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We performed terahertz time-domain spectroscopy for methylammonium (MA) lead halide perovskite
single crystals and characterized the longitudinal optical (LO) phonons directly. We found that the effective
LO phonon wave number does not change in the wide temperature range between 10 and 300 K. However,
the coupling between MA cation modes and the LO phonon mode derived from lead halide cages induces a
mode splitting at low temperatures and a damping of the LO phonon mode at high temperatures. These
results influence the interpretation of electron-LO phonon interactions in perovskite semiconductors, as
well as the interpretations of mobility, carrier diffusion, and polaron formation.
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The organic-inorganic hybrid lead halide perovskites
with the APbX; (A = monovalent cation and X = I, Br, CI)
structure are a class of promising materials for solution-
processed high-efficiency solar cells [1]. One of the most
typical compositions is the CH;NH; (methylammonium,
MA) lead halide perovskite MAPbX;, which exhibits
various attractive properties such as a sharp direct-gap
absorption edge and long carrier diffusion [2,3].
Furthermore, these properties also allow implementation
in other important optoelectronic devices such as light-
emitting diodes [4], lasers [5], and phototransistors [6].

The deep understanding of the charge-carrier interactions
in MAPbX3; is essential to exploit their fascinating opto-
electronic properties in novel optoelectronic devices. In
particular, the long-wavelength longitudinal optical (LO)
phonon involves a uniform internal electric field due to the
macroscopic motion of charged atoms, which enhances
Coulomb interaction with the carriers [7]. This is the so-
called Frohlich interaction, and governs the carrier’s
mobility [8], its energy dissipation process [9], the phonon
bottleneck that slows down the hot-carrier cooling [10], and
the spectral bandwidth of the luminescence at room
temperature [11,12]. LO phonons in MAPbX; have been
characterized by Raman spectroscopy [13], terahertz (THz)
spectroscopy [14—17], and photoluminescence (PL) mea-
surements [11,12]. However, the reported values of the
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LO phonon are controversial since they are ranging from
91 to 133 cm™' for MAPbI; and from 118 to 167 cm™! for
MAPDBBr;. This large variation obscures the essential
information for the Frohlich interaction and thus makes
correct interpretation of the physics more difficult in these
materials.

Recent studies revealed that the dynamical motion of the
A-site MA cations also strongly influences the optoelectronic
properties of the perovskites [18]. A direct influence on the
LO phonon would explain several interesting features, but
experimental evidence is lacking. Single crystals seem to be
more suited for this task because the polycrystalline grains in
thin films may induce a morphology dependence [19-22].
Furthermore, the high-temperature tetragonal phase remains
in some thin films even below the phase transition temper-
ature, and this affects the accuracy of the analysis [23-27].
The lead halide cages are deformed in the low-temperature
orthorhombic phase [28], which strongly restricts the rota-
tional motion of the MA cations. However, the lattice
expansion in the tetragonal and cubic high-temperature
phases allows the free rotation of the MA cations between
the lead halide cages. This implies structural fluctuations
and dynamical screening, which may influence the carrier
mobility, tolerance of carrier trapping, and the stability
of excitons [3,11,12,29,30]. Fast rotation of the MA cation
has been revealed with NMR spectroscopy [31], two-
dimensional spectroscopy [32], and quasielastic neutron
scattering measurements [33], and the reported timescale
of picoseconds is comparable to the period of the LO
phonon.

In this Letter, we performed THz time-domain reflection
spectroscopy for MAPbX; single crystals (X =1, Br, Cl)
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below 230 cm™! at various temperatures. The reflection
measurements allowed us to evaluate the dielectric constants
€ of the strongly absorbing samples with high dynamic range
[34]. From the energy loss function Im(—1/¢), which
directly represents the longitudinal excitation [35], we found
for the first time that the MA cations’ modes modify the
LO phonon modes at low temperatures. The comparison of
THz data and temperature-dependent PL spectra reveals that
there is no significant influence of the LO phonon, which is
altered by the MA cations, on the electron-phonon scattering
processes. It is known that the selection of a proper A-site
cation is critical in device design because it determines the
chemical and physical stability [36]. Our results indicate a
significant contribution of the A-site MA cation motion to
the Frohlich interaction, and will propose important details
for the Frohlich interaction in organic-inorganic hybrid
perovskite semiconductors.

Figure 1(a) shows the reflection spectra R for the
MAPDI; single crystal at room temperature (red curve)
and low temperature (blue curve). The sample preparation
and setup of the THz reflection spectroscopy are described
in Ref. [37]. At 300 K, the sample has a tetragonal crystal
structure and two reflection peaks appear at 33 and
71 cm~'. These peaks are attributed to the Reststrahlen
bands for polar materials [16,44]. At 10 K, MAPbI; is in
the orthorhombic phase and additional reflection peaks
appear at 82, 95, 103, and 161 cm~!. We also show
the reflection spectra of the MAPbBr; and MAPbCly
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FIG. 1. The reflection coefficients of the MAPbX; [X =1 (a),

Br (b), and CI (c)] single crystals at low temperature (blue curve)
and room temperature (red curve). The THz pulses were p
polarized and had an incidence angle of § = 30°.

single crystals at low temperature and at 300 K in
Figs. 1(b) and 1(c), respectively. By comparing their data
with that of MAPbI;, we find that the two reflection peaks
at room temperature are shifted to higher frequencies, but at
low temperatures the oscillation in the reflection spectra
appear at similar wave numbers.

We carefully evaluated the dielectric constant ¢ from the
complex reflection coefficient with a phase compensation
[45]. Details are described in the Supplemental Material
[37]. The imaginary part ¢, of the complex dielectric
constant € = €| + ie, for the three different MAPbX;
single crystal samples are shown in Fig. 2 for 10 and
300 K. We summarize the spectra of ¢ at different temper-
atures in Figs. S3(a), S4(a), and S5(a) of the Supplemental
Material [37]. The dielectric components can be catego-
rized into the following two types [46—52]. The first
type exhibits two strong peaks at low wave numbers
(<100 cm™") at room temperature. Their resonance wave
numbers depend on the halogen (X): 30 and 57 cm™! for
X =1, 46 and 73 cm~! for X = Br, and 72 and 98 cm™!
for X = Cl. At low temperatures, these two modes split
into four modes [14,17]. The second type includes the
weak peaks that appear in the low-temperature orthorhom-
bic phase in the higher wave number region from 80
to 160 cm~!.

First, we discuss the type of the dielectric components in
the lower wave number region. La-o-vorakiat et al. reported
two phonon modes related to the lead halide cage at 32 and
63 cm™! for the room-temperature MAPbI; thin film [14],
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FIG. 2. The imaginary parts of the dielectric constants for the
three MAPbX35 single crystals. The black dots indicate the mode
positions related to the lead halide cage at low temperature. The
black arrows show the positions of the theoretically predicted MA
cation modes, reported in Ref. [53].
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which corresponds well with the peaks observed in
Fig. 2(a). The mode at 32 cm™! is related to the Pb-I-Pb
rocking vibration, and the mode at 63 cm™! is attributed to
the Pb-I stretching vibrations [47,54]. These two phonon
modes shift to higher frequencies upon exchange of I with
the lighter halogens Br and Cl [15]. Figure 2 also shows
that the two high-temperature phonon modes related to the
lead halide cages split into the four modes at low temper-
ature. The peak positions of the four modes at low
temperature are indicated by the black circles in Fig. 2.
The mode splitting below the critical temperature of the
tetragonal-to-orthorhombic phase transition has also been
predicted by numerical simulations [55] and confirmed
with THz time-domain spectroscopy [14] for MAPbI;. Our
results prove that the same mode splitting occurs for all
three MAPbX; crystals.

In the following, we discuss the origin of the dielectric
components that were observed at low temperature in the
higher wave number range between 80 and 160 cm™!.
Based on the results of Raman spectroscopy [47,49], we
consider that these peaks are governed by the motion of
MA cations. A numerical simulation for MAPbI; based on
a combination of first principles and classical molecular
dynamics revealed that some rotational modes lie at 80,
125, and 165 cm~! and the translational mode lies at
105 cm~! [53]. The spinning of the MA cations around
their CN axis is expected at a wave number of 145 cm™!,
but this is an infrared-inactive mode. Our experimental
results for MAPbI; in Fig. 2(a) show a broad peak around
150 cm~! and two sharp peaks at 100 and 125 cm™!. We
assign them to the modes related to MA cations because the
weak peaks of the Br- and Cl-based perovskite single
crystals appeared at similar wave numbers: 78, 87, 100,
125 cm™', and from 135 cm™! to 155 cm™! in MAPbBr5
[Fig. 2(b)], and 100, 108, 117, 140, and 162 cm~! in
MAPDBCI; [Fig. 2(c)]. Figure 3 shows the two-dimensional
image plots of ¢, in the MAPbX; single crystals as a
function of the temperature (horizontal axis) and wave
number (vertical axis). They clarify that the MA cation
modes appear at similar wave numbers under low temper-
atures, in spite of the different halogen. This behavior has
also been confirmed with Raman spectra [49].

The absorption peaks above 70 cm™' are sharp when
the MA cations are strongly constrained by the lead halide
cage lattice in the low-temperature orthorhombic phase.
Theoretical investigations predicted that the mixed organic-
inorganic modes for frequencies within 70-120 cm~! are
strongly modulated in the high-temperature phase by fast
reorientations of the MA cations, while the rotational
modes of the MA cation above 120 cm™! survive [53].
Our experimental results in Fig. 3 show that all weak peaks
disappeared in the high-temperature phase or became
broader and extended towards the low-frequency region.
This result indicates that the observed MA cation modes are
very sensitive to the dynamics of the cation reorientation.
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FIG. 3. The 2D image plots of &, for MAPbX; [X =1 (a), Br
(b), and Cl (c)] single crystals as a function of the temperature
(horizontal axis) and wave number (vertical axis). The labels O,
T, and C represent orthorhombic, tetragonal, and cubic phases,
respectively. The black arrows on the top axis show the
positions of the theoretically predicted MA cation modes
reported in Ref. [53].
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Figure 1 showed that the reflection spectra experienced a
drastic change under low temperature, which implies a
modulation of the Reststrahlen band. Consequently, this
also implies the modulation of the longitudinal modes
such as the LO phonons. In our experiments, we can easily
obtain the energy loss function Im(—1/¢), which directly
represents the longitudinal excitation [35], from e. The
results for the I-, Br-, and Cl-based perovskites are shown
in the left-hand panel of Fig. 4. For direct comparison with
€,, the spectra of Im(—1/¢) are also shown in Figs. S3(b),
S4(b), and S5(b) in the Supplemental Material [37]. The
peaks of Im(—1/¢) at 300 K lie at 130 cm~! for MAPbI;
and at 160 cm™!' for MAPbBr;. These wave numbers are
almost the same as those reported for the LO phonons [16].
We note that the wave numbers of LO phonons in MAPbI;
and MAPbBr; are close to those of the MA cation modes.
We can also confirm that each peak of Im(—1/¢) is split
into two peaks at low temperature: 110 and 165 cm~! for
MAPDI; and, similarly, 120 and 180 cm~! for MAPbBr;.
The closed circles in Figs. 4(d) and 4(e) show the peak
wave numbers of Im(—1/¢€) as a function of the temper-
ature for and MAPDbBr;, respectively. MAPbCl; is not
analyzed here because we were not able to confirm a peak
for MAPbCI; within our detection range. In principle, the
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FIG. 4. The left-hand panel shows the energy loss function
m(—1/¢) of the MAPbX; [X =1 (a), Br (b), and Cl (c)] single
crystals at different temperatures. The closed circles in the right-
hand panels show the peak wave numbers in (d) MAPbI; and
(e) MAPbBr; single crystals as a function of the temperature. The
open squares show the wave numbers of effective LO phonon.
The labels O, T, and C represent orthorhombic, tetragonal, and
cubic phases, respectively.

mode splitting observed at low temperatures can be
attributed to either a lower symmetry of the orthorhombic
perovskite structure or a coupling with the MA cation.
We consider that the latter effect is responsible for
the LO phonon splitting because the splitting of the
transversal optical (TO) phonons related to the PbX, cage
modes appears below 100 cm™! at low temperatures
[14,17,47,49,53]. In case of a LO phonon splitting induced
by low symmetry, this would be accompanied by a LO
phonon that appears between the two TO phonon reso-
nances in addition to the LO phonon resonances at
frequencies above 100 cm™'. However, such a phonon is
not observed in the experiment. In addition, we compared
the spectra of Im(—1/¢) of a CsPbBr; pellet with that of a
MAPbBBr; crystal [37], and confirmed the contribution of
the A-site organic cation to the LO phonon.

We analyzed the multiple LO phonon modes by replac-
ing the interaction with that of a single effective LO phonon
[56]. The details of our analysis of the —1/¢ spectra are
described in the Supplemental Material [37]. The evaluated
wave numbers of the effective LO phonons are shown in
Figs. 4(d) and 4(e) with the open squares. They prove that
the effective LO phonon wave number is almost constant
(131 ecm™" for MAPbI; and 162 cm™! for MAPbBr;)
despite the spectral distortion of —1/¢ at low temperatures.
We also show the derived coupling parameters W, in Fig. S8
(b) of the Supplemental Material [37], which indicate the

absence of a temperature dependence. These results dem-
onstrate that the influence of the MA cations to the Frohlich
interaction remains even at high temperatures when the MA
cations are rotating.

One hypothesis for the interesting optoelectronic proper-
ties of the perovskite materials is the formation of a large
polaron [9]. The collective motion of the MA cations has
been proposed to screen the electron-hole Coulomb poten-
tial, providing protection against various interactions that
lead to nonradiative recombination. Our experimental
results show that the spectrum of the MA cation’s motion
at high temperatures is so broad that it increases the
damping of the LO phonon mode via mode coupling.
Therefore, the large polaronic effects can be suppressed.

Recent studies on luminescence from MAPbI; and
MAPDBr; suggest that the spectral broadening of the
exciton is governed by the Frohlich interaction rather than
by charged impurity scattering [11,12]. Since only an
accurate LO phonon wave number allows us to interpret
the physics correctly, we have to verify our values with an
additional PL experiment. Figures 5(a) and 5(b) show the
PL spectra from the MAPbl; and MAPbBr; single crystals.
We provide no data for MAPbCI; because we cannot
compare the temperature dependence of the PL spectrum
with that of the Im(—1/¢) spectrum. The detailed temper-
ature dependence of the PL is provided in Fig. S9 of
the Supplemental Material [37]. The PL peak positions

(a) maPoI, (b) MAPbBI,

PL Intensity (normalized)

1.5 1.6 1.7 1.8 2.1 2 2 2.3 24
Photon Energy (eV) Photon Energy (eV)

100 800
S w0 _(c) MAPbI, - _(d) MAPbBr,
£ — 600
£ o0 - 1, =
= 0 —{400 E
= 40 - <
2 20 - -|200
(7] u
0 ol I 0
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)
FIG. 5. (a) The PL spectra from the MAPbI; and (b) MAPbBr;

single crystals at different temperatures. (c),(d) The correspond-
ing spectral widths of the luminescence from the free exciton as a
function of the temperature. The red curves show the predicted
bandwidth including acoustic and LO phonon interaction. The
parameters ['y/hc, yro/hc, ELo/hc, and y,./hc are 32 cm™!,
310 cm™!, 131 cm™!, and 0.7 cm™! /K for X =, and 16 cm™!,
505 cm™!, 162 ecm™!, and 1.0 cm_l/K for X = Br. The labels O,
T, and C represent the orthorhombic, tetragonal, and cubic

phases, respectively.
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shift with temperature due to the temperature dependence
of the band-gap energy [24]. Here, we evaluated
the bandwidth of the free exciton peak in the PL
spectrum using one Lorentzian function at the high-
energy side. The full width at half maximum of the
Lorentzian component is given in Figs. 5(c) and 5(d)
for MAPbl; and MAPbBr;, respectively. The spectral
width of the free exciton can be expressed as I'(T) =
Ty + yro/lexp(—Eio/kgT) — 1] + ya.T, with the temper-
ature-independent spectral width I, the coupling strength
for the LO phonons (y; ), and that for the acoustic phonons
(7). Based on this model, the spectral bandwidths at
T=0K are I, =32 cm™! and I'S" = 16 cm™!. These
widths are governed by the acoustic phonon interactions
(e/hc = 0.7 cm™!/K [12] and yB"'/hc = 1.0 cm™!/K)
below the threshold temperature T = E;/kg, and by the
Frohlich interaction above this temperature. The fitting
results are shown with the red curves in Figs. 5(c) and
5(d) for MAPbl; and MAPDbBTr;, respectively. We obtained
" o/hc =310 ecm™" for MAPbI; and yPf/he =505 cm™!
for MAPbBr;. These results prove the validity of the LO
phonon wave numbers evaluated in Fig. 4.

It is known that the LO phonon also influences the carrier
mobility [57]. The temperature dependence of the mobility
of photoexcited carriers has been investigated in MAPbl;
[31,58], and there are no reports on a discontinuity of the
mobility at the phase transition temperature. These results
also support our evaluated temperature dependence of the
effective LO phonon wave number.

In conclusion, we evaluated the Im(—1/¢) spectra with
the THz time-domain reflection spectroscopy for three
MAPbLX; (X = 1, Br, and Cl) single crystals and found that
the coupling between the MA cation modes and LO phonon
mode derived from lead halide cages induces a mode
splitting at low temperatures and a damping of the LO
phonon mode at high temperatures. It indicates that the
additional freedom of the A-site cation motion in the
perovskite crystal modulates the spectrum of the LO
phonon. The temperature dependence of e indicates that
the modes of the MA cations are very sensitive to dynamic
reorientation in the high-temperature phase. Such a change
should influence phenomena that are sensitive to the
phonon distribution, e.g., the phonon bottleneck [10].
However, the wave number of the effective single LO
phonon, 131 cm™' for MAPbI; and 162 cm™! for
MAPbBBr;, is independent of the temperature, which is
supported by the temperature-dependent PL spectra. These
results aid the understanding of the intrinsic influences of
the MA cations’ motions on the carrier-phonon interaction
in MAPbX; under photoexcitation and have important
implications for perovskite semiconductors.
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