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Enhancing the Hot-Phonon Bottleneck Effect in a Metal Halide Perovskite
by Terahertz Phonon Excitation
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We investigate the impact of phonon excitations on the photoexcited carrier dynamics in a lead-halide
perovskite CH;NH;Pbl;, which hosts unique low-energy phonons that can be directly excited by terahertz
pulses. Our time-resolved photoluminescence measurements reveal that strong terahertz excitation
prolongs the cooling time of hot carriers, providing direct evidence for the hot-phonon bottleneck effect.
In contrast to the previous studies where phonons are treated as a passive heat bath, our results demonstrate
that phonon excitation can significantly perturb the carrier relaxation dynamics in halide perovskites

through the coupling between transverse- and longitudinal-optical phonons.
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Lead-halide perovskites are promising materials for
future optoelectronic devices such as low-cost but high-
performance solar cells and light-emitting diodes [1-6]. For
such device development, fundamental knowledge of the
dynamics of photoexcited carriers is indispensable [7,8].
Particularly, the dynamics of hot carriers, i.e., carriers with
energies well above the band edge, is a crucial issue
affecting device characteristics including photodetections
[9,10] and optical gains [11-13]. Most importantly, the
concept of a hot-carrier solar cell has recently attracted
extensive interest [ 14—16]; if the hot carriers can be utilized
before they lose their excess energy via relaxation proc-
esses, it might lead to an efficiency beyond the Shockley-
Queisser limit [17]. It has been reported that hot-carrier
cooling in halide perovskites occurs on a slower timescale
than in conventional inorganic semiconductors, and the
origin of the long lifetime of hot carriers and methods to
utilize them are under active discussion [18-21]. Because
hot carriers lose their energy mainly via phonon emission
[7.8], the properties of phonons and electron-phonon
interactions in halide perovskites should play a key role
in the observed phenomena.

Halide perovskites possess unique phonon properties
including strong anharmonicity [22-26] and low phonon-
group velocity [27], which influence the characteristic
aspects of these materials such as very low thermal
conductivity [25,28] and negative thermo-optic coefficients
[29]. Furthermore, the optically active phonon modes, that
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are related to the lead-halide cage, lie at low energies
corresponding to terahertz (THz) frequencies [30-32]. In
particular, CH;NH;Pbl; (MAPbI;), the most promising
candidate for use in solar cells, has a strong phonon-
absorption resonance around 1 THz, which can be excited
easily by a tabletop light source. This feature, together with
an efficient electron-phonon coupling in halide perovskites
[33], has stimulated investigations on the connection
between phonon-mode excitation and optical properties,
such as the optical band gap, in this material [34,35].
Concerning carrier relaxations, phonons have been dealt
with as a passive heat bath so far [7,8,18,20,21]. Although
studies of the impact of direct phonon excitation may
provide new insights into the roles of carrier-phonon and
phonon-phonon interactions in hot-carrier dynamics, to the
best of our knowledge, no such studies have been per-
formed until now.

In this study, we investigated the influence of a THz-
induced phonon population on the hot-carrier relaxation
dynamics in MAPbI; by performing time-resolved photo-
luminescence (PL) measurements. Upon THz excitations,
we observed an ultrafast quench of the total PL intensity
and a simultaneous enhancement of the PL intensity on the
high-energy side, revealing that long-lived hot carriers are
generated by THz pulses. The cooling dynamics of the hot
carriers depends on the THz-excitation intensity, with
slower time constant at higher THz intensities under the
same carrier density. This indicates that long-lived hot
carriers appear as a result of a hot-phonon bottleneck
(HPB) effect triggered by direct THz excitation of trans-
verse-optical (TO) phonons.

Figure 1(a) shows a schematic picture of the PL
measurement of a sample under excitation by an optical
pulse and a THz pulse [36-39]. A 100-nm-thick MAPbI,
film sample was grown on a quartz substrate [40].
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FIG. 1. THz excitation of phonon modes and time-resolved PL
measurement. (a) Schematic diagram of the THz excitation-PL
probe experiment. (b) The electric field (upper panel) and
intensity (lower panel) of the THz pulse. (c) Power spectrum
of the THz pulse (black solid line) and absorption spectrum of the
MAPDbI; thin film in the THz frequency range (red dots). The blue
dashed curves are fits obtained using a Lorentz model. (d) Spec-
trally integrated total PL intensity [, dynamics with and
without THz excitation, for a THz-excitation delay time of
tp = 50 ps. The vertical solid line and arrow indicate the time
of the optical excitation and THz excitation, respectively. Dashed
line: simulated /., dynamics for an instantaneous PL quench
and recovery time of 15 ps.

The photon energy of the optical excitation Av ~ 3.10 eV is
much higher than the band-gap energy of MAPbI; at room
temperature (E, ~ 1.62 eV [41]). The temporal delay 7,
between the peak maximum of the THz pulse and the
optical excitation pulse can be controlled by a delay stage,
and tp is positive when the THz-excitation pulse arrives at
the sample after the optical excitation. Time-resolved PL
was measured by using a streak camera [40].

Figure 1(b) shows the electric field E1y, and the squared
magnitude |Ery,|? of the THz pulse used in this experi-
ment. The sample was exposed to a peak electric field up to
Ety, = 530 kV/cm in the air, equivalent to 180 kV/cm
inside the MAPbI; sample. The power spectrum of the THz
pulse is shown as the black curve in Fig. 1(c) together with
the absorption spectrum of the MAPbI; thin film in the THz
frequency range (red data points). The absorption spectrum
at room temperature shows two strong optically active TO
phonon resonances at 0.9 and 1.9 THz, which can be
directly excited by the THz pulse.

Figure 1(d) shows the time-resolved PL intensity with and
without a THz excitation at ¢, = 50 ps. In Fig. 1(d), [y
refers to the total PL intensity integrated over the whole
measured spectral region at a specific time ¢. The photo-
excitation intensity was set to ~ 6 J /cm?, and the estimated
density of the injected carrier was ~6 x 10'7 cm™3. I,y
without the THz excitation decays with a time constant of
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FIG. 2. Time evolutions of PL spectra and carrier temperature at
the THz-excitation delay time of 7, = 50 ps. (a) PL spectra
before (blue) and immediately after the THz excitation (red), i.e.,
at t = 40, 55 ps. For each spectrum, the PL counts of the streak
data were integrated over a time period of 10 ps. (b) PL spectra at
various times, i.e., at = 0, 40, 55, and 90 ps normalized to their
peak intensities. (c) Carrier temperatures as a function of time
with and without THz excitation. (d) /g dynamics; PL intensity
dynamics in the high (1.8 eV)-photon energy region. To obtain
time traces with sufficient intensity, the PL counts were integrated
over a spectral width of 0.1 eV.

~ 200 ps through radiative and nonradiative carrier recom-
bination processes. The THz electric field was set to the
maximum amplitude (Etyg, = 530 kV/cm). The compari-
son of the two time traces clearly shows that the 7, is
quenched by the THz excitation within ~10 ps, which is on
the timescale of the instrument-response time. /., then
recovers relatively slowly compared to the quench dynam-
ics. Such an ultrafast quench and recovery of the PL intensity
in picosecond timescale cannot be accounted for by a simple
average heating of the entire sample, and requires a
discussion on the dynamic interplay between the carrier
and phonon subsystems.

To investigate the THz-induced change in the carrier
distribution, we compare the PL spectra before and
immediately after the THz excitation in Fig. 2(a). The
two spectra were obtained by integrating the streak data
over time windows of 40 =5 and 55 + 5 ps, respectively.
Figure 2(a) clearly shows that the THz-induced change in
the PL spectrum is not uniform. To discuss the temporal
evolution of the spectral shape, several normalized spectra
obtained in the different time windows are shown in
Fig. 2(b). It can be seen that the high-energy tail of the
spectrum becomes less steep immediately after the THz
excitation, indicating an increase in carrier temperature.
The carrier temperature can be estimated by fitting this
high-energy PL tail to a Boltzmann distribution function
convoluted with the instrumental resolution function [40].
The obtained temporal evolution, as shown in Fig. 2(c),
reveals that the carrier temperature increases by about
100 K upon THz excitation, and subsequently cools down
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to the same temperature as that without THz excitation.
The temporal coincidence between the quench of [,y
[Fig. 1(d)] and the temperature rise [Fig. 2(c)] indicates that
Io1a1 18 suppressed for a short time due to carrier heating by
the THz excitation. The THz excitation brings carriers to
higher energy states with lower PL efficiencies, but
subsequent carrier cooling by carrier-phonon interactions
results in the recovery of [,y

Furthermore, while I, is suppressed by the THz
excitation, the PL intensity is enhanced in the high-energy
region above 1.7 eV as shown in Fig. 2(a). To investigate
the high-energy PL intensity (/yg) dynamics, we analyzed
the transient of the PL integrated over a narrow (0.1 eV)
spectral region around 1.8 eV; Fig. 2(d) shows the enhance-
ment in /g with a peak around ¢t = 55 ps. Note that the
intensity at = 55 ps is even larger than that at r = O ps.
This feature demonstrates that the hot carriers induced by
the THz excitation emit high-energy PL before they decay
via nonradiative recombination or rapid cooling. As
explained below, the observed Iy dynamics is a manifes-
tation of a slow carrier cooling induced by the THz
excitation.

In MAPbDI;, the carrier cooling time via electron-phonon
coupling is normally shorter than 1 ps [18,20,21,42].
Although the initial state of the photoexcited carriers has a
large excess energy of 1.48 eV (= hv — E) in this experi-
ment, rapid carrier cooling via electron-phonon coupling
prevents the /g from having a significant amplitude. On the
other hand, the /g is enhanced after the THz-induced carrier
heating. This large /g amplitude in Fig. 2(d) does not drop as
fast as the initial carrier cooling mentioned above. At this
point, we should underline the fact that a relatively long 7,
recovery time was observed in Fig. 1(d), which indicates that
aslow carrier cooling rate was induced by THz excitation. As
shown by the dashed lines in Figs. 1(d) and 2(d), the [,y
recovery and Iyg decay dynamics can be reproduced by an
exponential decay with a time constant of ~15 ps convoluted
with the instrument-response time. This time constant is
significantly longer than the reported value for the carrier
cooling time of ~0.2-0.6 ps in the carrier density
region similar to this experiment of ~6 x 10'7 ¢cm™3
[18,20,21,42].

We investigated the origin of the slow carrier cooling by
measuring the THz-excitation intensity dependence of the
PL dynamics. Figure 3(a) shows the I, dynamics around
t = 50 ps that were obtained for different THz-excitation
intensities. Obviously, the PL quench becomes less sig-
nificant as Ery, decreases. Furthermore, the PL recovery
time also depends on the THz-excitation intensity; /iy
recovers faster at lower Ety, values. Figure 3(b) plots the
recovery time constant as a function of the THz-excitation
intensity. Although the instrument-response time limits the
resolution at the low intensity region, the PL recovery time
clearly increases with THz intensity and exceeds 10 ps at
higher intensities above ~ 1.5 x 107* J/cm?.
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FIG. 3. PL recovery time prolonged by the THz excitation.

THz-excitation intensity dependence of (a) /i, dynamics for
tp = 50 ps with Ey = 530 kV/cm and (b) the PL recovery time
constant, where the dashed line around 6 ps indicates the time
resolution of the streak camera.

Several mechanisms have been proposed to explain the
slow cooling rates of hot carriers in halide perovskites,
including polaron screening that protects carriers from
phonon scattering [14,19] and Auger recombination induc-
ing carrier heating [21]. Moreover, an effect attributed to
the HPB has been reported in the high carrier density region
[18,20,43]. The HPB effect denotes a phenomenon where
highly populated phonon modes, mainly LO phonons
interacting with the carriers, impede carrier cooling. This
occurs because in addition to the phonon emission by the
carriers, a large population of phonon modes increases the
phonon-absorption rate which reheats the carriers. With
respect to screening and Auger heating, their efficiencies
should depend mainly on the carrier density. However, the
carrier densities in Fig. 3(a) do not increase through
application of the THz excitation. On the other hand, the
THz-excitation spectrum is resonant with the low-
frequency TO phonon modes in MAPbI; as shown in
Fig. 1(c), and hence, a stronger THz excitation results in a
higher phonon population. This is in line with the HPB
mechanism; higher populations of phonon modes render
the carrier cooling rate slower. From the linewidth of the
phonon mode at 0.9 THz, the lifetime of the TO phonon
population is estimated to be longer than 7 ps, which is
consistent with the observed timescale of the THz-induced
hot-carrier lifetime.

To confirm that direct excitation of TO phonons can
induce slow cooling of hot carriers, we measured the PL
dynamics under excitation conditions where the THz pulse
irradiates the sample before the optical pulse, i.e., f, < 0.In
contrast to the case of a positive delay time, this condition
allows the excitation of only TO phonons and excludes
the influences of carrier excitation. The red (blue) curve
in Fig. 4(a) shows the dynamics of [, observed for
tp = —3 ps(—23 ps), while the black curve is data obtained
without the THz excitation. To compare /., dynamics, each
time trace is normalized to the value at t = 70 ps where the
influence of the THz excitation is negligible. In Fig. 4(a),
the time trace for t;, = —3 ps shows that [ just after the
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FIG. 4. PL modulation induced by THz excitations at negative
delay times. (a) [y for negative delay times (fp = —3 and
—23 ps) and without the THz excitation. Each time trace is
normalized to the value at r = 70 ps. The vertical purple solid line
and red (blue) arrow indicate the time of the optical excitation and
THz excitation at 7, = —3 ps (—23 ps), respectively. (b) The
corresponding carrier-temperature dynamics. (¢) /g dynamics;
PL intensity dynamics in the high (1.8 eV)-photon energy region.
(d) Delay time ¢, dependence of [, reduction at negative delay
times. The values were obtained by integrating the data within the
time range t = 0-20 ps. The reduction is measured relative to
the data without THz excitation. (¢) Phenomenological model of
the thermal couplings between the subsystems: photoexcited
carriers, LO phonons, TO phonons, and acoustic phonons.

photoexcitation (i.e., t = 0-20 ps) is reduced by the THz
excitation. The corresponding carrier-temperature dynamics
are shown in Fig. 4(b). The comparison of Figs. 4(a) and 4(b)
clearly shows a correlation between the drop of 1, and the
carrier temperature; significantly higher temperatures are
observed at times when [, of the red curve is below that of
the black curve. The time evolution of the /g in Fig. 4(c)
shows an enhancement in the high-energy PL intensity at
early times before 20 ps. These observations reveal that
direct excitation of TO phonons can alter the carrier
distribution.

From the absorption spectrum shown in Fig. 1(c) and the
incident THz-excitation fluence of 2.0 x 10~* J/cm?, the
energy injected into the sample is estimated to be
~0.5 J/cm?. If this energy is shared in the entire system,
the average sample temperature estimated from the specific
heat of MAPbI; can increase only by ~0.4 K, which
cannot explain a significant modulation of the carrier
dynamics. Therefore, the enhanced hot carriers can appear
only within the timescale before the population of the
excited TO phonon-mode decays. This can be confirmed in
Figs. 4(a)-4(c) showing that the THz excitation at t, =
—23 ps hardly affects the PL dynamics. In Fig. 4(d), we
plot the reduction of I, (relative to that without THz

excitation) in the time range ¢ = 0-20 ps as a function of
tp. The figure shows that the THz-induced hot-carrier
effect decays with a time constant of 12 ps. This value is
consistent with the carrier cooling time observed in the case
of tp > 0, reflecting the decay time of the TO phonon
population.

Figure 4(e) schematically shows how the THz excitation
in this experiment can realize an artificial HPB condition.
Usually, the dominant contribution to carrier cooling comes
from the longitudinal-optical (LO) phonon emission due to
the strong Frohlich interaction between charged carriers
and LO phonons [7,8] [as indicated by the thick arrow in
Fig. 4(e)], while the THz excitation excites optically active
TO phonon modes [34,35]. Although a finite coupling
between photoexcited carriers and TO phonon modes has
been reported in halide perovskites [44—46], there is no
evidence that negates the dominant role of LO phonons. On
the other hand, large anharmonicity of phonon modes in
halide perovskites, which stems from the soft Pb-I cage that
is hybridized with the MA cation motions, introduces
considerable couplings among different phonon modes
[22,25,43]. Through such an anharmonic coupling, it is
possible that THz excitation induces a direct phonon
population transfer [47] from excited TO phonons to LO
phonons. Another possible pathway is an indirect TO-to-
LO phonon conversion mediated by the acoustic phonons;
the TO phonon population excited by THz pulses decays
into acoustic phonons and then up-conversion of acoustic
phonons occurs generating LLO phonon population as
proposed in Ref. [43]. These pathways coexist, and an
effective coupling between TO and LO phonon modes can
be considered. In this way, the THz-pulse-induced TO
phonon population is transferred to LO phonons [Fig. 4(e)],
leading to the longer LO phonon lifetime and a slow
cooling of hot carriers. Indeed, with using a phenomeno-
logical temperature model of thermally coupled subsys-
tems, i.e., carriers, LO and TO phonons, we can
qualitatively reproduce the HPB effect through the increase
of the TO phonon temperature upon the THz excitation, as
described in the Supplemental Material [40]. In the
previous studies, the onset of the HPB was observed by
increasing the density or energy of the photoexcited carriers
[18,20,42,43,48,49]. In contrast, here we realized a slow
cooling of hot carriers through intentional excitation of
phonons at the fixed carrier density. Though sophisticated
theoretical works are needed to provide more quantitative
discussions about the efficiency of phonon-conversion
pathways, these observations provide direct evidence for
the working principle of HPB.

To summarize, in this study we have shown that hot
carriers are generated in a MAPbI; thin film by THz
excitation, evidenced by the enhanced high-energy PL
intensity. The cooling rate of the hot carriers depends on
the THz-excitation intensity, and a slow time constant of
more than 10 ps can be achieved under strong THz
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excitation above 1.5 x 10~ J/cm?. Taking into account the
fact that a slow carrier cooling has also been observed when
the THz pulse arrives before the optical excitation, where
THz pulses excite only TO phonon modes, a hot-phonon
bottleneck effect has been shown to occur under the direct
excitation of the TO phonon modes via TO-LO phonon
coupling. From a broader perspective, this study has
demonstrated that the excitation of a phonon system, which
is normally treated as a passive heat bath, can be used as a
new degree of freedom to modulate the carrier dynamics.
Combined with phonon-mode engineering technologies
enabled by elemental substitution or nanostructuring, inten-
tional excitation of phonon modes will be a new scheme to
control carrier dynamics and utilize carrier energies through
controlled perturbation of phonon modes.
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