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ABSTRACT
Quantum dephasing of excitonic transitions in CsPbBr3 nanocrystals has been studied using two-dimensional electronic spectroscopy at
cryogenic temperatures. The exciton–phonon interactions for acoustic and optical modes exhibit different effects on the coherent dynamics
of excitonic transitions. The homogeneous linewidth shows a proportional dependence on the temperature, suggesting the primary dephasing
channel of the elastic scattering between exciton and acoustic modes. The exciton–optical mode interaction is manifested as the beatings of
off-diagonal signals in the population time domain at the frequencies of 29 and 51 cm−1, indicating phonon replicas of excitonic transitions
arising from coherent exciton–phonon interaction. The insight information of exciton homogeneous broadening in perovskite nanocrystals
is essential for the potential application of quantum light sources.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0051611

I. INTRODUCTION

Perovskite semiconductors have emerged as a promising
family of materials for optoelectronic applications1–3 due to
their strong light absorption4–6 and excellent charge transport
properties.7–9 When the size decreases to the scale comparable
to or smaller than the Bohr radius, photon absorption in these
perovskite nanocrystals will create excitons with spatially confined
electron and hole wavefunctions.10,11 Benefiting from the quantum
confinement effect, excitons in perovskite nanocrystals exhibit
narrow spectral characteristics, which promote the light-emitting
properties for applications such as lasers12–15 and light-emitting
diodes.16–20

Excitonic transitions in perovskite nanocrystals have also been
demonstrated as quasi two-level systems with excellent single
photon emissions,21–24 which can be potentially applied as coherent

light sources for quantum information technology. In general,
the homogeneous linewidth of a two-level system is limited by
the system–bath interaction. The solid system of semiconductor
nanocrystals is markedly different from the atom gases because of
the interaction between the exciton and lattice vibration. Elucidating
the intrinsic linewidths and the underlying broadening mechanisms
is essential to understand the coherent light emission properties in
perovskite nanocrystals.

The spectral linewidths in perovskite nanocrystals have been
recently studied using single-nanocrystal photoluminescence (PL)
spectroscopic experiments.25–27 Nevertheless, due to dot-to-dot
variation, it is challenging to fully survey the homogeneous
linewidth in nanocrystal ensembles. For nanocrystal ensembles,
temporal four-wave mixing has been conducted to study the mech-
anism of dephasing in perovskite nanocrystals, which provides
no information about its variation across the inhomogeneous
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distribution induced by the size and shape dispersion.28 Broad-
band two-dimensional electronic spectroscopy (2DES) can address
the above issues by correlating excitation and emission spectra and
thus disentangle the inhomogeneous and homogeneous broadening.
2DES has been successfully applied to investigate the exciton fine
states, lineshape dynamics, and biexciton interactions in perovskite
nanostructures.29–32

In this work, we investigate the mechanism of exciton
homogeneous broadening in CsPbBr3 perovskite nanocrystals,
emphasizing the effect of the exciton–phonon interaction using
2DES measurements. Using temperature-dependent 2DES mea-
surements, we observe that the homogeneous linewidth increases
proportionally with increasing temperature in the range of 6–40 K,
suggesting an important dephasing pathway induced by the elas-
tic scattering between exciton and acoustic phonons. In addition,
the off-diagonal feature and the beatings in population time suggest
the phonon replicas of excitonic transitions for two optical phonon
modes of 29 and 51 cm−1. The findings suggest different important
roles played by the interactions between exciton and acoustic or
optical phonons in coherent light emissions, which is instrumental
for the future design of perovskite nanocrystal-based quantum light
sources.

II. METHODS
A. Sample preparations

The synthesis of colloidal CsPbBr3 nanocrystals has previously
been described in detail.10 In brief, Cs2CO3 (0.8 g, 99%, Sigma-
Aldrich) and oleic acid (2.5 ml, 90%, Sigma-Aldrich) were dissolved
in octadecene (30 ml, 90%, Sigma-Aldrich) at 150 ○C to synthesize
the Cs-oleate precursor. PbBr2 (0.138 g, 98%, Sigma-Aldrich) was
dissolved in octadecene (10 ml) at 180 ○C with a 1:1 mixture of
oleylamine (1 ml, 70%, Sigma-Aldrich) and oleic acid (1 ml). The
100 ○C Cs-oleate precursor was quickly injected into the PbBr2
solution, and the reaction time was controlled for 5 s before being
placed in an ice-water bath. Then, the synthesized nanocrystals were
washed by ethylacetate and dispersed in hexane solvent. The average
edge length of the synthesized CsPbBr3 nanocrystals is ∼8.8 nm.
A drop-cast film with wedgy sapphire substrates was prepared for
the 2DES measurements. The thickness of the nanocrystal film is
∼120 nm.

B. Experimental details
The 2DES setup is based on a pump–probe geometry with

active phase stabilization.33 Two home-made non-collinear optical
parametric amplifiers (NOPAs) were exploited as pump and probe
sources. The beam (800 nm, 90 fs, 1 kHz) of a Ti:sapphire regen-
erative amplifier (Libra, Coherent) was employed to pump NOPAs.
The pulse sequence of 2DES is shown in Fig. 1(a) where two phase-
locked replica of pump NOPAs with time delay τ split from the
pump beam and re-combined to excite the sample. The probe
beam was delayed by a population time T after the second pump
pulse. In our configuration, a fiber spectrometer (Maya 2000 Pro,
Ocean Optics) was used to monitor the phase difference between
the two pump beams. The transmitted probe pulse was collected by a
monochromator (SpectraPro HRS-750, Princeton Instruments) and

FIG. 1. (a) Schematic diagram of the pulse sequence used in 2DES measure-
ments. Delays between the three incident pulses and the signal are denoted
as τ, T , and t, respectively. (b) The absorption and PL spectra of the CsPbBr3
nanocrystal film at 6 K. The spectra of pump and probe spectra are also shown for
references.

analyzed by a charge-coupled device (CCD) camera (Hamamatsu,
S11071-1104). The overall spectral resolution is ∼200 μeV. The
pump beams were modulated by a chopper, while the probe beam
(also as the local oscillator) was detected by the spectrometer to
calculate ΔT/T0

0.5. The T0 denominator corresponds to the spectra
due to probe laser only when pump beams are off. ΔT in the
numerator relates to the difference of the probe spectra while pump
beams are on vs off. The polarizations of the pump and probe
beams are in a collinear scheme. The film samples were mounted
in the cryostat (MicrostatHe, Oxford) with temperature calibrated
with a sensor (DT-670C-SD, Lakeshore) mounted on the sample
substrate.

Figure 1(b) shows the spectra of the pump and probe beams
together with the absorption and photoluminescence spectra of the
sample measured at 6 K. The pump NOPA is tuned to resonantly
excite the band-edge transitions of the sample, while the probe beam
is set with a broader spectral coverage. The pump spectrum was
modified by a bandpass filter to meet the demand of undersampling
to generate the 2DES spectra with high resolutions in energy
domains. The excitation energy resolution is enabled by Fourier
transformation of the signal in the time interval τ. The emission
energy resolution, i.e., the Fourier transformation of the time inter-
val between the third incident probe pulse and the signal t, is directly
achieved by a spectrometer. The time interval between the second
and the third pulses is population delay T corresponding to the
population delay as commonly used for TA spectroscopy. By
correlating the electronic transitions resonant to the excitation and
emission photon energies, 2DES can disentangle inhomogeneous
and homogeneous broadening along diagonal and orthogonal
cross-diagonal directions, respectively.34–36

J. Chem. Phys. 154, 214502 (2021); doi: 10.1063/5.0051611 154, 214502-2

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

III. RESULTS AND DISCUSSION
For nanocrystal ensembles, the intrinsic exciton linewidth is

hidden by the entangled responses from nanocrystals of different
sizes. Due to the diversity of the nanocrystal size, the linewidth of
the photoluminescence spectrum of the CsPbBr3 nanocrystal film
at 6 K in Fig. 1(b) is ∼30 meV, which is mainly caused by the
inhomogeneous broadening. To characterize the intrinsic exciton
homogeneous broadening and the underlying broadening mecha-
nism of nanocrystal ensembles, we conduct 2DES measurements at
cryogenic temperature.

Figure 2(a) shows the absorptive 2D spectra of CsPbBr3
nanocrystals at 10 K at T ∼ 1 ps featuring by a diagonal-elongated
signal. This diagonally elongated signal is dominated by the different
exciton resonant energies due to the size distribution of nanocrys-
tals. By spectrally resolving the excitation and emission energy,
the exciton homogeneous linewidth can be extracted from the
orthogonal cross-diagonal sliced spectra in such a case of dom-
inant inhomogeneity.35 The extracted cross-diagonal spectrum is
mainly featured by three peaks [Fig. 2(c)], i.e., two narrower peaks
with an energy offset of 0 and 3.6 meV, respectively, and a broader
peak ranging tens of meV. The peaks are consistent with the results
in previous studies and were ascribed to the exciton broadening,
the discrete optical phonon replica, and the coupled acous-
tic phonon continuum.28,34 By Lorentzian fitting, the exciton
homogeneous linewidth γ is ∼0.5 meV at 10 K, which is deter-
mined by the depopulation and the elastic-collision-induced pure
dephasing processes.37

FIG. 2. Absorptive 2DES spectra measured at (a) 10 and (b) 40 K, respectively.
The population time is set at 1 ps. The excitation density is ∼2.4 μJ/cm2. Sliced
cross-diagonal spectra extracted from 2D spectra at the temperature of (c) 10 and
(d) 40 K with the center excitation photon energy at 2385 meV, respectively.

When temperature increases to 40 K, the diagonally elongated
signal is significantly broadened as shown in Figs. 2(b) and 2(d).
The exciton homogeneous linewidth γ at 40 K is ∼1.9 meV, which
is nearly four times as that at 10 K. Comparing the sliced cross-
diagonal spectra at 10 and 40 K in Figs. 2(c) and 2(d), we find that the
exciton linewidth and the phonon replica are obviously broadened
with reduced peak intensity, which is consistent with the thermally
induced dephasing due to elastic exciton–phonon scattering.37,38

Both of the sliced cross-diagonal spectra are featured with asym-
metric pedestals due to the higher probability of emission than the
absorption of vibrational energy.34

To gain more insights about the thermally induced dephasing,
we extract the sliced cross-diagonal spectra from 2D spectra
measured at different temperatures [Fig. 3(a)]. With increasing
temperature, the exciton peaks broaden to both high- and low-
energy sides as a characteristic of exciton–phonon scattering. As
investigated in previous studies,29,37,39,40 the linewidth of the exciton
in semiconductors can be modeled by a temperature dependence as
γ(T) = γ0 + aT + bNLO(T), where the parameter γ0 is the zero-
temperature linewidth, a is the coupling strength between exciton
and low-energy acoustic phonon modes (much smaller than kBT),
b is the coupling strength between exciton and discrete optical

FIG. 3. (a) Sliced cross-diagonal spectra extracted from 2D spectra with center
photon energy of 2385 meV recorded at different temperatures (the curves are
shifted vertically for clarity). (b) The exciton homogeneous linewidth (black square)
for temperatures ranging from 6 to 40 K. The dashed magenta line shows the lin-
ear fitting. The excitation density is set at ∼2.4 μJ/cm2. The population time is
set at 1 ps. (c) The exciton homogeneous linewidth (black square) for exciton
densities ranging from 1.3 to 19.2 μJ/cm2

. The dashed purple line shows the lin-
ear fitting. The temperature is set at ∼6 K. The inset shows the cross-diagonal
spectral profile under different excitation densities. The population time is set
at 0.5 ps.
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phonon modes, and NLO(T) = 1/(exp(ELO/kBT) − 1) represents
the Bose distribution of phonons.29,37,39,40 The experimental data
indicate that the exciton homogeneous linewidth γ increases
proportionally with increasing temperature [Fig. 3(b)], which
suggests the major contribution of the interaction between exciton
and low-energy acoustic phonon modes to the exciton dephasing
at low temperatures.29,40–42 By extrapolating the temperature depen-
dence, we find that the zero-temperature linewidth γ0 is ∼80 μeV
corresponding to a dephasing time of ∼8 ps. The slope of the linear
relation a is ∼46 μeV/K, which is comparable to the previous results
in similar nanostructures.29,37,43

In semiconductor quantum wells, the homogeneous linewidth
is dependent on the excitation density due to exciton–exciton
scattering.44 Figure 3(c) shows the measured homogeneous
linewidth at 6 K as a function of the excitation fluence in the range
of 1.3–19.2 μJ/cm2. The exciton homogeneous linewidth γ shows
no obvious fluence dependence, implying that the exciton–exciton
scattering is not significant in the excitation density region. Such
a behavior is possibly due to the fact that the excitation density
is mainly in the single exciton regime. The average number of
excitons per nanocrystals is less than 0.6 by multiplying the
absorption cross section14 and the absorbed photon density at
19.2 μJ/cm2. Most nanocrystals are singly excited or unexcited,
leading to insignificant no obvious dependence between exciton

homogeneous broadening and excitation density. In addition, the
broad sideband induced by the coupling between exciton and
low-energy acoustic phonon continuum was significantly enhanced
with increasing excitation density [Fig. 3(c), inset], which is
possibly caused by a higher carrier temperature upon increased
excitation density.45–47

Next, we analyze the influence of discrete optical phonon
modes on the exciton dephasing. Single-nanocrystal studies have
uncovered the multiple emission peaks due to the exciton
fine-structure splitting and/or the phonon replica.48–50 As shown
in Fig. 4(a), such discrete phonon replicas are also resolvable with
off-diagonal features in 2D spectra, being manifested as beatings in
the population time domain [Fig. 4(b), pink and orange lines]. The
periods of these beating modes are extracted as ∼1.13 and ∼0.66 ps,
respectively, which can be well fitted with a damped oscillation
function (black lines), in agreement well with the two phonon
modes of 29 cm−1 (3.6 meV) and 51 cm−1 (6.3 meV) as reported
previously.28,49 These two optical phonon modes should arise from
the Pb–Br–Pb bending motions.51–53 Both of the two beating modes
can also be fitted at the diagonal peak [Fig. 4(b), the gray line and
the fitted black line] with the same decay rate and opposite phase
of the corresponding phonon peak. The distortion of the beating at
the exciton peak can be induced by the existence of the polaronic
exciton and/or coupling to other intrinsic phonon modes.43,51,54

FIG. 4. (a) Absorptive 2D spectra measured at population time T ∼ 2.7 ps under 10 K. (b) Temporal dynamics of the point marked in (a). The curves fitted with damped
oscillation function are also shown as black lines to clarify the beating feature. The pink line is shifted for clarity. (c) The sliced emission spectra at the position marked in
(a) with population time T as labeled showing the evolution of the discrete phonon sideband. The 2D maps of beating amplitudes in the domain of population delay are
displayed for the wavenumbers (energies) of (d) 29 cm−1 (3.6 meV) and (e) 51 cm−1 (6.3 meV) corresponding to the two lower marked point in (a).
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The coherent exciton–phonon interaction results in a strong depen-
dence of the sliced cross-diagonal spectra on the population time
delays [Fig. 4(c)]. For clarity, we show the beating maps at the
wavenumbers of 29 and 51 cm−1 [Figs. 4(d) and 4(e)], respectively,
where the off-diagonal beating amplitudes show elongated features
in parallel to the diagonal features of excitonic resonance. The
energy offsets are exactly the resonances of the phonon modes, con-
firming that the coherent exciton–optical phonon coupling induces
phonon replicas in the optical transitions.

The exciton dephasing measured in this study is much faster
in comparison with previous spectral analysis in single perovskite
nanocrystals.25,28 The difference between 2DES and PL spectro-
scopies is a possible reason. For single-nanocrystal PL measure-
ments, the low-lying emissive states are probed, while 2DES also
probes the non-emissive states near band-edge. In addition, the
exciton fine structures due to the reduced structural symmetry in
different nanocrystals beyond the spectral resolution of the setup
are also possibly responsible.27,48,49,55 For example, the exciton fine
structure was found in CsPbI3 nanocrystal ensembles via 2DES
measurements by Liu et al.31 with energy splitting of the bright
triplet exciton states of ∼240 μeV at ∼5 K. The summation of the
bright fine structure may lead to a wider cross-diagonal peak.
Moreover, the exciton spin flip process between the bright and
the dark states may also contribute to exciton dephasing.27,56–58 In
particular, the mixing between bright and dark states with slight
energy differences may significantly increase the dephasing time.
These features as uncovered by 2DES may not be probed in single
dot PL measurements.31 Other than that, the shallow defect states
may lead to additional channel of exciton dephasing.59,60

IV. CONCLUSION
In summary, we have performed temperature-dependent 2DES

measurements to characterize the exciton homogeneous linewidths
in CsPbBr3 nanocrystals. Experimental data suggest different
roles played by the exciton–acoustic phonon and exciton–optical
phonon interactions for exciton dephasing. The exciton–acoustic
mode interaction makes the major contribution to the linewidth
broadening at cryogenic temperature with a proportional temper-
ature dependence in the range of 6–40 K. The exciton–optical mode
interaction results in phonon replicas of excitonic transitions for
two optical phonon modes of 29 and 51 cm−1. Both of the acoustic
and optical phonons can couple to excitons leading to sideband
emission, which can influence the indistinguishability of photons in
quantum light emitters.61,62 These findings provide insights about
the excitonic linewidth broadening, i.e., dephasing time, which
can limit the application of quantum light emitters. Suppressing
the effect of electron–phonon interactions such as using an opti-
cal cavity to enhance the exciton emission can be helpful for
the future design of perovskite nanocrystal-based quantum light
emitters.63
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