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Giant exciton oscillator strength and radiatively limited dephasing in two-dimensional platelets
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We measured the intrinsic ground-state exciton dephasing and population dynamics in colloidal quasi-two-
dimensional (2D) CdSe nanoplatelets at low temperature (5-50 K) using transient resonant four-wave mixing
in heterodyne detection. Our results indicate that below 20 K the exciton dephasing is lifetime limited, with
the exciton population lifetime being as fast as 1 ps. This is consistent with an exciton lifetime given by a fast
radiative decay due to the large in-plane coherence area of the exciton center-of-mass motion in these quasi-2D
systems compared to spherical nanocrystals. The radiative rate in such 2D platelet systems can be controlled by

the platelet area over orders of magnitude.
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The colloidal synthesis of quasi-two-dimensional (2D)
semiconductor nanostructures has attracted much attention,
owing to the simplicity, flexibility, and low cost compared
to epitaxial growth techniques, and the wealth of interesting
fundamental properties and applications of quantum wells
(QWs) in, e.g., optoelectronics and photovoltaics. High-
quality colloidal zinc-blende CdSe nanoplatelets (NPLs)
having a thickness of 1-2 nm were recently reported [1-3],
and exhibit absorbtion spectra well described by a QW-like
electronic structure. Remarkably, the synthesized ensembles
can have a monolayer thickness purity better than 95%, and the
inhomogeneous broadening corresponds to only about 20% of
the monolayer splitting, which is similar to optimized epitaxial
quantum wells [4]. Furthermore, the thickness quantization
energy of 0.5-1 eV is much larger than the bulk exciton
binding energy of 15 meV [5], such that the excitons are
close to the 2D limit, providing a fourfold binding energy
increase. The binding energy is further enhanced [6] by the
lower dielectric constant &€ ~ 2 in the NPL surrounding, and
the reduced dielectric constant &,, ~ 6 of CdSe for energies
above the longitudinal optic (LO) phonon energy of 26 meV
compared to &5 ~ 10 below, resulting in predicted exciton
binding energies [7] in the 100-300 meV range. A similar
effect has been recently reported in monolayers of transition-
metal dichalcogenides such as WS, [8].

Since the exciton oscillator strength increases with the
exciton binding energy, we can expect a fast exciton radiative
decay. Recent reports showed photoluminescence (PL) life-
times decreasing with decreasing temperature, and lifetimes
of 200—400 ps were measured at low temperatures [2,3,7], two
orders of magnitude faster than in spherical CdSe nanocrystals.
Recently, temperature- and magnetic-field-dependent mea-
surements were interpreted with a three-level model similar to
that used in spherical nanocrystals [9]. It is understood theoret-
ically and reported experimentally in epitaxially grown QWs
that QW excitons exhibit an oscillator strength which increases
with increasing extension of the exciton in-plane center-
of-mass (CM) motion wave function [10-13], the so-called
coherence area. We therefore expect that the fundamental
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bright NPL exciton (BX) has a short radiative lifetime,
decreasing with increasing NPL area.

The radiative decay rate also sets a lower limit to the
homogeneous linewidth of an optical transition. Recent PL
measurements in single NPLs at low temperature showed
linewidths of 0.5-1 meV [3,7]. These would correspond to
a population lifetime in the 1 ps range, significantly shorter
than the measured PL decay time. It is, however, known that
single quantum dot PL linewidths are affected by fluctuations
of the emission energy during long acquisition times (so-called
spectral diffusion), hence the reported linewidths give an upper
limit to the homogeneous linewidth. Furthermore, the PL
decay of nonresonantly excited platelets does not provide
a measurement of the BX lifetime but reflects the density
dynamics mediated by phonon-scattering across all occupied
exciton states, including higher CM quantized exciton states of
lower oscillator strength, and spin-forbidden dark states. The
measured PL decay times of 200—400 ps are thus an upper limit
of the BX decay time. To quantify the giant oscillator strength
effect in NPL it is therefore crucial to directly measure the
intrinsic homogeneous linewidth and lifetime of the BX.

We previously demonstrated in epitaxial quantum
wells [14,15], self-assembled quantum dots [16,17], and col-
loidal nanocrystals [18-20] that transient resonant four-wave
mixing (FWM) can measure the intrinsic exciton dephasing
time in inhomogeneously broadened ensembles unaffected by
spectral diffusion. In the present Rapid Communication, we
have used three-beam FWM to measure the intrinsic exciton
dephasing and population dynamics in colloidal zinc-blende
CdSe NPLs in the temperature range from 5 to 50 K.

The investigated NPLs have been synthesized according
to the method reported in Ref. [2]. The resulting NPL
have a room-temperature emission around 515 nm, and the
x-ray diffraction reveals that they possess a zinc-blende
crystal structure. More details are given in the Supplemental
Material [21]. An optical and structural characterization of the
investigated NPL ensemble is shown in Fig. 1. The synthesis
typically yields NPLs with a room-temperature PL. quantum
efficiency of 50% and PL lifetimes in the nanosecond range,
indicating that the nonradiative decay due to defects is slow.
Transmission electron microscopy shows NPLs with lateral
dimensions of Ly =30.8 2.6 nm and L, = 7.1 £0.9 nm.
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FIG. 1. (Color online) Linear optical properties of the investi-
gated CdSe NPL ensemble. Absorption and photoluminescence
spectra at 295 K (dashed-dotted lines), and absorbtion at 20 K with
a fit (solid lines). The spectra of the laser pulses used in the FWM
experiment are also shown, labeled according to their center photon
energy. Inset: Transmission electron microscope (TEM) image of the
NPLs. Scale bar: 50 nm.

Room-temperature absorption and emission spectra of the en-
semble reveal a small Stokes shift (12 meV), and a wavelength
of the lowest excitonic transition Xy, in absorption of 510 nm
consistent with an electron/heavy-hole exciton confined in 6
(5) monolayer (ML) thickness according to Ref. [2] (Ref. [7]),
respectively. The NPL surface is terminated by Cd [22],
resulting in a half-integer ML thickness, so that we use 5.5
ML, L, =1.67 nm. At T =20 K the absorption spectrum
shifts to higher energies and exhibits a narrower Xy, due to
the reduction of the phonon-scattering related homogenous
broadening [3,7]. The absorption line shape at low temperature
was fitted by a sum of two excitonic peaks Xy, X and
continuum edges Cpy,Cp, plus an additional peak for the 4.5
ML contribution (for details see the Supplemental Material).
We inferred a Xy, linewidth of (46 £ 1) meV full width
at half maximum (FWHM) dominated by inhomogeneous
broadening. Furthermore, excitonic binding energies of Ry, =
(178 & 34) meV and Ry, = (259 & 3) meV are inferred from
the fit. Ry, is consistent with the range of 100-300 meV
predicted in calculations [7]. The difference of Ry, and Ry,
can be attributed to the different in-plane hole dispersions, as
the 2D exciton binding energy is proportional to the in-plane
reduced mass. Notably, the heavy hole quantized by the NPL
thickness has in plane a light-hole mass my, = 0.19m., and
the light hole has in plane a heavy-hole mass mp, = 0.67m,,
as deduced from the Pidgeon-Brown model used in Ref. [2].
With the isotropic electron mass of m. = 0.18m., this results
in an in-plane reduced mass of up, = 0.092m, for Xy, and
umn = 0.14m, for Xy,. The expected ratio of binding energies
is thus Ryy/Rnn = tin/Men = 1.51, which is close to the ratio
of 1.4 inferred from the fit.

Similar to previous works on CdSe nanocrystals [19,20],
we have measured the dephasing time of the BX using
transient three-beam FWM (see the sketch in Fig. 2) in
resonance with Xy, (see the laser spectra in Fig. 1). All
beams are derived from a train of 150 fs pulses with a
76 MHz repetition rate. The first pulse (P;) induces a coherent
polarization in the sample, which after a delay 7, is converted
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FIG. 2. (Color online) Time-integrated (TI) FWM field ampli-
tude vs 72 at 7,3 = 1 ps. The lines are fits to the data. (a) At different
temperatures, as indicated, for a center energy of 2.552 eV. The inset
shows a sketch of the pulse sequence and the directional selection.
(b) For different center energies, as indicated (spectra given in Fig. 1),
at a temperature of 20 K. The inset shows the resulting linewidths
271)/112.

into a density grating by the second pulse (P,). The third
pulse (Ps3), delayed by 753 from P, is diffracted by this
density grating, yielding the FWM signal. In the employed
heterodyne technique [23] the pulse trains are radio-frequency
shifted, resulting in a frequency-shifted FWM field which is
detected by its interference with a reference pulse. In the
investigated inhomogeneously broadened ensemble, the FWM
signal is a photon echo emitted at a time 1|, after P;, and
the microscopic dephasing is inferred from the decay of the
photon-echo amplitude versus 7;,. Conversely, the decay of the
photon-echo amplitude versus 7,3 probes the exciton density
dynamics [24].

The measured FWM field amplitude versus 7y is given in
Fig. 2 by the detected voltage (see the Supplemental Material).
Measurements were taken at 7,3 = 1 ps to exclude nonresonant
nonlinearities. The time-averaged excitation intensity was
17 W/cm? per beam, within the third-order nonlinear re-
sponse regime and resulting in negligible local heating, as
we affirmed by power-dependent measurements. To mini-
mize selective excitation of linearly polarized transitions in
the ensemble of randomly oriented NPLs, all pulses were
co-circularly polarized. The decay of the FWM amplitude
versus Ty, is described by two exponentially decaying com-
ponents o exp(—2ytip) for temperatures 7 above 10 K,
with an additional longer component y; visible for lower
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FIG. 3. (Color online) FWM field amplitude vs 71,3 at fixed
T15. Dashed lines are fits to the data. (a) For T = 12.5 K for
different values of 7,,, as indicated. (b) For 7, = 0 ps for different
temperatures, as indicated. The data are offset for clarity, as indicated
by the bars.

temperatures, as shown by fits to the data for 7, > 0.3 ps.
The dynamics is somewhat dependent on the probed energy
within the inhomogeneously broadened ensemble, as shown
in Fig. 2(b). The FWHM homogeneous linewidths 2hy
of the fitted dephasing rates y; > y» (see the inset) show
that y, slightly increases with increasing energy across the
inhomogeneous distribution, together with its relative weight
[shown by the zero-phonon-line (ZPL) weight as discussed
later], while y» is slightly decreasing. All further experiments
were done at 2.552 eV.

To investigate the physical origin of the observed dephasing,
we have determined the exciton population dynamics by
measuring FWM vs 1p3. The result for tj; = 0 shown in
Fig. 3(b) can be described by two exponential decays with
weakly temperature-dependent times around 1 ps and 40 ns.
The latter is giving rise to a signal at 753 <O due to a
pileup of the response from previous pulse repetitions of
13 ns period which excited the sample earlier. A damped
oscillation with a period of about 1 ps is also observed, which
is assigned to the modulation of the excitonic absorption by the
coherent phonons created by the impulsive excitation, as has
been previously observed in a variety of structures, including
CdSe [25,26] and PbS [27] quantum dots (QDs). All data
were fitted by the sum of two exponential decays including
the pileup effect and the phonon oscillation, as discussed in
detail in the Supplemental Material, yielding the decay rates
I'1 > I'; and amplitudes A 5.

Interestingly, when changing tj, from 0 to 1 ps, A{/A;
increases, such that the relevance of the pileup effect decreases,
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FIG. 4. (Color online) Homogeneous linewidths 2hy, 23,
lifetime-limited linewidth AI';, and zero-phonon-line weight Z vs
temperature. The line is a fit to the data for y,. The inset shows the
measured y, at T = 5 K as a function of the NPL area.

while the rates are unchanged within error. This shows
that the density-induced absorption of the A, component
is spectrally broader than that of A;. A possible origin of
the I', ~ 25/us component could be the spin-forbidden dark
excitonic state. However, since we find that I'; is nearly
temperature independent from 5 to 50 K, we can estimate the
related dark-bright splitting 8o > kg7 log(I'>/T"1) ~ 40 meV
for T = 50 K. This is much larger than the 1-10 meV found
in colloidal CdSe QDs. We also do not find evidence for
an internal relaxation between different bright/dark excitonic
states, which modifies the dynamics for 7, # 0 as observed
on spherical nanocrystals [19,20]. A more likely interpretation
is charging of the NPL by carrier trapping in the surrounding,
leaving a long-lived remaining carrier, which is also consistent
with the spectral broadening of the response.

The FWHM linewidth AI'; due to the density decay and
the homogeneous widths 2%y, are shown in Fig. 4 as a
function of temperature. Remarkably, 2y, is equal to T’
within error for 7 < 10 K. We therefore attribute 9, to the
zero-phonon-line (ZPL) dephasing of the BX transition in
NPLs, which is lifetime limited at low temperature. The
deduced low-temperature ZPL width of 2y = 0.7 meV is
consistent with PL linewidths measured on individual NPLs
at low temperature [3,7], and about two orders of magnitude
larger than in spherical QDs, where coherence times of
up to 100 ps, corresponding to 6 weV linewidths, have
been measured [19,20]. The temperature dependence of y;
shown in Fig. 4 is fitted by a temperature-activated behavior
2hy, = 2hyy + b/[exp(A /kgT) — 1], yielding a spontaneous
scattering rate b =6 meV and an activation energy
A =7 =3 meV. The line narrowing in the Xy, absorption
from room temperature to low temperature seen in Fig. 1
is consistent with these values. To discuss the scattering
process leading to the dephasing, we have estimated the
energy separation between the BX state and the first
excited state from the quantization of the exciton CM
motion. We use the “exciton-in-a-box” quantization energy
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quantum numbers, ag is the in-plane exciton Bohr radius of
about 2 nm, and M = 0.37m, is the exciton CM mass, given
by the sum of electron and hole mass from the Pidgeon-Brown
model. The resulting energy separation of the BX (n,,n,) =
(1,1) to the first excited state (2, 1) is 4 meV, which is similar to
A. The temperature dependence of y, could thus be related to
scattering into the (2,1) state by acoustic phonon absorption.
Note that the (2,1) state has an odd parity and is thus dark.

The weak longer dephasing component y3 of amplitude A3
observable for T < 10 K in Fig. 2 is attributed to a fraction
of NPLs in the ensemble with significant exciton in-plane
localization, reducing the coherence area and thus the radiative
rate. This is compatible with the density dynamics shown
in Fig. 3, since the small (13%) fraction of NPLs as given
by relative amplitude A3 /(A3 + A») is not easily appreciable.
However, suppressing the long-lived I, component [see 7, =
1 psinFig. 3(a)], a weak component with a decay time of about
5 psisobserved, which is consistent with the dephasing-limited
lifetime 1/(2y3) ~ 5 ps.

The dephasing rate y; has a relative amplitude which
increases with increasing temperature, indicating that this
fast initial dephasing is due to phonon-assisted transitions.
Excitons confined in quantum dots exhibit a non-Lorentzian
homogeneous line shape, consisting of a sharp zero-phonon
line superimposed onto a few meV wide acoustic phonon band,
which in turn gives rise to an initial fast dephasing [17,19].
Since excitons in the investigated NPLs are confined in a
larger volume (~ 500nm?) than in the nanocrystals studied
in Ref. [19] (~200nm?), we expect a higher ZPL weight Z.
We determine Z from the initial amplitude decay, as discussed
in the Supplemental Material. However, as shown in Fig. 4,
we find values of Z ~ 0.6 at low temperature, which is similar
to the values found in spherical nanocrystals [19]. The smaller
than expected value of Z is attributed to an enhancement
of the phonon-assisted transitions by the available excited
exciton states on the high energy side of the ZPL, forming
exciton-polaron transitions [28]. This attribution is consistent
with the observed decrease of Z with increasing energy within
the Xp, absorption line [see Fig. 2(b)]. Interestingly, single
NPL spectra at T = 20 K [3] show an emission peak with a
satellite shifted by about 4 meV to higher energies having a
relative weight of about 10%. Considering that the Boltzmann
factor of thermal population for 4 meV separation is about
0.1, we can estimate that this satellite has a similar absorption
as the main peak, consistent with the ZPL weight of Z = 0.6
deduced from the FWM dynamics.
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Let us now discuss the physical interpretation of the most
important finding, the measured exciton lifetime of about 1
ps. When compared to the ~10 ns radiative lifetime in CdSe
spherical nanocrystals [29], this lifetime is remarkably short.
It is known that with increasing exciton CM extension the
radiative lifetime decreases [10,11], an effect also referred
to as “giant oscillator strength” [7,10]. The radiative lifetime
of a heavy-hole exciton has been calculated to be 12 ps in
a 10 nm wide GaAs/AlGaAs QW [30], and measured to be
about 1 ps in 10 nm wide ZnSe/ZnMgSSe QWs [31] and
16-20 nm wide ZnSe/ZnMgSe QWs [32]. Considering the
large exciton binding energy Ry, ~ 180 meV compared to the
ZnSe QWs which have an exciton binding energy ~25 meV,
we expect a free exciton radiative lifetime in extended NPLs
in the order of 100 fs. The measured lifetime of ~1 ps is
thus consistent with excitons being localized in plane by the
lateral size of the NPLs, whereby the lifetime increases due
to the reduced coherence area [13]. For NPL much smaller
than the wavelength and much larger than ag, the radiative
rate is expected to be proportional to the NPL area. The
measured low-temperature 27y, for NPLs of different sizes
(24 x 5,27 x 8,31 x 7,27 x 13)nm? is given in the inset of
Fig. 4. We find within error a proportionality to the NPL area,
as expected for radiative decay.

In conclusion, we have presented evidence of an intrinsic
radiative lifetime in the 1 ps range in quasi-2D CdSe
nanoplatelets from dephasing and density dynamics measured
by three-beam four-wave mixing. The radiative rate is scaling
with the exciton coherence area, promising a tuning range from
hundreds of picoseconds down to subpicoseconds adjusting the
platelet area, and merging the size tunability and monolayer
thickness precision of colloidal synthesis with the large oscil-
lator strength of quantum well excitons. These nanoplatelets
are expected to enable strong light-matter coupling in tunable
microcavities [33], and applications as single photon switches.
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