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Exciton binding energies and polaron interplay in
the optically excited state of organic–inorganic
lead halide perovskites

Zeeshan Muhammad *a and Arooj Rashidb

Organic–inorganic lead halide perovskites (OILHPs) have been spotlighted by many researchers due to

their unique features and potential for high-performance devices. One of the major obstacles with

perovskites is determining the universal value for the exciton binding energy. Numerous contradictory

reports in previous studies reveal a wide range of values for the exciton binding energy, spanning from a

few meV to several hundred meV. Here we review different experimental and theoretical methodologies

carried out to measure the exciton binding energy of OILHPs. Some of the recently explored parameters

in the literature that influence exciton binding energy, like exciton dynamics and recombination, are also

discussed. Besides this, prospective research initiatives in the field of exciton binding energies, with an

emphasis on improving measurement precision and understanding exciton–polaron dynamics, are also

highlighted. This critical understanding of exciton and polaron physics is a significant resource for

researchers working on exciton-related phenomena, allowing for future breakthroughs in the design and

development of efficient, high-performance devices.

1 Introduction

Organic–inorganic lead halide perovskites (OILHPs) are char-
acterized by the general chemical expression of APbX3, where A
represents cation groups such as methylammonium (MA;
CH3NH3), formamidinium (FA; CH(NH2)2), cesium (Cs) or their
mixtures, and X represents a halide like iodide (I), bromide (Br),
chloride (Cl), or their mixed composition. Such materials have
proven remarkable electronic and optical properties, making
them promising for high-efficiency, low-cost devices. Some of the
notable features of these materials that render them exceptional
are their band gap tailoring for optimum solar absorption,1–7

enhanced carrier lifetimes,1,8,9 long charge carrier diffusion
length,9–11 high charge carrier mobility,10,12–14 and abnormally
high defect tolerance.15–17 Research on amplified spontaneous
emission (ASE) or lasers,18–22 light-emitting diodes (LEDs),23–25 and
photodetectors26–34 has attracted significant interest in the after-
math of OILHPs’ success in photovoltaics35–43 thereby replacing
the traditional III–V compound semiconductors. Meanwhile, the
rapid advancement of OILHPs across various applications has led
to a growing interest in understanding their photophysical proper-
ties to explain the origins of their exceptional device performance

and the nature of the photoexcitation species that are widely
discussed.38,44–48

In most of the studies, it has been shown that in OILHPs,
the optical excitation close to the bandgap impacts the main
factors, like hampering the bound state of e–h pairs and their
transport behavior, which in turn affects the performance of
photovoltaic and optoelectronic devices. The consideration of
e–h coulombic interactions usually refers to excitons during
excitation. The amount of energy required to hold or break
up such bound states of photoexcited e–h pairs is known as
exciton binding energy (Exb), which is helpful in explaining
the fundamentals of photophysics and their connection to
device performances. Understanding the exciton binding
energy offers insights for optimizing OILHP-based devices,
leading to enhanced performance. In a typical direct bandgap
semiconducting material, two types of optically excited states
occur near the band edge: free charge carriers and excitons.
Generally, inorganic semiconductors, like GaAs, GaN, and InP,
are usually considered free carrier materials, with their excited
levels mainly dominated by free carriers as excitons known as
Wannier–Mott excitons, which dissociate instantaneously into
free carriers upon photoexcitation. Such materials have small
effective masses and high permittivity, and their exciton binding
energy is lower (less than 10 meV) in comparison to thermal
energy (kBT) at room temperature (RT).49,50 On the other hand,
bulk organic semiconductors, such as molecular crystals, are
excitonic materials because their excited states are primarily
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populated by excitons, specifically referred to as Frenkel excitons.
These materials have large effective masses and low permittivity
and their value for exciton binding energy at RT ranges from 40 to
700 meV.51–54 In addition to Wannier–Mott and Frenkel excitons,
a third type, known as charge transfer (CT) excitons, is worth
considering. These are formed when an electron or hole is
transferred across a material interface.55,56 OILHPs, which consist
of both organic and inorganic components, form a unique class of
materials that combine the properties of both types. The exciton
binding energy measured through experiments lies approximately
between 7.457 and 16258 meV for MAPbI3 with different structural
morphologies. Such a large difference in the measured value for
the exciton binding energy, compared to the small differences in
bandgap values, leads to the unexplained phenomenon of free
carrier or exciton generation in the optically excited state. It
remains unclear which of the two species plays an active role
in optical excitation, thereby influencing the photophysical prop-
erties of the material. Many reported measurements revealed that
excitons being generated at RT will dissociate spontaneously into
free carriers upon photoexcitation during the duration of the sub-
ps range, resulting in free carrier dominance in the subsequent
optically excited processes.59–61 Beyond the dielectric and quan-
tum confinement effects in these materials, recent discussions on
quasiparticles dressed by lattice phonons known as polarons have
prompted researchers to consider their impact when studying
exciton transport properties in OILHPs. Large polaron formation
significantly influences the effective masses and mobility of
excitons, affecting their optical transport mechanisms.62–64 Along
with the excitonic features, the formation of polarons plays a
significant role in realizing the excited-state optical characteristics
of OILHPs due to the existence of high exciton resonances in their
transient absorption spectra and band edge absorption onsets.
Therefore, despite significant progress in exciton and polaron
physics in recent years, the fundamental understanding and
determination of exact reliable values for exciton binding energies
of OILHPs still need to be revealed.

In this article, our focus is centered on commonly studied
OILHPs, thereby explaining their underlying photophysical pro-
cesses and illustrating the disparities in the outcomes of various
relevant experiments and theoretical approaches. This review
article aims to provide an up-to-date analysis of exciton binding
energy and exciton/polaron physics in OILHPs, with implications
for both fundamental research and practical applications.

2. Techniques for determining exciton
binding energies

Perovskite systems are commonly described using the Wannier–
Mott model65–67 due to the significantly larger effective Bohr radii
of excitons compared to the lattice constant in these materials.
This model relies on the assumption of effective masses of the
carriers and the inclusion of the dielectric constant. Within this
framework, the nth state excitonic energy can be determined by

En ¼ Eg �
R�

n2
(1)

where Eg is the bandgap energy and R* is the effective Rydberg
excitonic energy. Generally, for semiconductors, the carrier effec-
tive mass tends to be smaller as compared to that of free
electrons. It is also known that the interaction between carriers
is effectively screened by the lattice. This leads to the concept of
the effective Rydberg energy, which can be applied to Wannier
excitons by renormalizing the hydrogenic Rydberg energy (RH =
13.6 eV) and is given by

R� ¼ Exb ¼
mRH

m0er2
(2)

where m ¼ memh

me þmh
is the reduced exciton mass with effective

masses me,h for the electron and hole and er is the relative
dielectric constant, which describes the carrier screening by the
crystal lattice. In large-bandgap materials such as LiF and Ar,
Frenkel excitons are highly localized and tightly bound within a
single crystal unit due to their effective Bohr radii being smaller
than the lattice constant. Consequently, the Wannier–Mott model
is inadequate for accurately describing Frenkel excitons. However,
from the perspective of first-principles electronic structure theory,
Wannier and Frenkel excitons are conceptually equivalent as they
both represent excitations within a many-body system. The dis-
tinguishing feature of excitons is their collective nature, arising
from superpositions of many single-particle excitations. For 3D
OILHP systems, the Wannier–Mott model yields fairly accurate
results, but it leads to the controversial estimation of exciton
binding energy due to the large difference between static and high
frequency dielectric constants (e.g. e0 E 33–20 and eN E 4.5–6.75
[see Table 2]). Moreover, due to the anisotropic nature of the
dielectric constant (eN), the calculations of exciton binding energy
may be problematic as both temperature68,69 and frequency70,71

affect the dielectric function for OILHPs. However, for OILHPs,
the static value (e0) may not always be a reliable estimate of
the effective dielectric constant (eeff), because it is likely valid only
when the exciton binding energy appears to be lower than the
longitudinal optical phonon energy (ELO = h�oLO).72

Several experimental and theoretical approaches were deployed
to reliably measure the exciton binding energies in OILHPs as
shown in detail in Table 1. Experimental techniques mostly
involved magneto-absorption, optical absorption, and photolumi-
nescence (PL) spectroscopy which have both merits and demerits.
Theoretical methods, such as many-body perturbation theory
(MBPT) within the framework of density functional theory (DFT)
and time-dependent density functional theory (TD-DFT), were also
used to precisely estimate the universal values for exciton binding
energies. In this section, we will discuss these techniques in detail.

2.1 Magneto-absorption studies

In magneto-absorption studies, the exciton binding energy
measurement is based on the combined contributions arising
from the Zeeman effect and the diamagnetic shift of excitons.
In the region of a low magnetic field, when the cyclotron energy
of carriers (h�Be/m) is significantly less than the electrostatic
energy arising from interacting carriers, the excitonic energy
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shift becomes156

E Bð Þ � E0 ¼ �
1

2
mBgBþ c0B

2 (3)

Here E0 represents the exciton ground state energy, mB is the
Bohr magneton, g is the Landé g-factor, and c0 is the diamag-
netic coefficient that can be expressed as

c0 ¼
1

m3
2pe0er�h2

e

� �2

(4)

The value of c0 is helpful in determining the exciton radius rE

and reduced mass m provided that the relative dielectric con-
stant er is known78

rE

rH
¼ erc0

cH

� �1
3

(5)

m
m0
¼ er2cH

c0

� �1
3

(6)

Exb

EH
¼ cH

er4c0

� �1
3

(7)

where rH, cH, m0, and EH are the hydrogen atom (Bohr) radius,
diamagnetic coefficient, the rest mass of the electron, and
binding energy.

The magneto-absorption method was first adopted to deter-
mine the exciton binding energy for MAPbI3 microcrystals at
low temperatures. The magneto-absorption spectra of MAPbI3

using a magnetic field of B40 T at a lower temperature (4.2 K)
were investigated by Hirasawa et al.73 They first measured the
value for c0 which is 2.7 meV T�2. Next, they found an Exb of
37 meV with rB = 28 Å and m = 0.12 using eN = 6.5. Later Tanaka
and coworkers78 used the same procedure of Hirasawa with
magnetic field B = 50 T which yielded a smaller value of c0

which is 1.35 meV T�2 for MAPbI3 and 1.28 meV T�2 for
MAPbBr3. Opting the value of eN calculated by Hirasawa
et al., an Exb of 50 meV with rB = 22 Å and m = 0.15 and similarly
an Exb of 76 meV with rB = 20 Å and m = 0.13 were obtained for
MAPbI3 and MAPbBr3 thin films, respectively.

In comparison to other methods, analyzing the shift in high
field excitonic absorption is quite simple, that is, the consider-
ably widened excitonic transition shift can be monitored easily
thereby improving the accuracy of data analysis. However, there
are three main issues with the early studies on perovskites in
magnetic fields. The first is the arbitrary selection of the
dielectric constant and the second is considering the field
strength of 50 T as the minimum field limit. According to
Lin et al., there is some controversy about whether eN should
be included in the measurement of Exb.70 An exciton binding
energy Exb = 1.7–2.1 meV may be obtained by analyzing Tanaka
et al.’s data using the static dielectric constant of 70.70 Finally,
the third issue is that the measurements were based on
the exciton diamagnetic coefficient in MA spectra and thus
the calculated exciton binding energy was purely based onT
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approximating the hydrogenic (Wannier–Mott) model which
may not be valid or least valid for OILHPs.

Recently, with advanced techniques, a much stronger mag-
netic field of more than 200 T can be used to study both exciton
absorption (1s and 2s) and the intraband free carrier
absorption84,88,157–159 as shown in Fig. 1(a)–(d) for MAPbI3�xClx

and FAPbI3. With extreme magnetic fields, band-to-band multi-
ple transitions of free carriers are observed at higher energies
larger than the free exciton transition energies. Such transi-
tions are observed between van Hove singularities of the
Landau states with energies described by

EN ¼ Eg þ N þ 1

2

� �
Eo �

1

2
geff mBB (8)

where N = 1, 2, 3. . . and so on is the orbital quantum number of
the Landau state, Eo = h�oc is the exciton cyclotron energy, and
geff is the effective g-factor. The energy fluctuation of the
Landau states as a function of the magnetic field imposes a
substantial limit on the bandgap energy and exciton’s reduced
mass. Makado and McGill160 developed a numerical model that
was used to investigate the exciton diamagnetic shift in the
hydrogen atom in the presence of a magnetic field. This model
can be used across all magnetic field strengths. It solely relies
on the exciton reduced mass and exciton binding energy as
input data, making it unnecessary to assume a specific value for
the dielectric constant prior. Due to the high field measure-
ments, two of the three limitations that were included in the
earlier magneto-absorption investigations are no longer valid.
Fig. 1(e) and (f) shows the field-dependent 1s and 2s excitonic
states along with Landau energy states that are concurrently
plotted on the fan chart layout. The reduced mass is unaffected
by free carrier transitions, leaving the exciton binding energy as
the sole parameter in the simulated hydrogen model. This
enables the accurate and consistent measurement of the exciton
binding energy, bandgap, reduced exciton mass, and effective
dielectric while keeping carriers’ effective mass constant.

Using the high field magneto-absorption, Galkowski et al.88

estimated Exb of 14 meV and 16 meV at 2 K and m of 0.09 and
0.104 for FAPbI3 and MAPbI3 respectively. Similarly, at 161 K,
they also found Exb of 10 meV and 12 meV for FAPbI3 and
MAPbI3 respectively. In this scenario, the 1s–2s splitting (D1–2)
in the hydrogen model can be deployed to directly determine
Exb. Although thin films have a lower Exb, their transition
strength is significantly higher compared to that observed in
single crystals. Remarkably, the effective mass and Exb derived
from magneto-optical thin film experiments differ from those
obtained from single crystals. This finding shows that some
features of the excitonic behavior are not fully interpreted from
the data of high-field magneto-optical experiments. Notably, the
shift in band dispersion to non-parabolic cannot account for the
observed decrease in reduced mass at elevated fields. The
magneto-optical studies still describe accurately the excitonic
transitions and upper bound exciton binding energy. However,
they fail to explain band-to-band excitonic absorption at room or
higher temperatures. Meanwhile, the decrease in Exb observed in
magneto-optical studies at temperatures slightly above the phase

transition, along with data from electroabsorption57,150 and
other absorption studies,83,161 strongly supports the hypothesis
that Exb is reduced at RT by a few meV.

2.2 Absorption studies

The absorption methods are probably the most classical
approach for estimating Exb in semiconductors having direct
bandgap. For high quality samples, the measurement of the
energy gap between the Wannier type excitonic energy levels,
which can be seen individually as peaks in the absorption
spectrum at the band edge, can be described through Elliott’s
equation.162

a �hoð Þ ¼ Gcv x �ho� Eg

� �
� pepx

sinh pxð Þ

�

þExb

X1
i¼1

4p
n3
� d �ho� Eg þ

Exb

n2

� �# (9)

where the frequency dependent Gcv represents the proportion-
ality constant that considers the intraband electric dipole
transition matrix element. x is the Heaviside step function, d

represents the delta function, and x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Exb �ho� Eg

� �q
. In this

model the first part represents a comprehensive intrinsic
absorption continuum state in the presence of Coulomb inter-
actions. Within this framework, the photon-to-exciton conver-
sion rate completely determines the energy dissipation rate
from the photon field, thereby establishing a direct link
between the two processes.162,163 Such correlation will increase
the absorption relative to vanishing excitonic effects which is
often referred to as Sommerfeld amplification. The latter term
describes the series of optically allowed excitonic transitions
near the bandedge with discrete energy levels as in the hydro-
gen atom. Fig. 2(a) shows a typical absorption spectrum near
the bandedge produced by arbitrary line broadening and
changing the constants in eqn (9). The first three exciton peaks
(designated as 1S, 2S, and 3S) in this hypothetical scenario are
resolved below the continuum state. However, with increasing n
the amplitude of the excitonic peaks diminishes, and the
spectra across a small energy range approach a constant
thereby merging into the continuum at the bandedge. The
density of states close to the bandgap would vanish when no
excitonic effects are considered [red curve, Fig. 2(a)].

For example, Ruf et al.97 obtained Elliott fitted spectra (red
curve) comprised of continuum states (green curve) due to free
carrier resonances and discrete excitonic peaks (blue curve) at
20 K for MAPbBr3 and Cs-containing mixed perovskites
Cs0.10[(FAMA)Pb(IBr)3] (designated as Cs0.10) and Cs0.05[FA-
MAPb(IBr)3] (designated as Cs0.05) as depicted in Fig. 2(b)–(d)
respectively. These spectra clearly illustrate that Elliott fitting
purely relies on the relevant bandgap energy Eg and exciton
binding energy Exb as outlined in the summary provided in
Fig. 2(f). Since the excitonic peak energy is lower than Eg by the
magnitude of Exb, a thorough understanding of Exb is crucial for
accurate measuring Eg as excitonic effects play a vital role in
analyzing absorption spectra at RT. With increasing temperature,
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Fig. 1 (a)–(d) Transmission data at low temperatures for MAPb3�xClx and FAPbI3 respectively. The red and blue lines in panels (a) and (c) show s+ and s�

polarized light, respectively. The inset displays the selection criteria for each of the two polarizations. The data collected at various magnetic field
strengths are represented by different colors in panels (b) and (d). (e) and (f) The transition energies for MAPbI3�xClx and FAPbI3 respectively derived from
the experimental data and the results of the fit. The orange and gray lines indicate the fitting data of theoretical results. The interband transitions between
Landau states are shown by grey lines. The strongly bound levels of the hydrogen-like exciton are depicted by the orange lines. The solid and dashed lines
in (e) and (f) indicate the Zeeman split transitions. Here R* denotes exciton binding energy. The low field and low energy portion of the whole fan chart
diagram is magnified below each graph. Reprinted with permission,88 Copyright 2019, Royal Society of Chemistry.
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the discrete excitonic feature is difficult to distinguish due to the
significant increase in excitonic absorption broadening as shown
in Fig. 2(e) for Cs0.05. In such circumstances, Exb cannot reliably
be measured. Logically, this is true for Eg, although it is consider-
ably less significant as Eg c Exb. The inverse correlation between

excitonic absorption broadening and Exb affects the prominent
position of the excitonic peak in the spectrum which can become
more challenging for compounds with lower Exb. Consequently,
the absorption spectra are usually unclear with some parameters
that approximate transition broadening to evaluate Exb through

Fig. 2 (a) An example of bandedge absorption spectrum based on eqn (9). The lowest first, second, and third exciton states are approximated with
arbitrary broadening which saturates into the continuum near the bandedge. The exciton binding energy is the difference in energy between the free
carrier absorption edge and the first exciton peak. The red curve represents the absorption spectrum of free carriers while neglecting the excitonic
effects. A magnified image is shown below the main graph. Reprinted with permission,164 Copyright 2018, American Chemical Society. (b)–(d) Absorption
spectra at 20 K as a function of photon energy for MAPbBr3, Cs0.01FA0.765MA0.135Pb(I0.765Br0.235)3 (depicted as Cs0.10), and Cs0.05(FA0.83MA0.17)0.95-
Pb(I0.83Br0.17)3 (depicted as Cs0.05) respectively. The red line represents Elliot’s fit while the green and blue lines correspond to excitons and continuum
contribution. (e) Estimation of exciton binding energy Exb for MAPbI3, MAPbBr3, Cs0.01, and Cs0.05 according to the absorption spectra of (b, c, d).
(f) Normalized spectra for Cs0.05 from 5 K to 280 K with respect to energy shift by excitonic peak Ex whereas the inset represents the integrated
normalized spectra Iexp. Adapted from ref. 97, Copyright 2019, American Institute of Physics.
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the Elliott formula.83,161,165 The band nonparabolic behavior is
also frequently taken into consideration to match the results with
the experimental data.97,147 However, with a high uncertainty in
the extracted Exb, such observations lead to doubtful results due
to the involvement of a large number of fitting parameters. The
same scenario can be noticed from large variations in the
measured value of Exb using this method for OILHPs (Table 1).
Furthermore, there is disagreement about the temperature depen-
dence of Exb. Some studies show a constant Exb

79,97,165 in the
temperature range 10–300 K, whereas others report strong evi-
dence of temperature-dependent Exb.83,166 These conflicting find-
ings raise serious concerns about the scientific reliability of the
Exb derived from the Elliott theory. For example, Saba et al.
extracted an identical Exb of 25 meV for two different temperatures
300 and 170 K, by using the absorption onsets for MAPbI3.79

Kumar et al. obtained an Exb of 41 meV for MAPbI3 at RT.82

According to Even et al., the Exb of MAPbI3 increases sharply to
15 meV in the low temperature 0–160 K range (orthorhombic
phase) but remains relatively constant at 5 meV in the high
temperature 160–330 K range (tetragonal phase).166 Yamada
et al. showed that when the temperature drops from 300 to
13 K, Exb gradually increases from 6 meV up to 30 meV.83 In an
attempt to eliminate the temperature dependence issue, Sestu
et al. applied an alternative method called the f-sum rule, which
normalizes the variation in integrated absorption due to tempera-
ture to a certain energy. This enables for the explicit determina-
tion of the independent influence of linewidth broadening and
Exb on the shape of the absorption line.165 Using this method, the
authors deduced an Exb of 29 meV for MAPbBr3 which is nearly
independent of temperature across the range of 80–300 K. How-
ever, for MAPbI3 an Exb of 34 meV in the low temperature range
(80–140 K) and 29 meV in the high temperature range (170–300 K)
was obtained.

Alternatively, Exb can be deduced by analyzing the full width
at half maximum (FWHM) of the temperature-dependent exci-
tonic absorption.148 The broadening of the excitonic transition
can be described as

DO ¼ DO0 þ DOte
�Exb
kBT (10)

where DO0 denotes the broadening parameter independent of
temperature and the term DOt exp(�Exb/kBT) represents the ther-
mally dissociated exciton broadening. Using this approach for
MAPbI3�xClx, Exb was found to be 55 � 10 meV. Due to the band-
to-band absorption and the overlap of excitons, accurate experi-
mental determination of the FWHM might pose challenges.

2.3 Temperature-dependent photoluminescence studies

Temperature-dependent photoluminescence (PL) is another
technique that experimentally determines Exb which is based
on fitting of integrated PL intensity I(T) as a function of
temperature using the Arrhenius formula,

I Tð Þ ¼ I0

A exp �Exb

kBT

� �
þ 1

(11)

In general, the PL intensity diminishes with increasing tem-
perature, which is associated with thermally induced exciton dis-
sociation, and the process is usually known as PL quenching.75

Fig. 3(a) and (b) demonstrate an example of extracting Exb from the
temperature-dependent PL spectra analysis.137 However, using this
method a large variation in the values of Exb was observed. For
instance, Exb = 10 meV (RT)110 and 162 meV (250–300 K)58 for
MAPbI3, 42 meV (5–300 K)111 and 320 meV (240–360 K)112 for
MAPbBr3, 8.1 meV (150–295 K)123 and 91 meV (80–390 K)131

for FAPbI3, and 22 meV (10–300 K)114 and 170 meV (180–
360 K)133 for FAPbBr3. Significantly, these values are much larger
than those reported in absorption studies. It is perhaps insufficient
to attribute thermal quenching solely to thermally induced exciton
dissociation. Furthermore, the origin of large deviations in Exb

evaluated by this technique may be partially attributed to shallow
trap states and the complex time dependence of the radiative
recombination rate in OILHP.46,167,168

2.4 Theoretical methods

Different theoretical techniques have been implemented to
extract the exciton binding energy for OILHPs. Such approaches
that are based on density functional theory (DFT) and the
hydrogenic model have nevertheless yielded much higher

Fig. 3 (a) Temperature-dependent PL spectra of the FAPbBr3 NCs from 100 K to 380 K. (b) The integrated PL intensity with respect to temperature; the
red line corresponds to nonlinear fitting. Adapted from ref. 137, Copyright 2019, American Chemical Society.
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values for Exb as compared to experiments (Table 1). Some of
the commonly used techniques are described in the following.

2.4.1 Many body perturbation theory method. The many
body perturbation theory (MBPT)169 method derived from first
principles is a useful tool to accurately describe the quasipar-
ticle excitations and excitonic features in materials. It is
based on electronic self-energy, which incorporates many-
body exchange and correlation effects in addition to the Har-
tree potential. Such a framework allows for consideration of
quasiparticles, which behave like single particles due to the

coulombic screening. Adopting the MBPT approach, the exci-
ton binding energies are estimated using the GW-BSE (Green’s
function and Bethe–Salpeter equation) method, which consid-
ers electron–hole (e–h) and electron–electron (e–e) interactions
beyond the ground state of DFT. Fig. 4 depicts the schematic
performances of DFT, GW, and GW-BSE approaches for band-
gap energy Eg calculations. The GW approach enhances DFT-
bandgap, whereas GW-BSE accounts for excitonic effects in
optical spectra, allowing the optical bandgap and thus exciton
binding energy to be determined. The screening and excitonic

Fig. 4 (a) Schematic representations of DFT, GW, and GW+BSE approaches for bandgap Eg calculations. (b) Electronic [ee(o)] and ionic [ep(o)]
contribution to the dielectric function of MAPbI3. The dashed blue and solid red lines correspond to the data collected from the MD (T = 300 K) and DFPT
(T = 0 K) methods respectively. The inset shows an enlarged image of Re[ep(o)] near Exb = 45 meV. (c) Calculated Exb with respect to GW bandgaps for
various OILHPs using the DFT based mBSE method. Adapted from ref. 86, Copyright 2016, Springer Nature. (d) Calculated excitonic imaginary part of the
dielectric function for the FAPb(I1�xBrx)3 alloy along with comparison to different experimental data.151,178–180 The dashed line indicates the
corresponding GW bandgap. The brown histogram represents the calculated optical transition oscillator strengths. Reprinted with permission,155

Copyright 2020, Springer Royal Society of Chemistry.
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properties can be determined by solving BSE incorporating the
quasi-particle energies (EQP) from GW calculations as described
by ref. 170–173

EQP
ck �EQP

vk

� 	
CJ

cvkþ
X
c0v0k0

cvk Keh


 

c0v0k0� �

CJ
c0v0k0 ¼YJCJ

cvk (12)

where CJ
cvk is the Jth order exciton wave function, Keh is the

interacting e–h kernel and YJ corresponds to excitation ener-
gies of the Jth state. The subscripts c, v, and k represent indices
for conduction bands, valence bands, and k-points. Since the
GW-BSE approach involves a large number of basis sets,
achieving well-converged optical spectra and exciton binding
energies at higher k-mesh values is challenging due to the high
computational cost. Therefore, an alternative approach termed
model BSE (mBSE) suggested by Liu et al.174 can be adopted in
which the GW based dielectric function is approximated within
the diagonal matrix using an analytical model dielectric func-
tion for the diagonal elements.

e�1(|W|) = 1 � (1 � eN
�1)exp(�|W|2/4xr

2) (13)

where eN, xr, and |W| are the ion-clamped or high-frequency
dielectric constant, range-separation parameter, and plane-
wave vector, respectively. Such method directly interprets the
optical spectra and exciton binding energies for OILHPs from
first-principles. Using the GW and mBSE approach, Bokdam
et al.86 calculated the exciton binding energy as the difference
of fundamental bandgap Eg and optical bandgap Eopt for
various organic–inorganic metal halide perovskites with lattice
vibrations fixed. The calculated Exb ranges from 29 meV to
257 meV with an increasing GW bandgap following the halo-
gen’s ionic size reduction from I - Br - Cl as shown in
Fig. 4(b). However, they elaborated that ionic screening that
influences the exciton binding energy is almost temperature
independent but causes a substantial increase in static dielec-
tric constant e0 using the density functional perturbation theory
(DFPT)175–177 method compared to molecular dynamics (MD)
calculations as shown in Fig. 4(c). They further stated that the
formation of polarons (as discussed in Section 4) is responsible
for lowering the fundamental bandgap in halide perovskites at
RT upon optical excitation. Similarly, Muhammad et al.155

measured Exb for various compositions of the FAPb(I1�xBrx)3

alloy. They showed that Exb increases (from 74 meV to 112 meV)
with increasing Br content, which also follows the increasing
trend in bandgap energy. From their GW-BSE based optical
analysis, they found that the calculated excitonic spectra align
well with the experimental data and an overall blue shift is
observed with increasing Br concentration as shown in
Fig. 4(d). Such optical behavior as well as the increase in exciton
binding energy was attributed to a decrease in transition
oscillator strengths near the first peak of the corresponding
spectra and a decrease in high frequency dielectric constant eN.
In another study, the same authors also evaluated Exb for
temperature-dependent different phases of FAPbI3.129 They
showed that Exb is much higher in the low-temperature hex-
agonal phase (567 meV) as compared to the high-temperature
cubic (74 meV) and tetragonal (93 meV) phases of FAPbI3.

These findings suggest a clear relationship between the
dynamics of the PbI3 sublattice and the rotational entropy of
the FA molecule that is closely correlated with variations in Exb.
The GW and mBSE methods can generate excitonic optical
spectra and converged values for Exb; however, they require
heavier k-meshing, resulting in significant computational cost.

To deal with the experimental overestimation in Exb, Umari
et al.95 introduced the frequency dependent effective dielectric
constant eeff

�1 in which the dielectric function e(o) includes
phonon induced screening that can be formulated as

eeff�1 ¼ 1þ 2

p

ð1
0

Im e�1 oð Þ

 �
Exb þ o

(14)

where Im[e�1(o)] represents the usual energy loss function
which can be obtained within the framework of DFPT. Now
clearly eeff is Exb dependent; therefore the function eeff(Exb) can
be defined effectively by using eqn (14), which accounts for
frequency integration. Replacing eN

�1 by eeff
�1 in eqn (13), the

condition for self-consistent fully relativistic BSE based Exb can
be described as

gExb ¼ Exb eeff gExb

� 	h i
(15)

Using this approximation with eeff = 12 (eeff = 9.5), an Exb of
15 meV (19 meV) is obtained for MAPbI3 derived from SOC-DFT
(scalar relativistic DFT) calculations. The authors also inferred
that exciton screening is not caused by the rotational dynamics
or by its steric effects. Such screening strongly depends on the
vibrational response of the lattice induced by phonons.

Although the MBPT approach may provide enough informa-
tion about excitonic effects in OILHPs, it will be more interest-
ing when applied to layer type morphologies including exciton–
phonon coupling. Hopefully, such simulations will further
elaborate the excitonic features with advanced computational
methods and machine learning techniques.

2.4.2 Time-dependent density functional theory (TD-DFT)
method. Time-dependent density functional theory (TD-
DFT)181–183 is an extended version of DFT. It is specifically
designed to describe the excited state properties of materials
derived from the frequency dependent linear response function
which is helpful in extracting optical spectra and exciton
binding energies.184–186 Based on TD-DFT calculations, Haka-
mata et al. calculated Exb between the photogenerated electron
and hole in a 3D cubic 2 � 2 � 2 supercell of MAPbI3. By
comparing the electronic excitation energy with the energy
difference between the dominant electron and hole states, they
found that these values were nearly identical, indicating very
weak values for Exb as depicted in Fig. 5(a). The time-averaged
Exb was estimated to be 12 � 9 meV, suggesting that such
weakly bound excitons can easily dissociate by thermal energy
at RT, leading to freely moving electrons and holes. Fig. 5(b)
shows the time evolution of Kohn–Sham eigen energies in non-
adiabatic quantum molecular dynamics simulation, with the
red and blue curves representing KS energy levels that mainly
influence the quasi-electron and quasi-hole, respectively. Here
a large number of electronic level crossings can be observed
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due to atomic thermal motion, which results in frequent
electronic transitions that occur between excited electron and
hole states. This ab initio study supports the experimental
observations and highlights the presence of charge carriers
rather than strongly bound excitons in MAPbI3.187,188

Similarly, Ganesh et al. determined an Exb of 1790 meV for
the MAPbI3 cubic structure, which is way too high compared to
other theoretical and experimental data. Such a large value can
be attributed to using the CAM-B3LYP functional with the
LanL2DZ basis set189 rather than the traditional Perdew–
Burke–Ernzerhof (PBE) method involving the plane-wave basis
set.190–192 Gao et al.106 evaluated Exb of 4.88 meV, 5.43 meV,
4.95 meV, and 5.29 meV for 3D MAPI3, MAPbBr3, FAPbI3, and
FAPbBr3 respectively. Since Exb defines the amount of separa-
tion between electrons and holes, the coulombic interaction
between electrons and holes can be calculated as

Exb ¼ Ec ¼
ðð

rh ~r1ð Þre ~r2ð Þ
~r1 �~r2j j d~r1d~r2 (16)

where rh and re are hole and electron densities with their
coordinates -

r1 and -
r2 respectively. Using the inter-fragment

charge transfer method (IFCT),193,194 the number of electrons
transferred can be calculated from the ground state to the first
singlet state between each species of perovskites. However,
eqn (16) neglects the kinetic energy term associated with
electron–hole confinement that highly affects the dielectric
behavior.

In addition to bulk OILHPs, Athanasios et al. using the
simplified TD-DFT method studied the excitonic optical proper-
ties of quantum dot (QD) nanostructures. They modeled cuboid
QD structures of MAPbI3 and MAPbBr3 each having the size of
approximately 1.0–1.5 nm, revealing Exb of 540 meV and
610 meV. These values were significantly larger in the QD
regime compared to their bulk counterparts, showcasing the
quantum confinement effect. However, these calculations did
not account for temperature variations and optical phonon
modes which could influence Exb, exciton dynamics and photo-
carrier lifetimes.

3. Exciton generation, dynamics and
recombination

Some researchers also revealed the generation of photoinduced
free charge carriers in OILHPs.187,188,195 The tera-hertz (THz)
spectroscopy technique is used to investigate the photoinduced
carrier dynamics and its interactions with phonons, which
directly affect the exciton population in OILHPs.196–198 When
examining the kinetics of photoinduced charge carriers, Cooke
and coworkers,59 through the analysis of frequency-dependent
THz complex conductivity, found that excitons in the form of
free charge carriers vanish in perovskite single crystals within
1 ps. This results in a short-lived intra-excitonic transition
accompanied by an Exb of 17 meV at RT under high pump
fluence. Therefore, in comparison to the recombination process
and charge transport, the generation rate of carriers in perovs-
kites is substantially higher. A similar study by Douhal et al.60

found that, a large number of excitons will instantly dissociate
into free carriers for the FAPbI3 film. Major findings from their
THz analysis revealed that most of the mobile charge carrier
population was formed within B1 ps comparable to the resolu-
tion in the THz spectroscopy setup. Jha et al.61 used ultrafast 2D
electronic spectroscopy to provide a more direct observation of
ultrafast exciton dissociation. The authors demonstrated that
excitons spontaneously turn into free carriers in less than 50 fs
for the MAPbI3 thin film, which was one of the key reasons for
the high efficiency of perovskite photovoltaics.

The correlation between free charge carriers and exciton
population after photoinduction under certain equilibrium
conditions was also studied.148,199,200 The coexistence of mobile
charge carriers and exciton population at equilibrium can be
described by the Saha–Langmuir expression (also known as
mass law for excitons and free charges).201 According to this
model, the branching ratio f of the exciton population to free
charge carriers can be formulated as

f2

1� f
¼ 1

N

2pmkBT
h2

� �3=2

exp �Exb

kBT

� �
(17)

where N represents the total number of excitons and free charge

Fig. 5 (a) Time evolution of the many-body electronic excitation energy, including excitonic binding (red), in a 2 � 2 � 2 supercell nonadiabatic
quantum molecular dynamics (NAQMD) simulation, along with compared energy difference between the electron and hole (black). (b) Time evolution of
KS eigen energies, with the KS states that mostly contribute to the quasi-electron and quasi-hole shown in red and blue, respectively. Adapted from
ref. 85, Copyright 2016, Springer Nature.
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carriers. D’Innocenzo et al. applied this relationship for the first
time in perovskites to investigate the equilibrium branching ratio
between excitons and free carriers.148 Using the Saha–Langmuir
model Geng et al.202 estimated the Exb of the FAPbBr3 thin film for
various excitation densities at RT [Fig. 6(a)]. For higher values of
Exb, the dissociation of excitons into free carriers becomes less
efficient in perovskites which strongly agrees with the simula-
tions. Furthermore, in the low excitation regions, the fraction of
free carriers falls rapidly with increasing exciton population. The
exciton to free carrier transition becomes more prevalent for
higher excitation regions due to the presence of excited carriers
that instantly screen the electrostatic interaction between e–h
pairs. Using the data from Fig. 6(a), it is possible to calculate
exciton and free carrier densities as a function of fluence
[Fig. 6(b)]. According to the Saha-Langmuir relation, the ratio of
free charge carriers to excitons increases with temperature; how-
ever, it decreases due to the free e–h capture events that are more
likely to occur at higher excitation densities.148

At certain excitation density (known as critical excitation) at
which excitons are completely transformed into free carriers, the
Saha–Langmuir relation becomes less relevant. Therefore, the
recombination mechanism and excitonic transport are signifi-
cantly important to evaluate the exciton binding energy. For such
a situation, Ulatowski et al.110 investigated charge carrier trans-
port and recombination in various temperature-dependent com-
positions for OILHPs using a combination of microwave
conductivity (at high-frequency) and PL measurements as shown
in Fig. 7(a). To simulate the photogenerated conductivity and
transient luminescence, a set of rate equations was was used to
describe the transport properties of photoinduced charge car-
riers. Many other authors have also used this method to reveal
the behavior of trapping and recombination processes in
OILHPs, as shown schematically in Fig. 7(b).167,203–206

To study the recombination mechanism, the time evolution
of conduction band electron density (n) and trapped electron

density (nT) in a photoinduced pure semiconductor can be
described by the following pair of differential equations:

@n

@t
¼ �kBinp� kMn� kTn (18a)

@nT
@t
¼ kTnp� kEnTp (18b)

where kBi, kM, kT, and kE are the band-to-band bimolecular,
single molecular, trap-mediated, and carrier mediated recom-
bination rate constants respectively. p is the free hole density in
the valence band which is the sum of n and nT. In terms of
temperature dependence, the overall patterns of the prompt
PL and bimolecular recombination rate for MAPbI3 are shown
in Fig. 7(c)–(e) after ref. 110. The bimolecular band-to-band
recombination increases for the MAPbI3 thin film as the
temperature decreases, showing a narrowing of the thermal
distributions of electrons and holes in the valence and conduc-
tion bands. The structural phase transition in MAPbI3 instantly
affects the behavior of photoinduced charge carriers. At lower
temperatures, a funneling of charge carriers will enhance the
radiative recombination due to the rise in local charge carrier
density. This will rapidly increase both the prompt photolumi-
nescence and the bimolecular recombination rate constant as
the temperature is reduced below 150 K [Fig. 7(c)]. At extremely
low excitation density and low temperatures, most of the emis-
sion takes place at the bandedge due to charge carrier recombi-
nation, which was previously believed to be a direct transition
from the conduction band to the valence band.168,207 As obvious
in time-integrated PL spectra [Fig. 7(d)], traps with a wide
energetic distribution appeared just below the band states. High
energy recombination between the conduction band and the
valence band dominates the emission spectra at high excitation
densities, causing the band tail states to become saturated. With
the increase in temperature, the bimolecular recombination rate

Fig. 6 (a) Modeling of photoexcited free charge carriers in the FAPbBr3 film using different excitation densities according to the Saha–Langmuir
equation. Exb = 60, 50, 40, and 30 meV were used with a reduced mass of exciton m = 0.15m0. (b) Simulation data were obtained by multiplying the
fractions of free charge carriers by the excitation density, and experimental data for free charge carrier and exciton densities were obtained from PLmax.
Reprinted with permission,202 Copyright 2023, Springer Royal Society of Chemistry.
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constant between the bands slightly increases [Fig. 7(e)]. This
increase is accompanied by a much notable increase in the total
single molecular trap-mediated recombination constant. This
indicates the presence of non-radiative trap-assisted Auger
recombination. Moreover, for the low fluence, long wavelength,
sub-bandgap emission dominates the spectra below 150 K. The
reduced charge carrier mobility in the lower temperature range
as shown in Fig. 7(f) indicates that charge carriers localize in
energetic traps just below the bandedge which reduces the total
charge carrier conductivity of the photoexcited material. At this
stage, the exciton generation becomes more prominent as the
branching ratio f of photon-to-free-carrier decreases thus

reducing the overall charge carrier mobility fmcc. However, for
high excitation fluence, the higher energy band-to-band transi-
tion becomes the main radiative recombination pathway which
produces narrow emission linewidths due to the suppression of
electron–phonon coupling.

In the context of exciton–phonon correlation, Fig. 7(g) illus-
trates the interacting excitons, free carriers, and phonons.
Upon photoexcitation, excitons and free carriers are generated,
gaining enough kinetic energy to produce a large number of hot
phonons as the carriers cool down. The reabsorption of these
hot phonons causes excitons to split up into free charge
carriers. Meanwhile, the photoinduced free charge carriers

Fig. 7 (a) A schematic experimental setup to obtain data for TRPL and PL spectra. The microwave radiation is launched through the feed horn antenna.
The data for PL measurements are obtained through a spectrometer and photodiode. Microwave radiation is detected using a Schottky diode. (b) A
simplified model illustrating the mechanism of charge carrier recombination in OILHPs that defines the pathways for both single molecular and
bimolecular recombination and distinguishes between charge non-retaining (phonons) and retaining traps. kM, kT and kE represent single molecular, trap-
mediated, and carrier mediated recombination rate constants respectively. (c) Prompt PL intensity, (d) emission spectrum, and (e) rates of dynamic decay
as a function of temperature, with the dashed line at 150 K representing the phase transition for the MAPbI3 thin film. (f) Temperature-dependent effective
charge carrier mobility for the MAPbI3 thin film. Adapted from ref. 110, Copyright 2023, John Wiley & Sons, Inc. (g) Schematic representation of exciton
dissociation via free carriers, Coulomb screening, and phonons ensuring an enhanced lifetime of free-carrier population. Reprinted with permission,196

Copyright 2019, American Chemical Society.
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enhance the Coulomb screening, thereby reducing the exciton
binding energy which results in even more generation of free
charge carriers by exciton dissociation. Such regeneration of
free charge carriers due to exciton–phonon interaction and
enhanced Coulomb screening are responsible for an extended
lifetime of the free charge carrier population in OILHPs.

4. Interplay of polarons

The inclusion of polaronic effects in exciton binding energy
measurements is presently an area of active development. Polar-
ons are quasiparticles coupled with the polarization field of the
local lattice due to the electron–phonon Coulomb interaction.
Such electron–phonon interaction is usually found in polar and
ionic semiconductors resulting from the coupling of electronic
and longitudinal optical phonon modes. The strength of electron–
phonon interaction is higher for systems with larger ionicity. In a
perovskite lattice, an injected charge carrier can cause structural
distortion of the soft nature of the metal-halide sublattice and
reorientation of the polar organic cations to minimize the local
lattice’s Gibbs free energy. This results in the formation of a
spatially extended polarized charge distribution that follows the
carrier as it propagates. Depending on the spatial size of the
polarized charge distribution, polarons are characterized as small
or large polarons. The formation of large polarons results from
the long-range electrostatic interactions of the ionic lattice with
the free carrier, whereas small polarons are associated with
modifications in local bonding. Small polarons are approximately
close to one single lattice constant, whereas large polarons are
close to numerous unit cells.208 The phenomena of exciton self-
trapping and the resulting low carrier mobility are typically linked
to electron–phonon Coulomb interactions that are considered to
be primary components governing the carrier transport nature.62

Moreover, the large polaron formation in the OILHP layer yields
higher dielectric constants and screens e–h Coulomb interactions
leading to a low recombination rate.71 Such polaron generation
also reduces exciton binding energy and enhances the lifetime
and effective masses of the carriers.63,64 Owing to the formation of
large polarons in OILHPs, many attempts have already been made
to address some of the unclear optically excited carrier dynamics
in these materials. For instance, the discrepancy between long
diffusion lengths and relatively moderate carrier mobility can
somehow be explained based on large polaron formation despite
having small carrier effective mass.209–211 In the context of exciton
binding energy measurement, polaronic effects play a significant
role while analyzing the exciton spectrum.158

Since in polar systems the majority of carrier interactions
take place in the direction of the polarizing field of electrons,
the longitudinal optical (LO) phonons produced strongly con-
tribute to the bandedge states than the transverse optical (TO)
phonons.212 The strength of such interactions can be described
by a dimensionless quantity known as the Fröhlich coupling
constant a213 given by

a ¼ e2

�h

1

e1
� 1

e0

� � ffiffiffiffiffiffiffiffiffiffiffi
mb

2ELO

r
(19)

Here e is the elementary charge, h� is the reduced Plank’s
constant, mb is the bare effective mass of the electron or hole,
and ELO is the LO phonon energy. The terms eN and e0 are the
high-frequency dielectric and static dielectric constants respec-
tively and their difference describes ionic screening parameter
1/e*. In fact, the different values for eN and e0 indicate the
electric polarization due to the electron–phonon and optical
phonon interactions. In polar semiconductors, the large differ-
ence between eN and e0 provides clear evidence for large polaron
formation in perovskites, thus renormalizing the carrier effective
mass and bandgap energy along with nonhydrogenic exciton
states. In a weak coupling regime, the polaron effective mass mp

(in units of m0) and radius lp can be approximated as

mp ¼ mb 1þ a
6

� 	
(20)

lp ¼

ffiffiffiffiffiffiffiffiffiffiffi
�h2mb

ELO

s
(21)

The results obtained for the above polaron parameters using
various experimental and theoretical techniques are summar-
ized in Table 2. The polaronic effects increase the effective mass
of the carriers, which results in a decrease in their mobility.
According to Evan214 the increased localizability of the heavy
atom causes a more complete screening of its charge by the
lattice, which increases the reduced mass. The parameters for
polaron effective mass must be treated in terms of the kinetic
energy of the Hamiltonian.

4.1 Polaron–exciton models

Various models have been suggested in the literature to explain
the role of polarons in exciton binding energy calculations.223–225

The effective Hamiltonian for a system of excitons interacting
with the LO phonon can be expressed as

H ¼ Hex þHph þHex�ph (22)

The first term includes kinetic energies of carriers and Coulomb
interaction given by

Hex ¼
P2

2M
þ p2

2m
� e2

Re1
(23)

where P and M refer to momentum and mass of the center-of-
mass system, while p and m represent their relative quantities. R
is the position coordinate. Similarly the Hamiltonian due to
phonons can be described as

Hph ¼
X
n

Pn
2

2mn
þ VðRÞ (24)

Here Pn and mn are the momentum and mass of the nth system.
V(R) is the interacting potential as a function of position R.
According to the Haken model223 the effective interacting
potential due to electron–hole Coulomb interaction can be
expressed as follows:

V Rð Þ ¼ � e2

e0R
� e2

e0R
1

e1
� 1

e0

� �
e�R=le þ e�R=lh
� 	

(25)
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where le,h represents electron– and hole–polaron radii as defined
according to eqn (21). This theory describes two polaron inter-
actions, each of which has a radius substantially less than the
effective radius of excitons. Later, Bajaj224 proposed a phenom-
enological modification to the Haken potential to address the
overestimation of exciton binding energy in polar crystals:

V Rð Þ ¼ � e2

e0R
� e2

e0R
1

e1
� 1

e0

� �
e�R=le þ e�R=lh
� 	 e1

e0

� �g

(26)

where g ¼ 3

5
represents the optimal choice for polar crystals

having large a values.224 Pollman and Büttner225 introduced
the electron–polaron and hole–polaron correlations in the
Haken potential and the resulting potential can be expressed as

V Rð Þ ¼ � e2

esR
� e2

e0R
1

e1
� 1

e0

� �
mh

mh �me
e�R=lh � me

mh �me
e�R=le

� �
(27)

To approximate this potential, it was assumed that the polaron
lengths were much smaller than the effective radius of the
exciton. This effective radius can be used as an initial input
parameter in the variational calculations. Similarly, the exciton–
phonon Hamiltonian is given by

Hex�ph ¼
X
n

VðRÞ (28)

For a two-particle system, a path integral approach can be
followed to study the effects arising due to exciton–phonon
interaction. According to these approximations, Park et al.226

evaluated the exciton binding energy of MAPbI3 using static
(50.4 meV), dynamic (36.9 meV), and non-local (38.1 meV)
screening models. The smaller values of Exb under dynamic
and non-local screenings indicate the polaronic effects and the
results are consistent with the computed carrier lifetimes and
trap-assisted bimolecular e–h recombination rates. Moreover, for
a low temperature regime, an Exb of 20.8 meV is obtained for
MAPbI3 showing good agreement with experiments.88,148

4.2 Polaron formation time

Polaron formation time in OILHPs is highly influenced by
both the size of organic cations and vibrational modes of the
PbX3 sublattice.222,227,228 Such factors affect the energetics of the
relevant coupling between organic and inorganic lattices that
can provide information about polaron photoexcitation in
OILHPs.229–231 For example, for MAPbBr3 single crystals, Miyata
et al.222 using the tight-binding (TB) model reported that the
deformation of the PbBr3 sublattice is dominantly responsible
for large polaron formation based on the computed small
polaron formation time of 0.3 ps for MAPbBr3 in comparison
to 0.7 ps for CsPbBr3. The dynamic disorders produced by
fluctuations of cations and anions lead to a complex potential
energy surface that screens the e–h pair into their corresponding
polarons, resulting in a considerable reduction in charge carrier
recombination as well as reduced carrier mobility.

A recent study conducted by Bao et al.64 showed strong
evidence of polaron formation in FA0.85Cs0.15Pb(I0.97Br0.03)3T
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using the data from their transient absorption spectroscopy
(TAS) and time-resolved terahertz spectroscopy (TRTS). The
carrier effective mass was calculated with respect to pump–probe
delay t as shown in Fig. 8. After 1 ps, the value of m* rapidly
increased after photoexcitation, indicating that the electron is
strongly dressed by its surroundings, and m* reached a max-
imum at about 200 ps [Fig. 8(a)]. The persistence of m* for such a
long time can be associated with polaron formation. Here the
calculation of m* was tested using different fitting models to
validate m* estimation [Fig. 8(b)]. However, using the same
approach for MAPbI3, m* peaks were found at 20 ps.

4.3 Polaronic effects from magneto-optical studies

The concept of polaronic effects successfully explains the discre-
pancies in the optical response, e.g., the rare observation of excited
excitonic states, which deviate from the Wannier–Mott exciton
model.115,232,233 It also unveils the considerable differences in the
values of the carrier mass reported from magneto-optical studies
conducted in high88,234 and low235 magnetic field regimes. Bara-
nowski et al.221 employed magneto-optical spectroscopy combined
with exciton–polaron modeling to probe carrier–phonon interac-
tions. High-quality perovskite single crystals, including MAPbI3,
MAPbBr3, and CsPbBr3, were investigated using B90 T pulsed
magnetic fields. Spectral analysis revealed notable differences in
excitonic transition behaviors and effective masses under varying
magnetic field strengths. Fig. 9(a) presents the reflection spectrum
of MAPbBr3 at 2 K (blue line) alongside its derivative (yellow line),
where the minima indicate the energies of excitonic transitions.
The optical response is predominantly characterized by a strong 1s
excitonic transition at 2.249 eV. A weaker 2s exciton state follows
this on the higher energy side at 2.262 eV. The 2s transition
strength is significantly smaller than 1/8 of the 1s transition
strength, suggesting the polaronic nature of the observed excitonic
transition. The reduced effective mass was probed by analyzing the
evolution of exciton and Landau level transitions under high
magnetic fields. Fig. 9(b) shows the evolution of the reflection
spectrum of MAPbBr3. The excitonic states exhibit Zeeman splitting

at higher magnetic fields, and both excitonic transitions show a
blue shift. The transitions between interband Landau levels are
shown in Fig. 9(c) by dividing the spectra measured at nonzero
magnetic fields by the spectrum obtained at zero magnetic field.
Fig. 9(d)–(f) describes the evolution of the interband Landau level
transitions, which are characterized by evenly spaced patterns in
the high energy region of the spectrum. This behavior can be well
described by the parabolic band dispersion relation:156

ELLn ¼ Eg þ nþ 1

2

� �
�hoc (29)

This formula provides direct measurement of the reduced mass of
the carriers, yielding values of 0.096m0, 0.106m0, and 0.117m0 for
MAPbI3, MAPbBr3, and CsPbBr3 respectively. Such findings reveal
that the effective mass of charge carriers, as inferred from Landau
level transitions at high fields, was consistently lower compared to
the values derived from exciton spectroscopy at low fields, indicat-
ing a significant polaronic enhancement. For determining the
reduced mass of the carriers in the low field, 1s and 2s excitonic
transitions can be used which are detectable irrespective of the field
strength. Fig. 9(g)–(i) represents the evolution in the magnetic field
shown by diamond points. Observing 1s and 2s excitonic states
simultaneously constrains the exciton binding energy, leaving just
the reduced effective mass, m, as a fitting parameter. The dashed
red lines show that the Wannier–Mott model reasonably describes
the shifts of the 1s and 2s states due to the applied magnetic field,
as well as their energy separation. However, the data fitting requires
significantly higher m values than those obtained from Landau level
observations at high magnetic fields. This shows that excitons act
differently than those predicted by Landau level analysis, which
depends on bare carrier mass. This finding strongly indicates
polaronic mass enhancement in OILHPs. The use of bare carrier
masses, as predicted by the Wannier–Mott-exciton model, fails to
fit the data, as illustrated by the short-dashed red lines.

Shin et al.236 explored the magneto-photoluminescence
transitions in single crystals of MAPbX3 (X = Cl, Br, and I)
subjected to strong magnetic fields of B60 T at 4.2 K.

Fig. 8 (a) Effective mass of electrons as a function of pump–probe delay using the Drude-Smith + peak-shift formulation for various fluence intensities.
(b) Comparison of the Drude-Smith + peak-shift and Drude + peak-shift formulation for calculation of the effective mass of electrons. Adapted from
ref. 64, Copyright 2023, American Physical Society.
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Photoluminescence spectra were recorded under varying mag-
netic field strengths, revealing a power-law dependence of
shifts in transition energy for both s+ and s� directions in
MAPbI3. Their study showed that the combination of polaronic

effects and Rashba splitting can explain the photolumines-
cence transitions generated by the various halogens under
magnetic fields, which are difficult to describe by a single
unified model. Such findings underscore the need to

Fig. 9 (a) The reflectance spectrum of MAPbBr3 with the corresponding derivative (yellow) displaying resonance characteristics of the excitonic
transitions 1s and 2s. (b) The evolution of the reflectance spectrum in the magnetic field. (c) Rationed reflectance spectra for various values of the
magnetic field strengths; the black lines correspond to transitions of the Landau level (LL). (d)–(f) Fan charts illustrating the energies for Landau level
interband transition for MAPbI3, MAPbBr3, and CsPbBr3 with respect to magnetic field strength. Effective reduced mass m was evaluated using eqn (29).
(g)–(i) Energies of 1s and 2s excitonic transitions for MAPbI3, MAPbBr3, and CsPbBr3 with respect to magnetic field strength (open points). The red dashed
line represents the Wannier–Mott theory, while the red short-dashed line represents a prediction of the Wannier–Mott theory with m obtained from the
spectroscopy of the Landau level. The black line corresponds to the Bajaj potential. Adapted from ref. 221, Copyright 2024, American Chemical Society.
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incorporate polaronic effects into models of perovskite materi-
als to accurately predict their optical and electronic properties,
thereby advancing their application in optoelectronic devices.

Here we have discussed some aspects of polaron formation
and its impact on optical response and carrier effective masses
in OILHPs, but it still lacks which method can surely be
universally suitable for thin films as well as bulk cube-like
structures. The theories of Haken and Pollman–Büttner satis-
factorily explain the excitons and polarons in OILHPs at low
temperatures where excitonic effects are much more prominent
but will be more challenging for higher temperature phases
where such effects practically disappear due to the increase in
static dielectric associated with the rotational motion and steric
effects of organic cations.128,237 Understanding polarons in
such systems requires improved experimental and theoretical
techniques capable of exploring both excitonic and polaronic
properties at the bulk and nanoscale. More emphasis should be
placed on polaron formation, dynamics, dielectric and quan-
tum confinement effects, and their relation to carrier scatter-
ing, and dielectric properties, for different morphologies.
Therefore, a careful analysis of these factors needs to be
undertaken to conclude the universal method for evaluating
the exciton binding energy along with the polaron formation
mechanism in OILHPs which is critical for the designing and
fabrication of photovoltaic as well as optoelectronic devices.

5. Summary and outlook

In this article, an adequate understanding of excitonic and
polaronic physics in OILHPs is presented. The exciton binding
energy (Exb) of various OILHPs with different morphologies and
compositions has been measured at different temperatures
using both experimental and theoretical techniques. Some of
the factors that lead to conflicting values for exciton binding
energy by different authors in OILHPs can be summarized as
follows. Most of the calculated exciton binding energy is based
on the Wannier–Mott model which raises serious concerns
about the accuracy of whether to use the static or high fre-
quency dielectric constant. In the previous literature, it was
assumed that Exb is independent of the magnetic field and that
the use of the high frequency dielectric constant may yield
results with high uncertainties. The Exb in OILHPs is evaluated
using the static dielectric constant, which replaces the effective
dielectric constant during calculations. While this method is
useful, it is only applicable when the exciton binding energy is
lower than the longitudinal optical phonon energy.72 Ambient
conditions, such as temperature and pressure, greatly influence
absorption and photoluminescence spectra, affecting the vibra-
tional modes of atoms and lattice dynamics. This, in turn, leads
to different recombination and coupling mechanisms of photo-
generated carriers, resulting in a wide range of Exb. Crystal
quality, morphology and trap states also influence the screen-
ing behavior of the photogenerated charge carriers, which
alters the bimolecular and trap-assisted recombination pro-
cesses, which in turn affects the excitonic properties in OILHPs.

It is also evident that complexities arise in low dimensional
OILHPs like 2D thin films, nanostructures, or quantum dots
stemming from quantum confinement and modified dielectric
confinement, which demand distinct approaches.

The role of large polaron formation in OILHPs is presently
under intense debate. Considering polaron formation and its
correlation to carrier recombination mechanisms, carrier effec-
tive mass and mobility can somewhat explain the discrepancies
in calculating the exciton binding energy. However, it will be
interesting to explore the polaron dynamics and carrier scatter-
ing upon photoexcitation in bulk and layered form of OILHPs
using single experimental or theoretical techniques to provide a
universal image for excitonic and polaronic physics (beyond the
dielectric and quantum confinement effects). This will address
the existing discrepancies in the excitonic and polaronic beha-
vior of OILHPs in their optically excited state, and provide a
clearer understanding of their impact on photovoltaic and
optoelectronic properties.
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13 J. Lim, M. T. Hörantner, N. Sakai, J. M. Ball, S. Mahesh,
N. K. Noel, Y. H. Lin, J. B. Patel, D. P. McMeekin,
M. B. Johnston, B. Wenger and H. J. Snaith, Energy Environ.
Sci., 2019, 12, 169–176.

14 N. T. P. Hartono, S. Sun, M. C. Gélvez-Rueda, P. J. Pierone,
M. P. Erodici, J. Yoo, F. Wei, M. Bawendi, F. C. Grozema,
M. J. Sher, T. Buonassisi and J.-P. P. Correa-Baena, J. Mater.
Chem. A, 2019, 7, 23949–23957.

15 T. M. Brenner, D. A. Egger, L. Kronik, G. Hodes and
D. Cahen, Nat. Rev. Mater., 2016, 1, 15007.

16 T. Leijtens, G. E. Eperon, A. J. Barker, G. Grancini,
W. Zhang, J. M. Ball, A. R. S. Kandada, H. J. Snaith and
A. Petrozza, Energy Environ. Sci., 2016, 9, 3472–3481.

17 H. T. Yi, X. Wu, X. Zhu and V. Podzorov, Adv. Mater., 2016,
28, 6509–6514.

18 N. Arora, M. I. Dar, M. Hezam, W. Tress, G. Jacopin,
T. Moehl, P. Gao, A. S. Aldwayyan, B. Deveaud,
M. Grätzel and M. K. Nazeeruddin, Adv. Funct. Mater.,
2016, 26, 2846–2854.

19 J. Shi, Y. Li, J. Wu, H. Wu, Y. Luo, D. Li, J. J. Jasieniak and
Q. Meng, Appl. Phys., arXiv.

20 P. Brenner, O. Bar-On, M. Jakoby, I. Allegro, B. S. Richards,
U. W. Paetzold, I. A. Howard, J. Scheuer and U. Lemmer,
Nat. Commun., 2019, 10, 988.

21 P. Liu, C. Gu and Q. Liao, ACS Omega, 2021, 6, 34021–34026.
22 T. Shen, J. Qin, Y. Bai, J. Zhang, L. Shi, X. Hou, J. Zi and

B. Hu, Opto-Electron. Adv., 2022, 5, 200051.
23 H. Kim, L. Zhao, J. S. Price, A. J. Grede, K. Roh, A. N.

Brigeman, M. Lopez, B. P. Rand and N. C. Giebink, Nat.
Commun., 2018, 9, 4893.

24 Y. Shang, Y. Liao, Q. Wei, Z. Wang, B. Xiang, Y. Ke, W. Liu
and Z. Ning, Sci. Adv., 2019, 5, eaaw8072.

25 A. S. Pannu, S. Sen, X. (Tony) Wang, R. Jones, K. (Ken)
Ostrikov and P. Sonar, Nanoscale, 2023, 15, 2659–2666.

26 L. Dou, Y. Yang, J. You, Z. Hong, W.-H. Chang, G. Li and
Y. Yang, Nat. Commun., 2014, 5, 5404.

27 C. Xie, C. Liu, H. Loi and F. Yan, Adv. Funct. Mater., 2020,
30, 1903907.

28 Y. Yang, H. Dai, F. Yang, Y. Zhang, D. Luo, X. Zhang,
K. Wang, X. W. Sun and J. Yao, Nanoscale Res. Lett., 2019,
14, 291.

29 R. Ray, N. Nakka and S. K. Pal, Nanotechnology, 2021,
32, 085201.

30 I.-H. Park, K. C. Kwon, Z. Zhu, X. Wu, R. Li, Q.-H. Xu and
K. P. Loh, J. Am. Chem. Soc., 2020, 142, 18592–18598.

31 L. Mei, R. Huang, C. Shen, J. Hu, P. Wang, Z. Xu, Z. Huang
and L. Zhu, Adv. Opt. Mater., 2022, 10, 2102656.

32 A. Moeini, L. Martı́nez-Sarti, K. P. S. Zanoni, M. Sessolo,
D. Tordera and H. J. Bolink, J. Mater. Chem. C, 2022, 10,
13878–13885.

33 M. B. Mohammadzadeh Shamloo, S. Darbari and Y. Abdi,
in 2021 Iranian International Conference on Microelec-
tronics (IICM), IEEE, 2021, pp. 1–4.

34 Y. Xu, F. Wang, J. Xu, X. Lv, G. Zhao, Z. Sun, Z. Xie and
S. Zhu, Opt. Express, 2023, 31, 8428.

35 J. Fan, B. Jia and M. Gu, Photonics Res., 2014, 2, 111.
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218 M. Schlipf, S. Poncé and F. Giustino, Phys. Rev. Lett., 2018,
121, 086402.
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