained from molecular dynamics simulations showing
the probability of a FA cation remaining in its initial orientation as a
function of time. Reprinted with permission from Ref 46. Copyright 2017
American Chemical Society. B. Transient anisotropy dynamics of FA ions
obtained by measuring the CN stretch mode. Reprinted with permission
from ref 42. Copyright 2018 American Chemical Society.
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Recalling that the composition of current state-of-the-art perovskite-based devices
includes several different A-site cations, B site metal ions, and X site halide ions, the results
presented in Figure 5 suggest that device developers may be tuning the polaronic properties of
halide perovskites via ion substitution to strike the optimal balance between charge transport and
recombination for photovoltaic applications. For example, mixed cation systems with various MA,
FA and Cs ion ratios can exhibit enhanced photoluminescence quantum yields and slower defect-
mediated recombination.*? 7274 Additionally, ion substitution may also introduce static disorder
that may lead to disordered charge—lattice coupling and polaron formation, as has recently been
reported by Nishida and coworkers.”® Such static disorder may also slow charge carrier
recombination by spatially separating charge carriers in separate regions of a film.”® Continued
work that correlates polaron recombination rates and transport in mixed ion perovskites with

device results is expected to be an active area of research in the perovskite community.

Conclusions and Outlook

In this perspective, recent mid-IR TA spectroscopy studies were highlighted that examined
the charge-lattice interactions and dynamic disorder that lead to large polaron formation. The
influence these interactions have on band-edge recombination and optoelectronic properties of
halide perovskites were also discussed. The formation of large polarons was shown to slow
bimolecular recombination within the materials. However, the energetic barriers introduced by
polaron formation also quench photoluminescence quantum yields. This result suggests that the
electronic properties of halide perovskites can be tuned for specific applications (e.g.,
photovoltaics vs. light emitting diodes) by modifying the structure and composition of the
materials. Furthermore, the results presented in this perspective demonstrate that the dipolar
motion of organic cations does not affect polaron formation or bimolecular recombination in halide

perovskites, indicating that investigators should focus on understanding how modifications to the
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structure and dynamics of the perovskite lattice’s inorganic framework affect the charge-lattice
interactions that underpin polaron formation.

While clarity is emerging about the influence that charge-lattice interactions have on the
electronic properties of traditional halide perovskites such as MAPbI; and related materials, the
ability to predict and control these interactions in more complex metal halide semiconductors such
as 2D Ruddlesden Popper layered materials, double perovskites and nanocrystalline systems
remains to be developed. Future work leveraging the structural specificity of mid-IR TA
spectroscopy combined with the ability to measure the energetics and dynamics of large polarons
is expected to help guide ongoing efforts to understand the nature of charge-lattice interactions
in these materials. For example, investigators may use mid-IR TA spectroscopy to directly probe
the vibrational modes of organic cations that separate the layers in 2D Ruddlesden Popper
materials®®3' to investigate the structural distortions and lattice dynamics involved in charge
transport versus radiative recombination. Similar approaches may be used to investigate the
lattice dynamics in double perovskites with mixed +1 and +3 cations being investigated as lead-
free alternatives®>3* to guide exploration of the large parameter space of these materials to
achieve desired material properties.

Finally, the results presented in the perspective suggest that charge carrier cooling
dynamics in halide perovskites can be investigated using mid-IR TA spectroscopy.®® Both
theoretical and experimental studies have suggested that the unusually slow thermalization
kinetics observed in halide perovskites may be due to the polaronic nature of charge carriers in
this class of material. Thus, carrier cooling rates in halide perovskite films may be characterized
on ultrafast time scales by directly probing the optical signatures of large polarons in the mid-IR
as a function of excitation wavelength and temperature. Because polaron formation is
temperature-dependent’?, these measurements are expected to provide information about how

polaron formation affects carrier thermalization in this class of material.
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