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Large thermal expansion leads to negative thermo-optic coefficient
of halide perovskite CH3NH3PbCl3
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Lead halide perovskites have emerged as new optoelectronic materials owing to their outstanding optical
properties. There has been increased interest in their temperature-sensitive optical properties and new optical
applications have been proposed thereby. Here, we report the origin of the unusual negative thermo-optic
coefficient of the halide perovskite CH3NH3PbCl3, i.e., a decrease in the refractive index by an increase in
temperature. From the temperature dependences of the absorption spectrum and the lattice constant and using
the Lorentz oscillator model, we conclude that the negative thermo-optic coefficient below the absorption edge is
predominantly determined by the large thermal expansion coefficient inherent to this soft material system. This
work demonstrates that the negative thermo-optic coefficient is a distinctive phenomenon reflecting the unique
electronic and lattice properties of halide perovskites.
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I. INTRODUCTION

Lead halide perovskites have attracted attention as a
promising class of materials for optoelectronics [1,2]. Earlier
work has shown that these materials exhibit superior optoelec-
tronic properties similar to those of high-quality crystalline
inorganic semiconductors such as GaAs. Examples of their
properties include a sharp absorption edge, large absorption
coefficients, high-photoluminescence quantum efficiencies,
and long carrier diffusion lengths [3–9]. Taking advantage
of these features in conjunction with their facile solution
processability, highly efficient solar cells and light-emitting
diodes have been demonstrated [10–13], and the applications
have been extended to nonlinear optics, such as high-order
harmonic generation and optical modulation [14–16].

More recently, growing attention has been paid to the
intriguing temperature dependences of their optical proper-
ties, which are quite different from those of conventional
inorganic semiconductors. Their characteristic thermal prop-
erties and optical responses sensitive to temperature variation
have been revealed and exploited in novel optical applications
[17–22]. As one of them, it was revealed that the halide
perovskite exhibits a distinct decrease in refractive index with
increasing temperature, i.e., a large negative thermo-optic
coefficient [22]. This behavior is rather unique; it is opposite
to the positive thermo-optic coefficients usually observed in
conventional inorganic semiconductors (e.g., GaAs and Si).
The origin of the opposite behavior should be related to the
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inherent electronic structure and optical properties of halide
perovskites.

Previous studies have reported that halide perovskites show
a blueshift in optical absorption-edge energy with temperature
[4,23], which is contrary to the redshift observed in con-
ventional inorganic semiconductors [24]. This opposite shift
in the absorption edge may have an impact on the sign of
the thermo-optic coefficient. However, the relation between
the thermally induced changes in the refractive index and the
absorption edge has not been elucidated yet for halide per-
ovskites. Furthermore, this material system possesses unusual
thermophysical properties [25–28], originating from the soft
metal–halogen framework: halide perovskites are a unique
class of crystalline solids and their thermal and optical proper-
ties are currently under intense investigation [29–31]. Detailed
analyses regarding the thermo-optic coefficients provide a
better understanding of their intrinsic thermal and optical
properties.

In this paper, we report that the large thermal expansion
inherent to this soft material system leads to the negative
thermo-optic coefficient of the halide perovskite MAPbCl3
(MA = CH3NH3), by comparing the temperature depen-
dences of the optical absorption spectrum and the lattice
constant and performing an analysis based on the Lorentz
oscillator model. The expression based on the Lorentz oscil-
lator model describes that the temperature dependence of the
refractive index is determined by a thermal expansion coef-
ficient and a temperature-dependent shift in the absorption
peak energy of a material. It is shown that the absorption
peak energy of MAPbCl3 slightly blueshifts with increasing
temperature, which determines the thermo-optic coefficient
near the absorption edge. For photon energies lower than
the absorption edge, the thermo-optic coefficient is rather
determined by the characteristic large thermal expansion coef-
ficient of halide perovskite materials. Both the blueshift of the
absorption peak energy and the large thermal expansion are
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the features that result in a negative thermo-optic coefficient.
The present work demonstrates that the negative thermo-optic
coefficient of halide perovskites strongly reflects the unique
thermophysical properties of this class of materials.

II. EXPERIMENTAL

A. Samples

A spin-coating method [32] was used to fabricate
MAPbCl3 thin film on quartz substrate. A mixed solution of
N,N-dimethylformamide and dimethyl sulfoxide, containing
equimolar MACl and PbCl2 was prepared. The precursor so-
lution was dropped on a cleaned substrate. This was followed
by spin coating and a toluene (antisolvent) drip before the
spinning stopped. The substrate was then annealed on a hot
plate, and MAPbCl3 thin film was obtained. The thickness of
the film was determined to be 100 nm from a scanning elec-
tron microscope image. The MAPbCl3 single crystals were
prepared using an antisolvent vapor-assisted crystallization
method as described elsewhere [22,33].

B. Optical measurements

We measured the transmission and reflectance spectra of
the MAPbCl3 thin film, from which the absorption spectrum
was obtained. For these measurements, monochromatic light
generated from a broadband white light source (EQ-99, Ener-
getiq Technology) and a monochromator (M25, Bunkoukeiki)
were used. The full width at half maximum of the light was
about 0.2 nm. The light was nearly normal incidence. The
light after the output slit of the monochromator was mod-
ulated by an optical chopper, and the synchronized signals
were recorded using a lock-in amplifier (SR830, Stanford
Research Systems). The sample temperature was controlled
with a heater and a liquid He flow. The refractive index was
determined by measuring the incident-angle dependence of
the reflectivity, as described in Ref. [22]. In short, the reflec-
tivity at the reflection angle θ of the p-polarized light with
an incidence angle θ was measured. The refractive index was
determined by fitting the obtained incident-angle dependence
of the reflectivity with the Fresnel equation for p-polarized
light [34].

C. Single-crystal x-ray measurement

The temperature dependence of the lattice constant was de-
termined by the single-crystal x-ray diffraction measurement;
the data were collected on a Bruker single-crystal charge-
coupled-device x-ray diffractometer (SMART APEX II) with
Mo Kα radiation (λ = 0.71073 Å) and graphite monochroma-
tor using a nitrogen gas cooling system (DX-CS190LD, Japan
Thermal Engineering).

III. THEORETICAL BACKGROUND AND
EXPERIMENTAL RESULTS

A. Theoretical background: Lorentz oscillator model

First, we describe the Lorentz oscillator model, which
is a phenomenological model widely used to discuss the
thermo-optic coefficient, i.e., the temperature derivative of the
refractive index. This model is a simple but effective means
to grasp the physical origin of the optical dispersion and its
temperature derivative, and it has been employed for various
conventional semiconductors [24,35,36]. In the present work,
we used it to discuss the origin of the negative thermo-optic
coefficient of MAPbCl3. Here, the refractive index n below
the fundamental absorption edge is given by [37]

n =
√√√√1 +

∑
i

AiE2
p

(
E2

i − E2
)

(
E2

i − E2
)2 + (�iE )2

, (1)

where E represents the photon energy, and Ei, �i, and Ai

represent the resonance energy, the broadening parameter, and
the oscillator strength of the ith transition, respectively. The
plasma energy Ep is a function of the number of valence
electrons per unit volume (N/V ): Ep = (Ne2 h̄2/ε0mV )1/2,
where ε0 is the vacuum permittivity, e is the elementary
charge, m is the mass of the oscillator, and h̄ is the reduced
Planck constant.

The temperature derivative of the refractive index, i.e., the
thermo-optic coefficient, is obtained by differentiating Eq. (1)
with respect to temperature:
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Note that Eq. (2) contains a term related to the linear thermal
expansion coefficient α. This is because the plasma energy Ep

is a function of the valence electron density, and its tempera-
ture derivative is given by dE2

p /dT = −E2
p (1/V )(dV/dT ) =

−3αE2
p . Here, we applied the relation between the volumetric

expansion coefficient αV and linear expansion coefficient α

(αV = 3α), since MAPbCl3 possesses a cubic structure near
room temperature [38]. Additionally, in the limit E → 0 in
Eq. (1), Ep can be written using the long-wavelength refractive
index, n0 = n(E → 0): E2

p = (n2
0 − 1)(

∑
i Ai/E2

i )−1. Using

these relations, we obtained Eq. (2). Equation (2) means that
the thermo-optic coefficient of a material is determined by the
thermally induced change in the valence electron density and
the thermal shift of the resonance energy.

The general properties of the thermo-optic coefficient can
be deduced from Eq. (2); (i) the temperature-induced lattice
expansion (α > 0) results in a decrease in the refractive index
(dn/dT < 0), and (ii) the blueshift of the resonance energy
(dEi/dT > 0) also results in the decrease in the refractive
index (dn/dT < 0). In conventional inorganic semiconduc-
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FIG. 1. Temperature dependence of the exciton energy of
MAPbCl3. (a) Absorption spectra of the MAPbCl3 thin film at
temperatures ranging from 250 to 320 K. (b) Second derivatives of
the absorption spectra. The spectra are normalized and offset for
clarity. (c) Temperature dependence of the peak energy. The solid
line shows a fitting result using a linear function.

tors such as GaAs and Si, the value of the linear expansion
coefficient α is small and the thermal shift of the band-
gap energy determines the thermo-optic coefficient [39]. In
these semiconductors, the band-gap energy decreases with
temperature (dEi/dT < 0) [24], thus, they possess positive
thermo-optic coefficients (dn/dT > 0). On the other hand,
halide perovskites featuring a soft lattice nature [27,29,40,41]
show a large thermal expansion; e.g., the reported values
of linear expansion coefficients of some perovskite samples
are one order larger than those in conventional semicon-
ductors such as GaAs and Si [42–44]. Therefore, in halide
perovskites, the thermal expansion effect should have a large
impact on the thermo-optic coefficient. In the present work,
for quantitative analysis, the thermal expansion coefficient
of MAPbCl3 is determined precisely via single-crystal x-ray
diffraction as in the following section. In addition, a thermal
shift of the resonance energy is needed for the analysis [see
Eq. (2)]. However, in the wide-gap semiconductor MAPbCl3,
the temperature dependence of the fundamental absorption
peak energy (exciton energy) has not been elucidated, and its
impact on the thermo-optic coefficient is elusive. Through the
experimental determination of the thermal shift of the exciton
energy and the thermal expansion coefficient and the analysis
based on the Lorentz oscillator model, we will discuss the
origin of the thermo-optic coefficient in MAPbCl3.

B. Temperature dependences of the absorption spectrum,
lattice constant, and refractive index

Figure 1(a) shows the absorption spectra of MAPbCl3 in
the temperature range from 250 to 320 K. These absorp-
tion spectra were obtained by simultaneously measuring the
transmittance and reflectance spectra of a MAPbCl3 thin film.
A sharp absorption peak is observed at a photon energy of
∼3.1 eV, which is due to the large exciton binding energy
of this material [45]. Note that the temperature range stud-
ied here is sufficiently above the cubic to tetragonal phase-
transition temperature of MAPbCl3, 177.2 K [46]. Since
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FIG. 2. Temperature dependence of the lattice constant of a cubic
MAPbCl3 single crystal. The solid line shows a fitting result using a
linear function.

complicated phenomena such as two-phase coexistence and
thermal hysteresis appear at around the phase-transition tem-
perature, we use the data in the high-temperature region and
discuss the intrinsic optical properties in the cubic phase.

The exciton absorption peak energy was determined as
the second derivative minima [47] of the absorption spec-
trum [Fig. 1(b)]. The temperature dependence of the obtained
exciton energy is shown in Fig. 1(c). MAPbCl3 shows a
blueshift in the absorption peak energy with temperature. For
this temperature range, the magnitude of the thermal shift
was determined to be dEabs/dT = 7.7 × 10−5 (eV K−1) [blue
solid line in Fig. 1(c)]. The blueshift of the absorption peak
energy is opposite to those in conventional inorganic semicon-
ductors [24] and is the characteristic resulting in the negative
thermo-optic coefficient [see Eq. (2)]. The same trend has also
been reported in iodide and bromide perovskites [4,23]. The
blueshift observed in halide perovskites can be attributed to
thermal expansion and electron-phonon interactions [17,48].
In this way, we have determined the thermal shift of the
exciton peak energy and thus the contribution of the second
term on the right-hand side of Eq. (2).

Figure 2 shows the temperature dependence of the lattice
constant of MAPbCl3 determined by the single-crystal x-ray-
diffraction technique. The measurement temperature range
was around room temperature, where MAPbCl3 is known to
have a cubic structure as discussed above [46]. The obtained
data were well explained by the cubic Pm3̄m structure [38,49]
and the lattice constant at each temperature was determined as
shown in Fig. 2. From the temperature dependence, the linear
thermal expansion coefficient of MAPbCl3 was evaluated
to be α = 5.45 × 10−5 (K−1), confirming its large thermal
expansion behavior. This value is in agreement with that
determined by an optical measurement [22].

Figure 3 shows the temperature dependence of the refrac-
tive indices of MAPbCl3 at different photon energies. These
can be determined using the method described in Ref. [22].
The photon energies presented here are below the fundamental
absorption edge of MAPbCl3 (see Fig. 1). In this transparent
wavelength region, one can confirm normal dispersion (a
larger refractive index for higher photon energy). Figure 3
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FIG. 3. Temperature dependence of the refractive indices of
MAPbCl3 at different photon energies. These photon energies are
smaller than the fundamental absorption energy of MAPbCl3. The
gray solid lines show a fitting result using a linear function, from
which the thermo-optic coefficient is obtained.

clearly demonstrates that the refractive index at each photon
energy decreases with increasing temperature, i.e., a negative
thermo-optic coefficient [22]. The temperature dependence
was fitted by a linear function, and the obtained slope gives the
thermo-optic coefficient dn/dT (the fitting results are shown
as gray solid lines in Fig. 3). The halide perovskite MAPbCl3
has negative thermo-optic coefficients in the visible wave-
length region, and its magnitude increases near the absorption
edge.

Next, we determined the long-wavelength refractive index
n0 that appears in Eq. (2). The value of n0 can be deter-
mined experimentally via the method described in Ref. [50].
Specifically, the function (n2 − 1)−1 is plotted against the
square of the photon energy E2 and extrapolation (E2 → 0)
gives (n2

0 − 1)−1. The value of n0 can be determined by
analyzing the values well below the absorption edge, since
the contribution from the excitonic transition exists near the
absorption edge [50]. This analysis is performed in Fig. 4 for
the refractive index at 298 K, from which we obtained the
value of the long-wavelength refractive index: n0 = 1.80.

IV. DISCUSSION

By placing the experimentally determined values in
Eq. (2), we can discuss the origin of the thermo-optic co-
efficient of MAPbCl3. In Eq. (2), it can be complicated to
consider multiple oscillators. Although there has been a report
on using an empirical model that considers only one average
energy of two resonances for simplicity [51], such a simplified
description makes it difficult to quantitatively discuss the
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FIG. 4. Plot of (n2 − 1)−1 versus the square of the photon energy,
where n represents the refractive index of MAPbCl3 at 298 K. By
extrapolating the data to E 2 = 0, the long-wavelength refractive
index was determined to be n0 = 1.80.

contribution of the peak energy shift and the thermal expan-
sion effect in halide perovskites. Instead, we will employ a
relatively strict model considering two predominant resonance
energies (i = 1, 2) to comprehensively discuss the dispersion
of the thermo-optic coefficient. The first resonance is the
exciton transition at the fundamental absorption edge with
a photon energy E1 = 3.1 eV (i = 1). As shown in Fig. 3,
the magnitude of the thermo-optic coefficient becomes larger
near the absorption edge, indicating a crucial contribution
from the excitonic transition. The second resonance is the
strong absorption transition with a broad linewidth located at a
higher photon energy E2 = 5.28 eV (i = 2) [52,53]. Whereas
other peaks and the continuous state above the fundamental
absorption edge exist, the transition at 5.28 eV has a relatively
strong oscillator strength and should play a critical role among
them. The transitions at E1 and E2 both originate from the
direct transition between the same valence and conduction
bands (E1 occurs at the R point, and E2 occurs at the X point)
[52]; therefore, we can consider that these transitions show a
similar value of the thermal shift in peak energy. Based on
these discussions, the analysis of the thermo-optic coefficient
of MAPbCl3 was performed.

The experimental values of the thermo-optic coefficient are
shown in Fig. 5 as red filled circles, which were determined
from the fitting in Fig. 3. In order to analyze these data by
using Eq. (2), we used E1 = 3.096 eV (Fig. 1) and �1 =
0.07 eV determined in the reflectance measurement and α =
5.45 × 10−5 (K−1) (Fig. 2) from the x-ray-diffraction mea-
surement. The thermal shift of the E1 peak was determined
from Fig. 1(c): dE1/dT = 7.7 × 10−5 (eV K−1). The peak
energy and the broadening parameter of the second oscillator
were taken from the literature: E2 = 5.28 eV and �2 = 1.42
eV [52,53]. The sum of the amplitudes of these oscillators is
held to be A1 + A2 = 1. We considered dE1/dT = dE2/dT
for the reason mentioned above [52]. Note that the experimen-
tal results cannot be explained when we only consider the E1

transition. Since the E2 transition has the large amplitude as
shown below, this transition and its change due to the thermal
expansion should be considered for accurate analysis of the
optical dispersion.
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FIG. 5. Analysis of the thermo-optic coefficient dn/dT of
MAPbCl3. The red filled circles show the experimental values de-
termined from Fig. 3. The blue solid curve shows the fitting result
using Eq. (2), while the blue dotted curve represents the calculation
without the contribution of the thermal expansion.

We performed a fitting of the experimental data using
Eq. (2), where only A1 was an adjustable parameter. The
best-fit result is shown with the blue solid line in Fig. 5 for
A1 = 0.05. This result shows that the Lorentz oscillator model
well explains the dispersion of the experimental thermo-optic
coefficient. Here, a relatively small contribution of the E1

peak (A1 = 0.05 � A2) was obtained. This is attributed to the
broadening parameter of the E1 peak (�1 = 0.07 eV) being
much smaller than that of the E2 peak (�2 = 1.42 eV) and the
effective oscillator strength of the latter being larger. While
the effective amplitude of the E1 transition is small, it has an
impact for the energy region near E1 and therefore leads to
the large contribution to the thermo-optic coefficient near the
absorption edge.

Furthermore, we plotted the theoretical curve for α = 0
(the blue dotted line in Fig. 5). This clearly shows that the
thermal expansion effect plays a decisive role in determining
the thermo-optic coefficient. In particular, the thermo-optic
coefficient in the photon energies well below the absorption
edge is mainly determined by thermal expansion. The large
thermal expansion of halide perovskites can be attributed to
the soft nature of the lead-halogen framework [40], which is
likely due to the existence of lead and halide ions with large
ionic radii and a correspondingly long lead-halogen bond
length. These results demonstrate that their characteristic
microscopic lattice properties have a strong impact on the
macroscopic optical response.

Now let us compare the thermo-optic coefficients of
MAPbCl3 and other semiconductors (Fig. 6), to facilitate
an intuitive understanding of the uniqueness of halide per-
ovskites. The vertical axis in Fig. 6 represents the normalized
thermo-optic coefficient (n−1 dn/dT ), while the horizontal
axis represents the normalized thermal shift in absorption
energy (E−1

abs dEabs/dT ). The value for MAPbCl3 (red star)
was determined in this work, while the other values for
various semiconductors were taken from Refs. [39,54,55].
These thermo-optic coefficients are determined for photon
energies sufficiently below the fundamental absorption edge
(transparent wavelength region).
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FIG. 6. Comparison of the normalized thermo-optic coefficient
and thermal shift of the absorption edge for various semiconductors.
The gray line represents a linear function. The value for MAPbCl3

(red star) is determined in this work, while those for other semicon-
ductors are taken from Refs. [39,54,55].

For group IV, III–V, and II–VI semiconductors such as
Si, GaAs, and CdS (the open symbols in Fig. 6), the values
gather in the upper left; i.e., they show a thermally induced
redshift in the absorption peak and positive thermo-optic
coefficients. Although the magnitudes of their thermo-optic
coefficients differ, we found that the values lie on one line
shown in gray. This means that the thermo-optic coefficients
of these semiconductors are determined mainly by the thermal
shift of the absorption peak energy. As discussed in the
previous section, these conventional semiconductors possess
relatively small thermal expansion coefficients [43,44]. Thus,
the thermal expansion plays a negligible role, while the peak
energy shift mainly determines the thermo-optic coefficients
[see Eq. (2)]. Group IV–VI semiconductors such as PbS show
a trend opposite to that of the above typical semiconductors
(the values gather in the lower right area); nevertheless, their
values are also on the line in the figure, suggesting that their
thermo-optic coefficients are also determined by a thermal
shift in absorption energy.

On the other hand, we found that the thermo-optic coeffi-
cient of MAPbCl3 (shown with a red star in Fig. 6) deviates
remarkably from the linear line. MAPbCl3 shows the large
negative thermo-optic coefficient despite the small blueshift
of the absorption peak energy. This is a rather unique feature
of halide perovskites. This comparison clearly indicates that
the different physical mechanisms govern the thermo-optic
responses for halide perovskites and conventional semicon-
ductors: the thermal expansion for the former and the res-
onance energy shift for the latter. Our results demonstrate
that halide perovskites are unusual semiconductors in which a
large thermal expansion coefficient results in a large negative
thermo-optic coefficient.

V. CONCLUSION

In summary, we reported the origin of the negative thermo-
optic coefficient of the halide perovskite MAPbCl3. It is

074604-5



TAKETO HANDA et al. PHYSICAL REVIEW MATERIALS 4, 074604 (2020)

shown that the large thermal expansion and blueshift in the
absorption peak energy result in the negative thermo-optic
coefficient of this material. The blueshift in the exciton peak
energy contributes to the large magnitude of the negative
thermo-optic coefficient near the absorption edge. The nega-
tive thermo-optic coefficient well below the absorption edge
rather originates from its large thermal expansion coeffi-
cient. This work has revealed that the negative thermo-optic
coefficient is a phenomenon strongly reflecting the inher-
ent temperature dependence of the electronic states and the
lattice properties of halide perovskites. Overall, the present

results shed light on the intrinsic optical properties of halide
perovskites and provide essential knowledge for the design
of perovskite-based photonic devices and novel applications
based on their unique thermo-optic properties.
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