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ABSTRACT: We measure the ultrafast spectral diffusion, vibronic
dynamics, and energy relaxation of a CdSe colloidal quantum wells
(CQWs) system at room temperature using two-dimensional electronic
spectroscopy (2DES). The energy relaxation of light-hole (LH) excitons
and hot carriers to heavy-hole (HH) excitons is resolved with a time
scale of ∼210 fs. We observe the equilibration dynamics between the
spectroscopically accessible HH excitonic state and a dark state with a
time scale of ∼160 fs. We use the center line slope analysis to quantify
the spectral diffusion dynamics in HH excitons, which contains an
apparent sub-200 fs decay together with oscillatory features resolved at
4 and 25 meV. These observations can be explained by the coupling to
various lattice phonon modes. We further perform quantum
calculations that can replicate and explain the observed dynamics.
The 4 meV mode is observed to be in the near-critically damped regime and may be mediating the transition between the
bright and dark HH excitons. These findings show that 2DES can provide a comprehensive and detailed characterization of the
ultrafast spectral properties in CQWs and similar nanomaterials.
KEYWORDS: two-dimensional electronic spectroscopy, spectral diffusion, colloidal quantum well, exciton, energy transfer, vibronic coupling

Colloidal quantum wells (CQWs), also known as
nanoplatelets (NPLs), are atomically flat quasi two-
dimensional semiconductor nanocrystals. The ability

to precisely control the shape, size, and composition of CQWs
enables modification and control of their electronic and optical
properties, which is important for various technological
applications.1−3 In the past decade, the synthesis process of
colloidal cadmium selenide (CdSe) NPLs has been successfully
developed with controllable thickness at atomic accuracy.4,5

Each monolayer (ML) in CdSe NPLs consists of one Cd and
one Se atomic layer and has a thickness of around 0.3 nm, thus
making the thickness of several-ML NPLs much smaller than
their lateral dimensions, which are usually tens to hundreds of
nanometer. Due to the weak quantum confinement regime in
the lateral dimensions, the position of the absorption edge, or
the band gap, is mainly determined by the vertical thicknesses
(z-direction) of the NPLs.6 Upon excitation, the photo-
generated electrons and holes also form excitons due to
Coulombic interactions and are confined along the z-direction.

The confinement along the z-direction can significantly
increase the excitonic binding energy and red shift the
excitonic absorption from the band edge.7

CdSe NPLs exhibit two sharp and strong excitonic
absorption features, originating from the excitation of heavy-
hole (HH) and light-hole (LH) excitons.4,8 This is due to the
quasi-2D geometry of NPLs, which confines the excitons in the
vertical direction, causing the valence band to split into two
bands with different effective masses (hence the name heavy-
and light-hole band). In contrast, in the 3D-confined structure
of the more well-studied quantum dots (QDs), there is no
anisotropy. Subsequently, the hole states are degenerate, and
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thus, the split into light and heavy hole is not found.5,9,10 In
NPLs, the LH excitons can quickly relax to HH at a time scale
of 210 fs.11 The HH excitons are further split into dark and
bright states due to electron−hole exchange interactions,12

with the bright state being predicted to be 3−4 meV higher in
energy for 5-ML NPLs.13 Although optically forbidden, the
dark state can be populated through population transfer from
the bright state. From fluorescence line narrowing and
temperature-dependent photoluminescence (PL) experiments,
the bright-dark equilibration time scale was determined to be
∼10−40 ps at 4 K,13,14 while the time scale at room
temperature has not yet been resolved. The recombination
rates of bright and dark excitons were determined to be much
slower, in the order of several nanoseconds, via PL and
transient absorption (TA) measurements.10,13−16

NPLs offer several advantages compared to QDs for the
investigation of their ultrafast properties. Thanks to their
atomically precise synthesis and confinement only in the
vertical dimension, NPL syntheses commonly yield magic-
sized nanoparticles with the exact targeted number of
monolayers featuring spectrally precise emission and absorp-
tion excitonic peaks and spectra, which is difficult to obtain to
the same level of precision for the majority of the QD
syntheses due to their typically wider size distribution and
resulting size-dependent optical properties.4,5 NPLs also
possess additional useful features including a large exciton
binding energy and giant oscillator strength, suitable for
applications in optical gain, sensing, and photocatalysis.1,5,17−21

Specifically, the applications in a variety of optoelectronic
devices benefit from several advantages of NPLs over QDs. For
example, the absorption cross-section of NPLs is very large,
thanks to their tight vertical confinement and huge lateral
dimensions.19 The well-controlled vertical thickness and
addition of heterostructures such as core/shell and core/
crown22−24 also allow for continuous tuning of the optical
properties and charge carrier dynamics of the NPLs, making
them a highly favorable group of precisely engineerable light-
emitting materials.2,25−27

The various optoelectronic applications of nanomaterials
require an in-depth understanding and characterization of its
electronic properties and exciton dynamics, which are
intimately influenced by the complex interactions between
many electronic, vibronic, and other degrees of freedom. Time
resolved TA spectroscopic techniques are the main tools to
study such ultrafast dynamics. Two-dimensional electronic
spectroscopy (2DES) adds on to the TA techniques in its
ability to correlate detected signals to their corresponding
excitation frequencies,28 thus allowing us to identify complex
processes that may be hidden in conventional TA spectrosco-
py. Such applications on the related nanostructure of CdSe
QDs provide ample examples of the capabilities of these
ultrafast techniques. TA has been performed on CdSe QDs to
better resolve the spectral features and dynamics of energy
states.29−33 Recent 2DES studies on CdSe QDs have also
provided information on their spectral line width broadening
and spectral diffusion dynamics,34,35 electronic coherences and
dephasing mechanisms,35,36 and multiexcitonic dynamics.37

In this study, we utilize 2DES to provide a comprehensive
picture of the ultrafast dynamics taking place in colloidal CdSe
NPLs upon being excited simultaneously at the HH and LH
excitonic transitions. Recent TA measurements on CdSe NPLs
studied the hole trapping dynamics and mechanisms.38,39

There are several studies over the years focusing on the sub-

picosecond dynamics of colloidal CdSe NPLs utilizing 2DES,
with the main interests on the dynamics of heterostructures
and electronic coherence.11,38−40 Of considerable interest are
the 2DES works by Cassette et al., where electronic coherences
of up to ∼100 fs were observed.11,40 The study does not cover
lower frequency coherences from other sources, such as
vibronic coupling, that persist beyond the experimental time of
these earlier experiments. There are many other unclarified
properties in CdSe NPLs that 2DES is capable of character-
izing and providing a more detailed analysis.
Excitonic coupling and energy transfers are the typical

processes that can be directly observed in 2DES, as has been
applied to several previous studies on various complex
systems.28,36,41−46 In addition, one phenomenon that can be
measured in 2DES but is inaccessible using conventional TA
spectroscopy is ultrafast spectral diffusion, which dictates the
evolution of the 2D peakshapes due to the ability of 2DES to
correlate the excitation and detection frequencies.28 In ultrafast
spectral diffusion, the excited system fluctuates and evolves to
different frequencies in the time scale of femtoseconds to
picoseconds due to interactions of the system with the
environment, including coupling to vibrations of the proteins
and/or solvent molecules in the environment as well as lattice
phonon modes.47−50 These ultrafast spectral diffusions take
place at a much shorter time scale of the spectral diffusion
measured by single-molecule PL studies on nanocrystals, which
are at time scales of milliseconds to seconds.51−54 One
measure of the ultrafast spectral diffusion dynamics of an
ensemble is the frequency-fluctuation correlation function
(FFCF).47,49,55 FFCF is a useful quantity as it connects
microscopic molecular and atomic level dynamics directly to
the nonlinear optical spectroscopic measurements such as
2DES. This can be based on a theoretical framework relying on
diagrammatic time-dependent perturbation theory, Kubo line
shape theory, and Brownian oscillator model.28,47 Conversely,
measuring the ultrafast spectral diffusion dynamics and FFCF
provide insights into these couplings at the atomic and
molecular level48 and allow us to formulate appropriate
mechanisms for understanding and optimizing various proper-
ties important in such CdSe NPL systems.
In this work, we measure the excitonic energy transfer

dynamics between the LH and HH excitonic transitions, as
well as the transfer dynamics between dark and bright states of
the HH excitons. This is then followed by the measurement of
the spectral diffusion dynamics and FFCF of the HH excitons.
The subsequent analysis allows us to uncover the nature and
strength of the vibronic coupling of the exciton to the various
lattice phonon modes. This also sheds light on the possible
mechanism of the measured transfer dynamics between the
dark and bright states of the HH excitons. We show that 2DES
is an excellent tool for studying optical properties of quantum
systems such as NPLs, providing a single snapshot over the
many possible transitions and deliver a comprehensive picture
about the complicated dynamics in such quantum systems.

RESULTS AND DISCUSSION
Figure 1a illustrates the linear absorption spectrum of 5-ML
CdSe NPLs and the excitation pulse spectrum used in the
2DES measurements. The two near-band-edge absorption
peaks of CdSe NPLs center at 2.25 and 2.38 eV, corresponding
to the absorption of HH and LH excitons, respectively.
Spectral decomposition can be performed on the linear
absorption spectrum to yield three components, as shown in
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the figure, including two distinct Gaussian absorption peaks of
the HH and LH excitons and an error function representing
the absorption of hot carriers, i.e., unbound electrons and
holes.56 The lateral size distributions of the synthesized NPLs
can be determined from transmission electron micrographs
(see the Supporting Information). In short, the lateral
dimensions of the NPLs are about 32 ± 4 and 10 ± 2 nm
and the area is about 309 ± 79 nm2 (mean ± standard
deviation).
Each 2D spectrum is an energy-correlation map between the

vertical ωτ and horizontal ωt axis, representing the excitation
and detection energies, respectively. Parts b and c of Figure 1
present the 2D spectra at waiting times Tw (time delays
between the excitation and detection pulses) of 50 fs and 2 ps.
In the 2DES experiment, a wide excitation spectrum was used
to cover both the HH and LH excitonic transitions (see Figure
1a). The excitation fluence was low enough to avoid excessive

excitation of hot carriers and multiexcitonic effects. The
positions of the signals will be addressed using, respectively,
the vertical and horizontal coordinates in the 2D map, (ωτ,
ωt).
The main signals in the 2D spectra in Figure 1b,c

concentrate around the HH and LH absorption regions.
There are two negative diagonal peaks at (2.25, 2.25) and
(2.38, 2.38) eV, respectively, for HH and LH excitons, and two
negative off-diagonal peaks, or crosspeaks, at (2.25, 2.38) and
(2.38, 2.25) eV, as shown in Figure 1b,c. The diagonal peaks
are marked with circles, and the crosspeaks are marked with
triangles. Negative signals on the diagonal are the results of the
reduction in absorbance of the NPLs after the initial
photoexcitation. Reduction in absorbance is usually due to
the decrease in the ground-state (GS) population (or ground-
state bleach, GB) and the increase in stimulated emission (SE)
in the excited NPLs. An excitonic transition can also induce
GB at another transition energy due to their shared GSs,
resulting in crosspeaks. At later waiting times, the diagonal and
crosspeak intensities may change due to population transfer
and relaxation processes. In the case of NPLs, the shared
electron states in the conduction band (CB) of HH and LH
excitons result in negative crosspeaks appearing at very early
waiting times, for example, in Figure 1b at Tw = 50 fs. In
addition, the crosspeak at (2.38, 2.25) eV can have a
contribution from the LH → HH relaxation.
Several positive signals, detected mainly at ωt = 2.21 eV, and

with smaller intensities at ωt = 2.32 and 2.45 eV, can also be
observed in Figure 1b,c. These positive features are photo-
induced absorptions (PA), which are absorptions arising in the
presence of the excited population. In this case, the PA signals
can be seen as the additional absorption features appearing
after the HH or LH excitons are created in the NPLs. Apart
from the excitons, hot carriers are also created. However, the
signals from hot carriers are barely detectable in the 2D spectra
since most of them quickly relax to the band edge at low pump
fluence.57−59 In general, the spectral features in the 2D spectra
are conserved during the observed Tw window from 50 fs to 2
ps, except for some minor changes in peakshapes and peak
intensities. These changes reflect various ultrafast processes
happening in CdSe CQWs.
In the high excitation energy region (ωτ = 2.30−2.45 eV),

the excited species include the LH excitons and hot carriers,
with the possible detected signals depicted in Figure 2a. These
states, upon excitation, quickly relax to the HH excitonic
states.11 To quantify this process, we integrate over the area
containing these species’ signals and plot them as a function of
the waiting time Tw (Figure 2b). The resultant kinetic traces
allow us to further analyze the population kinetics. Along the
excitation axis ωτ, the integrated areas span from 2.34 to 2.43
eV. Along the detection axis ωt, the blue area covers the signals
from 2.26 to 2.43 eV, which tracks the total signals from LH
excitons and hot carriers. Meanwhile, the red area integrates
the signals from ωt = 2.19 to 2.24 eV, containing the signals of
HH excitons. These areas are illustrated in the inset of Figure
2b. The integrated signals of these areas, i.e., the kinetic traces,
can be fitted with single-exponential functions, which give
similar lifetimes of ∼210 fs (Table 1). In TA and 2D
spectroscopy, concomitant rise and decay of sets of peaks at
similar time scales typically indicate a population transfer
process.41,60 The kinetic traces in Figure 2b thus represent the
hole transfer process where the hole population initially excited

Figure 1. (a) Linear absorption of 5-ML CdSe NPLs (circles) with
the fitted constituent components and the global fit (solid curves).
The shaded area illustrates the excitation pulse spectrum used in
the 2DES measurements. (b and c) Representative 2D spectra of 5-
ML CdSe NPLs at the denoted waiting time Tw. The vertical and
horizontal axes indicate the excitation and detection frequencies,
respectively. The red and blue circles in the 2D spectra denote the
centers of the diagonal peaks at (ωτ, ωt) = (2.25, 2.25) and (2.38,
2.38) eV, respectively. The red and blue triangles denote the
centers of the crosspeaks at (ωτ, ωt) = (2.38, 2.25) and (2.25,
2.38) eV, respectively.
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at the LH−CB energy gap transfers to the HH band. A similar
observation was also made by Cassette et al.11

In the low excitation energy region (ωτ = 2.2−2.3 eV), the
diagonal peak at (2.25, 2.25) eV represents the GB and SE
signals of the HH excitonic transition. The kinetics of this peak
is plotted in Figure 3b with the integrated signal of the area
around the diagonal. The kinetics can be fitted with a single-
exponential decay with a time scale of ∼160 fs (Table 1). The
kinetic decreases by 2.81 in amplitude to a baseline of −12.6, a
decrease of ∼22%, and is attributed to the reduction of the GB
and SE signal contribution. The crosspeak at (2.25, 2.38) eV
(blue curve in Figure 3b) represents the LH GB signal upon
HH excitation, due to their shared electron states. From Table
1, the crosspeak signal increases by 0.17 in amplitude out of a
baseline of −2.88 (∼6%), which is much lesser than the
decrease of the diagonal peak. Thus, apart from the decay in
amplitude of the negative diagonal peak, there is no
concomitant rise observed in the 2D spectra. The absence of
a significant rising signal at ∼160 fs suggests that the
population transfer from HH is to a state X that is
spectroscopically inaccessible, which can be referred to as a
dark state. The identity of state X will be discussed later.
Previously, Cassette et al. observed a similar decay in the HH

exciton signal using TA spectroscopy and assigned it to a
generic hole-trapping process.40Figure 3a provides a schematic
to summarize the associated dynamics of the HH and LH
excitons and the dark state X after excitation at the HH
transition.
Apart from the dynamical changes in amplitude, another

main observation is the time evolution of the shape of the 2.25
eV diagonal peak. The time evolution of the peakshape
contains information on the homogeneity, inhomogeneity, and
ultrafast spectral diffusion dynamics of the transition. During
spectral diffusion, fluctuation in the transition frequency causes
the correlation between the excitation and emission energy to
decrease.28,49 This trend manifests itself in the 2D spectra
peakshape, changing from an elongated peak along the
diagonal to a broader, more vertically aligned peak with
increasing waiting time Tw.

49 This can be seen in Figure 4a,
which depicts the 2.25 eV diagonal peak at two Tws. At Tw =
50 fs, the peak is elongated, and its tilt is aligned toward the
diagonal. By Tw = 2 ps, the peak becomes more spherical due
to spectral diffusion. One can also intuitively see this
broadening effect due to spectral diffusion by taking a spectral
slice at ωτ = 2.25 eV from the 2D spectra at Tw = 0.05 and 2
ps. The comparison between the two spectral lineshapes (as a
function of ωt) is wider for the Tw = 2 ps spectrum. Details of
this Tw dependent broadening trend are provided in the
Supporting Information (Figure S3). As mentioned in the
introduction, FFCF provides a meaningful expression for such
spectral diffusion. One way to characterize the spectral
diffusion process and FFCF is to measure the tilt of the 2.25
eV diagonal peak in a process known as center line slope
(CLS) analysis. The detailed procedure of CLS extraction is
provided elsewhere.49 In our study, the CLS is obtained from
the line, as indicated by the white dots and green overlay fit
lines of the 2D peakshape in Figure 4a. The slope of this line is
taken with respect to the vertical axis (ωτ-axis), and the
resulting CLS values are reported in Figure 4b. Importantly,
the CLS value gives a direct measurement of the normalized
FFCF.49,50,61 The FFCF quantifies the exciton’s fluctuation
and coherent dynamical change in its transition energy, due to
various intra- and intermolecular processes.28 In general, a
higher slope (high CLS value) corresponds to a higher degree
of correlation between ωτ and ωt; thus, a spectral diffusion

Figure 2. (a) 2D signals observed after initial excitation of the
NPLs at the LH excitonic transition. Presenting in an excitonic
representation, G, H, and L represent the ground state (GS), HH,
and LH excitonic states, respectively. The excitons are initially
excited to L state and then partly relaxed to H state. The dotted
circles represent populations before being excited or relaxed. The
probe pulse detects lesser absorption (GB, dashed arrows) and
more emission (SE, solid arrows) in both L and H states, resulting
in negative transient absorption signals. PA processes are not
shown. (b) Integrated signals (circles) of the spectral regions
where LH excitons and hot carriers are excited, along with the
exponential fits (solid curves). The blue curve represents the
combined population of the LH excitons and hot carriers, while
the red curve represents the HH excitons population. The
corresponding integrated areas on the 2D spectrum are shaded
in the inset.

Table 1. Fitting Parameters of the Kinetic Traces Presented
in Figures 2 and 3a

signal at (ωτ, ωt) a (a.u.) T (ps) a0 (a.u.)

(2.34−2.43,2.26−2.43) eV�Figure 2b, blue
area

−1.62 0.21 −3.53

(2.34−2.43,2.19−2.24) eV�Figure 2b, red
area

+1.73 0.21 −3.40

(2.21−2.28,2.35−2.42) eV�Figure 3b, blue
area

+0.17 0.17 −2.88

(2.21−2.28,2.21−2.28) eV�Figure 3b, red
area

−2.81 0.16 −12.62

aAll are fitted with exponential functions f(Tw) = ae−Tw/T + a0.

Figure 3. (a) 2D signals recorded initial excitation of the NPLs at
the HH excitonic transition. X represents a spectroscopically
inaccessible (dark) state. The excitons are initially excited to H
state and then partly equilibrate with X state. (b) Integrated signals
(circles) of the spectral regions where HH excitons are excited,
along with the exponential fits (solid curves). Red represents the
HH exciton population, while blue tracks the GB signals at LH
excitonic transition. The corresponding integrated regions on the
2D spectrum are shaded in the inset.
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process results in a decaying CLS. Furthermore, coherent
dynamics such as those due to vibronic coupling can also cause
oscillations in the CLS measurements.50,62

The CLS analysis results for the 2.25 eV diagonal peak are
shown in Figure 4b. At 50 fs, the shortest Tw of our data, the
CLS has a value of ∼0.18. The CLS then appears to decay at a
few-hundred-femtosecond time scale while exhibiting clear
oscillatory features. At longer Tws, the CLS settles to a value of
∼0.1. As the CLS recovers the normalized FFCF, the
theoretical CLS value at Tw = 0 fs should be unity.
Nevertheless, the measured CLS value has dropped to a
value of only ∼0.18 at our first data point of Tw = 50 fs. This
suggests that a large decay of the FFCF happens in the sub-50
fs time scale, which our experiment does not capture. In
addition, in FFCFs, a constant baseline represents an
inhomogeneous component.49,61 We can therefore assign the
constant value of CLS of ∼0.1 at a long Tw to the
inhomogeneity of the NPLs ensemble.
We next analyze the oscillatory features, which can be

characterized more clearly as a Fourier transform of the
measured CLS (Figure 4c). The key features of the resultant
Fourier transform map peak at 4 and 25 meV, which
correspond to beating periods of ∼1 ps and ∼170 fs,
respectively. The evolution of the CLS, i.e., the FFCF, can
be modeled using a well-established system-bath model, where
the HH−CB transition is coupled to a bath of harmonic
oscillators described by a spectral density function C(ω).47,63

These couplings cause fluctuations in the system transitions
and result in the observed spectral diffusion and beating
dynamics.47 Since the CLS measures the normalized FFCF, the
resultant Fourier transform of the CLS can be viewed as
proportional to the spectral density C(ω) of the bath, which
couples to the HH−CB transition. We can model the spectral

density C(ω) using a series of damped oscillators of energy ωj,
damping constant γj, and relative coupling strength λj. At the
high-temperature limit, C(ω) can be expressed as (see the SI
for detailed derivations):63

+ +

+ +
C( )

( )

( ) 4j

j j j j j

j j j

2 2 2

2 2 2 2 2 2
(1)

To phenomenologically replicate the measured CLS, we
construct a spectral density C(ω) using two modes (4 and 25
meV) with the parameters listed in Table 2 and portrayed in

Figure 4c. The constructed FFCF is obtained by inverse
Fourier transforming C(ω) and added a baseline of ∼0.1 to
account for the inhomogeneous component and then
compared to the measured CLS as depicted in Figure 4b.
The main features of the measured CLS can be observed to be
replicated quite well in the constructed FFCF, including the
apparent sub-200 fs initial drop and oscillatory patterns with
the correct phase dependence. In the parameters used, the 4
meV mode is in the near-critically damped regime, with ω1 ≈
γ1, where the oscillation only survives for about one cycle. The
observation of the sub-200 fs drop from ∼0.18 to ∼0.1 on the
experimental CLS (Figure 4b) can therefore be explained as
part of this 4 meV near-critically damped oscillation. If we treat
this drop as an exponential decay and attempt to fit it to the
measured CLS at larger Tw steps (thus ignoring the higher
frequency beatings), we obtain a decay of ∼160 fs (see the SI).
The second mode used in the model with an energy of 25 meV
is in the regime of underdamped mode, with ω2 ≫ γ2 and
explains the 170 fs oscillations. The inverse of the damping
constant γi gives the time scale of the decay of the oscillation
signal and hence a measurement of the dephasing or
decoherence time. This gives an approximate decoherence
time for the 4 meV mode of ∼330 fs. This decoherence time
may not be clearly discernible in the CLS plot in Figure 4b, as
the falling edge of the first cycle of the 170 fs oscillation
dominates the signal.
Quantum-mechanical calculations are performed on the 5-

ML CdSe NPL structure to provide further insights to the
analysis. The details of the calculations are summarized in the
SI and can be found in previous publications.64−66 In short, the
NPLs in the simulation are capped with acetic acid and
geometrically optimized at 0 K and then heated to 300 K and
simulated with molecular dynamics (MD). MD snapshots are
generated until 3 ps with 1 fs time steps. The electronic
structures are obtained from density functional tight binding
(DFTB) calculations. Figure 5a depicts the top and side views
of the optimized NPL. The electronic transitions obtained
from every MD snapshot are used to estimate the early time
behavior of the autocorrelation function, or normalized FFCF,
of the energy gap between the HH and GS. In Figure 5b, we
show the calculated normalized FFCF for the two main HH
transitions identified in the calculation, labeled as HX1 and
HX2. As can be seen, the FFCF experiences a decay with a

Figure 4. (a) Examples of the center lines of the 2.25 eV diagonal
peak, from which the slope with respect to the vertical axis is
obtained as the CLS. The measured CLS plot with waiting time Tw
and its Fourier transform are shown in blue color in (b) and (c),
respectively. The Tw step in the CLS plot is 25 fs, and after 1 ps, it
becomes 100 fs. The Fourier transform is performed on the first 1
ps. A constructed spectral density C(ω) with two modes, whose
parameters are listed in Table 2, and the CLS plot constructed
from it are also shown in red color in (c) and (b), respectively.

Table 2. Parameters for the Constructed Spectral Density in
Figure 4c

mode j
energy,

ωj/2π (meV)
damping constant,

γj/2π (meV)
relative strength,

λj (a.u.)
1 4 2 1
2 25 0.4 0.04
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lifetime of ∼30 fs and exhibits oscillatory features. The spectral
densities of the HX-GS transitions are shown in Figure 5c,
obtained by taking the Fourier transformation of the
corresponding calculated FFCF. The fast ∼30 fs decay arises
from the initial dephasing of all the modes present in the
spectral density, mainly ranging up to ∼25 meV. This can be
assigned to the drop of the measured CLS value to ∼0.2 at Tw
= 50 fs, which is too fast to be resolved in our experiment.
The calculated spectral densities also peak at ∼4 and ∼25

meV (Figure 5c). This is consistent with the modes obtained
from the experimental CLS’s oscillatory features (Figure 4c).

The 4 meV peak corresponds to the acoustic phonon mode in
the CdSe lattice.67−70 The higher energy modes can be
assigned to the surface acoustic (SA) phonon modes due to
the out of lattice movement between Cd atoms and ligands at
the NPLs surface.70 They can also be due to the surface optical
(SO) and longitudinal optical (LO) modes.64,71 The reason
behind the appearance of SO modes can be explained by the
elongation and shortening of the bonds between surface Cd
and ligands. In the calculations, the modes appear as
underdamped. However, our experiments suggest that the 4
meV mode is nearer to the critically damped regime.
The identity of the spectroscopically inaccessible dark state

X will now be discussed. One possible assignment of X is a
dark excitonic state that is close in energy and in equilibration
with the bright HH excitonic state, as suggested in several
studies.12−14,72 The bright-dark exciton splitting has been
measured to be 3−4 meV for 5-ML CdSe NPLs.13

Furthermore, the energy of the near-critically damped phonon
mode of 4 meV observed in our CLS analysis thus matches the
energy gap between the bright and dark exciton. It has been
hypothesized that the transition between the bright and dark
states requires a spin-flip with a corresponding emission or
absorption of acoustic phonons.14,73 Thus, it is likely that the
bright-dark exciton equilibration is mediated by the 4-meV
acoustic phonons in the CdSe lattice. We also note that the
apparent decay (i.e., the initial decrease of a near-critically
damped oscillation) time scale of ∼160 fs is similar to the
decay time scale of the integrated signal of the area around the
HH diagonal peak at (2.25, 2.25) eV, which, as analyzed
earlier, is due to the population transfer to a spectroscopically
inaccessible state X. We conjecture that these two processes
measured at ∼160 fs are associated with each other, and thus,
the state X can be assigned as the dark state of the HH exciton.
Conversely, the 25 meV mode is observed to be underdamped
possibly because of the absence of decay channels between
states of comparable energy gap in this system.

CONCLUSIONS
In conclusion, using 2DES as the main tool for observation of
the dynamics of 5-ML CdSe NPLs, various processes taking
place at sub-picosecond time scales can be observed. These
include the energy relaxation from LH excitons and hot
carriers to HH excitons, the energy flow of HH excitons to a
dark state, spectral diffusion dynamics of the HH excitons, and
their vibronic couplings to various phonon modes. The
participation of the lattice phonon modes in the fluctuations
of excitonic transitions can be well-reproduced in our
quantum-mechanical calculations.
It is worth noting that 2DES was able to resolve various

spectral features in both time and frequency domains. Thus,
2DES can provide extra information that may be crucial in
identifying the participating species, such as characterizing the
properties of the dark excitons in nanomaterials, which
previously relied on observations at very low temperature.13

The observation of the bright-dark equilibration using the
associated spectral diffusion process, which can only be
quantified using 2D spectra, is also an excellent example of
the strength of 2DES. Further 2DES investigations of different
heterostructures and hybrids of NPLs are expected to provide
valuable insights about the gain mechanisms of CQWs, which
is a very active research direction in the scientific community
of colloidal nanocrystals.

Figure 5. (a) Side and top views of the optimized 5-ML CdSe NPL
structure, capped with acetic acid. The Cd, Se, O, C, and H atoms
are denoted with purple, green, red, brown, and gray spheres,
respectively. (b) Normalized FFCF of the energy gap HX1-GS
(blue) and HX2-GS (red) transitions, obtained from the quantum-
mechanical calculations. Both FFCFs are fitted simultaneously
with a single-exponential function, yielding a lifetime of ∼30 fs. (c)
Fourier transformations of the calculated HX-GS FFCFs, where
the HX1-GS plot is translated vertically for clarity.
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METHODS
Synthesis of 5-ML CdSe NPLs. 5-ML CdSe NPLs were prepared

according to the reported procedure with slight modifications.7

Cadmium myristate (340 mg) and 27 mL of ODE were loaded into a
three-neck flask and degassed for 1 h at 95 °C under a vacuum.
Subsequently, the reaction mixture temperature was raised to 250 °C
under constant argon flow, and a solution of 3 mL of 0.15 M ODE-Se
was quickly injected. Next, 160 mg of cadmium acetate dehydrate was
added to initiate lateral growth. The solution was kept at 250 °C for 7
min. The reaction was then terminated with an injection of 1 mL of
oleic acid and cooled to room temperature by using a water bath. The
resulting CdSe NPLs were centrifuged to remove nonreacted
precursors. Finally, the obtained solution was washed with acetone,
and the cleaned NPLs were dispersed in hexane.
2DES Measurement. Ultrafast 2DES measurement was per-

formed using the partially collinear pump−probe geometry. Laser
pulses from a 1 kHz, 800 nm Ti:sapphire amplifier (Legend Elite,
Coherent) were focused to a 2 m long tube containing 2.2 bar of
pressurized argon. A continuum was generated by self-phase
modulation74,75 inside the tube and split using a UV-fused silica
wedged window. The reflected beam from the wedged window was
compressed by 10 reflection roundtrips on a pair of chirped mirrors
(DMC9, Laser Quantum) and further split by a 50/50 beamsplitter to
use as the probe and reference beams. The pump beam, transmitted
part from the wedged window, was sent to a single-prism
compressor76 and shaped by an acousto-optic pulseshaper (Dazzler,
Fastlite). The resulting pump pulse has an approximately 240 meV
spectral full width at half-maximum (see Figure 1a) and is compressed
to ∼25 fs as measured using an autocorrelator (pulseCheck). The
pulse is approximately 3 times transform limited. The beam was
shaped into a double-pulse train with controllable interpulse delay τ,
ranging from 0 to 120 fs with 3 fs steps, and a phase relationship
following 1 × 2 phase cycling scheme.77 The power of the pump pulse
was limited to 0.5 nJ per pulse so that the pump fluence was low
enough to avoid the excitation of high-temperature carriers and
multiexciton effects. The pump, probe, and reference beam were
focused on the sample using an off-axis parabolic mirror. The waiting
time Tw between the pump and probe pulse was controlled using a
retroreflector mounted on a linear motorized stage (Physik
Instrumente). The signal emitted from the sample was guided to a
spectrometer, where it was spectrally dispersed to a CCD array
(PIXIS, Princeton Instruments) and recorded along ωt axis. A series
of τ-dependent TA spectra, ΔA(τ, Tw, ωt), were obtained at each Tw,
which was then Fourier transformed along τ to generate a 2D
spectrum S2D(ωτ, Tw, ωt). The measurement was repeated twice with
separately synthesized sample batches to ensure the reproducibility.
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