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Abstract

Metal halide perovskites are semiconductors with many fascinating characteristics and their widespread 

use in optoelectronic devices has been expected. High-quality thin films and single crystals can be fabricated 

by simple chemical solution processes and their fundamental electrical, optical, and thermal properties can 

be changed significantly by compositional substitution, in particular halogen ion. In this perspective, we 

provide an overview of phonon and thermal properties of metal halide perovskites, which play a decisive role 

in determining device performance. After a brief introduction to fundamental material properties, 

longitudinal-optical phonons and unusual thermal properties of metal halide perovskites are discussed. 

Remarkably, they possess very low thermal conductivities and very large thermal expansion coefficients 

despite their crystalline nature. In line with these discussions, we present optical properties governed by the 

strong electron–phonon interactions and the unusual thermal properties. By showing their unique thermo-

optic responses and novel application examples, we highlight some aspects of the unusual thermal properties.

 

*E-mail: kanemitu@scl.kyoto-u.ac.jp
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1 Introduction 

Metal halide perovskites are promising materials for optoelectronic device applications and are being 

investigated intensively from fundamental viewpoints of physics and chemistry. Compared to conventional 

tetrahedral semiconductors with covalent bonds, such as Si and GaAs, halide perovskite semiconductors 

show complex but fascinating electrical and optical properties reflecting the structural diversities unique to 

the perovskite structure. Furthermore, in contrast to oxide perovskites that have been studied for a long time,1–

3 halide perovskites have an advantage that high-quality single crystals with very few defects can be 

fabricated by simple low-temperature solution processes. Therefore, they are widely expected to become 

cost-effective semiconductors for applications.4–8 

A metal halide perovskite is described by the general chemical formula ABX3 (A: monovalent cation, B: 

divalent metal ion, X: halogen ion). The cubic crystal structure of a lead halide perovskite is shown in Fig. 

1a (drawn using VESTA9). The octahedra formed by BX6 (shown in gray in the figure) mainly govern the 

electrical and optical properties. Stable and functional halide perovskites reported so far contain lead or tin 

as the B-site cation. In particular, lead halide perovskites exhibit excellent optical and transport properties, 

and many other features have been revealed.4–8,10,11 The structural stability of the perovskite crystals is 

determined by the tolerance factor and the octahedral factor, which are defined by the ionic radii of the 

elements or molecules at A, B, and X sites.12–14 Since a halide perovskite consists of the large metal cation 

at the B site, the A site needs to be occupied by organic molecules or inorganic Cs with large ionic radii to 

stabilize the crystal structure. Halide perovskites with organic molecules MA (CH3NH3) or FA [CH(NH2)2] 

at the A site are known as organic-inorganic hybrid perovskites, while those with inorganic Cs ion at the A 

site are known as all-inorganic halide perovskites. Substitution of the chemical species at each site allows for 

control over the materials properties. The intrinsic properties of halide perovskites can be elucidated by 

comparing samples with different compositions. The presence of a heavy metal element with a large ionic 

radius increases the bond length between the metal and halogen, which presumably leads to the soft lattice 

nature of this materials system and unusual thermal properties.

By taking advantages of the simple and low-cost fabrication and flexibility, their use in various devices is 

expected.4–8 Solar cells are the application example demonstrated since the beginning of research.15–17 Due 

to their excellent optoelectronic properties, further advances towards novel application schemes beyond solar 

cells have recently been discussed extensively, e.g., photodetectors,18,19 light-emitting diodes,20 lasers,21 light 

modulators,22 nonlinear devices,23–25 and quantum emitters.26–29 In considering these applications, thermal 

properties of the material should be critical as they influence the stability and operation lifetime of devices. 

It has been reported that halide perovskites possess ultralow thermal conductivities and large thermal 

expansion coefficients.30,31 Although these characteristics seem detrimental for practical implementation, 

new functionalities may also be realized if the impact of such thermal properties on other physical properties 

has been understood well. Because thermal properties are inherently related to phonons, phonon properties 

should be characterized as well. A deeper understanding of the phonon and thermal properties of these 

semiconductors is essential from both fundamental and application points of view.
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In this perspective, we summarize characteristics of phonons and thermal behaviors in metal halide 

perovskite semiconductors. In addition to providing an overview of the relevant research results, the impact 

of the phonon and thermal properties on the optical responses is discussed based on our recent experimental 

results. We describe the broad photoluminescence (PL) spectrum due to the strong electron–phonon 

interaction and the unique temperature dependence of the optical properties resulting from the unusual 

thermal properties. Through comparisons between halide perovskites and conventional inorganic 

semiconductors, we highlight the characteristic thermo-optical responses of halide perovskites, followed by 

a brief description of their application examples. This perspective aims to shed more light on some positive 

aspects of the thermal properties by presenting the unique thermo-optical characteristics.

2 Fundamental material properties 

　 In this section, we provide a brief introduction to the electronic structure near the band edge and also 

longitudinal optical (LO) phonons in metal halide perovskites. The former mainly governs the optoelectronic 

properties, while the latter influences the luminescence and charge transport properties via electron–phonon 

interactions.

2.1. Electronic band structure

Metal halide perovskites ABX3 are semiconductors with direct band-to-band transitions and a large light 

absorption coefficient in the visible wavelength range.32,33 They have a steep absorption spectrum below the 

band edge,32 indicating few localized defect levels in the bandgap. In particular, lead halide perovskites 

exhibit a highly efficient luminescence.34–37 The characteristic of their electronic band structure is that both 

the bottom of the conduction band and the top of the valence band are formed by antibonding orbitals (see 

Fig. 1b).38–43 The small density of the defect levels within the bandgap has been attributed to this antibonding 

nature.42,43 The conduction band mainly reflects the p orbital of Pb, and thus comprises the heavy and light 

electron bands and the spin split-off band due to the large spin-orbit interaction.44 The separated split-off 

band constitutes the bottom of the conduction band, and thus there is no band degeneracy. Therefore, their 

optical properties near the band edge, including nonlinear optical properties, can be analyzed by a simple 

two-band model.24,27

A practically useful feature is that their bandgap energy Eg can be controlled by changing the element or 

molecule at each site.45–48 This facilitates the fabrication of halide perovskite thin films with optimal bandgap 

energies for single-junction solar cells and tandem solar cells.49–56 The elements or molecules typically used 

for the A site are FA, MA, and Cs, those for the B site are Pb and Sn, and those for the X site are Cl, Br, and 

I. So far, most investigations have been conducted on the combination of these elements and molecules.57–59 

In order to compare the electronic structure and optical properties between the compounds with different 

compositions, it is necessary to study samples that are fabricated under a similar condition and with similar 

quality. In this respect, a recent experiment60 showed the absolute energies of the top of the valence band and 

the bottom of the conduction band and the optical bandgap for typical 18 types of halide perovskites. Among 

them, the values of lead halide perovskites are summarized in Fig. 2. It is known that in tin halide perovskites, 
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the valence band maximum and the bandgap energy can be affected by the film quality and by oxygen and 

moisture.61–64 In Fig. 2, it can be confirmed that by changing the halogen X the bandgap energy can be tuned 

over a wide range covering the whole visible wavelength region. Furthermore, the bandgap energy can be 

changed continuously by using a mixed-halide perovskite with more than one type of halogen (e.g. X = 

I0.6Br0.4).65,66 Additionally, although the A-site cation has no direct influence on the electronic states near the 

band edge, it slightly alters the electronic structure through changing the lattice constant and tilting the PbX6 

octahedra.60,67 In this way, a fine-tuning of the bandgap energy is possible. Since the compositions at A and 

X sites can be engineered independently, it is possible to manipulate the materials properties while 

maintaining the structural stability. Note that the variations in the reported values of Eg in the literature have 

their origin in the fact that the values can depend on the sample quality, measurement method, and analysis 

procedure.

The exciton binding energy is another important physical property that strongly depends on the halogen 

element.68–70 The understanding and control of the exciton binding energy is essential because it governs the 

optical responses and charge transport properties. For example, MAPbI3 is a prototypical lead halide 

perovskite, which has been intensively used in solar cells due to its relatively narrow bandgap energy of 1.61 

eV.32 The exciton binding energy in MAPbI3 is smaller than 10 meV,71,72 therefore, the excitons in MAPbI3 

dissociate into free electrons and free holes at room temperature.34 In the wide-gap semiconductor MAPbCl3, 

the exciton binding energy has a larger value of 41 meV, and thus stable excitons exist in this material at 

room temperature.73

Previously, the quality of tin halide perovskites was much poor compared to that of lead halide perovskites. 

The intrinsic optical and electronic properties of tin halide perovskites remain unclear. However, recent 

advances in fabrication processes have led to the fabrication of tin halide perovskite crystals and thin films 

with significantly improved quality,74,75 which enabled high solar cell efficiencies comparable to those of 

lead halide perovskites in the initial stages of research.76–78 Investigations using such high-quality tin halide 

perovskites will advance the understanding of their intrinsic properties,79 which should be a target of future 

research. The following discussions in the present work mainly focus on the lead-based perovskites.

2.2. LO phonons

Here, we discuss LO phonons in lead halide perovskites, which play an important role in their optical 

properties and charge transport properties. In polar semiconductors including halide perovskites, the 

displacement of atoms due to the long-wavelength LO phonons induces the macroscopic polarization and 

uniform internal electric field. This results in the enhanced Coulomb interactions between the charge carriers 

and lattices.80 Because the optical phonons originating from the PbX6 cage appear in the low-frequency 

region,81,82 the optical phonons influence their optical properties. Furthermore, when an organic molecular 

cation with a dipole is incorporated, the low-frequency vibration modes of the organic molecule can affect 

the phonons of the PbX6 cage.83,84 In Fig. 3, the measured absorption coefficient85 and the calculated infrared 

activity81,86 of the low-temperature phase of MAPbI3 (at 10 K) are shown. Here, the phonons of the inorganic 

PbI6 cage appear below 100 cm-1 and the vibration of the molecular A-site cation appears above 100 cm-1. 
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These modes induce phonon–phonon scatterings and these scattering processes can determine the lifetimes 

of the phonons of the PbI6 cage. The assignment of phonon modes that correspond to each phonon energy in 

halide perovskites has been discussed in ref. 81 and 86.

The LO phonon energy is the most fundamental parameter for discussion of the Fröhlich interaction, i.e., 

the interaction between charge carriers and the Coulomb potential induced by the long-wavelength LO 

phonon. An accurate assessment of its value is necessary because the LO phonon energy strongly influences 

the polaron effect, linewidth of the PL spectrum, and carrier mobility. The values of the LO phonon energies 

have been characterized by several methods such as Raman spectroscopy,86,87 terahertz (THz) 

spectroscopy,88–91 and PL measurements.92,93 However, even in MAPbX3 that has been studied intensively, 

the variations in the reported values of the LO phonon energies are large. Below, we present the properties 

of the LO phonons as determined by THz spectroscopy measurements on high-quality single crystal samples.

The phonon properties have been investigated using MAPbX3 single crystals and THz time-domain 

reflection spectroscopy in the frequency range below 230 cm-1.85 Three samples with different halogens (X 

= I, Br, and Cl) were measured to distinguish between the vibrations from the PbX6 cage and other vibrations. 

The LO phonon was directly characterized from the spectrum of the energy loss function Im[-1/ϵ] that 

represents the longitudinal excitation.94 In Fig. 4a, the Im[-1/ϵ] spectrum of MAPbI3 is shown, which was 

obtained from the measured dielectric constant of the MAPbI3 single crystal. The results for other halide 

perovskites can be found in ref. 85. At 300 K, the LO phonon in MAPbI3 appears at approximately 130 cm-

1 (it is located at 160 cm-1 in MAPbBr3
85). This result is almost the same as the other report based on the 

Fourier transform infrared measurements.90 Note that due to the presence of the heavy Pb atom in lead halide 

perovskites, their phonon frequencies are much lower than those in conventional inorganic semiconductors 

(e.g., the LO phonon frequency is 292 cm-1 for GaAs80). This can have a large influence on the electron-hole 

recombination and the intraband relaxation mechanisms.95 

The LO phonon frequency increases as the halogen X is changed from I to Br to Cl (from heavier to light 

atoms), which shows that the LO phonon mainly originates from the PbX6 cage.85,96 Because the real part of 

the dielectric constant is close to zero at the frequency of LO phonon,80 the spectrum of Im[-1/ϵ] can be 

modulated by a very small dielectric component. Indeed, in Fig. 4a, the LO phonon peak is split into two 

peaks located at 110 and 165 cm-1 at low temperatures. 

A highly interesting feature is that the averaged energy of the split LO phonons at low temperatures is 

constant independent of the temperature (see Fig. 4b; black squares). While the LO phonon spectrum changes 

significantly with temperature, its averaged frequency stays at 131 cm-1 in MAPbI3 for wide temperature 

range. This means that the nature of the LO phonon stays essentially unchanged below and above the phase 

transition temperature and its coupling with charge carriers via the Fröhlich interaction does not change much. 

This will be examined further in Section 3.1 in line with the discussion of the temperature dependent PL 

linewidth.

As discussed above, the bandgap energy changes strongly with the halogen X, but it is also modulated 

slightly by the A-site cation. In the same way, it is expected that the LO phonon spectra are also changed by 

the A-site cation. The lifetime of the LO phonon is generally determined by its coupling with acoustic 
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phonons,97 and thus the A-site cation can influence the energy relaxation of carriers via phonon–phonon 

scattering. A detailed discussion is provided in Section 3.2.

3 Electron–phonon interactions and their impact on the optical spectra and carrier dynamics

In Section 2, we briefly described the fundamental electronic structure and the phonon properties. In the 

present section, we discuss how the PL spectra and carrier relaxation processes are influenced by phonons 

via electron–phonon interactions. Metal halide perovskites possess highly polar properties and show a large 

splitting between the LO phonon and the transverse optical phonon,90 which suggests that strong electron–

phonon interactions occur. Note that halide perovskites are materials that a deep understanding of electron–

phonon interactions is important.

3.1 PL linewidth

In polar semiconductors, the linewidth of the PL spectrum is dominated by the electron–LO phonon 

interaction via the Fröhlich interaction. The contributions of impurities and the acoustic phonon cannot be 

neglected at low temperatures. Fig. 4c shows the temperature dependence of the PL linewidth obtained from 

the MAPbI3 single crystal.85 Although the PL spectral shape changes strongly at the phase-transition point, 

the linewidth of the PL spectrum exhibits no abrupt change. The temperature dependence of the PL linewidth 

can be well explained for the whole temperature range by using the single effective LO phonon energy shown 

in Fig. 4b. This result shows that the effective LO phonon frequency does not change with temperature and 

the strength of the electron–phonon interaction is almost independent of the crystal structure; this is in 

agreement with the conclusion derived from Fig. 4b. Similar results have also been reported for MAPbBr3.
85

Fig. 5a shows the room-temperature PL spectra of a MAPbI3 thin film under resonant excitation.98 The 

sharp lines in the figure represent the scattering of the excitation light, showing that the excitation energy 

was varied from well above to slightly below the PL peak energy. This result clearly demonstrates that the 

broad spectrum of MAPbI3 does not change even when excited within the PL band. In other words, the broad 

PL reflects the thermal distribution of carriers99 and the linewidth is determined by strong electron–phonon 

interactions. This is consistent with the result in Fig. 4c that the temperature dependence of the PL linewidth 

is determined by the electron–LO phonon interaction. Comparable PL characteristics were also obtained for 

a MASnI3 thin film as shown in Fig. 5b, which is an important observation for the development of lead-free 

materials for optoelectronic device applications.62,100 In addition to these studies on thin films and single 

crystals, recent single-dot spectroscopy measurements on highly luminescent halide perovskite nanocrystals 

have been revealing the impact of the electron-phonon interaction and the A-site cation on the PL spectrum 

and PL dynamics.101–104

Another remarkable result in Fig. 5a is that anti-Stokes PL is clearly observed. Here, the anti-Stokes PL 

refers to the emission with photon energies higher than the excitation photon energy. This efficient anti-

Stokes PL is likely to occur via the absorption of phonons in the material. Therefore, if the material has a 

high external PL quantum efficiency, the removal of thermal vibrations (phonons) through the anti-Stokes 

process can enable a decrease in the material’s lattice temperature, i.e., laser cooling.98,105 The PL excitation 
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measurement has been employed to investigate the anti-Stokes PL efficiency and the cooling gain in the 

iodide perovskite MAPbI3, and their relation to photon recycling has been discussed.98 Furthermore, it was 

shown that the anti-Stokes PL in two-dimensional perovskite (C6H5C2H4NH3)2PbI4 is dominated by free 

excitons in contrast to the free-carrier-dominated PL in the three-dimensional MAPbI3.106 

The PL spectral shape is also well described using the absorption spectrum and such analysis allows for 

the further discussion on the electron–phonon interactions. In a semiconductor at thermal equilibrium, the 

spontaneous emission rate and the absorption probability at a given photon energy are connected via the van 

Roosbroeck–Shockley relation.107 If the exposure time is set sufficiently long, the PL spectrum measurement 

can be used to accurately evaluate the spectral shape of the PL tail where the PL intensity is very small. By 

using the obtained PL spectrum and the van Roosbroeck–Shockley relation, it becomes possible to accurately 

characterize the exponential shape that appears in the absorption tail region below the bandgap, i.e., the 

Urbach tail.108–110 Based on the expression given in the literature,108 the PL spectrum  can be written 𝐼PL(𝐸,𝑇)

using the absorption spectrum :𝛼(𝐸,𝑇)

𝐼PL(𝐸,𝑇) ∝
𝛼(𝐸,𝑇)𝐸2

exp [(𝐸 ― Δ𝜇) 𝑘B𝑇] ― 1

∝ 𝛼(𝐸,𝑇)𝐸2exp ( ―𝐸/𝑘B𝑇) .

(1)

Here, E represents the photon energy,  represents the Boltzmann constant,  represents the temperature,  𝑘B 𝑇

and  represents the difference between the electron and hole quasi-Fermi levels. Because the PL spectra 𝛥𝜇

discussed here were obtained under weak excitation conditions,  is considered fulfilled and 𝐸 ― 𝛥𝜇 ≫ 𝑘B𝑇

thus the approximation for the second line in eqn (1) holds. 

Fig. 5c and 5d show the PL as well as absorption spectra of the MAPbI3 and MASnI3 thin films at room 

temperature. Both the lead and tin iodide perovskites exhibit a sharp absorption edge and their PL peak is 

located near the absorption onset energy, i.e., there exists almost no luminescence Stokes shift. The small 

luminescence Stokes shift in conjunction with the high PL quantum yield, especially in the lead-based 

perovskite, would result in the repeated cycles of photon emission and reabsorption: efficient photon 

recycling.111 This is a beneficial characteristic when this material is used in photovoltaic devices.112–119 The 

spontaneous emission spectra calculated from eqn (1) are indicated in Fig. 5c and 5d with the black circles. 

For this calculation, a temperature of T = 300 K and a constant refractive index are assumed. The 

experimental data of the PL spectrum agrees well with the spontaneous emission spectrum calculated using 

eqn (1) and the experimental absorption spectrum. This confirms that the thermal equilibrium of carriers is 

well established and the PL spectrum is directly related to the absorption spectrum.

Based on the relation between PL and absorption, the small absorption coefficient in the sub-bandgap 

region and the Urbach energy EU can be evaluated by analyzing the tail of the PL spectrum. Note that the 

Urbach energy is a very important material parameter from both fundamental and practical viewpoints 

because it is not only the measure of a voltage drop in a photovoltaic device,120–123 but also it indicates the 

strength of electron–phonon interactions in a material.124 The values of EU = 13 meV for MAPbI3 and EU = 

12 meV for MASnI3 were obtained from the analysis of the PL spectra with eqn (1). These values are almost 
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the same as those obtained for high-quality perovskite samples in other reports.125–127 These Urbach energies 

are relatively small when we consider that both samples are polycrystalline thin films fabricated by a low-

temperature solution process. This result verifies that there are almost no defect levels near the band edge. 

Since the small EU is an essential property to realize solar cells with high open-circuit voltages,120–123 these 

results show that the fundamental absorption properties of the metal halide perovskites are suitable for 

application in photovoltaic devices.

　

3.2 Hot-carrier cooling dynamics

Electron–phonon interactions play an important role in the photoexcited carrier dynamics in metal halide 

perovskites. In particular, recent reports have shown that the intraband relaxation of carriers with excess 

energies is remarkably slow in halide perovskites compared to that in conventional inorganic semiconductors 

(see Fig. 6a).128–133 The long lifetimes of hot carriers in halide perovskites attract much attention because they 

potentially enable highly efficient hot-carrier solar cells whose power conversion efficiency can exceed the 

Shockley-Queisser limit.134–137 The understanding of the hot-carrier dynamics is also important in terms of 

the application to optical amplification and light emission because the manipulation of hot-carrier states, 

including hot excitons and hot biexcitons in halide perovskite nanocrystals, can control the optical gain 

behavior.138–141 

With respect to hot-carrier cooling processes in a lead iodide perovskite, a systematic experimental result 

that reveals a hot-phonon bottleneck effect has been reported.128 As shown in Fig. 6b, a characteristic 

elongation of the hot carrier relaxation time was observed in a MAPbI3 thin film when the initial carrier 

density exceeds ~1018 cm-3. The energy relaxation time constant was several tens of picoseconds, which is 

three orders of magnitude longer than the value observed in bulk GaAs under the similar excitation condition. 

Note that, at early times just after the excitation, the energy loss rate (corresponding to the slope of the cooling 

curve in Fig. 6b) is almost independent of the carrier density, where the efficient emission of LO phonons 

determines the energy loss rate. A large decrease in the energy loss rate is observed after the carriers lose 

much of their kinetic energies, which results in the overall slow relaxation. Such slow hot-carrier relaxation 

has been observed only when a sufficiently large excess energy is provided by photoexcitation as shown 

below.

In Fig. 6c, we summarized the reported hot-carrier relaxation time constants for different lead iodide 

perovskite (APbI3; A = MA, FA, and Cs) thin films. This figure is based on the reports discussing the 

electronic temperature by means of the transient absorption technique,128,129,142–144 and the relaxation time 

shown here is defined at which the electronic temperature cools down to 600 K.131 It is shown in Fig. 6c that 

the relaxation time constant at high excitation densities becomes larger when the photoexcited carriers have 

a large excess energy. A similar trend can be seen for the hybrid and all-inorganic lead iodide perovskites. 

The slower hot-carrier relaxation at high excitation densities in the lead iodide perovskites is similar to the 

hot-carrier dynamics in III–V quantum wells.145 In the latter, the slower carrier relaxation at high excitation 

conditions has been interpreted as a hot-phonon bottleneck effect: a large population of hot carriers generates 

many nonequilibrium LO phonons and these hot phonons can be reabsorbed by electrons and keep them 
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hot.146 In metal halide perovskites, several models have been proposed to explain the origin of the hot-phonon 

bottleneck and under intense discussion: a large phononic gap between the effective LO phonon frequency 

and the frequency of the zone-boundary acoustic phonon,142 an efficient acoustic-to-optical phonon up-

conversion due to a large overlap between acoustic and optical phonon modes,143 and a very low thermal 

conductivity of these materials.147 Additionally, attention has been paid to how the relaxation process is 

affected by the modification in the phonon density of states upon the A-site cation substitution, which 

stimulates both experimental and theoretical investigations of bulk and nanocrystal samples.148,149 Note that 

for a comprehensive discussion of carrier dynamics in nanocrystal samples, a detailed understanding of a 

tion, which is formed by one exciton and a bound electron or hole, is necessary.150 This is because in halide 

perovskite nanocrystals the trions can be generated even under weak excitation conditions27,28 and they have 

a large impact on their carrier dynamics.150,151

Moreover, even for weak excitation conditions of initial carrier densities below 1018 cm-3, unique slow hot-

carrier relaxation has been reported. In hybrid perovskites FAPbBr3, MAPbBr3, and MAPbI3, hot-carrier PL 

signals with exceptionally long time constants of several hundreds of picoseconds have been observed.83,152 

The striking difference in contrast to the hot-phonon bottleneck under strong excitation is that the effective 

electron temperature derived from the initial PL spectrum decreases with increasing excitation fluence (see 

Fig. 6d).152 As the origin of this behavior, the suppression of the electron–LO phonon scattering due to a 

dynamic screening of the molecular cation has been proposed.83,153 This model is supported by the 

experimental results that the hot-carrier PL observed in MAPbBr3 and FAPbBr3 is not observed in CsPbBr3 

with no organic molecule, and the hot-carrier PL of MAPbBr3 disappears in the low-temperature phase where 

the rotation of the organic MA molecule freezes.83 Similar PL results have been reported in another 

publication.154

Together with the abovementioned long relaxation time, the long-range transport of hot carriers has also 

been reported for the lead iodide perovskite MAPbI3.155 Therefore, lead halide perovskites have several 

highly promising properties for hot-carrier solar cells. Additionally, hot-carrier PL with a long time constant 

was also observed in a tin iodide perovskite,156 which should be important for the elucidation of the 

fundamental mechanisms and also for the development of lead-free materials. 

There still remain unsolved questions regarding the hot-carrier relaxation dynamics, but it seems 

reasonable to consider that the unique phonon modes, electron–phonon interactions, and strong 

anharmonicity should be of high relevance. Note that, as can be seen in Fig. 6c, there exist variations between 

the reported hot-carrier relaxation time constants in the literature. The sample fabrication procedures have 

been improved and high-quality samples can be obtained recently, and thus further investigations on such 

high-quality samples will enable more comprehensive understandings of the hot-carrier dynamics. In addition, 

most investigations to date have been performed under very strong excitation conditions that cannot be 

achieved even in concentrator photovoltaics. Thus, it will be important to study the electron–electron 

scattering and the hot-carrier relaxation under weak photoexcitation close to the actual operating conditions 

for further development of perovskite-based solar cells.146,157
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4 Thermal and thermo-optical properties

For the practical implementation of metal halide perovskites, understanding of their thermal properties 

should be of great importance. In particular, the thermal expansion and thermal conduction play a critical 

role for device performance and arise from the anharmonic effect of phonons. Considering the phonon 

characteristics discussed above, halide perovskites can exhibit rather unconventional thermal properties. The 

first half of this section presents their unconventional thermal properties, and in the second half we will show 

that metal halide perovskites are totally unique materials with unusual thermo-optical properties.

4.1 Thermal conductivity and thermal expansion coefficient

The thermal conduction is a phenomenon that is governed by the phonon–phonon scattering and the 

phonon mean free path. In metal halide perovskites featuring characteristic structural softness,158,159 the 

thermal properties including the thermal conductivity have been the subject of intense research.160 The 

exceptionally low thermal conductivity of organic–inorganic hybrid perovskites was first reported in 2014.30 

The temperature dependence of the thermal conductivity was measured for a MAPbI3 single crystal and a 

polycrystalline thin film. As shown in Fig. 7a, both samples have a low thermal conductivity of ~0.5 W m-1 

K-1 at room temperature. This value is significantly low among crystalline solids and we will present a 

thorough comparison later. In Fig. 7a, no significant difference is found in the absolute values and the 

temperature dependence between the single crystal and thin film. The low thermal conductivity is attributed 

to the small group velocity and the short lifetime of phonons.30,161 Theoretical considerations have pointed 

out that the strong interaction between the rotation of the MA molecule and the low-frequency phonons of 

the PbI6 cage can lead to the low thermal conductivity.162

As is the case for the optical properties discussed in the preceding section, the impact of the organic 

molecular cation on the thermal conductivity has also been a topic of interest. It was reported that the all-

inorganic perovskites CsPbI3, CsPbBr3, and CsSnI3 have low thermal conductivities of about 0.4 W m-1 K-1 

at room temperature, i.e., almost same as that of the organic–inorganic hybrid perovskite.163 The thermal 

conductivity in halide perovskites at around room temperature is thus almost independent of the type of the 

A-site cation.163,164 The role of the A-site cation can be seen at low temperatures. 

In organic–inorganic hybrid perovskites, the thermal conductivity at room temperature strongly depends 

on the halogen atom. As was mentioned in Section 2, the electronic structure and the LO phonon frequency 

also depend strongly on the halogen. These consequences are attributed to the same reason: the strength of 

the Pb–X bond that depends on the ionic radius. In Fig. 7b, the experimental results on different halogens are 

shown.165 For example, in the case of chloride, the ionic radius is small and the density is relatively large, 

which lead to the larger strength of the Pb–Cl bond and the hydrogen bond. In Fig. 7b, the thermal 

conductivity k is plotted as a function of Ca‑cubicv̅s/3, where Ca‑cubic is the volumetric heat capacity of acoustic 

phonons based on a cubic unit cell and v̅s is an average sound speed. The dashed line is a linear fit for 

MAPbX3. The slope of the fitting curve gives the average acoustic phonon mean free path Λ̅a = 4.3 ± 1.1 

nm. The nonzero y-intercept indicates that optical phonons also contribute to the thermal conductivity.165 

Theoretical analysis suggested that the mean free path of a large part of the phonons responsible for thermal 

Page 10 of 39Physical Chemistry Chemical Physics



11

conduction is less than 100 nm.165 Consequently, as long as the grain size is larger than about 100 nm, the 

scattering at the grain boundary does not affect the conductivity; therefore, similar results can be obtained 

for single crystals and polycrystalline thin films (Fig. 7a). Compatible results were obtained with theoretical 

calculations and neutron scattering showing a small acoustic-phonon lifetime86,161,166 and a small phonon 

group velocity due to the small elastic modulus that corresponds to the structural softness.159 

The thermal conductivity can also be determined by measuring the transient refractive index change. This 

is based on the evaluation of the optical phase shift resulting from the temperature-induced refractive index 

change by combining a time-resolved optical interferometer22 and optical beam-induced heating (Fig. 8a). 

During optical excitation, the excitation laser beam behaves as a heat source and this leads to a gradual 

temperature rise around the beam spot whose temporal evolution reflects the thermal conductivity of a 

material.167 By measuring the temporal evolution of the resulting refractive index change as the optical phase 

shift of the probe light, the thermal conductivity was determined in a contactless manner. In Fig. 8b, the 

optical phase of the probe light transmitted through a MAPbCl3 single crystal is presented, showing that the 

optical phase advances under optical excitation.168 In Fig. 8c, it is shown that this phase shift occurs slowly 

with a time constant of milliseconds during the optical excitation. By performing an analysis based on a 

model accounting for the photo-induced temperature rise and the thermal conduction, the thermal 

conductivity of MAPbCl3 was determined to be 0.46 W m-1 K-1, in agreement with the previously reported 

values.

The thermal expansion is another important property that affects the device degradation and performance. 

It has been reported that the thermal expansion coefficients of halide perovskites are much larger than those 

of conventional inorganic semiconductors.31,158,169 In ref. 170, it is pointed out that metal halide perovskites 

are semiconductors that possess a very low thermal conductivity and a very large thermal expansion 

coefficient. Fig. 9 shows the relation between these two thermophysical properties for a wide range of 

materials. The values used in this figure were obtained from the literature: MAPbX3 with X = I, Br, and Cl 

from ref. 170, CsPbI3 from ref. 163,171, other inorganic solids from ref. 172, and polymers and liquids from 

ref. 173. 

In Fig. 9, the group IV semiconductors with covalent bonding and the III–V semiconductors with slightly 

ionic bonding are located at the lower right corner of the figure. The more ionic solids are located at the upper 

left side. Among inorganic solids, halide perovskites are at the most upper left position. This characteristic 

is even more pronounced than in the soft and insulating ionic crystals (group I–VII materials, such as NaCl). 

Halide perovskites show thermal properties that resemble those of organic polymers or even liquids. This 

characteristic is confirmed for both hybrid and all-inorganic halide perovskites (see Fig. 9), which indicates 

that the inorganic PbX6 cage dominates the thermal properties. A similar behavior is observed when Pb is 

substituted for Sn.174 Additionally, it was recently reported that FAPbI3 exhibits a large negative thermal 

expansion coefficient at low temperatures near the phase transition point.175 

Since both the thermal conduction and thermal expansion are generally governed by the anharmonic 

interaction of phonons, the above characteristics indicate the strong phonon anharmonicity in halide 

perovskites. The presence of the heavy elements with large ionic radii leads to a long bond length between 
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the metal and halogen, which presumably gives rise to the soft lattice nature and the unique thermal properties 

of this material system. Thermal properties can depend on the sample quality, thus systematic measurements 

for high-quality samples will be helpful for more comprehensive understanding.

4.2 Temperature dependence of optical properties

As presented in the above section, there has been progress in understanding the thermal properties of halide 

perovskites. The consequences and implications of these findings can be easily envisioned, i.e., the low 

thermal conductivity can lead to a temperature rise of an operating device and cause a stability issue and the 

large thermal expansion can gives rise to thermal strain and stress. These aspects are indeed important in 

considering actual implementation of halide perovskites, while we can also expect that these unusual 

properties can be utilized in a positive way. For example, the low thermal conductivity will open a way for 

thermoelectric application.176,177 Here, we should bear in mind that the most important characteristic of halide 

perovskites is that they possess excellent optical properties. In this respect, increasing attention has been paid 

to the temperature dependence of their optical properties. 

Recent studies have discovered intriguing thermo-optical responses and these have been further utilized in 

novel applications.168,178–180 　 Here, we present the unique temperature dependence of refractive index 

observed in halide perovskites.168 The refractive index is a fundamental optical constant for the design of 

photonic devices and its change upon temperature variation should be understood for stable device 

operation.181 For the following discussion, note that conventional inorganic semiconductors exhibit an 

increase in the refractive index as the temperature increases, i.e., they possess a positive thermo-optic 

coefficient.182

In Fig. 8b and 8c in the previous section, the optical phase of the transmitted light advances due to the 

photo-induced temperature rise. This means that the temperature rise results in a reduction in the optical path 

length, suggesting that halide perovskites are peculiar materials where the refractive index decreases with a 

temperature increase. This result was verified by independent measurements of incident-angle dependence 

of the surface reflection, clearly showing that the halide perovskite MAPbCl3 possesses a negative thermo-

optic coefficient.168 For comparison with other materials, the normalized thermo-optic coefficient and the 

thermal conductivity of various materials are summarized in Fig. 10a. The halide perovskite MAPbCl3 

exhibits a negative thermo-optic coefficient, which is hardly observed in conventional inorganic 

semiconductors. We can confirm that halide perovskites have a characteristic that rather resembles that of 

organic materials or liquids. 

The low thermal conductivity of halide perovskites leads to a large increase in the local temperature in the 

vicinity of the excitation laser spot. This facilitates a contactless and efficient modulation of material 

properties. Fig. 10b summarizes the expected changes of the refractive indices due to the laser light excitation 

that are calculated for various materials using the thermo-optic coefficients and the temperature increase 

caused by a given absorbed power of light (here, 20 mW).168 Obviously, the halide perovskite exhibits an 

exceptionally large thermo-optic response. In fact, lead chalcogenides also show a negative thermo-optic 

coefficient and a large refractive index change; however, their narrow bandgap energy located at the mid-
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infrared region makes them unsuitable for applications in the near-infrared and visible regions.80 Halide 

perovskites are high-quality semiconductor materials that provide a combination of high transparency and 

unique thermo-optic properties in the visible range.

Recently, it was shown that the negative thermo-optic coefficient predominantly originates from the large 

thermal expansion coefficient of halide perovskites.183. According to the Lorentz oscillator model, the 

temperature dependence of the refractive index at energies below the fundamental absorption edge can be 

expressed in terms of (i) the thermal shift of the resonance energy and (ii) the change of the valence electron 

density due to thermal expansion.184,185 The contributions of the energy shift and the thermal expansion to 

the thermo-optic coefficient can be clearly understood by a plot as in Fig. 11.183 This figure shows that, in 

semiconductors except the halide perovskite, the magnitude and the sign of the normalized thermo-optic 

coefficient are determined by the shift of the absorption-edge energy, i.e., they lie on the gray linear line. 

Because the thermal expansion coefficient is small in these conventional semiconductors,186,187 the thermal 

shift of the resonance energy dominates the thermo-optic coefficient. On the other hand, the halide perovskite 

MAPbCl3 is far off the gray line; it exhibits a large negative thermo-optic coefficient despite a small 

absorption-edge shift. Such a characteristic is caused by a large decrease in the valence electron density with 

increasing temperature owing to the large thermal expansion.183 The negative thermo-optic coefficient is thus 

an interesting property that reflects the electronic structure and lattice properties of halide perovskites. It is 

expected that the large change in the valence electron density with temperature affects not only the refractive 

index but also many optical responses.

Finally, we briefly describe several other temperature-dependent optical responses. In metal halide 

perovskites, a blueshift of the absorption edge and PL peak energies has been observed,71,188 which is opposite 

to the redshift usually observed in conventional semiconductors.80 The ultraviolet photoemission 

spectroscopy and theoretical calculations have shown that the blueshift with increasing temperature can be 

understood in terms of the orbital nature of their valence band.178,189 Because the valence band maximum of 

metal halide perovskites is formed by a strong mixing of the Pb and halogen orbitals (Fig. 1b), the increase 

in the inter-atom distance due to the thermal expansion leads to the large lowering of the valence band 

maximum, resulting in the blueshift. The importance of the electron–phonon interactions has also been 

pointed out.190 

Furthermore, it was reported that perovskite-like materials with low dimensionality exhibit a PL lifetime 

that is highly sensitive to temperature. This characteristic enabled remote thermal imaging with high 

resolution.180 The application to smart photovoltaic windows has also been demonstrated, using the large 

changes in the bandgap energy followed by the sequential phase transitions in halide perovskites.179 As such, 

the unique thermal changes of the optical properties can realize completely new optical functionalities. Also, 

using the negative thermo-optic coefficient of MAPbCl3, the passive compensation of the thermally-induced 

optical phase shift occurring in a ZnSe crystal was demonstrated.168 Moreover, based on the calculation that 

predicts the efficient thermo-optic modulation characteristics as in Fig. 10b, the polarization control of visible 

light was demonstrated using the optical phase modulation (Fig. 12).168 Considering the unique thermal 

properties of halide perovskites, we can expect that further interesting thermo-optical properties are waiting 
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to be discovered. These will enable novel applications that can only be realized with halide perovskite 

semiconductors.

　

5 Conclusions 

This perspective has presented the recent progress in understanding the phonon and thermal properties and 

their impact on the optical responses in metal halide perovskites. Much discussion has been devoted to the 

fundamental optical properties based on our recent results, with showing their application examples. Metal 

halide perovskites have debuted as photovoltaic materials that provide high power conversion efficiencies 

but are simple to fabricate, thus, they have been promising materials for large-area implementation. 

Following thorough investigations have also shown their high potential as luminescent materials and 

nonlinear optics materials. Taking MAPbX3 as a representative example, we have described the technically 

relevant features, such as the anti-Stokes PL, the thermal properties, and the temperature dependence of the 

refractive index. Remarkably, they possess exceptionally small thermal conductivities and large thermal 

expansion coefficients, which lead to unique thermo-optical responses. In the present work, attempts have 

been made to increase the awareness of the fact that the unusual thermal properties are not only problematic 

in applications, but also can enable novel applications, e.g., the optical phase compensation and the thermo-

optic modulation. Further comprehensive work on their fundamental properties will enable the discovery of 

new phenomena and the utilization in novel applications that are not available in conventional inorganic or 

organic semiconductors. 
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Figure Captions

Fig. 1 (a) Illustration of the cubic lead halide perovskite crystal structure APbX3. The halogen atoms are 

shown with the yellow spheres and are usually I, Br, or Cl. As the A-site cation located at the center of the 

PbX6 octahedral network, the organic formamidinium (FA) and methylammonium (MA), or the inorganic 

Cs+ can be incorporated. (b) Overview of the orbital characters of the electronic band structure in a lead 

halide perovskite. The state related to the A-site cation is located far below the band edge, and therefore it 

does not directly affect the bandgap energy (Eg).
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Fig. 2 Absolute energies of valence band maximum and conduction band minimum of nine representative 

lead halide perovskites. The values shown in the figure are the optical bandgap energies estimated from 

absorption measurements. The data used to prepare this graph are taken from ref. 60.
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Fig. 3 Measured absorption coefficient (top panel) and calculated infrared activity (bottom panel) for the 

low-temperature orthorhombic phase of MAPbI3 in the range 0–233 cm−1, which includes phonon modes of 

the inorganic PbI6 cage (red bars) and vibrations of the molecular cation (blue bars). The absorption 

coefficient  is plotted from the complex values of  in ref. 85. Error bars are added α = (2𝜔/𝑐)Im[𝜖1/2] 𝜖

with the assumption of . The infrared activity is plotted using the calculated values and |𝛥𝑛| < 0.1

assignments in ref. 81 and 86. 
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Fig. 4 (a) The energy loss function Im[-1/ϵ] of the MAPbI3 single crystal at different temperatures. (b) Peak 

wavenumbers (closed red circles) and effective wavenumbers (open black squares) of the LO phonons as a 

function of temperature. (c) The temperature dependence of the spectral width of the luminescence from the 

free exciton. The red curve shows the predicted width including the effects of acoustic and LO phonon 

interactions. The labels O and T represent the orthorhombic and tetragonal phases, respectively. Adapted 

from ref. 85. Copyright 2018 The Authors published by the American Physical Society under the Creative 

Commons Attribution 4.0 International license.
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Fig. 5 Room-temperature PL spectra for resonant excitation of (a) MAPbI3 and (b) MASnI3 thin films. The 

spectral shapes are independent of the excitation energy, i.e. these data show homogeneous broadening. The 

sharp peaks in the figures represent the scattering of the excitation light. PL (red curve) and absorption (blue 

curve) spectra for (c) MAPbI3 and (d) MASnI3 thin films. The open circles represent the spontaneous 

emission spectra calculated from the absorption spectra using the van Roosbroeck–Shockley relation (vRS). 

Data in panels (a) and (b) are taken from ref. 98 and 62, respectively. 
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Fig. 6 (a) Schematic illustration of hot-carrier cooling in a semiconductor. Photoexcited carriers with high 

excess energies relax to the band edge by dissipating their kinetic energies via phonon emission. At the initial 

stage, the cooling is predominantly mediated by Fröhlich interaction and emission of long-wavelength LO 

phonons. CB: conduction band, VB: valence band, hν: photon energy, Eg: bandgap energy, k: wavevector. 

(b) Time-dependent carrier temperature in a MAPbI3 thin film under different excitation fluences 

(corresponding to the initial carrier densities in the range from 0.52 to 6.0 ×1018 cm-3). (c) Reported hot-

carrier relaxation time as a function of the excess energy, hν - Eg, for the lead iodide perovskite thin films 

(APbI3; A = MA, FA, and Cs). The data used to prepare this figure are taken from ref. 128, 129, and 142–

144, where the transient absorption technique was employed to investigate the hot-carrier dynamics. The 

relaxation time shown here describes the time carriers require to cool down to 600 K. Strong and weak 

excitation conditions are represented by filled and open circles, respectively. (d) Excitation fluence 

dependence of the PL spectrum immediately after excitation of a MAPbI3 thin film. These excitation fluences 

correspond to relatively weak fluences. Panel (b) is reprinted by permission from Springer Nature: Springer 

Nature, Nature Photonics, Yang et al.,128 Copyright 2015. Panel (d) is reprinted with permission from ref. 

152. Copyright 2016 American Chemical Society.
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Fig. 7 (a) Thermal conductivities of a MAPbI3 single crystal (black dots) and a thin film (red dots) as a 

function of temperature. The blue curves represent the fitting results. (b) Thermal conductivities of different 

halide perovskites as a function of Ca‑cubicv̅s/3, where Ca‑cubic is the volumetric heat capacity of acoustic 

phonons based on a cubic unit cell and v̅s is an average sound speed. The dashed line is a linear fit for 

MAPbX3 and its slope corresponds to the average acoustic phonon mean free path Λ̅a = 4.3 ± 1.1 nm. Panel 

(a) is reprinted with permission from ref. 30. Copyright 2014 American Chemical Society. Panel (b) is 

reprinted with permission from ref. 165. Copyright 2017 American Chemical Society.
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Fig. 8 (a) Schematic of the interferometer used to measure the refractive index change under photoexcitation. 

LP: linear polarizer, PBS: polarizing beam splitter, SPF: short-pass filter. (b) Optical phase of the probe light 

transmitted through a MAPbCl3 single crystal without (black curve) and with (green curve) laser excitation 

to induce a temperature rise. A positive phase shift indicates a decrease in the refractive index due to the 

photo-induced heating. (c) Time evolution of the optical phase shift under photoexcitation. Panels (b) and (c) 

adapted from ref. 168. Copyright 2019 The Authors, some rights reserved; exclusive licensee American 

Association for the Advancement of Science. Distributed under a Creative Commons Attribution 

NonCommercial License 4.0 (CC BY-NC).
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Fig. 9 Thermal expansion coefficient versus thermal conductivity for various materials. This plot is based on 

the data taken from ref. 170 for MAPbX3, ref. 163 and 171 for CsPbI3, ref. 172 for other inorganic solids, 

and ref. 173 for polymers and liquids. 
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Fig. 10 (a) The normalized thermo-optic coefficients, (1/𝑛)(dn/𝑑𝑇), plotted as a function of thermal 

conductivity for various materials. (b) Calculated absolute values of the refractive-index change that occurs 

due to a photo-induced temperature rise for various semiconductors, plotted against the bandgap energy. 

Obviously, MAPbCl3 exhibits a unique behavior. For the calculation we assumed an absorbed power of 20 

mW and a heat conversion efficiency of unity for all materials. Adapted from ref. 168. Copyright 2019 The 

Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. 

Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).
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Fig. 11 Correlation between the normalized thermo-optic coefficient and the thermal shift of the absorption 

edge for various semiconductors. Most semiconductors lie on the gray linear line, while the halide perovskite 

exhibits a unique behavior. Adapted from ref. 183. Copyright 2020 The Authors published by the American 

Physical Society under the Creative Commons Attribution 4.0 International license.
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Fig. 12 Application of MAPbCl3 as a thermo-optic modulator to control the polarization of visible light. Each 

graph plots the polarization of an optical beam that is obtained by interference between a reference beam and 

a beam that has passed through a MAPbCl3 crystal. By changing the pump beam power incident on the 

MAPbCl3 crystal as indicated, the optical phase of the light transmitted the crystal is controlled. This enables 

the precise manipulation of the relative phase difference between the two light beams and the polarization of 

the interfered light can be variably controlled. The wide bandgap of MAPbCl3 facilitates the thermo-optic 

modulation in almost the entire visible wavelength region as shown with the three graphs. Reproduced from 

ref. 168. Copyright 2019 The Authors, some rights reserved; exclusive licensee American Association for 

the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 

4.0 (CC BY-NC).

Page 39 of 39 Physical Chemistry Chemical Physics


