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ABSTRACT

Perovskite semiconductor nanocrystals of lead halides exhibit excellent electronic and optical properties that are suitable for many
optoelectronic applications. In this report, we investigate the underlying mechanism of the optical response of the material by probing
coherent interaction between the exciton and lattice vibration by two-dimensional electronic spectroscopy. Coherent exciton-phonon cou-
pling has been observed with time-domain oscillations in the dynamics of signals related to either ground or excited electronic states.
Furthermore, the spectra of the coherent phonon derived from the dynamics of biexciton formation have larger amplitudes for higher
frequency modes, which is attributed to the phonon bottleneck effect. Moreover, the composition-dependent coherent coupling between the
exciton and lattice vibration in mixed halide samples reveals a critical role played by the anharmonicity and fluctuation of lattice vibration in
the excited-state dynamics of perovskite nanocrystals.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5130636

Lead halide perovskites have emerged as an excellent family of
semiconductors for solar conversion and light-emitting devices1–4 due
to their long carrier lifetimes, long carrier diffusion lengths, and excep-
tional defect tolerance.5–10 A large number of studies exploring the
underlying mechanism suggest that the carrier-phonon coupling is
responsible for the optoelectronic response in perovskite semiconduc-
tors that share a common APbX3 structure (A¼methylammonium,
formamidinium, or Cs; X¼Cl, Br, or I). The crystal structure consists
of a sublattice of corner-sharing PbX6

3� octahedra and a sublattice of
Aþ cations in the cubic octahedral voids, leading to intrinsic softness
and dynamic disorder.11,12 The coupling between the carrier and
lattice vibration in lead halide films has been studied by Raman, infra-
red, and photoluminescence (PL) spectroscopies,13–24 as well as time-
resolved spectroscopy.6,25,26 It was proposed that the scattering
between charge carriers and defects is reduced by large polarons with
screening Coulomb potential formed by electron-phonon coupling in
lead halides. In such a scenario, the correlated coherent motion of

charge carriers and polar lattice is essential for the enhanced carrier
lifetimes in the perovskite semiconductors.

Recently, light emitting performance of lead halide perovskite
materials has been further optimized by employing quantum con-
finement effects in nanocrystal structures, leading to remarkable
progress in light-emitting diodes,27–30 lasers,31,32 and quantum
emitters.33–35 In particular, the bandgap of semiconductor nano-
crystals can be continuously detuned by mixing the halide element
through simple anion exchange procedures.36 In strongly confined
nanocrystals of lead halides, exciton-phonon coupling plays a piv-
otal role in the quantum dephasing dynamics of excitons, as mani-
fested with linewidth broadening and fine structures in the
emission spectra of single nanocrystals.35,37 The strong Fr€ohlich
electron-phonon interaction slows down the relaxation of hot
carriers, known as the phonon bottleneck effect in perovskite
nanocrystals.38–40 However, there are a limited number of studies
on the lattice dynamics of perovskite nanocrystals. Raman
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spectroscopy has identified multiple vibrational modes that are
coupled to the ground electronic state.41,42 It remains poorly
understood how the vibration of lattices affects the excited elec-
tronic states in perovskite nanocrystals.

In this work, we study the coherent exciton-lattice vibration
interaction in perovskite CsPbX3 nanocrystals (NCs) by using
two-dimensional electronic spectroscopy (2DES).43,44 Vibrational
coherence at room temperature is observed in the 2DES signal with
oscillations in the time domain in the modes of the Pb-X-Pb bending
and Pb-X stretching. Furthermore, by analyzing the contributions
from different Feynman pathways, vibrational coherence from
ground- and excited-electronic states can be separated, suggesting a
critical role played by carrier-lattice interaction to the excited state
dynamics in perovskite nanocrystals. In comparison with the coherent
phonon spectrum at the dynamics of photoinduced bleaching, the
spectral features of coherent phonons at the biexciton formation
dynamics have greater amplitude in higher frequency modes, which is
a signature of the phonon bottleneck effect. Moreover, the different
halide composition-dependent dynamics of fundamental and second-
order Pb-X stretching modes suggest exotic optoelectronic properties
related to the anharmonic and disordered lattice vibration due to phase
segregation in anion-exchanged lead halide perovskite nanocrystals.

The samples are synthesized by hot-injection with a bandgap
tunable through an anion-exchange reaction.36 Figure 1(a)
presents the absorption and photoluminescence spectra of a tolu-
ene solution sample of CsPbBr3 nanocrystals in cubic shapes with
an average length of 10 nm. The Raman spectrum of a NC film
(>80 cm�1) shown in Fig. 1(b) exhibits multiple scattering peaks
with Lorentz function profiles. According to the previous stud-
ies,14,21,45 we assign the peak around 53 cm�1 to the Pb-Br-Pb
bending mode and the peaks at 127 and 155 cm�1 to the longitudi-
nal optical (LO) phonon modes related to the Pb-Br stretching of
the PbX3

� sublattice. The broad peak at 310 cm�1 appears as a
high-order scattering mode.

We conduct 2DES measurements on the solution sample of
CsPbBr3 NCs at different population delays (T). Figure 2(a) shows a
slice of the absorptive 2D electronic spectrum at T¼ 250 fs. The peak
located upon the diagonal line is due to the photoinduced bleaching
(PIB), and the negative signals above and under PIB are the features of
excited state absorption (labeled as ESA1 and ESA2). The coherent
electron-phonon coupling is manifested as oscillations in the time
domain dynamics.46,47 We extract the oscillatory components from
the time traces of the three featured peaks [Fig. 2(b)] by subtracting
the exponential decay components. Figures 2(c) and 2(d) show the
oscillations in the time domain and the spectra in the frequency
domain obtained by Fourier transformation. While the oscillation fre-
quencies resonate to the Pb-Br stretching phonon modes in CsPbBr3
NCs of 155 and 310 cm�1 (denoted as LO1 and LO2 modes in the fol-
lowing), a low-frequency mode at �50 cm�1 related to the Pb-Br-Pb
bending mode is also observed. The oscillations observed in the traces
of both PIB and ESA signals suggest the possible coupling between
ground/excited electronic states and coherent lattice vibrations.

The coupling of lattice vibration to the excited or the ground elec-
tronic states may play significantly different roles in determining the
optoelectronic response, which has been intensively studied in various
light harvesting systems.26,48 To elucidate the origins of coherent
electron-phonon coupling for the ground and the excited electronic

states, relevant Liouville-space pathways are illustrated by double-sided
Feynman diagrams as shown in Fig. 2(e). Consistent with the theoreti-
cal prediction [Fig. 2(e)], the oscillations at the ESAs exhibit a p-phase
shift in the phase from those at the PIB contributed by the processes of
ground state bleaching (GSB) and stimulated emission (SE) [Fig. 2(c)].
Therefore, the oscillations retrieved from the ESA dynamics are caused
by coherent lattice vibration coupled with excited electronic states.
Notably, different patterns have been observed at the time domain
dynamics of ESA1 and ESA2 signals, which is plausibly related to differ-
ent electronic transitions involved. The oscillation amplitude in the
dynamics of ESA1 is relatively weaker than that in the PIB [Fig. 2(c)],
but their frequency profiles are still similar [Fig. 2(d)]. This suggests
that ESA1 is the transition from long-lived low-lying excitons to higher
excited states. In contrast, the oscillation amplitude is more pro-
nounced for higher energy vibration modes in the dynamics of ESA2

[Fig. 2(d)]. ESA2 has been assigned to the short-lived process of biexci-
ton formation.49 The greater amplitude for the higher frequency mode
is plausibly caused by the phonon bottleneck effect during the biexciton

FIG. 1. (a) Absorption (solid) and normalized PL (dot) spectra of a solution sample
of CsPbBr3 NCs. The inset shows a typical transmission electron microscopy
(TEM) image of a nanocrystal (scale bar: 5 nm). (b) A Raman spectrum (black dot)
of a CsPbBr3 NC film dropped on a crystal silicon substrate. The spectrum in the
range of 80–480 cm�1 can be reproduced with four peaks of Lorentz function
profiles.
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formation where the higher energy mode of lattice vibration is more
efficient for compensating the biexciton binding energy.

For the signal of the PIB [Figs. 2(a) and 3(a)], contributions from
both the ground electronic state (GSB) and excited electronic states
through the SE process are involved. Due to the spectral overlap, the
oscillations tagged on the ground and excited electronic states for
vibrational coherence are always entangled, which is challenging for
the coupling to be distinguished by conventional experimental
approaches. Here, we analyze the complex oscillating dynamics [Fig.
3(b)] by Fourier transformation, where the coherent behaviors related
to the GSB and SE processes can be described by the Liouville-space
pathways for the rephasing 2D signal [Fig. 3(c)]. In our discussion
below, ground, low-lying excited, and double excited electronic states
are indicated by j0i, j1i, and j2i, and a state coupled with the phonon
is designated as the state number n with a single quotation mark
(jn0i). If coherence persists for much longer than the laser pulse dura-
tion during the population decay processes, the oscillation component
of the 2DES signal is detectable in the T domain. Furthermore, the
signals corresponding to j00ih0j or j10ih1j oscillate with negative fre-
quencies (xT < 0), while those of j0ih00j and j1ih10j are detectable in
the positive range in the x axis (xT > 0).46,47 We list all rephasing

FIG. 2. (a) Absorptive 2DES spectrum of CsPbBr3 NCs at T¼ 250 fs. The features
of PIB and two ESAs are marked by arrows. (b) The temporal dynamics of signals
probed at the PIB and two ESA features. (c) The oscillation components obtained
by subtracting the exponential decay components in (b). (d) Normalized Fourier
transform spectra of the oscillations for the PIB and two ESA features. (e) Double
sided Feynman diagrams of rephasing and nonrephasing pathways; their corre-
sponding signals generate the absorptive 2DES. j0i, j1i, and j2i denote the
ground, low-lying, and higher excited states, respectively. The sign [(�1)n] of a dia-
gram is determined by the number (n) of the interactions (arrows) on the right side.
The different signs result in a phase difference of p between the oscillations upon
PIB (GSB and SE) and ESA.

FIG. 3. (a) The real part of the rephasing 2DES spectrum of the solution sample of
CsPbBr3 NCs at T¼ 250 fs. The position of the PIB is marked by a black square.
(b) The PIB oscillation components are extracted from complex rephasing 2DES
dynamics. (c) The Feynman diagrams elucidate the oscillating components con-
cealed in PIB. The oscillations of SE and GSB correspond to negative and positive
frequencies (xT), respectively. (d) The normalized Fourier transform spectrum of
complex oscillation upon PIB. The half part with negative frequency contains the
coupling from excited states (SE), while the positive part contains couplings from
the ground state (GSB).

FIG. 4. The beating maps generated from the complex signal of rephasing 2DES
measurements of CsPbBr3 NC solution. These four maps represent the oscillating
amplitude distributions corresponding to different frequencies (6155 and
6310 cm�1), respectively. The marks indicate the signal coordinates predicted by
double-sided Feynman diagrams, while the circle and down and up triangles mean
GSB and SE and ESA. Roman numerals relate each mark to a specific Liouville-
space pathway demonstrated in Figs. S2–S4 in the supplementary material.
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diagrams containing the vibrational coupling in the three types of path-
ways, GSB, SE, and ESA [Figs. S2–S4 in the supplementary material).
Figure 4 shows the beating maps generated from rephasing 2DES sig-
nals, representing the oscillation amplitudes at different excitation and
emission photon energies for different vibrational modes (6155 and
6310 cm�1). The beating map is consistent with our above assessment
as marked in Fig. 4 corresponding to the energy coordinate of coherent
coupling oscillation predicted for varying Liouville-space pathways.
These results clearly separate the vibrational coherences from ground-
and excited-electronic states where coherent oscillations tagged at
ground excited states are absent at negative frequency. Through this
method, in the positive or negative frequency range [Fig. 3(d)], the
oscillation component of the PIB signal related to the ground (GSB) or
excited (SE) electronic states can be distinguished, where the modes of
Pb-X stretching strongly modulate the SE dynamics.

The spectral profiles of multiple modes observed in the dynamics
tagged ground and excited electronic states are asymmetric and broad,
implying the anharmonicity and dynamic disorder of lattice vibra-
tions. To gain more insights into the coherent carrier-phonon interac-
tion, we study the CsPbX3 nanocrystals with different halide ratios
between Br and I (Fig. S1). Similar oscillations can be detected from
the PIB signals of different samples [Figs. 5(a) and 5(b)]. As shown in

Fig. 5(c), when the compositional ratio of iodine ions increases, the fre-
quencies of phonon modes decrease. This phonon softening behavior
further confirms that these phonon modes are induced by lattice vibra-
tions of the PbX6

3� octahedral sublattice in perovskite nanocrystals.
The coherent phonons in the mixed halide nanocrystals show

some difference from that in the CsPbBr3 nanocrystals with pure
halide. In the phonon spectra of the mixed halide nanocrystals, the fre-
quency of the LO2 phonon is slightly different from twice of the fre-
quency of the LO1 phonon [Fig. 5(c)]. In addition, the spectra of
characteristic phonon modes are much broader, suggesting a faster
decoherence of the lattice vibrations in the mixed halide samples
[Fig. 5(d)]. Such differences can be explained due to the inhomogene-
ity of mixed halide samples. In the aqueous samples, the halide
element exchanges with that in the solution and the ion migration
effect possibly causes the dynamic fluctuation of the composition and
structure, leading to additional anharmonicity and spectral broaden-
ing. The sublattice anharmonicity and dynamic disorder are the typical
characteristics of large polaron formation in bulk lead halide perov-
skites,11,45 implying the possibility of manipulating the dynamics of
charge carriers through composition engineering.

In summary, coherent interactions between excitons and lattice
vibrations in CsPbX3 nanocrystals in solution have been studied by
2DES measurements. By analyzing different pathways of electronic
transitions, we can isolate the features of vibrational coherence
involved in the transitions related to the excited electronic states. The
phonon bottleneck effect is also observed during the biexciton forma-
tion, which results in greater amplitude for the higher frequency vibra-
tion modes in the spectra of coherent phonons. These findings suggest
that the optoelectronic properties of perovskite nanocrystals may be
further optimized by manipulating the interplay between the elec-
tronic and lattice degrees of freedom.

See the supplementary material for the optical characterization
and sample preparation details, absorption and PL spectra of samples
(Fig. S1), Feynman diagrams of rephasing 2DES signals (Figs. S2–S4),
absorptive 2DES spectra, and PIB dynamic evolutions of anion-
exchanged CsPb(Br/I)3 NCs (Fig. S5).
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