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ABSTRACT: The lifetimes of hot carriers have been predicted to be prolonged in small 0°00°
nanocrystals with an inter-level spacing larger than phonon energy. Nevertheless, whether
such a phonon bottleneck is present in perovskite semiconductor nanocrystals remains e ¥es,
highly controversial. Here we report compelling evidence of a phonon bottleneck in CsPbl;
nanocrystals with marked size-dependent relaxation of hot carriers by using broadband two-
dimensional electronic spectroscopy (2DES). By combining high resolutions in both the
time (<10 fs) and excitation energy domains, 2DES allows the clear disentanglement of the
thermalization and cooling processes. The lifetime is over doubled for hot carriers when the
average edge length of the nanocrystals decreases from 8.2 nm down to 4.6 nm. The
confirmation of the phonon bottleneck effect suggests the feasibility of controlling hot
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ot carriers are generated in semiconductors above observed the phonon bottleneck effect by showing that the

bandgap excitations. The excess energy dissipation of cooling of hot carriers slows down with decreasing sizes of
hot carriers is a major loss channel in conventional solar cells.' MAPDbBr; and CsPbBr; nanocrystals, respectively. On the
Hot carrier devices have been proposed to address this issue by other hand, Li et al.'”'® observed a contrary size dependence
harvesting hot carriers prior to carrier cooling, which, however, in CsPbBr; and FAPbBr; nanocrystals, while Diroll et al.'” and
is limited by the short lifetimes of hot carriers in most Cong et al.”’ reported no significant size dependence of hot
semiconductors.””® Recently, the emergent lead halide family carrier cooling in CsPbBr;, FAPbBr;, and CsPbl; nanocrystals.
of perovskite semiconductors has been regarded as a promising The divergent results in those previous studies have been
candidate for hot carrier applications. Possibly due to the ascribed to nanocrystal samples with diverse stgface states'”
carrier screening effect,’ '’ the hot carriers in such material and the effects caused by high fluence excitation. * In addition,
systems have been found to be long-lived and can transport the measured lifetime parameter of hot carrier cooling is fg)}l_nzcz
over 200 nm.'! to be dependent on the excess energy of pump photons.”

Due to the Fourier transformation limit of the pump pulse, it is
challenging to achieve satisfactory time and energy resolutions
simultaneously to disentangle thermalization and cooling
processes of hot carriers using conventional transient
absorption (TA) spectroscopy. Consequently, the carrier
thermalization and cooling processes are convoluted together
in most available studies with the temporal resolution of 100 fs
or longer, which possibly underestimates the size effect on hot
carrier dynamics in perovskite nanocrystals.

Broadband two-dimensional electronic spectroscopy
(2DES) can address the above issue by probing the nonlinear

Hot carrier dynamics is highly non-equilibrium, with
multiple processes entangled on different temporal stages,”
including the initial carrier thermalization before establishing
the quasi-equilibrium of photoexcited carriers due to the
carrier—carrier interaction (<100 fs), the hot carrier cooling
due to the carrier—phonon interaction (<1 ps), and the lattice
equilibrium due to the phonon—phonon interaction (1—10
ps). The lifetimes of hot carriers in perovskite semiconductors
can be prolonged in nanocrystal structures owing to the
quantum confinement. As the nanocrystal size decreases, the
increased energy spacing between the discrete excitonic states
will require the emission of multiple phonons, which may
dramatically slow down the loss of excess energy of the hot Received: November 9, 2020
carriers, known as the phonon bottleneck effect.'”™ "> However, Accepted: December 10, 2020
it is highly controversial whether such a phonon bottleneck is
present in perovskite semiconductor nanocrystals, since very
divergent size dependences of hot carrier dynamics have been
reported in the literature. Sum et al.'"* and Butkus et al.'®
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optical signal induced by three sequence pulses,”*~>* which has
been successfully applied to investigate the fine excitonic states,
line shape dynamics, and biexciton interactions in perovskite
nanostructures.””” ' The excitation energy resolution is
determined by the time interval between the first two pulses,
and the time resolution in population delay is primarily limited
by the pulse duration. In this work, we investigate hot carrier
dynamics in CsPbl; nanocrystals with different sizes using
2DES with temporal resolution <10 fs. 2DES allows us to
distinguish the thermalization (~20 fs) and cooling (260—800
fs) processes of hot carriers on the time domain. The measured
lifetime parameter of hot carrier cooling is found to be
dependent on the excess energy, the excitation fluence, and the
sample size. With decreasing the average edge length of
nanocrystals from 8.2 to 4.6 nm, the lifetime of hot carrier
cooling under weak excitation becomes more than doubled.
The experimental results strongly support the presence of the
phonon bottleneck effect in strongly confined perovskite
nanocrystals which can find potential applications in hot
carrier devices.

To investigate the quantum confinement effect on hot
carrier dynamics, we synthesized CsPbl; nanocrystals with
different sizes following the literature procedure (details can be
found in the Supporting Information).***® Figure lab shows
the size-dependent absorption/photoluminescence (PL) spec-
tra and transmission electron microscopy (TEM) images of
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Figure 1. (a) Absorption (solid lines) and photoluminescence (PL;
dashed lines) spectra of CsPbl; nanocrystals with different sizes. (b)
Transmission electron microscopy (TEM) images of CsPbl; nano-
crystals corresponding to the samples in (a) showing different sizes
(scale bar, 10 nm). (c) Schematic diagram of the pulse sequence in
2DES measurements. Delays between the three incident pulses and
the signal are denoted as 7, T, and ¢, respectively. 2DES has both
excitation energy resolution (determined by 7-scan time) and
temporal resolution (determined by pulse duration), so ultrafast
processes under different excitation energies can be studied
simultaneously.
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CsPbl; nanocrystals. With decreasing nanocrystal size, the
absorption/PL spectra show a significant blue shift due to the
quantum confinement effect. The average sizes of nanocrystal
samples used in the experiment are in the range between 4.6
and 8.2 nm, which are smaller than the exciton Bohr diameter
of CsPbl, (~12 nm).**

‘We monitor the hot carrier dynamics using 2DES in a phase-
stabilized pump—probe configuration as reported earlier’
(details can be found in the Supporting Information). For
absorptive 2D spectra using the pulse sequence shown in
Figure 1, presented in this study, the excitation energy
resolution is enabled by Fourier transformation of the signal
in the time interval between the first two incident pulses (7).
The probe energy resolution, i.e., the Fourier transformation of
the time interval between the third incident pulse and the
signal, is directly achieved by a spectrometer. The temporal
resolution in population delay (T) corresponding to the time
delay of TA spectroscopy is set by the time delay between the
second and third pulses. Using the ultrashort pulses generated
by the non-collinear optical amplifiers, the overall temporal
resolution of our setup is better than 10 fs in population delay
(Figure S1). The pump fluence is ~5 uJ/cm?, corresponding to
an average excitation density of ~0.2 electron—hole pair per
nanocrystal, unless otherwise specified. In the weak pump
intensity regime, 2DES signal is dominated by the third-order
nonlinear optical response, as confirmed by a power-dependent
measurement (Figure S2). The beams are linearly polarized in
a parallel configuration. The data were recorded at room
temperature.

Figure 2a shows the typical 2DES spectra recorded from a
solution sample of CsPbl; nanocrystals with average size of 8.2
nm. The absorptive 2D data display the correlation between
the electronic transitions resonant to the excitation and
emission photon energies. The initial optical excitation is
manifested with the positive signal along the diagonal, which is
contributed by the ground-state bleaching and stimulated
emission. The off-diagonal negative signals are possibly related
to the excited-state absorption (ESA) of optical transitions to
higher excited states or photoinduced stark effect.’*™’

The hot carrier dynamics is manifested as the temporal
evolution of the 2D signal with excitation energy significantly
above the band gap value. Figure 2b shows the dynamics of 2D
signals probed at different energies, with excitation excess
energy of AE = 0.15 eV. The signal probed at the diagonal
point (marked as A) represents the population occupied at the
highly excited states. The signal probed in resonance with the
excitonic energy (marked as B) is the bleaching signal induced
by carriers relaxed to the band edge states. In addition, there is
an ESA feature for hot carriers with probe energy below
bandgap (marked as C). The temporal evolutions of these
signals represent the dynamics of photoexcited hot carriers. In
addition to the component with a characteristic lifetime on the
time scale of 100 fs, the evolution within 100 fs accounts for a
large proportion of the signal. The curves can be reproduced
by considering two exponential components with lifetime
parameters of ~20 and ~260 fs, respectively. The faster
component is possibly caused by the carrier thermalization
process to establish the quasi-equilibrium of 0photoexcited
carriers as commonly assigned in TA studies”*’ and/or the
coherent many-body effects as uncovered in GaAs quantum
wells.”’ ™" Under weak excitation in nanocrystals, carrier
thermalization may be triggered by the scattering between
electrons and holes.'* In comparison with the bulk values,®
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Figure 2. (a) Absorptive 2DES spectra recorded at representative
population delays of T = 0, 8, 50, and 3000 fs. The diagonal is
indicated with the dashed lines. (b) Temporal dynamics of 2DES
signal probed at excitation excess energy of AE = 0.15 eV and
different emission energies marked as A, B, and C in panel (a). The
curves exhibit two-stage dynamics which can be reproduced by a
biexponential function with lifetime parameters of ~20 and ~260 fs
(pink lines), respectively. The data were recorded from the sample
with an average size of 8.2 nm and an excitation fluence of ~5 uJ
cm™,

T
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the lifetime parameter of carrier thermalization is faster, which
is possibly related to the enhanced Coulomb scattering in
nanocrystals. The slower component can be naturally ascribed
to the cooling process of hot carriers with longitudinal-optical
(LO) phonon emission.

To gain more insights into the two components, we analyze
the sliced spectra at different population delays, as labeled in
Figure 2a. Figure 3ab highlights the sliced spectra with
population delays <100 and >100 fs, respectively. The
thermalization and cooling processes are both essential for
the loss of excess energy of hot carriers. One marked difference
between the two processes is the population redistribution
behavior (Figure 3c). For carrier thermalization, the carriers
may be scattered into higher energy levels due to carrier—
carrier scattering (Figure S3). As expected for hot carrier
thermalization, the early-stage spectral features (<100 fs) show
broadening to higher and lower energy sides (Figure 3a).”**’
For the carrier cooling process, the carriers relax to lower
energy levels with LO phonon emission. With population
delay, as shown in Figure 3b, the high-energy tail in the
spectral profile gradually changes due to the net emission of
LO phonons in the Frohlich carrier—phonon scattering
process, as analyzed by the hot-carrier temperature model
(Figure 4c, black solid line, details can be found in the
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Supporting Information).*”*>*® These results verify the

experimental isolation of the thermalization and cooling
processes of hot carriers by 2DES.

Pump fluence may significantly modify the cooling dynamics
due to the Auger heating effect’” and the density-dependent
carrier—LO phonon scattering rate.” With the excitation
density increasing, the Auger effect causes a much broader
energy distribution of hot carriers. The phonon emission
during the excess energy loss of hot carrier cooling results in a
highly non-equilibrium population of LO phonons. As limited
by LO phonon decay, the scattering rate between carriers and
LO phonons decreases with increasing carrier densitg, which is
often referred to as a hot phonon bottleneck.*>**** These
effects are observed in the excitation-density-dependent 2D
measurements (Figures S4—S6). Figure 4 compares the
dynamics of 2D signal probed under pump fluences of S and
50 uJ/cm?®. In comparison with the thermalization process, the
carrier cooling process slows down and becomes more
prominent in the dynamics when the excitation density
increases (Figure 4a). Notably, the effect of high excitation
density is different for excitation of different excess energies
(Figure 4b). The fluence dependence is more distinct in terms
of hot-carrier temperature as analyzed with the model (Figure
4c). Upon high-fluence excitation, the temperature decays
much more slowly due to the Auger heating and the hot
phonon bottleneck. Thus, it is critical to exclude the high
fluence effect and distinguish the thermalization and cooling
processes in order to accurately evaluate the intrinsic rate of
hot carrier cooling.

Next, we analyze the 2DES data recorded from nanocrystal
samples with different sizes under weak pump excitation
(Figure S and Figure S9). Figure Sa shows the dynamics of the
2D signal of the different samples probed on resonance with
the excitonic transitions but with the same excess energy. The
cooling process of hot carriers exhibits a marked size-
dependent behavior. The size-dependent lifetime parameters
of the hot carrier cooling process recorded with different excess
energies are plotted in Figure Sb. Consistent with previous
results, the relaxation time of hot carriers increases with
increasing excess excitation energy.”'~>* When the nanocrystal
size decreases, the slower cooling component of hot carriers
becomes more important (Figure Sa). The lifetime becomes
more than doubled with decreasing nanocrystal size from 8.2
to 4.6 nm (Figure Sb). These results provide clear evidence for
the size-dependent phonon bottleneck effect in strongly
confined perovskite nanocrystals, where multi-phonon pro-
cesses are involved due to the larger gap between the excitonic
states during the cooling of hot carriers in smaller nanocrystals.
In this regime, the energy loss rate depends on the excess
energy of the pump photon, especially in small nanocrystals
(Figure S10). The loss rate increases with increasing excess
energy, which is also a manifestation of the size-dependent
phonon bottleneck effect.

In CdSe nanocrystals, the phonon bottleneck effect was
reported to be absent. This phenomenon has been ascribed to
the Auger-type electron-to-hole transfer mechanism, because
the energy spacing between hole levels is much smaller due to
the larger effective mass of the hole.””~>* The effective masses
of electron and hole are comparable in CsPblI; nanocrystals,”*
ensuring the observation of the size-dependent phonon
bottleneck.

We now try to reconcile the diversely distributed results
reported in the literature. The experimental data suggest that
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Figure 3. Spectral characteristics of hot carrier thermalization and cooling. (a) Contour plot of emission spectra at early stage (<100 fs) extracted
from 2DES data. Due to the thermalization process, the spectral feature shows broadening to higher and lower energy sides. The data are obtained
from 2D spectra sliced as marked in Figure 2a at different population delays. (b) Emission spectra extracted from 2DES data at different population
delays (T). The excitation energy is selected at 2.00 eV. The data were recorded from the nanocrystal sample with an average size of 6.7 nm. (c)
Schematic diagrams of the processes of hot carrier thermalization and cooling in perovskite semiconductor nanocrystals. The thermalization process
is mainly induced by carrier—carrier scattering, and the cooling process is induced by carrier—phonon scattering.
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Figure 4. Pump-fluence-dependent hot carrier dynamics. Normalized time-resolved traces of 2D signals probed at the band edge with pump excess
energy AE = (a) 0.15 and (b) 0.25 eV with fluences of 5 and 50 uJ cm™, respectively. (c) The dynamics of hot-carrier temperature derived by the

model (Supporting Information) with pump fluences of 5 and 50 ] cm™ The data were recorded from the nanocrystal sample with an average
size of 6.7 nm.

high temporal resolution is probably necessary to accurately amplitude of the fast component (<100 fs) is more than half
evaluate the lifetime parameters for hot carrier relaxation the magnitude of the total bleached signal. The convolution of
processes. In the dynamics probed at the band-edge states, the the thermalization and cooling processes of hot carriers may
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Figure S. (a) Normalized time-resolved traces of 2D signal probed at
the band edge from CsPbl; nanocrystals of different sizes with excess
energy AE = 0.15 V. The excitation fluence is set at 5 ] cm™ The
dashed line shows the exponential fitting of hot carrier cooling. (b)
Size-dependent lifetime parameters for hot carrier dynamics. The
cooling process slows down with decreasing nanocrystal size as a
signature of the phonon bottleneck effect.

significantly underestimate the lifetime for the cooling process,
especially in the strongly confined nanocrystals. In comparison
to CsPbl; nanocrystals, the Bohr diameter of MAPbBr,
nanocrystals (4 nm)** is much smaller. With sizes in the
intermediate and weak confinement regions, the measurements
with a slower temporal resolution can plausibly uncover the
size dependence of lifetime parameters of hot carrier cooling
despite the convolution of thermalization and coolin§
processes in the previous study on MAPbBr; nanocrystals.'
In strongly confined nanocrystals, the lifetime parameter is
much less sensitive to the excess energy of pump photons (i.e.,
excitation wavelength), which is consistent with previous
observations with small CsPbBr; nanocrystals.'"” Such a
behavior is also a consequence of a phonon bottleneck due
to the large gap between the lowest-lying excitonic states in
strongly confined perovskite nanocrystals. Moreover, in the
strong confinement region, the wave function of photoexcited
carriers may partially distribute over the surface of the
nanocrystal, resulting in non-adiabatic hot carrier relaxation
relevant to the ligands, like that in CdSe nanocrystals.>>™>" In
this case, the size dependence of hot carrier relaxation time
may change.

In summary, we have studied the size dependences of hot
carrier dynamics in CsPbl; nanocrystals using 2DES measure-
ments. By combining the high resolutions in the temporal and
excitation energy domains of 2DES, we have been able to
disentangle the thermalization and cooling processes in the
time domain. Under weak excitation, the lifetime of the hot
carrier cooling process increases dramatically when the size of
nanocrystals is reduced down to the strongly confined regime,
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verifying the presence of a phonon bottleneck effect in
perovskite nanocrystals. Our finding has settled a highly
debated controversial issue in perovskite semiconductor
nanocrystals, implying promising potential applications using
perovskite nanocrystals for hot carrier optoelectronic devices.
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