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Large negative thermo-optic coefficients of a lead

halide perovskite

Taketo Handa, Hirokazu Tahara, Tomoko Aharen, Yoshihiko Kanemitsu*

Lead halide perovskites are promising semiconductors for high-performance photonic devices. Because the re-
fractive index determines the optimal design and performance limit of the semiconductor devices, the refractive
index and its change upon external modulations are the most critical properties for advanced photonic applica-
tions. Here, we report that the refractive index of halide perovskite CH;NH3PbCl; shows a distinct decrease with
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increasing temperature, i.e., a large negative thermo-optic coefficient, which is opposite to those of con-
ventional inorganic semiconductors. By using this negative coefficient, we demonstrate the compensation of
thermally induced optical phase shifts occurring in conventional semiconductors. Furthermore, we observe a
large and slow refractive index change in CHsNH;PbCl; during photoirradiation and clarify its origin to be a very
low thermal conductivity supported by theoretical analysis. The giant thermo-optic response of CH3;NH3PbCls3

facilitates efficient phase modulation of visible light.

INTRODUCTION

Lead halide perovskites have attracted considerable attention in the
fields of photonics and optoelectronics (I, 2) owing to a combina-
tion of facile processability and exceptional optoelectronic properties,
namely, large absorption coefficients (3), high photoluminescence
(PL) quantum efficiencies (4), and long lifetime and diffusion length
of photocarriers (5, 6). These features have already led to astonishingly
efficient solar cells (7), x-ray and gamma-ray detectors (8, 9), light-
emitting diodes (10), and lasers based on halide perovskites (11). Under
actual operation conditions, these perovskite-based photonic devices
will experience an unavoidable heating. To maintain high device per-
formance under various thermal conditions, it is required to understand
their thermophysical properties.

The temperature dependence of the refractive index is of particular
importance for advanced photonic devices because many optical
phenomena are governed by this optical constant, and this constant
determines the optimal design and performance limit of photonic de-
vices. The refractive indices of most commonly used photonic semicon-
ductors (Si or GaAs) are known to increase as the temperature increases,
namely, positive thermo-optic coefficient (12). Under any operation
conditions, part of the provided power is inevitably dissipated as heat,
resulting in a rise in lattice temperature. This induces refractive index
changes and brings about detrimental impacts on the device per-
formance. The understanding of the thermo-optic properties opens
ways to suppress or compensate the thermally induced performance
change (13). Therefore, the clarification of the thermo-optic responses
of halide perovskites is crucial for future photonic applications and best
possible utilization of their superior optoelectronic properties.

In this work, we investigate steady-state and transient thermo-optic
responses of the halide perovskite MAPbCl; (MA = CH3;NH3;), and by
using the unusual thermo-optic properties of the material, we demon-
strate new applications of halide perovskites. We found that MAPbCl,
has a negative thermo-optic coefficient with a large magnitude. By
using this negative coefficient, we demonstrate the compensation of
the temperature-induced optical phase shift in inorganic semiconduc-
tors. We further investigate the transient refractive index change
during photoinduced lattice heating with high-sensitivity interfer-
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ometric techniques and show that a strong and slow thermo-optic re-
sponse exists even under weak excitation. Our theoretical analysis
clarifies that the transient response is determined by a very low
thermal conductivity. The thermo-optic response of MAPbCl; is
much stronger than that of other semiconductors, leading to efficient
photoinduced phase modulation of visible light. The observed un-
conventional thermo-optic features are very similar to those in organic
polymers or even liquids, indicative of the organic nature of halide
perovskites in terms of thermophysical properties, providing new
functionalities of halide perovskites.

RESULTS AND DISCUSSION

First, we show that our samples have high quality. The MAPbCl; sin-
gle crystals with millimeter size were fabricated by using an antisolvent
vapor-assisted crystallization method (Fig. 1A) (14). The high quality
of the prepared sample was well supported by the x-ray diffraction
pattern (fig. S1) and the transmission spectrum shown in Fig. 1B (red
circles). The transmittance exhibits a steep onset at 425 nm and reaches
a value as high as 80% for longer wavelengths. The measured spectrum
agrees well with the transmittance curve obtained using the Fresnel
equation and the refractive index that is experimentally determined
by independent measurements (see fig. S2 and the Supplementary
Materials). This shows that our sample has negligible scattering losses
and a high transparency in the visible region, which is very important
for photonic device applications.

Using the obtained high-quality MAPDbCI; crystal, we determined
the refractive indices at different temperatures by measuring the inci-
dent angle dependence of the surface reflectance (see Materials and
Methods and fig. S2). The top panel of Fig. 1C shows the refractive in-
dices measured at various wavelengths and temperatures between 198
and 323 K, where MAPbCl; is in the cubic phase (15). We confirmed
that the refractive indices at 298 K are in good agreement with the
reported values determined by ellipsometry at room temperature
(16). The bottom panel of Fig. 1C shows the thermo-optic coefficient,
dn/dT, obtained by fitting the temperature dependence of the refrac-
tive index with a linear function (see fig. S3). These data reveal that
MAPbCI; has a negative thermo-optic coefficient with a large magnitude.
The coefficient is —3.0 x 10~ /K at 430 nm, and this is close to that of CCl,
(=59 x 107* /K) (17), a liquid with a highly temperature-responsive
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Fig. 1. Large negative thermo-optic coefficient of MAPbCI;. (A) Photograph of the MAPbClI; single crystal. The scale interval is T mm. (B) Transmission spectrum of
the MAPbCI; single crystal. Green-shaded area shows the transmittance in the Fresnel limit calculated from the refractive index of MAPbCls. (C) Refractive indices
between 198 and 323 K (top) and thermo-optic coefficient of MAPbCl; (bottom). (D) Thermo-optic coefficient of MAPbCl; compared with those of other materials.
PMMA, poly(methyl methacrylate). The coefficients of the different materials were measured at different wavelengths, which are summarized in table S1. Photo credit:

Taketo Handa, Kyoto University.

refractive index used for high-sensitivity photothermal deflection
spectroscopy. In Fig. 1D, the thermo-optic coefficient of MAPbCl,
is compared with the reported coefficients of other materials including
conventional inorganic semiconductors and an organic polymer. The
coefficients used in this figure are summarized in table S1. The com-
parison demonstrates that the negative thermo-optic coefficient with
large magnitude of MAPbCl; is unusual when considering its superior
inorganic-like optoelectronic responses.

Motivated by the discovery of the negative thermo-optic coefficient
of MAPDbCl;, we design a system to compensate the optical phase shift
occurring in conventional inorganic semiconductors. Thermal effects
including the positive refractive index change and thermal expansion
in conventional semiconductors are known to alter photonic device
properties, such as optical phase shifts or resonant frequency drifts
(13). The large negative thermo-optic coefficient of MAPbCl; will,
thus, serve to compensate these thermal effects. To demonstrate this,
we constructed a Mach-Zehnder-type interferometer (Fig. 2A) and per-
formed the compensation of the thermally induced phase shift in a
conventional semiconductor (ZnSe) by using an additional MAPbCl,
crystal. ZnSe was selected for this examination because it has a positive
and relatively large thermo-optic coefficient (Fig. 1D). To monitor the
optical phase, a broadband white light was used as a light source and
split into a probe beam with vertical polarization and a reference beam
with horizontal polarization. In the probe path, the ZnSe sample was
mounted on a cold finger of an evacuated cryostat, while another ZnSe
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sample with the same thickness was placed in the reference path under
ambient air. The optical path length within the sample in the cryostat
was altered by changing the sample temperature, which leads to the
optical phase shift given by

A

A = dT

(1)

B 2nL (dn 1dL
"Lar

1 dL)AT

where L is the thickness of the material that the light passes, A is
the wavelength of the light, dn/dT is the thermo-optic coefficient, and
(1/L)dL/dT is the linear thermal expansion coefficient (see the Supple-
mentary Materials for details). For most inorganic semiconductors
and also for MAPbCl;, the contribution of the thermal expansion is
smaller than that of the thermo-optic coefficient (fig. S4). By mon-
itoring the interference intensity between the probe and reference
beams, the temperature-induced phase shift can be determined with
high sensitivity.

Figure 2B shows the interference intensity map for a 3-mm-thick
ZnSe crystal without the MAPbCI; crystal. The periodic intensity
change observed along the vertical axis is a result of the temperature-
dependent phase shift within the ZnSe crystal in the cryostat. In Fig. 2C,
we show the temperature dependence of the interference intensity and
the corresponding phase shift at 753 nm. This result shows that even
small changes in temperature cause the large optical phase shifts due
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Fig. 2. Compensation of thermally induced phase shift in an inorganic semiconductor using MAPbCl;. (A) Schematic illustration of the modified Mach-Zehnder
interferometer. PBS, polarizing beam splitter; LP, linear polarizer whose angle is set to 45° with respect to the horizontal axis of the PBS; PA, piezoelectric actuator. The
temperature of the sample in the probe path can be controlled. (B) Interference intensity map upon changing the temperature of the ZnSe crystal in the probe path.
The map is normalized by the sum of reference and probe spectra. The spectral shape of the peak-valley structure at 300 K originates from the chirps of the probe and
reference beams. (C) Temperature dependences of the interference intensity (top) and relative optical path length change and phase shift (bottom) at 753 nm.

(D) Compensation of the optical phase shift in (B) by using the MAPbCl; crystal.

to the increase of the optical path length in the ZnSe crystal. In compar-
ison, the optical phase shift is drastically suppressed by additionally
placing a 3.9-mm-thick MAPbCl; single crystal in front of the ZnSe
crystal (Fig. 2D). In particular, at 753 nm, the interference intensity is
independent of the temperature in the range of 30 K around room
temperature, i.e., the thermal effects in ZnSe are fully compensated
(Fig. 2C). The wavelength resulting in the full compensation can be
controlled by simply changing the thickness of the MAPbCl; crystal.
The wide bandgap and high transparency of MAPbCl; are useful for
realizing the phase-shift compensation of light in the visible and near-
infrared regions. The facile processability of halide perovskites coupled
with the large negative thermo-optic coefficient offers solutions to the
thermally induced issues in photonic applications.

The observed large magnitude of the thermo-optic coefficient indi-
cates that local heat generation during actual device operation (e.g.,
nonradiative photocarrier recombination or Joule heating) will cause
the large refractive index change of active perovskite layer. We investi-
gated the refractive index change during optical excitation because this
is a particularly important operational condition for lasers, photodetec-
tors, and solar cells. Furthermore, to clarify the lattice heating mecha-
nism, we studied the temporal thermo-optic response by combining the
Mach-Zehnder interferometer with a pump beam-synchronized data
acquisition system (fig. S5) (18). A femtosecond-pulsed laser operating
at 750 nm (repetition rate of 200 kHz) was used as a pump pulse. The
pump laser was modulated at 4 Hz by an optical chopper, which peri-
odically generates carriers via two-photon absorption and serves as a
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heat source through hot-carrier relaxation and nonradiative recombina-
tion. Under this excitation condition, we observed a blue PL emission
(fig. S6) and confirmed that carriers are actually generated. The PL spec-
tral shape is in agreement with the transmission edge of the crystal due
to strong reabsorption effect (19). The weak absorption under two-
photon excitation enables a large optical penetration depth along the
optical axis (fig. S7).

Figure 3A shows the temporal change of the interference intensity
between the 650-nm probe and reference beams, where the probe beam
has passed through a 3.75-mm-thick MAPbClI; crystal excited by the
750-nm pump light with the power of 33 mW. The vertical axis data
were obtained by changing the probe path length on the order of nano-
meter with a piezoelectric actuator. We estimate an effective carrier
density of 4.1 x 10'® cm ™ from the two-photon absorption coefficient
B =243 cm/GW at 750 nm, and a spot size of 68.4 um and a pulse
duration of 230 fs for the pump pulse (see Materials and Methods). This
moderate carrier density implies almost no Auger heating for this exci-
tation density. The corresponding steady-state absorbed power density
is 2.4 kW/cm?, which is similar to the 1 sun solar irradiation condition
and much weaker than laser operation condition (see the Supplemen-
tary Materials). The optical phase shift at the time of 250 ms, i.e., 125 ms
after the irradiation start, is shown with the green line in Fig. 3B and
reveals a large shift of ~m even under this weak excitation condition.
The positive phase shift corresponds to a shortening of the optical path
length because of the pump beam-induced lattice heating. This pos-
itive shift is in agreement with the negative thermo-optic coefficient of
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Fig. 3. Photoinduced lattice heating and dynamic thermo-optic phase shift in MAPbClIs. (A) Contour plot of interference intensity between the 650-nm probe and
reference beams (bottom) for periodic irradiation of MAPbCl; by the 750-nm pump light with a power of 33 mW (top). (B) Interference intensity at times of 125 ms
(black data; without pump illumination) and 250 ms (green data; with pump illumination). (C) Optical phase shift as a function of the pump beam power. (D) Temporal
evolution of the phase shift extracted from (A). The solid line shows the fitting result. (E) Probe-wavelength dependence of the phase shift under excitation with 26 mW
(red circles) and the shift predicted from Eq. 1 with the estimated temperature rise of 0.9 K (blue squares).

MAPbBCl;. In Fig. 3C, we provide the pump power dependence of the
phase shift. The result shows that the phase shift exhibits a power law
with an exponent of 1.57, and the phase can be conveniently controlled
by changing the pump power. We note that, under ideal conditions, a
square dependence would be expected for two-photon excitation. The
fact that the exponent is less than 2 is considered to be a result of an
excitation fluence-dependent nonradiative process (see the Supple-
mentary Materials).

The origin of the large phase shift can be clarified by analyzing the
transient of the photoinduced phase shift (Fig. 3D). The response is
found to be very slow, on the order of tens of milliseconds. This is sig-
nificantly slower than the pulse duration of the pump beam (230 fs)
and lifetime of photocarriers (<1 ns confirmed by time-resolved PL
measurements), thus the optical Kerr and band-filling effects can be
excluded as the origin of the observed phase shift (20, 21). The fol-
lowing theoretical analysis supports that the observed phase shift is
governed by the photoinduced temperature rise and the intrinsic low
heat conduction of MAPbCl;. The temperature rise AT(r, £) at the po-
sition r and time ¢ upon illuminating a solid by a Gaussian beam,
starting illumination at t = 0, is expressed by (22)

Pa 2 2
AT(r ) = heaZabs g T ) g T
4mxL lenump lenump + 4Dt

where L is the sample thickness, Wy is the radius of the Gaussian
beam (the size defined by the 1/e radius of the intensity profile), and
r represents the distance from the beam center. The term P,y is the
power absorbed by the material, and Ny, is the efficiency of the con-
version of absorbed power into power that is actually used to heat
the sample. The thermal diffusivity D can be expressed in terms of
the thermal conductivity «, the density p, and the specific heat capac-
ity Cy; D = /pC,. The exponential integral function (—[*_ e*s™"ds) is
denoted by Ei(z). For the present two-photon excitation, the absorbed

(2)
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power is given by Py, = “7@#, where R = 0.1 is the reflectivity at

750 nm and I and Py, are the peak irradiance and incident power of
the 750-nm pump laser, respectively.

The fitting result shown in Fig. 3D with the solid line describes that
the experimental result is well interpreted with the model based on the
thermal conduction. From the numerical fitting of the transient phase
shift based on Egs. 1 and 2, we obtained 0.34 and 0.46 W/(m:K) for
TNheat a0d K, respectively (see the Supplementary Materials for details of
the fitting procedure). The value of 0.34 for n,, is reasonable when
considering the high internal luminescence efficiency of halide
perovskites, as explained in the Supplementary Materials (23). The ob-
tained value of k = 0.46 W/(m-K) for MAPbCl; is in good agreement with
recent experimental works on MAPDbCI; and slightly larger than that
for MAPDI; [k ~ 0.3 W/(m-K)] and for MAPDbBr; [k ~ 0.4 W/(m-K)]
(24-28). Note that the thermal conductivity ¥ = 0.46 W/(m-K) for
MAPbBCI; is much lower than those of conventional inorganic semi-
conductors, but rather similar to those observed in an organic polymer
or liquid (table S1). This observed low thermal conductivity is con-
sistent with a recent theoretical study that suggests short phonon life-
times in halide perovskites driven by enhanced phonon-phonon
scattering (29). Furthermore, it is indicated that efficient local heat-
ing should occur upon heat generation inside the perovskite crystal
due to the low k. From Eq. 2 and the fitting results for ., and «, we
can derive an effective temperature rise of AT = 1.2 K after the 125 ms
of the pump irradiation (see fig. S8). We separately examined if the
theoretically predicted temperature rise, coupled with Eq. 1, reproduces
the experimentally observed photoinduced phase shift. Specifically, we
measured the probe-wavelength dependence of the pump-induced
phase shift for a pump power of 26 mW (red circles in Fig. 3E) and
found a good agreement between the obtained shift and the shift
derived from Eq. 1 and AT = 0.9 K for 26 mW (blue squares in Fig. 3E).
These results conclusively demonstrate that the thermo-optic re-
sponse of MAPbCI; governs the large photoinduced phase shift of
the visible light.
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Fig. 4. Polarization control of visible light by using the thermo-optic response in MAPbCl;. By changing the pump beam power as indicated, the optical phase of
the probe light, which passes through the MAPbCl; crystal, is altered and thus the relative phase difference between the optical phases of probe and reference beams

can be controlled.

The findings described above show that a temperature rise of ~1 K
occurs within 100 ms even under weak excitation conditions due to
the very low thermal conductivity of MAPbCls, and this rise modu-
lates the optical phase largely. Figure S9 shows the comparison
between the expected thermo-optic responses for MAPbCl; and other
materials in the case of P, = 20 mW. The comparison shows that the
thermo-optic response of MAPbCl; is much larger than the responses
of conventional inorganic semiconductors. This fact indicates that
the observed large phase shift during photoexcitation is very unique
for MAPDBClL;. In other words, the giant thermo-optic response of
MAPbBCI; is applicable to achieve a highly efficient optical modu-
lator in the visible range. In Fig. 4, we demonstrate that polarization of
light can be controlled by manipulating the phase shift within the pe-
rovskite crystal. This polarization control (linear, circular, and cross-
linear) is simply achieved by changing the pump beam power. The
wide bandgap of MAPbCl; enables broadband optical modulation
covering nearly the entire visible region. The revealed large negative
thermo-optic coefficient and low thermal conductivity, featuring the
thermophysical responses of organic materials or liquids, provide
new thermo-optic functionality to halide perovskites.

MATERIALS AND METHODS

Synthesis and structural characterization of MAPbCI;
single crystals

The MAPDCI; single crystals were grown using the antisolvent vapor-
assisted crystallization method (14). The equimolar starting materials,
MACI (Tokyo Chemical Industry Co. Ltd.) and PbCl, (Sigma-Aldrich),
were first dissolved in dimethyl sulfoxide (FUJIFILM Wako Pure
Chemical Corporation) to yield a perovskite solution with a concentra-
tion of 1 M. Then, the solution was diluted to a 0.5 M perovskite so-
lution by adding N,N-dimethylformamide (Tokyo Chemical Industry
Co. Ltd.). A small vial without lid and partially filled with the perov-
skite solution was loaded into a bigger vial containing toluene (antisol-
vent) so that the smaller vial is bathing in toluene. The lid of the bigger
vial was closed tightly, and the vapor diffusion resulted in growth of
large MAPbCI; single crystals. The x-ray diffraction pattern obtained
from a cleaved MAPbCl; single crystal is provided in fig. S1. The sharp
peaks verify a good crystal quality.

Incident angle dependence of surface reflection
The refractive index of MAPbCl;, npapbel,, Was determined by the
incident angle dependence of the surface reflectance and using Fresnel
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equations (30). The single crystal sample was attached to the cold
finger of an evacuated cryostat (<107 torr) using silver paste. The re-
flectivity was measured using a tunable monochromatic optical beam
obtained from a supercontinuum light source with a repetition rate
of 40 MHz (SC-400-4, Fianium) and a monochromator (CT-25C,
JASCO). The polarization of the light was set parallel to the plane of
incidence (p-polarization) by a linear polarizer. The light was incident
on the (001) surface of MAPbCI; with the incident angle 6. The re-
flected beam intensity at the reflection angle 6 was measured by a laser
power meter (PD300-3W and NOVA II, Ophir). The influence of the
cryostat window was calibrated by performing the same measurement
for a silicon wafer. The obtained reflectance under vacuum condition
(Myacuum = 1) was fitted by using the Fresnel equation for the reflec-
tance of the p-polarized light (30)

2

2
— (—sin® ) _
1 <”MAPbCI3) NMAPDCly cos0

2
_ (—sinb
m -+ npaPbCl, COSO

The fitting was performed for angles ranging from 6 = 40° to 70°.
The temperature of the sample was controlled by using the liquid-
He flow and a heater.

R(6) = (3)

Mach-Zehnder interferometer for measuring the thermally
induced optical phase shift

The Mach-Zehnder-type interferometer depicted in Fig. 2A was used
for the measurements. As the light source to measure the optical phase
shift, the picosecond pulsed white light from a supercontinuum light
source (40 MHz; SC-400-4-PP, Fianium) was used. The white light
first passed through long-pass and short-pass filters with cutoff wave-
lengths of 475 and 875 nm and then through a linear polarizer, whose
angle was set to 45° with respect to the horizontal axis of a broadband
polarizing beam splitter (PBS). The PBS splits the white light into two
optical beams, namely, the reference beam with horizontal polariza-
tion and the probe beam with vertical polarization. We used the same
kind of optics in both paths to obtain the same spectrum and suppress
the difference between the optical chirps of the two paths. To obtain
the interference pattern after the second PBS, both optical path lengths
were adjusted to the same value under the condition T' = 300 K by
using an optical delay stage and a piezoelectric actuator and controller
(PAS005 and MDT694B, Thorlabs), which control the path length on
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the order of ~um and ~nm, respectively. To verify the phase-shift com-
pensation, we first measured the phase shift for a ZnSe crystal (3 mm
thick, Edmund Optics) with a positive thermo-optic coefficient. The
ZnSe crystal was positioned in the probe path by mounting it on a cold
finger of an evacuated cryostat. Another ZnSe crystal with the same
thickness as that in the probe path was placed in the reference path
under ambient air. These ZnSe samples were obtained by cleaving
one sample into two pieces with same thickness. The beam power at
the sample position was 97 pW. We measured the spectral shape of the
interference intensity using a spectrometer (USB2000, Ocean Optics)
as a function of the sample temperature in the probe path and obtained
the interference intensity in Fig. 2B. By using the piezoelectric actuator,
we confirmed that the observed thermally induced change in the
optical path length in ZnSe is positive (see the Supplementary Materials
for details). Then, by using the MAPDbCI; single crystal with the
negative thermo-optic coefficient, we demonstrate the compensation
of the optical phase shift occurring in ZnSe. We placed 3.9-mm-
thick MAPbCl; single crystals (two single-crystal samples with same
thickness) in front of each ZnSe crystal and repeated the experiment
(Fig. 2D).

Mach-Zehnder interferometer for measuring the pump
beam-induced phase shift

We measured the transient optical phase shift during pump beam
irradiation of MAPbCl; by using a Mach-Zehnder interferometer
modified from the above setup (fig. S5). The MAPbCl; single crystal
was excited by 750-nm pump pulses, which were obtained from a
femtosecond laser system (200 kHz; Pharos, Light Conversion) in
combination with an optical parametric amplifier (OPA) (Orpheus,
Light Conversion). The pulse duration was measured by the intensity
autocorrelation measurement; the full width at half maximum (FWHM)
of the pulse was 230 fs, assuming a Gaussian function. The spot size of
the pump beam wyym, (defined by the radius at which the intensity
falls to 1/e of the intensity at the center) was 68.4 pm at the sample
position. The light with wavelength longer than the optical bandgap
of MAPbCI; leads to two-photon absorption with a large penetra-
tion depth (see fig. S7). This induces lattice heating through relaxation
of energetic carriers to the band edge and nonradiative interband
recombination.

The time-resolved phase shift was measured by the pump beam-
synchronized data acquisition with the modified Mach-Zehnder
interferometer setup (18). To measure the phase shift, we used mono-
chromatic light with an FWHM of ~5 nm obtained from the supercon-
tinuum light source operated at 40 MHz and a wavelength-tunable
band-pass filter (SuperChrome, Fianium). The monochromatic light
was split into probe and reference beams by a PBS. The probe beam
with horizontal polarization was coaxially aligned with the pump beam
axis and normally incident on the (001) surface of the MAPbCl; single
crystal. The power and spot size of the probe beam at the sample posi-
tion were set to 65 uW and ~36 um, respectively. The fluence of the
probe beam was ~40 nJ/cm” and thus sufficiently weak to induce nei-
ther nonlinear absorption nor refractivity. By the second PBS, the probe
and reference beams were combined, and the intensity of interference
light was detected by using a photodetector (2001-FS-M, New Focus). A
short-pass filter was placed after the second PBS to prevent the pump
laser from entering the detector. An optical chopper operated at 4 Hz
was used to modulate the pump beam, and a data acquisition module
(NI USB-6251, National Instruments) was used to measure the tran-
sient response of the thermo-optic phase shift. By scanning the probe
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path length on the order of nanometer by the piezoelectric actuator, the
optical phase was determined. The piezoelectric actuator also enables us
to determine whether the measured phase shift is positive or negative.
Using the above procedure, we measured the time-resolved phase shift
of the probe beam in the MAPbCl; during photoexcitation. The mea-
surements were performed in air at room temperature.

The polarization patterns plotted in Fig. 4 were obtained after in-
serting a half-wave plate in front of the photodetector. By rotating it,
we detected the angular dependence of the interference between probe
and reference beams for different pump powers.

PL measurements

The PL was measured under one- and two-photon excitation condi-
tions. For one-photon excitation, we used the light with a wavelength
of 360 nm. A beta-barium borate crystal was used for frequency-
doubling of the 720-nm light obtained from the femtosecond laser sys-
tem and the OPA. For two-photon excitation, we used the 750-nm
laser light obtained from the OPA. The PL emission from the MAPbCl;
single crystal was collected using a 10x near-infrared objective
(Mitutoyo) and recorded by a nitrogen-cooled charge-coupled device
camera equipped with a monochromator (SP 2500, Princeton Instru-
ments). The measurements were performed in air at room temperature.

Determination of two-photon excitation coefficient

The two-photon absorption coefficient B was determined by a Z-scan
method performed in air at room temperature (31). For this measure-
ment, we used a 750-nm laser beam that was generated by the femto-
second laser operated at 10 kHz and the OPA. The pulse duration was
characterized by the intensity autocorrelation measurement, and an
FWHM of 180 fs was obtained under the assumption of a Gaussian
profile. The beam was focused on a MAPbCI; single crystal with thick-
ness L = 1.3 mm by a lens with a focal length of 200 mm. The sample
was scanned along the beam axis using a motorized stage, and at each
position, the transmitted light intensity was recorded using a silicon
photodetector and a lock-in amplifier synchronized with the laser repe-
tition. The beam spot size at the focal position was 30 um. By fitting the
obtained z position-dependent transmittance with equation 30 of
(31), the product BIL under a certain peak irradiance I was determined.
From the excitation irradiance dependence and L = 1.3 mm, we
determined B = 2.43 cm/GW at 750 nm considering the surface reflec-
tivity of 0.1.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/7/eaax0786/DC1

Supplementary Materials and Methods

Fig. S1. Structural characterization of a MAPbCl; single crystal.

Fig. S2. Incident angle dependence of the surface reflectivity for a p-polarized beam at 298 K.
Fig. S3. Temperature dependence of the refractive index of MAPbCl; for various wavelengths.
Fig. S4. Contributions of the thermo-optic coefficient and the linear expansion coefficient to
the total optical path-length change.

Fig. S5. Schematic of the Mach-Zehnder interferometer for measuring time-resolved phase
shifts during photoexcitation.

Fig. S6. PL spectra under one- and two-photon excitation.

Fig. S7. Carrier density profile under two-photon excitation.

Fig. S8. Effective temperature rise during pump laser excitation.

Fig. S9. Comparison of the thermo-optic properties of MAPbCl; and various materials.

Fig. S10. Excitation power dependence of PL under two-photon excitation.

Table S1. The list of thermo-optic coefficients and other constants of MAPbCl; and other
materials.
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