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We evidence excited state emission from p states well below ground state saturation in CdSe

nanoplatelets. Size-dependent exciton ground and excited state energies and population dynamics are
determined by four independent methods: time-resolved PL, time-integrated PL, rate equation modeling,
and Hartree renormalized K - p calculations—all in very good agreement. The ground state—excited state

energy spacing strongly increases with the lateral platelet quantization. Depending on its detuning to the
LO phonon energy, the PL decay of CdSe platelets is governed by a size tunable LO phonon bottleneck,
related to the low exciton-phonon coupling, very large oscillator strength, and energy spacing of both

states. This is, for instance, ideal to tune lasing properties. CdSe platelets are perfectly suited to control the
exciton-phonon interaction by changing their lateral size while the optical transition energy is determined

by their thickness.
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Semiconductor nanoparticles have attracted growing
attention in the past decade due to their promising optical
and electronic properties. Two-dimensional II-VI semicon-
ductor nanoplatelets (NPLs) gained increasing interest
because of their unique electronic and optical properties
[1], such as the giant oscillator strength effect [2—4], room
temperature exciton coherence [5] and lasing [6], strong
electroabsorption response [7], and size-dependent dark-
bright splitting [8]. The unusually small coupling to phonons
[3] makes NPLs potential candidates for materials with
low dephasing rates, high lateral conductivity, and control
of both internal relaxation and energy transfer efficiencies. In
this Letter we introduce a scheme for a well-defined control
of exciton-phonon interaction by lateral size variation.
Efficient p-state luminescence is observed in CdSe NPLs
and their energies confirmed by theory. Tuning the s-p
energy separation allows us to suppress or enhance the
coupling to LO phonons paving the way to a controlled
switching of energy relaxation, charge transport, or resonant
energy transfer by lateral NPL size control. For the inves-
tigated CdSe NPLs, Fig. 1(a) shows the evolution of the
lowest exciton s and p states with increasing transversal
confinement and anisotropy, and Fig. 1(b) shows their wave
functions and allowed transitions.

We show in this Letter that the ground state—excited state
energy difference of CdSe NPLs strongly increases with the
lateral platelet quantization and that the observed biexpo-
nential photoluminescence (PL) decay of NPLs is
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connected to the very large radiative rates of the excited
state (ES) and ground state (GS) and a phonon bottleneck
suppressing interrelaxation. The strong transversal confine-
ment-related suppression of LO phonon modes in the NPLs
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FIG. 1. (a) Evolution of the electron p-shell degeneracy when
an isotropic quantum box evolves into a platelet with unequal side
lengths. (b) Overview of the allowed optical transitions observed
in experiment along with wave function probability density plots
in real space and an observed ground state (GS) and excited state
(ES) PL spectrum.
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[3], also identified as lifetime limited dephasing rates [4],
results here in a slowdown of the ES-GS exciton transfer
rate and subsequent visible ES luminescence well below
ground state saturation.

Figure 2 shows the photoluminescence spectra of the
investigated 4.5 monolayer (ML) CdSe NPLs embedded in
PMAQO films on thin fused silica substrates and mounted in
a liquid He cryostat [synthesis, TEM characterization,
experimental conditions; see Supplemental Material [9]].
The dual emission peaks observed in the time-integrated
spectra of Fig. 2(a) are assigned to the s- and p-type ground
and excited state emission of CdSe NPLs. Voigt fits are
used to determine the peak centers and the integrated peak
area ratios of the ES and GS as plotted in Fig. 2(b) versus
the ES-GS energy difference AE. Surprisingly, a clear
minimum close to 25.4 meV is observed as a first hint to
lateral confinement controlled LO-phonon coupling. From
Fig. 2(c) it can be seen that the energy difference AE
increases from 18 to 38 meV with increasing lateral platelet
confinement. We thus exclude that this energy spacing is
related to a zero-phonon peak and its first LO phonon
replica (as, by chance, inferred in Ref. [8]), as it should
have a nearly confinement-independent energy spacing
of the LO phonon energy 25.4 meV [24] and the same
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dynamics as the zero-phonon line. Biexciton and trion
emission and GS saturation can be ruled out by cw and
power-dependent measurements as given in the SM along
with a table listing the experimental energy spacings [9].
To support the hypothesis of p-state emission and control
of LO-phonon coupling by lateral size, we investigate the
luminescence dynamics of both emissions as shown in
Fig. 3 by streak camera measurements on two time scales.

Figures 3(a) and 3(b) display a PL transient of
29 x 8 nm? (lateral dimensions) platelets along with spec-
tral cuts in time showing the evolution of the dual ES-GS
emission. A fast ES and a slower GS PL decay can be
observed and separated by fitting the spectral contributions
versus time [Fig. 3(b)]. The ES fills the GS, while the
ground state decays then on a longer time scale. Depending
on the detuning (AEgg.gs — E1o) of the ES-GS energy
spacing from the LO phonon energy in different samples
[Figs. 3(c)-3(f)], we observe in resonance to the LO
phonon energy an ultrafast ES recombination and GS
filling, whereas in the case of off resonance the ES
dynamics is much slower. This effect is directly related
to the existence of an ES-GS LO phonon bottleneck which
suppresses the ES-GS interrelaxation in the case of off
resonance. Correspondingly, an increase of the ES/GS
emission intensity ratio with increasing detuning from the
minimum at the LO phonon resonance of 25.4 meV [24] is
seen in Fig. 2(b). This trend is independently confirmed
both by the time-integrated ES/GS intensity ratios deduced
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FIG.2. (a) Time-integrated PL emission of 4.5 monolayer (ML)
CdSe NPLs with increasing lateral size from top to bottom at 4 K
(blue lines). Excitation at 420 nm and ~0.2 W/cm? by a 150 fs
75.4 MHz Ti:sapphire laser (as in all other measurements). The
GS and ES emission peaks are fitted with Voigt profiles. (b) LO
phonon bottleneck. ES-GS PL intensity ratios at 4 K deduced
from (a) (open dots) and from time-resolved spectra (Fig. 3)
(ABS2E! + ABSASY) /(ASS 5! + ASSA5T) as reasoned from rate
equation model (solid dots) versus the detuning of the ES-GS
energy spacing AEgg.gs to the LO phonon energy. (¢) AEgg.gs
from experiment (circles) and our calculations (crossed dots)
plotted versus the CdSe NPLs’ area (sizes in nm in parenthesis,
dotted line only a guide to the eye).
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FIG. 3. (a) Transient PL decay and evolution of the ES and GS
emission with time and (b) exemplary Voigt fits for a platelet size
of 29 x 8 nm?. (c)—(f) ES (red) and GS (black) transients
obtained from V01gt fits as in (b) for different NPL sizes and
AFEgs s for 2 ps temporal bins at 4 K. Fits to rate equation model
(solid lines) include convolution with the instrument response.
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from biexponential fits (to be reasoned later) to the ES and
GS decay transients [Figs. 3(c)-3(f)] and from the non-
time-resolved PL data in Fig. 2(a).

At elevated temperatures the method of spectral ES-GS
separation as shown in Fig. 3 is impossible due to an
increased homogeneous line broadening. For the analysis
of the temperature-dependent dynamics, we therefore use
the spectrally binned PL decay transients shown in Fig. 4
[for 29 x 8§ nm? 4.5 ML NPLs in the fast [4(a)] and
slow [4(b)] time range at different temperatures and for
41 x 13 nm? platelets in Figs. 4(c) and 4(d)]. To avoid
fitting ambiguities, the PL transients in the fast time range
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FIG. 4. (a)-(d) Blue lines: Representative examples of PL
decay curves at 4, 35, and 100 K of CdSe NPLs with lateral
size of 29 x 8 nm? (a),(b) and 41 x 13 nm? (c),(d). The biexpo-
nential fits (on top of data) to the fast time range decays (a),(c) use
the long decay time derived from monoexponential fits to the
curves in (b) and (d) recorded in a wider time window. The
instrument response function (gray line) is used for deconvolu-
tion. Inset: Spectrally dispersed streak camera image of the PL
decay in the first 0.5 ns of 29 x 8 nm? CdSe NPLs at 4 K. Excited
state emission is clearly visible. The time range of (a) is indicated
by a gray frame. (e) Decay rates of 29 x 8 and 41 x 13 nm?> NPLs
from time-resolved PL measurements (top panel) and time-
integrated ES/GS PL intensity ratios (lower panel) versus
temperature. The ES-GS energy spacing AFEgg.gs was held fixed
when simultaneously fitting Eq. (S3) (in SM [9]) to the fast and
slow decay rates, Ar and Ag, and Eq. (S6) (in SM [9]) to the
intensity ratios (solid lines). (f) Energy level scheme used for
our rate equation model.

are fitted with biexponential PL decays [[ =Aexp(—Apt)+
Asexp(—Agt)], using the slow rate Ag obtained from a
monoexponential fit to the long time range PL decay as
fixed parameter. This procedure is reasoned via an ana-
lytical solution of a rate equation model depicted in
Fig. 4(f) for the |ES) (p state), |GS) (s state), and vacuum
state |0):

fps = —nps[Tgg + TEs + 7o(na + 1)] + ngsyona,
fgs = —ngs(Tgs + Tés + vona) + ngsyo(na + 1),

with n; (i = ES, GS) the state population, I';"" its radiative
and nonradiative decay rates, and yyn, the thermally
activated (GS — ES) and yy(na + 1) the (ES — GS) scat-
tering and relaxation rates [8,25]. ny = 1/(e2F/ksT — 1)
is the Bose-Einstein phonon occupation factor for the
energy spacing AE. The nonradiative rate is assumed
to be a thermally activated process according to I'?" =
["70e=AE/ksT with a trapping frequency factor I and an
activation energy AE!, assumed to be identical for ES and
GS [Fig. 4(f)]. The analytical solutions to this rate equation
system are biexponentials for both ES and GS with
different decay amplitudes but sharing the same slow
and fast decay rates, Ag and Ap. The time-integrated PL
intensity ratio of ES and GS can be expressed with the same
set of parameters. Using the results of biexponential PL
decay fits [Figs. 4(a)-4(d)] we globally fit the temperature
dependence of the fast and slow decay rates together with
the time-integrated ES/GS emission ratios in Fig. 4(e) with
our rate equation model. In order to further reduce fitting
ambiguities, the experimental energy spacings AE from
Fig. 2(a) are held fixed. Details on the rate equation
model are provided in the SM [9]. Figure 4(e) shows the
excellent agreement of our fit with the experimental
fast and slow decay rates and PL emission intensity ratio
for the 29 x 8 and 41 x 13 nm? samples. We obtain for
the intrinsic radiative rates of the 29 x 8 nm?> NPLs
(T = 16 ns™!, T = 3.7 ns™!, yo = 101 ns™') and for
the 41 x 13 nm?> NPLs (I = 50 ns™!, g = 6.4 ns™!,
Yo = 25 ns~!). With increasing lateral platelet size, the ES
and GS PL decay tends to become faster (higher rates) in
line with the predictions of the giant oscillator strength
effect [26]. Further, we observe very large ES radiative rates
enabling us to observe dual ES and GS PL emission. This
finding is accompanied by an LO phonon mediated
ES<>GS scattering rate y,, which is higher in the near
resonant case (AEgggs — Ejo = 1.5 meV) and slows
down in the off-resonant case (AEgsgs— Eio=
—7.9 meV). Therefore, we have further clear evidence
for the existence of a lateral size and with it an ES-GS
energy-spacing-dependent LO phonon bottleneck in CdSe
nanoplates. The rate equation system independently con-
firms the manifestation of an LO phonon bottleneck
deduced from the ES/GS intensity ratios in Fig. 2(b).
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Our rate model is further substantiated as it matches the
measured quantum yield at 300 K (for nonradiative rates
and trap state activation energies; see SM [9]).

The existence and observability of this bottleneck in
CdSe nanoplates is related to the strong transversal confine-
ment-induced reduction of density of states of energetically
matching LO phonon modes [3]. This results here in a
slowdown of the ES-GS exciton transfer rate. Because of
this LO phonon bottleneck, it is possible to observe the
ES emission even in cw PL (see also SM [9]), in contrast
to conventional CdSe nanocrystals.

In the following, we will compare our experimental
ES-GS energy differences with theoretical calculations.
The observed increase of the ES-GS energy spacing with
confinement [Fig. 2(c)] is expected for a strongly confined
system [27,28].

Our samples have different lateral sizes in the /, and [,
direction and a much smaller thickness [,. For such
structures, excited states (p states), energetically well sepa-
rated from the ground state, are expected. Figure 1(a) shows
the evolution of the electron p shell as the level of structural
anisotropy increases up to /, > [, > I_. In this case the p,
state constitutes the lowest excited state followed by the p,
and the p, state. As the platelet thickness is very small,
the p, state is expected at very high energies. A similar
reasoning applies to the excited hole states. Figure 1(b)
provides an overview of the lowest allowed optical tran-
sitions: The ground state transition occurs between the
electron and hole s states, the first excited state transition is
related to the lowest p states, which we label p,, as the
x axis corresponds to the longest platelet dimension.

The electronic properties and optical transitions of our
4.5 ML CdSe NPLs are calculated in accordance with TEM
data (see SM [9]). Following our previous work [3], the
electronic structure is obtained using a 3D implementation
of eight-band k - p envelope function theory. The Coulomb
interaction is taken into account via a Hartree self-
consistency cycle, performed separately for electron and
hole ground state and their first excited states. Both the
effects arising from the dielectric environment and the
electron and hole self-energy are included. The calculated
heavy hole transition energies Egshe0> and energy spacings
AE(™e) [shown in Fig. 2(c)] are compared to experimental
values in Table I of the Supplemental Material [9]. The
theoretical and experimental values of the energies and
spacings show a very good agreement; the calculated
transition rates for the GS agree as well with the exper-
imental results; however, there is disagreement for the ES
rate (see SM [9]).

In summary, we have shown that CdSe NPLs exhibit not
only lowest s-exciton state (GS) related photoluminescence
upon continuum excitation, but also excited state lumines-
cence far below GS saturation, evidenced as p-state related.
Calculations and time-integrated PL show a strong increase
of the ES-GS energy spacing from about 18 to 38 meV with

increasing lateral quantization of the exciton wave function.
The existence of an LO phonon bottleneck between ES and
GS is confirmed by four methods: (1) a rate equation model
for the temperature dependence of the emission dynamics,
(2) the temporal course of spectrally resolved ES and GS
emission at 4 K showing the ES — GS filling, (3) the
observation of a minimum in the ES/GS emission intensity
ratio derived from the decay kinetics, and (4) from the time-
integrated PL. The bottleneck is strongly dependent on
the detuning of the ES-GS energy spacing to the LO
phonon energy of 25.4 meV in CdSe NPLs. We have thus
demonstrated that CdSe NPLs are an attractive system
allowing us to control not only the exciton energy states
by thickness (z direction) but also with lateral size variation
the LO-phonon coupling (x, y direction), and this almost
independently of each other.
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