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CdSe nanoplatelets can be synthesized with different lateral sizes; very small nanoplatelets have almost
quantum dot like features (almost discrete exciton states), while very large ones are expected to have pro-
perties of colloidal quantum wells (exciton continuum). However, nanoplatelets can be in an intermediate
confinement regime with a rich substructure of excitons, which is neither quantum dot like nor an ideal
2D exciton. In this manuscript, we discuss the experimental transition energies and relaxation dynamics of
exciton states in CdSe platelets with varying lateral dimensions and compare them with a microscopic
theoretical model including exciton—phonon scattering. The model takes special care of the interplay of
confinement and Coulomb coupling in the intermediate regime showing strong changes with respect to
simple weak or strong confinement models by solving the full four dimensional lateral factorization free
exciton wavefunction. Depending on the platelet size broad resonances previously attributed to just
ground and excited states are actually composed of a rich substructure of several exciton states in their
temporal dynamics. We show that these factorization free exciton states can explain the spectral features
observed in photoluminescence experiments. Furthermore we demonstrate that the interplay of exciton
bright and dark states provides principle insights into the overall temporal relaxation dynamics, and allows
tuning of the exciton cooling via lateral platelet size. Our results and theoretical approach are directly
relevant for understanding e.g. the size tuneability of lasing, excitonic cooling dynamics or light harvesting
applications in these and similar 2D systems of finite lateral size.

1. Introduction

Recently, semiconductor nanoparticles such as quasi-two-
dimensional (2D) CdSe nanoplatelets (NPLs) have been syn-
thesized and characterized' ' as well as hetero structures of
them."”>* They constitute a novel class of colloidal 2D
systems, developed after the synthesis of 0D and 1D
systems,>* >’ whose unique optoelectronic properties can be
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controlled by composition, size, and shape and which may
provide the colloidal counterpart to epitaxial quantum
wells.>®%® In contrast to transition metal dichalcogenides
there is a defined control over the finite lateral size of the
nanoplatelets. In particular, their lateral size can be tuned by
the synthesis duration and proper choice of metal-organic pre-
cursors,”” while the thickness is tunable to monolayer pre-
cision. Their lateral extent determines the physics between
quantum well-like (weak confinement) and quantum dot-like

(strong confinement) regimes.*® As a consequence, the exciton

This journal is © The Royal Society of Chemistry 2019
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properties and dynamics in NPLs interpolate between the
Coulomb- and confinement-dominated limits known from
ideal quantum wells on the one hand and quantum dots on
the other hand. This versatility makes them colloidally grown
alternatives to epitaxial quantum wells or dots that are of inter-
est, e.g., for nanoscale light-emitters, efficient lasing or energy
harvesting applications.

The optical response of these nano-emitters, e.g., in photo-
luminescence (PL) experiments, is dominated by excitonic
effects. The energetic separation between excitons,*® the
exciton-phonon interactions,*® the dark-bright splitting of
exciton states,'" the oscillator strength and thus the radiative
lifetime of excitons®®*° strongly depends on the platelet lateral
area. Therefore, varying the lateral size of these nano-objects
provides a rich playground for optimizing the optoelectronic
properties in terms of internal relaxation dynamics and
exciton substructure.

In this article we compare a microscopic theoretical factor-
ization free exciton substructure model to experimental time-
and energy-resolved photoluminescence (PL) signals for
different platelet sizes. Factorization free exciton eigenstates
in this model are obtained from the full four-
dimensional Schrodinger equations®® and used to calculate
the electron-phonon scattering rates. The full factorization
free exciton eigenstates enable us to cover the full range of
lateral sizes from weak (quantum well like) to strong
confined (quantum dot like) structure, so that the
usual approximate factorizations are not applicable. This
yields a direct access to the exciton dynamics and the
relaxation channels in the system, revealing the interplay of
radiative and longitudinal-acoustic (LA) and -optical (LO)
phonon scattering processes between the multiple center of
mass bright and dark, discrete (small NPLs) and quasi-
continuous (large NPLs) exciton states visible in the experi-
mental data.

A direct comparison between theory and experiment at 4 K
demonstrates that a large number of (center of mass) bright
and dark exciton states contributes to the optical response
revealing a substructure of exciton states inside the (double)
emission peaks, without substructure so far attributed to
ground and excited states for larger platelets.*® In particular
for small platelet sizes, phonon bottlenecks can trap the
exciton population in higher exciton states, resulting in
exciton lifetimes of the order of 100 ps, making these colloidal
nanostructures interesting candidates e.g. for quantum-
optical applications. The tunability of the cooling and decay
dynamics via lateral size gives prospect to tunable excited state
lasing or energy harvesting, and further involves the
presence of center of mass momentum dark excitons altering
the properties, as they provide non emitting exciton
storage states, with a density of states controllable by
the lateral size. In larger platelets the mentioned phonon bot-
tlenecks are considerably weaker, so that the carrier cooling in
the optically active states can be further tuned strongly by the
lateral extent of the platelets allowing fast radiative
recombination.
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2. Experimental and theoretical
model

CdSe nanoplatelets were synthesized and characterized by
TEM, resulting in a series of nanoplatelets with 4.5 monolayer
(ML) thickness and 17 x 6 nm? to 41 x 13 nm® lateral size. A
dilute platelet solution without aggregates was dispersed in a
polymer. The polymer was then deposited on fused silica sub-
strates for low temperature PL measurements. This method
avoids any potential stacking of nanoplatelets, thus a proposed
excimer mechanism*' for the phenomenological double emis-
sion of CdSe platelets does not apply for our experimental situ-
ation (see Methods section and ESIf for details).

2.1. Theoretical model system

Based on ref. 38, the nanoplatelets are modeled as quantum
box like structures with a z confinement of few monolayers
and a variable lateral (x, y) confinement chosen according to
the experiment (size assessed from TEM measurements). We
assume a two-band model in effective-mass approximation for
the carriers and focus on exciton states around the band edge
by restricting the calculation to the lowest electron and hole
subbands. An orthonormal two-particle basis is introduced:
|k, k) = aj,kl ay ,|0), where aﬂ annihilates (creates) an elec-
tron with wave vector k in band A = ¢, v and |0) denotes the
electronic ground state.

Introducing an exciton basis |a), the wave function ¥,(r.,
r,) = (e, Mm|a) of exciton state a is factorized into an in-plane
part wulpe, pn) with pepn = Tesn, and a perpendicular part
L(zem):™® Polre, 1) = Wolpe, Pu)l(ze)¢(zn)- The z envelope is
approximated by a Gaussian: ¢(z) = 1/(2n0,2)"*¢2"4", The
standard deviation o, = z,/3 has been determined in a way that
¢*(zem) has almost decayed at the boarders of the platelet of
width z, = 0.302 nm x 4.5 monolayers.® y(pe, pn) solves the
four-dimensional factorization free stationary Schrodinger

equation for in-plane motion:**3%*?

n? h?
(Zm Vje - omy, V,rz,h + Veelpe) + Ven(pn) + Ve-n(pe _ph))
(S

Wa(pevph) = Etxl//oz(pmph)'
(1)

Here, the first two terms describe the free motion of the
electron and hole with effective mass m.,, and E, denotes the
exciton binding energy. V. .(p.) and V. (py) are the lateral con-
finement potentials of the electron and hole, which are
modeled as infinitely deep potential wells. V._p(p. — pn) rep-
resents the attractive Coulomb interaction between the elec-
tron and the hole and is given as an effective in-plane
potential**

B e? 1
4 7
T [ (pe — pn)? + (a0z0)?

where the parameter a, is adjusted to the width of the platelet
in z direction using calculation for an ideal quantum well

Ve—h(pe 7ph) = (2)
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system as ref. 38. The eigenproblem of eqn (1) was solved
numerically using finite differences for five different nanopla-
telet sizes, ranging from 17 x 6 nm” to 41 x 13 nm? (analog to
ref. 38). In eqn (1) the spin dependence was neglected
implicitly restricting the dynamics to the bright spin-allowed
states of platelets. This is justified, since we expect a relaxation
to the spin-forbidden dark exciton states only on longer
times*® and here the focus is on shorter times scales (first
hundred picoseconds). As a consequence for including only
bright states exchange splitting effects are neglected, but we
may comment on their different influence within our exciton
substructure. Exchange effects play an important role for
quantum dots and their level structure and dynamics. Since
this paper aims for larger platelets (more quantum well like)
and exchange effects are fast decreasing for increased system
sizes, exchange effects are probably of minor importance for
our qualitative results.>>*>*® However the obtained exciton
states show already distinct qualitative differences, so that a
different behavior attributed to band mixing effects observed
in a magnetic field*® can be explained (see discussion section).

In this study, radiative and phonon-mediated exciton relax-
ation processes in CdSe nanoplatelets surrounded by oleic
acid ligands are studied, therefore the Hamiltonian of the
system transformed into the exciton basis introduced above
includes:

H= ZE\O{ a|+2hqu qu-i-Zhwch‘qclq

+Zzgjq(b 4T '~q>|“><ﬂ| (3)

ap jq

+ZZ( 6L 0) (el + M1l 01

The Hamiltonian includes the electronic part with exciton
energy E,, the free phonon and photon contribution (second
and third term), and the coupling to phonons and to the quan-
()
3

tized light field (last two terms). b, denotes the bosonic

annihilation (creation) operator for a phonon mode j with

(t)

wave vector ¢ and frequency wjq. ¢, annihilates (creates) a

photon of mode 1, wave vector g, and frequency wq = cq/(\/#r).
The coupling elements formulated using the four dimensional
exciton wave function are given in the ESIL.}

The quantities of interest for the calculation of observables
are the expectation values of the exciton density matrix
elements. The exciton densities and polarizations are defined
as pop = trp[(flp|a)] and pyo = trp[{¢o|p|a)], where try denotes
the trace over the reservoir states. When deriving the equations
of motion based on the von Neumann equation izdyps = [H,ps]
for the system density matrix, the hierarchy problem arising
from the many particle coupling is solved by applying a Born-
Markov treatment and assuming the phonons to be in thermal
equilibrium at the experimental temperature of 4 K: (b! iqlia) =
8,40 j(hw; 4) with n denoting a Bose distribution. Therefore
only single phonon scattering processes are included. This
limits the validity of the model for acoustic phonon to low
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temperatures. Furthermore this leads for quantum dots (with
large exciton energy spacing) to a phonon bottleneck, which is
softened in the experiment by multiphonon effects, surface
ligands etc. Especially surface ligands may be able to reduce or
remove the phonon bottleneck, as discussed later for the
quantum dot like platelet. Here we target larger platelets(more
quantum well like with small exciton state energy spacing) for
which the single phonon effects are the dominant process,*>**
what can be also seen in the fact that the emission line width
at low temperature is consistent with single acoustic phonon
deformation potential scattering?” and higher anharmonic
terms are not needed to describe the linewidth. Overall this
yields the following equations of motion for the exciton den-
sities and polarizations:*>

0
E,pmx = _ZR(lp{m + Z Ya—pPpp> (4)
p
0 i
apao = <EE0( — Ry — de)Pa0~ (5)

Here I'pq is the phenomenological pure dephasing. The
. 1 .
total out-scattering rate R, = > (rq + Z y[y_(,) is composed of
p

the spontaneous radiative decay rate
2n 2
= ZZ My, [*5(Eq
Lq
and the phonon scattering rate

2n
Voo = 5 Z|£’Jq| {(njq+1)5(Ep

+”j<,q5(Eﬁ — Eq — hojg) }

— fzwq) (6)

—Ey + fle‘q) -
7

consisting of Stokes (first term) and anti-Stokes contributions
including acoustical and optical phonon scattering. The coup-
ling elements are gJﬂ Z, see eqn (14)—(19). Note, that we include
only first order, single phonon processes in our calculations.
Inserting the expression for the optical matrix element in
exciton basis (eqn (18)), converting the sum over g into an inte-
gral, and evaluating the § function leads to the spontaneous
decay rate®

2d2,

3
3neger h'w“ (q” B 0>| K- (8)

To =
VE
Here, Ky = Eayer

[ @pyy(p,p)e” the Fourier transform of the exciton wave
function for equally positioned electron and hole with zero
center of mass momentum.

A similar procedure is applied to the phonon scattering
rates in order to make them numerically tractable. The strict
energy selection rule in the case of optical phonon scattering,
the & function, is replaced by a Gaussian function of width
710 = 0.5 meV to take dephasing due to acoustic phonons into
account.”® Fig. 1(a) shows the calculated phonon scattering
rate yp_q as a function of the energy difference E,~Eg of the

denotes the light cone and y/u(qH)

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Calculated phonon scattering rate ys_, of the 21 x 7 nm?
platelet as a function of the energy difference E,—Eg of the involved
initial () and final states (p). The energy difference is plotted as detuning
from the mean LO phonon energy Ejo = hlw] + of5)/2. The increasing
background is given by acoustic phonon scattering, which peaks zero
absolute energy (—25.5 meV in this relative scale). (b) Schematic of the
Lindblad processes involving the high-energy band h.

involved initial (a) and final exciton states (B). The phonon rate
shows a clear resonance at the mean LO phonon energy E;o =
25.5 meV, broadened by the softening parameter y;o. This
indicates the existence of a phonon bottleneck since only few
exciton states fulfill the required energy match. The asym-
metric shape of the curve stems from the LA phonon coupling
contribution that increases for decreasing energetic separ-
ations between the initial and final state, see eqn (15).

So far, the external photoexcitation of the platelets is not
included in the equations of motion. In the considered spec-
troscopic experiment, the laser excitation takes place at ener-
gies far above the band gap. However, the available compu-
tational memory restricts the number of calculated exciton
states to a limited number of states close to the band gap (40
states). In order to phenomenologically include the incoherent
optical pumping, a Lindblad approach is chosen.*®*
Therefore, the Lindblad dissipator & is introduced that mod-
ifies the von Neumann equation: 2ps = —L[H, pg] + Zps with

A 4
Ths = > (2apea] — alawps —psala). )
k

The Lindblad operators Al(j) describe processes that occur at
a rate yj in the system. We have furthermore carefully checked,

This journal is © The Royal Society of Chemistry 2019
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that enough exciton states are included, so that the results
converged.

An ensemble of high-energy states in the nanoplatelet is
introduced for a phenomenological treatment of the higher
energy states above the calculated states. They are assumed to
form a quasi-continuous band of high energetic states labeled
h. At the initial time ¢, = 0, a Gaussian-shaped 150 fs laser
pulse excites charge carriers from the ground state into the
ensemble of high-energy band states modeled using a time-
dependent rate y™. The probability ensemble h itself can
interact with the exciton states a in two ways: first, the high-
energy band states h can decay into the states « under phonon
emission at a rate ¥ and second, the states « can scatter into
the high-energy band states h by absorbing a phonon at rate
yoUt. All rates are assumed to be mean values and therefore
independent of the specific auxiliary state within the high-
energy band h. The three processes, namely the optical
pumping from the crystal ground state into the high-energy
band and the in- and out-scattering between the high-energy
states and the N numerically calculated lowest-energy excitons
X, are schematically depicted in Fig. 1(b).

The exciton populations p, couple to the high-energy
density pj;, whose equation of motion is given by

%P};ﬁ =700 — Y _TePii+ D 1Y Paa (10)
04 o
Poo denotes the ground state population.

The in-scattering rate is assumed to follow a Gaussian dis-
tribution around the mean energy Ej; of the high-energy band:
7 = 75" exp[—(Eq — Er)’/0%]. The mean energy Ej and width op,
characterizing the high-energy band are modeled depending
on the energy coverage E,n—E,; (With E,q and E.y being the
energies of the energetically lowest and highest calculated
exciton states):

E; = Eqy + A(Eqy — Eq) With A =0.1, (11)

o5 = BA(Eqy — Eq1) Wwith B=0.7. (12)

The parameters A and B are chosen in a way that the phe-
nomenological high-energy band fully decays into the calcu-
lated exciton states within few ps (see below). We remark that
the experimental observables are insensitive to these para-
meters. For the out-scattering rate, a detailed-balance
expression is chosen: y2 = " exp[E, — Eg/(kgr)]-

The resulting equation of motion are solved using a time-
stepping Runge-Kutta solver from PETSc.’>*' Finally, the
time- and frequency-resolved detection signal for incoherent
emission is calculated®”

(.0 = Y|,
o

" (Peal®) ~ 1P O

Ry +I“pd
X 2 2
(0 —Eq/h)” + (Ry + I'pa)

(13)

with the temperature-dependent pure dephasing rate I',q(T) =
AokgT/h + T'eonse- The linewidth of CdSe nanoplatelets at room

Nanoscale, 2019, 11, 12230-12241 | 12233


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9nr03161h

Open Access Article. Published on 12 June 2019. Downloaded on 2/8/2026 10:14:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

temperature is less than ~40 meV,>>> so we can approximate
the slope (related to the first term in the expression above)
accordingly as A, ~ 1.5. Furthermore, we set phenomenologi-
cally (the pure radiative contribution) I'conse = 2 meV to be con-
servative to a low value, so that the exciton substructure is
better resolved than in the experiment. This may underesti-
mate the pure dephasing slightly, but is in good agreement
with the ~3 meV reported for 5.5 ML platelets in ref. 52. The
overall emission line width includes both pure dephasing and
exciton—phonon scattering processes as well as radiative decay
(see eqn (4)-(7)) and depends strongly on the actual emission
state.

3. Results & discussion

3.1. Time- and energy-resolved photoluminescence

In the following we analyze the experimental data and
compare them to the results of our theoretical model to
explain the underlying physics. In order to achieve this, the
experimental data (right column) and the calculated time- and
frequency-resolved PL signal of eqn (13) at 4 K are plotted in
Fig. 3 (left column) for five different platelet sizes. An
additional minor energy correction was used for each calcu-
lated PL signal adjusting the lowest theoretical energy to the
experimental data including the z direction confinement. The
linewidth of the experimental spectra is larger compared to
simulation due to the additional inhomogeneous broadening
present in the experiment and finite spectral resolution of the
streak camera. Also the deliberately chosen smaller phenom-
enological pure dephasing in theory (used for plotting only to
obtain a better resolution of the underlying exciton structure
in Fig. 2) results in slightly smaller simulated line width.

The narrow PL lines of the calculated spectra allow to
inspect a very important finding: in the experiment, a
maximum of two separable exciton signatures is visible in the
spectra, which has lead in ref. 39 to a first interpretation, that
two exciton states of different energy, e.g. an exciton ground
state (GS) and excited state (ES), are visible in PL. As we will
see the full four-dimensional exciton calculation will change
the picture slightly depending on the platelet size. With
increasing platelet size, the GS and ES named signatures are
hardly separable any more, but merge into one feature with a
fast decaying high-energy shoulder within the first few ps after
pulsed excitation (c¢f Fig. 3(c—e), right column). However, a
comparison to the calculated spectra (left column) reveals
immediately that these one or two broadened main lines
accessible in the experiment are actually composed of a bunch
of different lines resulting from different bright exciton states
(cf: the oscillator strength of the different states in Fig. 2) that
are gradually populated after the arrival of the incoherent
pump pulse. Furthermore the wavefunction diagonal in elec-
tron and hole ¥(r, r) for the different (dark and bright) sub-
structure exciton states does not only enter the oscillator
strength via [dr¥(r,r), but also the exchange splitting via
[dr|®(r,r)* (¢f ref. 25 and 46) and thus may provide an

12234 | Nanoscale, 2019, 11, 12230-12241
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Fig. 2 Example exciton eigenstates of (a) 17 x 6 nm? and (b) 30 x
15 nm?. Column E is the energy of the exciton. Column O is a measure
for the oscillator strength in arbitary units. r = 0 is a plot of the diagonal
wavefunction ¥(r, r) (electron and hole at the same position r), which
gives integrated a measure of the oscillator strength.*® Electron and
hole column are the full exciton wavefunction traced out to electron
and hole single particle function (useful in strong confinement) and
COM and relative are the center of mass and relative mass
wavefunction traced out from the full solution (usefull in weak confine-
ment), cf. ref. 38.

alternative explanation to the magnetic field dependent experi-
mental data in ref. 45 and its trion hypothesis, since the
exciton states Fig. 2 in show different symmetries in ¥(r, r).
The energy spacing of the exciton states calculated (c¢f Fig. 2)
is consistent with other methods using Ansatz wave function
with variational principles.>® First, the optical pumping fills
the energetically higher exciton states, which are phenomeno-
logically included. With increasing time, they decay into the
lower exciton states via phonon-scattering processes until the
population resides mainly in the exciton ground state after
roughly 100 ps. In the experimental data the behavior is visible
in a change of the (shape of the) PL emission bands. This dis-
tinct exciton GS line is clearly visible also in the calculated
spectra, but only for the smallest platelet only one exciton state
contributes to the GS line as expected close to the strong con-
finement regime. Note, that for the 30 x 15 nm” platelet higher
emitting states exist, but it can be seen that they contribute
only very weakly due to fast relaxation into the GS in Fig. 3,
both in simulation and experiment.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Simulated PL time- and energy-resolved PL signals (left column)
as well as experimental results (right column) for the different platelet
sizes at 4 K, plotted on logarithmic scale. The time zero varies slightly in
the right column due to slight variation of the relative phase of exciting
pulsed laser and streak camera upon initial phase locking.

The theoretical model is build with the assumption of
small exciton energy spacing, since larger platelets are in the
focus of this paper, which are more quantum well like than
quantum dot like. Therefore it comes with no surprise, that
the largest qualitative difference between the experimental and
theoretical data is found for the smallest 17 x 6 nm” platelet
(Fig. 3(a)) which is more quantum dot like, where the calcu-
lation yields still a substantial population of the higher energy
state that remains as long as 2 ns (not shown here), as
opposed to a faster decay in the experimental data. So as
already expected at the construction of the theoretical model,
the typical phonon bottleneck effect is present, since we
include only one phonon processes and the efficient transfer
process present in the experiment is probably a multi-phonon
process, that bridges the high energy spacings in the small
platelet (some spacing are in the order of 10 meV).
Furthermore in the experiment anharmonicity effects at the
surfaces e.g. through ligands might open this decay channel
and therefore may explain the qualitative differences in the
long time behavior in addition to multiphonon processes.
Therefore this behavior is not reflected in the experiment,
where indeed in the beginning the intensity of the ES signal is
larger compared to the GS, but the overall decay of both lines
takes place on a much shorter timescale. However, the behav-
ior is similar to mechanism observed experimentally in ref. 53.
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Another aspect leading to the slow decay from the higher
exciton state can be found in the symmetry of the wave func-
tion (¢f. Fig. 2(a)). The state shows a p like symmetry so that
the relative wavefunction is different to the other states, which
may be another reason for temporal storage of the excitation
in the simulation. In the experiment deviations from the ideal
shape can lift the selection rules, which may open more relax-
ation channels.

However, also in the experiment, the signal intensity of the
higher-energy ES feature relative to the GS line is decreasing
with increasing platelet size: for smallest NPLs (Fig. 3(a) and
(b)), the ES intensity dominates over the GS intensity, whereas
for the intermediate platelet size 29 x 8 nm? (Fig. 3(c)), the
initially weak ES exhibits a fast decay into the GS line that
gains intensity very quickly (within few ps). Finally, for the
large 30 x 15 nm* and 41 x 13 nm” NPLs (Fig. 3(d) and (e)), the
intensity of the GS line is very strong right after pulse exci-
tation, whereas the ES lines only appear as very short-lived
high-energy shoulder. All trends visible in the measured PL
spectra are clearly resembled in the simulations.

3.2. Temporal evolution of exciton populations

In order to analyze the processes inside the platelet a bit
deeper, we have a look at the exciton dynamics used for the
calculation of the exciton spectra. Therefore, we inspect snap-
shots of the populations of the calculated 40 lowest NPL
exciton states as plotted over energy. For comparison, Fig. 4
shows the snapshots for the smallest, quantum-dot-like 17 x
6 nm” platelet and Fig. 6 displays the large 30 x 15 nm? plate-
let. We start with the discussion of the smallest platelet, Fig. 4.
Eight snapshots are shown, beginning at 2 ps after the initial
pulse excitation and ending at 1000 ps. The orange bars rep-
resent the oscillator strength of the respective exciton states
and the blue bars depict the population. Within the first 20 ps
(upper four snapshots), the highest calculated exciton state at
2.656 eV exhibits a significant occupation that is refilled from
the initially excited high-energy reservoir (see the center energy
of the reservoir in eqn (11)). During the same time, a gradual
build-up of some of the lower-energy exciton populations can
be observed. In particular the fourth exciton state at 2.662 eV
develops a high population. This is particularly interesting
since this is a dark exciton state with vanishing oscillator
strength (¢f Fig. 2). This means that the phonon scattering
into dark states plays a key role in the population distribution
within the platelet. As a consequence, population trapping can
occur since the dark states cannot decay radiatively. This effect
is especially pronounced for the smaller platelets, since the
reduced density of exciton states at lower energies removes
decay channels due to acoustical phonons (open for larger
platelets). Further relaxation due to optical phonons is not
possible because of the high energy of optical phonons, which
is larger than the exciton state spacing. Also, especially for the
smallest, quantum dot like, platelets, where the energetic sep-
aration between the low exciton states is rather large due to
the strong confinement, phonon scattering becomes ineffi-
cient: for example, the energetic distance between the above-
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Fig. 4 Population snapshots for the 17 x 6 nm? platelet at 4 K. The con-
stant oscillator strength (orange bars) and time-dependent population
(blue bars) of the exciton states are depicted in arbitrary units in depen-
dence of the energy.

mentioned highly populated fourth exciton state and the next
lower third exciton state of the 17 x 6 nm? platelet is 15 meV
(¢f Fig. 2). This is not enough to be bridged by LO phonons,
however it is too large for LA phonons in single phonon
approximation. Therefore, the population of this state can only
be reduced by scattering first into higher-energy states and then
decay from there towards the ground state, which is very un-
likely at the considered low temperature of 4 K. Furthermore it
may be reduced by the more p-like symmetry of the state in
comparison to other states in this energy range (cf. Fig. 2).

This behavior of our theoretical model is expected, since we
neglected multi-phonon processes in the model, which may be
important for the quantum dot like platelet, since with a combi-
nation of multiple phonons the phonon bottleneck can be over-
come. Therefore, the phonon bottleneck is less pronounced in
the measured spectra since more decay channels are possible.
This explains minor deviations between the exciton lifetimes
observed in the experimental and calculated PL spectra.

The lower panels of Fig. 4 show that after 50 ps, the high
exciton states have almost completely decayed and the popu-
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lation has been transferred to the low-energy excitons.
However, for the above-mentioned reasons, even after 1 ns still
some bright and dark exciton states are substantially popu-
lated. This changes in the case of the large 30 x 15 nm? plate-
let shown in Fig. 6: here, the exciton population has comple-
tely decayed after 500 ps. Due to the reduced lateral confine-
ment, the exciton states are energetically much closer: whereas
for the small 17 x 6 nm? platelet, the 40 lowest exciton states
cover an energy range of 170 meV, this reduces to only 50 meV
for the 30 x 15 nm” platelet. Hence, in the latter phonon scat-
tering is more efficient since more phonon decay channels are
allowed. Also for this NPL size, parts of the population are
temporarily trapped in dark exciton states at energies of
2.452 meV and 2.455 meV. But the trapping does not prevail as
long as in the smaller platelet due to missing phonon bottle-
neck, but may also be reduced due to similar symmetries
visible in the traced out relative wave function (cf. Fig. 2).
Basically the small 17 x 6 nm® platelet is more quantum
dot like, where the disappearance of the phonon bottleneck
effect is often assigned to Auger’*° and also multiphonon
effects. At low temperatures the acoustic phonon bottleneck

21x7nm?
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Fig. 5 Population snapshots for the 21 x 7 nm? platelet at 4 K. The con-
stant oscillator strength (orange bars) and time-dependent population
(blue bars) of the exciton states are depicted in arbitrary units in depen-
dence of the energy.
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Fig. 6 Population snapshots for the 30 x 15 nm? platelet at 4 K. The
constant oscillator strength (orange bars) and time-dependent popu-
lation (blue bars) of the exciton states are depicted in arbitrary units in
dependence of the energy.

effect was observed for example in ref. 57. However most plate-
lets have more quantum wells like properties with higher
exciton state density and the exciton-phonon processes
included here are sufficient. For the quantum dot like platelet
we remark that most of studies of QDs are at room tempera-
ture and thus the temporal dynamic is different to the experi-
ments at low temperatures, presented here.

On the other hand the 21 x 7 nm® platelet as all of the
other larger platelets does not show a phonon-bottleneck
effect. However as one can see in Fig. 5 a substantial part of
the population is stored in a dark state for hundreds of pico-
seconds and is feeding a bright excited state with lower energy
as the dark state. This results in a higher PL emission at
excited exciton states (c¢f. Fig. 3), whereas for the larger plate-
lets the relaxation towards to the lowest exciton states is so
efficient due to the increased density of states (e.g. 21 x 7 nm?,
29 x 8 nm” platelets), that there the PL is dominated by the
low energy excitons. We believe that the changes in the distri-
bution of exciton populations due to exciton phonon scatter-
ing is also the reason for the predominant emission from the
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excited state at higher temperatures in experiments.***® For
example scattering to dark states, which may feed the excited
state may be more efficient due to increasing density of states
at elevated energies and an increased mean exciton energy in
the distribution at elevated temperatures. However we can not
explore this, since higher temperatures require multiphonon
processes for acoustic phonons, which are not included in our
model.

The tunability of recombination dynamics by lateral size,
which we demonstrated in this paper can be important for the
use of nanoplatelets e.g. in lasing applications, at least for low
temperatures, where the excited state lifetime determines the
inversion and gain that can be reached in the system. Further
a rich sub structure not only of the mentioned exciton states
obtained from a factorization free calculation, but also of biex-
citons®® and trions is expected in the nanoplatelets and
similar 2D systems of finite lateral size.

We demonstrated that the exciton substructure resulting
from the factorization free exciton calculation alone could
explain the phenomenologically observed double emission of
CdSe nanoplatelets and its’ decay dynamics, however we do
not exclude a potential additional emission contribution by
charged exciton states (trions),”*® e.g. for small, more
quantum dot like platelets, but we see qualitative differences
in different exciton states, that may lead to different behavior
in magnetic fields and not contradicting to the experimental
data in ref. 45, however a detailed analysis is beyond the scope
of the manuscript, since it is beyond available numerical
resources. We would like to emphasis that unlike in ref. 60,
where the platelets have been dropcasted directly on fused
silica substrates, our nanoplatelets are embedded isolated in
polymer. Dropcasting only may have an impact on potential
charging of the nanoplatelets by ambient residual charges but
also on potential stacking, which both are excluded in our
samples using embedding isolated particles in polymer.
Hence e.g. trions could contribute in different amount depend-
ing on sample preparation. However Diroll et al.*' argue
against trion formation that trion formation should be an
instantaneous process for nanoplatelets containing an extra
charge and that the trion lifetime should be shorter as the
exciton lifetime in contrast to the slower rate constant found
for the lower state in ref. 39. This is however not necessarily
correct, as both exciton and trion state recombination undergo
the Giant Oscillator Strength effect,’® which has a different
lateral platelet size dependence for both, potentially resulting
in regions where the one or the other is the faster process.

Another hypothesis for the phonon replica based genesis®®
of the of the phenomenological double emission has already
been shown to be unlikely in ref. 39, as the energy spacing
varies from 18 to 38 meV by a factor of two with increasing
lateral platelet size, much more than a phonon dispersion
could allow. In published Raman data,” a LO-phonon energy
of ~25 meV has been measured for different nanoplatelets, in
line with Table 1. Sigle et al.®® have measured the that both
confined in- and out of plane LO-phonon modes resemble the
bulk dispersion quite well, so given the small energy scale of
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Table 1 CdSe material parameters used for the calculation

Band gap”® E, 1.84 eV
Mass density p 5.82 g cm™?
Interband dipole moment dye 0.4 e nm
Heavy hole valence band eff. mass”® my 0.41 m,
Conduction band eff. mass”® Me 0.22 m,
Sound velocity”* u 3.63 kms™"
Static dielectric constant®® Estat 9.4
High-frequency dielectric constant™ £oo 7.9

Valence band deformation potential'®”* D, -3 eV
Conduction band deformation potential'®”> D, —6 eV

LO phonon frequency at I" point”® oo 0.038 fs™*
LO phonon frequency at X point”® o1~ 0.0396 fs™*

the dispersion it can be excluded that an LO-phonon replica
can cover up to 38 meV energy separation. This is in line with
Diroll et al,*" who showed that the phenomenological energy
spacing does not correlate with the Raman determined LO-
phonon energy for platelet thickness variation. A potential
excimer (charge transfer exciton) hypothesis,"! where two
attached platelets allow a charge transfer exciton state seems
not applicable to our samples, as first by sample preparation
stacking is excluded and secondly in contrast to Tessier et al.®
we do not observe the there discussed characteristic constant
energy spacing for varying lateral
Furthermore since in the preparation stacking is more likely
for large platelets, the effect should be strongly size depen-
dent. Another point relates to the strongly extended nature of
charge transfer (CT) excitons, the e-h envelope function
overlap integrals should be considerably lower for CT exciton,
and with them the radiative rates. Due to the reduced wave-
function overlap in a charge transfer state spanning to plate-
lets a much slower exciton relaxation is expected. However that

platelet dimensions.

is not observed.*”

4. Conclusions

In this manuscript, experimental time and energy resolved
photoluminescence spectra were analyzed using a microscopic
model for the exciton dynamics in CdSe nanoplatelets includ-
ing radiative and phonon-assisted scattering processes for
center of mass bright and dark states. The PL signals for five
different platelet sizes were compared, showing a strong lateral
size dependence of the phonon-scattering efficiency and the
energy distribution of the exciton states resulting in a LO
phonon bottleneck. Therefore, varying the lateral size of these
nano-objects provides a rich playground for optimizing the
optoelectronic properties in terms of internal relaxation
dynamics of the factorization free exciton sub structure.

Based on our presented modeling, experimental results and
the discussions of alternative explanations of the phenomeno-
logical double emission of CdSe nanoplatelets above, we advo-
cate an exciton substructure as reason for the apparent double
emission, explaining both energetic position and PL dynamics.
Our findings suggest that the experimentally observed,
strongly inhomogeneously broadened PL resonances are actu-
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ally composed of several exciton resonances revealing an
exciton substructure, that show strong qualitative difference,
which should also result in different magnetic field properties.
We argue that trion emission may occur additionally depend-
ing on sample preparation and experimental conditions, while
excimer formation is unlikely in our isolated nanoplatelets in
polymer, but may occur eg in concentrated colloidal
dispersions.

Although only bright exciton states of the factorization free
substructure are visible in the PL signal, the analysis of the
temporal evolution of the exciton populations in our samples
shows that also the exciton dark states have a major influence
on the population dynamics. Population trapping occurs
mainly in the small-sized platelets where phonon bottlenecks
prevent the occupied dark states from decaying into lower
exciton states. This effect is of course overestimated in the
simulations since multi-phonon processes are not included in
our model. However, all main trends observed in the experi-
ment are reproduced and explained by the theoretical model,
which uses the full factorization free four dimensional wave-
function covering weak-, intermediate and strong confinement
regimes. The tunability of the dark and bright state dynamics
allows to engineer e.g. excited or ground state lasing or the
usage of nanoplatelets for solar energy harvesting applications.
Further our theoretical model is fully transferrable to other 2D
nanostructures, where finite lateral size effects gain increasing
attention, like in transition metal dichalcogenides, allowing
potentially to tune radiative rates and exciton phonon
interaction.

5. Methods

5.1. Samples and setup

CdSe core NPIs with the first exciton absorption bands around
512 nm (4.5 ML) were synthesized as described in ref. 6 and 12.
Absorption and PL spectra as well as TEM images and details of
the preparation avoiding any stacking effects can be found in
the ESLt

Our experimental setup allows for the measurement of
time-integrated and -resolved fluorescence of a sample with
confocal excitation (titanium sapphire laser (Coherent Mira
900F, FWHM 150 fs, 75.4 MHz) SHG at 420 nm) and detection
through an objective (N.A. = 0.4). A spectrometer with an
attached CCD (Roper Spec10) for time-integrated or a streak
camera (Hamamatsu C5680) for time-resolved measurements
is used. We applied a moderate CW equivalent 0.2 W cm™>
excitation density leading to <0.1 percent of the platelets to be
excited within one laser pulse (average number of excitons per
platelet per pulse below 10%). Details are given in the ESL

5.2. Coupling elements of the Hamilton operator

The phonon-coupling matrix element gj’{; in the exciton basis
reads:*> '

g0 = Kigo) (sesate(4)) ~giati(a)))  (9)
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with K(q;) = [dze [ dznl?(ze)(%(zn)e'%%». The Fourier trans-
formed projection of the in-plane wavefunction overlap

integral on the electron/hole coordinate is defined

as: )?Eq/}h = jd2pe f dZPhW; (pmph)l//ﬁ (pevph)eiq Pem. It is calculated

numerically. The matrix element for the deformation-potential
coupling to longitudinal-acoustic (LA) phonons reads®*®

hwj‘q
2quj2

8ijq = Dy, (15)
with quantization volume V, mass density p, sound velocity
u; = wj 4/q, and deformation potential D,. Note, that we assume
bulk phonons, so that the quantization volume does not
depend on the platelet size. The usage of bulk acoustic
phonons for the acoustic coupling is further substantiated by
recent emission line width investigations on CdSe nanoplate-
lets,”” where an acoustic deformation potential of 3.0 = 0.3 eV
was found, in line with our assumptions in Table 1. Potential
minor deviations may arise from contributions of ligand and
host polymer vibrational modes but we do not expect qualitat-
ive differences as the acoustic coupling has been shown to be
deformation potential like. We remark that bulk phonons are
often also wused as first approximation in epitaxial
nanostructures®®”’° to also include the effects of vibrations
from the surrounding material.

The polar-optical Frohlich coupling element to longitudi-
nal-optical (LO) phonons is given by®

gio_ g [@hoog1 [T
q 260V g\ éw  Estar

where ¢, is the high-frequency and &g, is the static dielectric
constant of CdSe. The LO phonon dispersion is approximated
by interpolating the known LO phonon frequencies at the
high-symmetry points X and I" by a cosine function (since
Fermi’s Golden Rule requires an energy continuum):

w£o+“’i(o+w€o_wfocos ﬂi
2 2 @)

(16)

a)LO‘q = (17)

The usage of bulk LO-phonon modes is substantiated, as
already mentioned in the main text by results of Sigle et a
showing only very minor deviations in the phonon dispersion
of confined modes from bulk so that ligands and polymer

63
L

matrix around the platelets do not introduce severe alterations.
Furthermore Frohlich coupling already showed reasonable
agreement for nanoplatelets in ref. 47, while deviations are
probably caused by the way simpler Ansatz for the exciton
wavefunction as compared to the Ansatz used here and scatter
of data points in ref. 47.
For the exciton-photon coupling the optical matrix element
in exciton basis reads:
M}, =M, szr wo(r,r). (18)
Two polarization modes 1 = TE, TM of the electric field are
distinguished: the transverse electric (TE) and transverse mag-
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netic (TM) mode. The corresponding optical matrix elements
are given by*”

. . hw q
M MR =0 1+ ) du
TE.q + T™.q 2606,V + q Ay

where d,,  denotes the microscopic interband dipole moment.

Table 1 lists the CdSe material parameters used for the cal-
culations. Since the radiative loss is emitted into the surround-
ing medium, the dielectric constant of the oleic acid ligands
has been used for the calculation of the optical matrix
element:”! &, = 2.129.

(19)
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