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We present a theoretical study combined with experimental vali-
dations demonstrating that CdSe nanoplatelets are a model system
to investigate the tunability of trions and excitons in laterally finite
2D semiconductors. Our results show that the trion binding energy
can be tuned from 36 meV to 18 meV with the lateral size and
decreasing aspect ratio, while the oscillator strength ratio of trions
to excitons decreases. In contrast to conventional quantum dots,
the trion oscillator strength in a nanoplatelet at low temperature is
smaller than that of the exciton. The trion and exciton Bohr radii
become lateral size tunable, e.g. from ~3.5 to 4.8 nm for the trion.
We show that dielectric screening has strong impact on these pro-
perties. By theoretical modeling of transition energies, binding
energies and oscillator strength of trions and excitons and com-
parison with experimental findings, we demonstrate that these
properties are lateral size and aspect ratio tunable and can be
engineered by dielectric confinement, allowing to suppress e.g.
detrimental trion emission in devices. Our results strongly impact
further in-depth studies, as the demonstrated lateral size tunable
trion and exciton manifold is expected to influence properties like
gain mechanisms, lasing, quantum efficiency and transport even at
room temperature due to the high and tunable trion binding
energies.
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1. Introduction

II-VI semiconductor nanoplatelets (NPLs) are colloidal ana-
logues to epitaxial quantum wells, yet with a finite lateral
size."?* Compared to zero-dimensional (0D) quantum dots
(QDs) and one-dimensional (1D) nanorods (NRs), two-dimen-
sional (2D) zinc blende CdSe NPLs have sharper absorption
and emission peaks, larger absorption cross-sections and
radiative decay rates allowing high quantum yields, and they
also exhibit directed and polarized emission.'***>>3° Similar
to 2D transition metal dichalcogenides (TMDCs)*'* and
perovskites®*® showing strong confinement in z-direction
and dielectric mismatch to the surroundings, CdSe NPL exci-
tons exhibit high exciton binding energies making them stable
even at room temperature.>>>**" %% In laterally infinite
TMDCs, trionic states with high binding energies have been
predicted and observed.*™® In contrast to TMDCs, there is a
precise synthesis based control over the finite lateral size®*°
and thickness of CdSe nanoplatelets reported in ref. 50. The
controlled monolayer (ML) thickness precission results in
narrow PL emission."*?* The excitonic optical properties and
dynamics of NPLs interpolate between the Coulomb corre-
lation- and confinement-dominated limits known from ideal
quantum wells and quantum dots. As a consequence, the
optical response of excitons in CdSe NPLs can be tuned
strongly by the lateral size and thickness,>'®°" as they are a
system between quantum well-like (weak lateral confinement)
and quantum dot-like (strong confinement) regimes.”>" Until
now, the influence of the finite lateral size on the electronic
properties of trions has not been investigated comprehensively
in theory and experiment.

Based on theoretical modeling of the exciton and trion
energies, we investigate the properties of trions and excitons
in CdSe nanoplatelets. We study the tunability of the radiative
rate, oscillator strength, binding energy and Bohr radius of
trions and excitons in the nanoplatelets. We show that nano-
platelets are a model system for laterally finite 2D semi-
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Fig.1 (a) Time-integrated PL emission of 4.5 monolayer (ML) CdSe
NPLs for exemplary lateral size at 4 K and ~0.2 W cm™2 (CW equivalent)
420 nm excitation, showing a lower state (LS, trion) and upper state (US,
exciton) emission. (b) Transient PL decay under the same conditions. (c)
Exciton radiative rates from Table 1. Inset: Structure of CdSe NPLs with
ligands. (d) Level scheme of the trion model: Crystal ground state |0) (no
excitation), trion [X™), exciton |X) and e—h pair continuum states, as well
as allowed transitions, see ESI section S37 for details.

conductors to study their size tunable trion and exciton
physics. We show that e.g. the trion binding energy and oscil-
lator strength can be tuned in a way that at room temperature
a large fraction or no trions are present, paving the way e.g. to
an effective control of the emission efficiency of devices. We
substantiate our theory results by comparison with
experiments.

An exemplary low temperature photoluminescence (PL)
spectrum of 4.5 monolayer (ML) CdSe nanoplatelets (NPS) is
shown in Fig. 1(a) along with a sketch of the chemical platelet
structure (inset in «¢). The PL shows a double
emission.>'*'®17:3275% (Details on the samples, preparation
and time-resolved and integrated PL spectroscopy can be
found in sections S2 and S3 of (ESIT).) A lower state (LS) trion
emission and an upper state (US) exciton emission have been
identified.>*> The energy spacing AE strongly depends on the
lateral platelet size and varies from 38 to 18 meV, see Fig. S3 in
the ESIT and Table 1. We investigate in this paper the pro-
perties of trions and excitons and the tunability of their pro-
perties by the lateral size.

Table 1 Experimental fit parameters of the rate equation model for
NPLs of different sizes (see section S3A of (ESIT)) as well as the exciton
radiative rates (theo.), as obtained from theory below

Size (nm?) 17x6 21x7 29x8 30x10 30x15 41x13
Area (nm”) 102 147 232 300 450 533
AE (meV) 36 32 26 24 20 18

I (ns™) 8 14 27 35 53 64
I'x-"(ns™) 1.6 1.9 2.5 3.3 4.1 4.6
rx-" (ns™) 62 77 111 9 78 32

IS peo (s 11 16 26 34 50 62
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2. Results and discussion

Charged excitons (trions) appear frequently in 2D transition
metal dichalcogenides (TMDCs) and are demonstrated in CdSe
platelets.">"”> For a negative trion, the two opposite-spin elec-
trons of an X trion can be in a triplet state S = 1 or singlet state
S = 0. We refer to their singlet configurations in which they
appear as bound states (generally below the energies of neutral
excitons). The observation of triplet trions is more elusive.’*>° In
the ESIf, we evaluate experimental time resolved and integrated
PL data (Fig. S3-S57) for CdSe platelet samples of varying lateral
size at low temperature (T = 4 K). Using a numerical model,
which accounts for population transfer between exciton and
trion states under pulsed excitation we fit the experimental tran-
sients numerically (section S3 of the ESI}). The model (Fig. 1(d))
takes four levels into consideration: the crystal ground state |0),
the electron state |continuum) (from e-h continuum), the exci-
tonic state |X), and trion state |X ). We also compare the resul-
tant power dependence of the time-integrated PL intensity from
the rate equation model with the experimental findings in
Fig. S51 and obtain also good agreement between the model and
experiment. The electron for trion formation is assumed to orig-
inate from a residual background doping (see ESI section S3 AT).

From the fits to the rate equation model (section S3 A of
the ESIt) we obtain three fit parameters, the exciton radiative
rate I, the trion radiative rate I'y ", and scattering rate yx’.
Hence, for low T the PL decay is a function of only these para-
meters for fits. Table 1 summarizes the fit results displayed in
Fig. S4 (ESIY) for different sizes.

At first we analyze the trends in Table 1 phenomenologi-
cally and then provide an in-depth theoretical modeling. With
increasing lateral platelet size, the radiative rate of the exciton
increases. This leads to measured exciton lifetimes (7%) in the
range of tens of picoseconds (37 ps for 29 x 8 nm?, and 16 ps
for 41 x 13 nm?, see also Fig. 1(c)). These are about two orders
of magnitude shorter than those for spherical CdSe
nanocrystals®”® and a consequence of the so-called giant
oscillator strength (GOST) effect.®* The radiative rate of a 2D
exciton is proportional to the ratio of the area of the exciton
coherent in-plane motion to the exciton Bohr radius agp
squared.®'*>% First indications for such a behavior have
been found.??27?$%* For NPLs, much smaller than the wave-
length and much larger than ap (the weak and intermediate
confinement regime), the exciton oscillator strength can be
given by (see also further below for detailed calculations):"**>”

f= o2 (1)

Here .(28}3 is the vacuum Rabi coupling and ax is the exciton
spatial extension, equal to the exciton Bohr radius ag.'*?"*’
The equation shows, that the exciton oscillator strength
increases with the ratio of the NPL area to the effective Bohr
radius. For large NPLs, ag is equal to the two-dimensional
limit a2°."* Hence, for a fixed value of ag for larger platelets,
the oscillator strength should approximately increase e.g. by a
factor of 2.28, with increasing lateral size from 232 nm?® (29 x
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8 nm”) NPLs to 533 nm” (41 x 13 nm?), in good agreement
with our experimental results from Table 1, where a ratio of
2.37 is found. Extrapolating the radiative exciton lifetime
(Table 1) towards a (much) larger platelet area (Fig. 1(c)), few
ps lifetimes can be achieved,"**®® being also comparable in
order of magnitude with some TMDC materials (1 ps for
WS,%% and ~10 ps for MoSe,®”). This sets the CdSe NPLs
among the fastest nano emitters.

Moreover, Table 1 shows that the exciton radiative rate is
much greater than the trion rate, resulting in I'y/I'x-" ~ 5-14.
This is a general trend also observed in II-V,°® 1I-VI®® and
TMDC®*>%® semiconductor quantum wells, where e.g. about 15
times longer trion emission time in TMDC materials is
ascribed to a lowering of the oscillator strength due to a stron-
ger localization. For CdSe quantum dots the trion lifetime is
comparable to that of the exciton in the strong confinement
regime,”® while for large QDs it can be longer than that of the
excitons.”" In 2D systems the trion lifetime can be comparable
or longer than the exciton lifetime.”

Actually, in 2D systems, when a photon transforms into a
correlated exciton, the photon wave vector Q, transforms into
the exciton center-of-mass plane wave with the same in-plane
momentum projection providing good matching. When a trion
is formed, two plane waves - one for the free electron and the
photon - transform into one plane wave, the trion center of
mass motion. The electron (K.), originally delocalized over the
sample volume L”, with D the dimensionality, ends up being
localized in the trion (in a volume of the order of the trion
volume ax-"), while the whole trion is delocalized again over
the sample volume. The mentioned localization leads to a
(a%)D reduction of the trion oscillator strength, as seen by

the trend in Table 1 for the associated radiative rate. For larger
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NPLs in the weak/intermediate confinement regime (L > ag),

2
- oax . . . . .
J;L a2 LXL is valid, with ax-, the trion Bohr radius (calculated
X xty

later in Fig. 2(d)).”” The trion oscillator strength fix- (being cal-
culated later numerically) is far smaller than the exciton oscil-
lator strength fx (as Ly > ax-), except for very poor samples
having coherence lengths or sample size L of the order of the
trion spatial extension, which we do not have. Hence, the trion
radiative rate is much less than the exciton rate in Table 1,
with predictions in ref. 57, while in a strong confined
quantum dot (L., ~ ax-) it is near to one, as discussed above.
We also notice an LO-phonon bottleneck in the scattering rate
7x-’, showing its maximum for platelets with energy spacing
near to the 25 meV (ref. 73) LO-phonon energy.”'®

While the rate equation model does not take into account
some features such as an exciton fine structure, which plays a
minor role (see ESI section S3 Ct for detailed discussion) or
higher excited states,”" it describes consistently the key fea-
tures and trends of the size tunable trion and exciton pro-
perties. In-depth theoretical modeling is performed in the next
section and compared with these results.

Theory for trions and excitons

The NPLs are modeled as quantum box like structures with a
strong z-confinement to 4.5 ML (coordinates z. ) and variable
lateral confinement (L, L,). Within the effective-mass and
envelope-function approximation, the Schrodinger equation of

a neutral exciton in a NPL reads
(He(2ze) + Hn(2zn) + Hy (pe, 1)) ¥x(Te, 1h) = ExWx(re, )

where r; = (p;2;). The total exciton wave function Wx(re, ) is
split into two parts: (i) the confinement wave functions ¢e(z.),

T T T T T T T T
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Fig. 2 (a) (US) and (LS) energies obtained from Fig. 1 (darker color data points) and theoretical model for (X) and (X7), (pale color data points).

Additionally the variation of exciton and trion energy with respect to the lateral NPL aspect ratio (AR) is shown, (lines of different brightness, see the
legend in (b)). The energy of the trion and exciton is obtained by the numerical diagonalization of the matrix resulting from the projection of the
Hamiltonian Hy~ and Hy for a fixed surrounding dielectric constant ., = 2.07 and two different CdSe dielectric constants in (a) and (e). Partially
single data points indicate that the data and model fall on top of each other. (b) Definition of the lateral aspect ratio, which varies from sample to
sample, as given in (f). (c) Trion binding energy from the experiment and theory. The theoretical value dependence on the lateral NPL AR is also
shown. (d) Trion Bohr radius from the experiment and theory. (f) Exciton and (g) trion oscillator strength and inverse oscillator strength ratio (h) for

the samples. Different AR curves fall on top of each other.
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(¢n(zn)) of the lowest electron (heavy-hole) sublevel, which are
solutions of the single electron (hole) Hamiltonian in the
z-direction Hj(z;) = —h*/2m,;(0°/0z%) + Vi(z;). Here Vi(z;) is the
sum of all possible single-particle potentials affecting particle i
(i = e, h), and m,; is the mass of carrier i along the strongly
confined z-direction ([001]), taken from ref. 37. (ii) The in-
plane wave function y4f(pe, pn) (index IP for in-plane) is the
solution of the following in-plane Schrédinger equation:

( Pez 4 ph2
ZmeH thH

+ Ve(pe) + Vh(ph) + I//\C(pe 7ph)>

: ll/gj (Pe,Pn) = E%Jwifj(pe,ph)

(2)

where p; are the in-plane electron (i = e) and hole (i = h) posi-
tion vectors, p; = —ihVp; is the in plane momentum operator,
mj| is the in-plane mass of carrier i used from ref. 37, and
Vi(pi) are the confinement potentials of the electron and hole
(see Methods for details of the calculations). The model takes
explicitly also the nonidentical lateral NPL length (Ly, L,) into
account. It also treats screening using a Rytova-Keldysh
potential,”*"*>357477 a5 the nanoplatelets are surrounded by
oleic acid ligands, providing a dielectric contrast to the platelet
core (see Methods).

For the negative trions within the effective-mass approxi-
mation, the Schrodinger equation can be written as:
( Z Hi(zi) +H)I(11)TX’ (reh Te2, rh) = EX’lPX’ (r617 Te2s rh)- The
i=ej,ey,h
total wave function of the trion solution of Hyx- can be factor-
ized into: lPX*(rely Te2, rh) = ¢e1(Zel)¢62(Zez)qﬁh(zh)l//xijlp(pel; Pe2s
pn), where ¢;(z;) are the confinement functions of the lowest
electron (i = e;, e,) and heavy-hole sublevel (i = h) and
Wx- JIP(pel,pez,ph) is the wave function solution of the in-plane
trion Hamiltonian:

p.’
+
(Zmen
+Vh(pn) + Velpe, = pn) + Ve(pe, — 1) = Velpe, —Pe,))
’ Wiij(pelvpebph) = EX’JIPWX*;]'IP(pelvpe27ph)

2

Pe,” Py’
ZmeH thH

+ Vel (pel) + Vel (pez>
(3)

To investigate the negative trion binding energy of CdSe
NPLs, we adopt the same formalism as for the exciton using
the relative p; = p.; — pn and the center of mass Rx- = (Mepeq +
MePey + Mnpp)/Mx- trion coordinates. Hence the trion in-plane
Hamiltonian is the sum of center of mass and relative
Hamiltonian Hy-"* = Hy-“™ + Hy™', where the eigenenergy and
eigenvector solutions of the in-plane Hamiltonian can be

wiitten as v " (0 peon) =628 (Re )P (p,.p;) and

Ex P =E, +EM. 4+ E°_ _ with ¢")~ and E™. - the
X~1S,N.M X181l 18,nl X~18,nl

wave function and the energy solution of the relative
Hamiltonian Hy-"' given by:

n? ~
Hy " = Z Hy," — m_hvl" Vo, + Vellpr = p2l)

i=1,2

Here HXi“’] is the relative Hamiltonian of the neutral exciton
and Mx- = 2m, + my, is the trion mass. To solve the eigenvalue

This journal is © The Royal Society of Chemistry 2020
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equation, we use a wave function expansion technique. (See
Methods for further details.)

Fig. 2(a) reports the theory results of the exciton and trion
energies for different platelet sizes. The experimental values
(obtained from Fig. S3f) are also included for comparison,
showing very good agreement. We can clearly notice that the
exciton and trion energy for using the high-frequency CdSe
dielectric constant (ecgse,.o = 7.9) in the calculations for the
treatment of screening provides a very good agreement, while
the use of the static dielectric constant (ncase,s = 10, Fig. 2(e))
provides an overestimate of the transition energies, known in
the literature and in line with trends in ref. 37. (See also
Methods.) Further recent studies also suggest an effective
dielectric constant of 6.4’ (averaging over the field com-
ponents inside the platelet and outside in the ligands for the
screened lowest exciton state). It has to be slightly lower than
the inside dielectric constant we use, since the outside dielec-
tric constant is near to two. Hence this further substantiates
our € = 7.9 value.

Increasing the lateral platelet confinement results in a blue
shift of about ~18 meV for the trion and ~35 meV for the
exciton, while the lateral size is reduced from 533 to 102 nm?.
(See also the Methods section for more details.) Theory curves
for varying lateral aspect ratio (AR, see (b) for definition) are
also displayed. We remark that our calculations are further
substantiated as they result e.g. in an exciton binding energy of
201 meV for 533 nm” (41 x 13 nm?) platelets in good agree-
ment with experiments in refs 28 and 39. We will analyze the
dependence of the binding energy and other parameters in
Fig. 3.

In panel (c) of Fig. 2 the trion binding energy, corres-
ponding to the energy separation between X and X, is plotted
vs. platelet area. It decreases from 33 meV for 102 nm* (17 x
6 nm® to 19 meV for 533 nm” (41 x 13 nm?)) platelets. Going
from laterally extended platelets to smaller ones, the calculated
trion binding energies in our 2D system start with comparable
values as e.g. for large quantum dots (14-22 meV)”*®" and get
higher with decreased lateral size approaching the range of
strong confined CdSe quantum dots (30-50 meV).”" A slight
deviation for the smallest platelets considered (102 nm?, 17 x
6 nm?) is explained by the increasingly quantum dot like
nature, while the model is exact for weak to intermediate
lateral confinement. The continuous lines in Fig. 2(a) and (c),
obtained from our calculations, show that the transition ener-
gies also depend on the lateral aspect ratio (AR).

In panel (f) and (g) of Fig. 2 we plot the calculated exciton
and trion oscillator strength f; o« [(¥|5w, m|P)|?, see ESI
section S1 B.f Both exciton and trion oscillator strengths
increase with the NPL area, consistent with the theory of giant
oscillator strength in quantum wells®®> and weakly confined
quantum dots. Theory curves for different AR values fall on
top of each other. fx- is far smaller than that of the exciton
(fx-Ifx < 1), consistent with our assumption of a more
quantum well like than quantum dot like system for the lowest
state. This is a result of the weaker localization of the trion
compared to the exciton and in line with expectations based

Nanoscale, 2020, 12,14448-14458 | 14451
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Fig. 3 Effect of the dielectric environment on the optical properties of the trions and excitons for different NPL sizes; Trion: (a) transition energy,
(b) binding energy, and (c) Bohr radius. Exciton: (d) transition energy, (e) binding energy, and (f) Bohr radius. Insets: (g) Trion and (h) exciton oscillator
strength as well as their ratio in (i). A high frequency dielectric constant ecgse o = 7.9 is always employed for the CdSe platelet core.

on Combescot et al.”” The variation of the oscillator strength of
both species with the lateral size and the relative trion to
exciton oscillator strength ratio (Fig. 2(h)) support our fitting
parameters presented in Table 1. The trion oscillator strength
is an order of magnitude lower as for the excitons, also
reflected in the experimental radiative rates in Table 1. In line
with our results, much lower radiative rates of trions in
quantum wells compared
predicted®®®" at low temperatures and found in epitaxial II-VI
and III-V wells.*” If the predicted oscillator strength of the
exciton is translated to a radiative rate,"***®3%! we obtain 12
ns~' to 62 ns~" for the exciton transition. (See Table 1, Fig. 1(c);
see also the ESIf for the method of calculation.) These values
are in agreement with our experimental results validating the
model. A slight deviation for the smallest sample is attributed
to its increasingly quantum dot like nature.

Fig. 2(d) displays the relative motion extension of the
trion® (Bohr radius) ax- = \/A?/(2uy Es, ), deduced from
theory, as a function of the platelet area. As in (a), the specific
sample lateral aspect ratio (given in (f)) is used for the calcu-
lations (data points), while the continuous lines represent the
theory for different lateral aspect ratios. For the experimental
data, the energy spacing in Table 1 is used with the formula
above. ux- = Mxm./(Mx + m,) is the trion relative motion mass.
In order to validate our theoretical calculations, we plot in the
same figure ax- calculated using the oscillator strength ratio in
(h): ax- = /A (fx-/fx) (Oscill. strength’).’”#>8® Further we
deduce ax- from the experimental results (trion-exciton energy
difference) using the first mentioned equation and making
use of ref. 85 and 86. The trion extension ax- calculated using
our models is consistent with the experimental result, substan-
tiating our model. Slight deviations occur for the 102 nm?, (17
x 6 nm®) platelets, which are increasingly quantum dot like.

We remark that we decided to plot all trion and exciton pro-
perties in Fig. 2 versus the platelet area, as with varying lateral

as to excitons have been
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aspect ratio AR only the shortest length (L,) impacts the pro-
perties. A detailed discussion of the dependence of trion
energy, binding energy and oscillator strength on the shortest
platelet length L, which dominates the lateral confinement for
platelets with higher lateral aspect ratios, is presented in
section S1 C of the ESL.}

In order to provide further insight into the optical pro-
perties of the CdSe NPLs, we investigate in Fig. 3 the effect of
the dielectric environment on the transition energies, binding
energies, Bohr radii and oscillator strength of trions and exci-
tons by varying the surroundings (ligand) e.,,, and the platelet
area. Therefore, the former parameter is varied in the calcu-
lations between ¢ = &,y = 2 and € = 5 to cover a large span of
potential dielectric surroundings from strong dielectric con-
trast to weak dielectric contrast to the inside dielectric con-
stant of 7.9 (as in Fig. 2(a)). As shown in Fig. 3, it is clear that
the optical properties of the exciton and trion are sensitive to
the dielectric environment and subsequently to the choice of
the surrounding (e.g. organic ligands). E.g. for a fixed NPL size
(41 x 13 nm® or 533 nm?) the absolute trion and exciton tran-
sition energies (Fig. 3(a) and (d) are only weakly altered. This
is due to the decrease of the exciton and trion binding energy
subtracted from the sum of the high bandgap (1.766 eV for
CdSe) and confinement energy (~0.9 eV). The exciton binding
energy decreases by 135 meV from 208 meV to 73 meV while
€eny 1S increased from 2 to 5, see Fig. 3(e). Our calculations
result in an exciton binding energy of 201 meV for 41 x 13 nm?
platelets and e,y = 2.07 (oleic acid), in good agreement with
experimental determinations in ref. 28 and 39. The trion
binding energy is more sensitive to the environment and
drops from 20 to 2 meV (Fig. 3(b)). However, most organic
ligands (including oleic acid used here with &, = 2.07) have
high frequency dielectric constants near to 2, so that in an
experiment only minor shifts would be observed upon ligand
exchange. In contrast, a variation of the dielectric surrounding

This journal is © The Royal Society of Chemistry 2020
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is possible using (colloidal) atomic layer deposition (ALD)
methods®” for controlled deposition of a few monolayers of a
high bandgap semiconductor or dielectric. In line with the
trend in Fig. 3(e) the binding energy can be reduced consider-
ably, e.g. upon CdS coating.’

Using our ~200 meV exciton binding energy and an about
~20 meV trion binding energy for the larger platelets we
obtain an E®y /E® ratio of 0.1. This is in good agreement with
predictions for trions in ideal quantum wells****®° predicting
a ratio of 0.12. Hence, it further confirms our calculations.
From our trion binding energy of the largest platelet we can
calculate in Fig. 3(c) a trion Bohr radius of 4.6 nm (for e, =
2.07) using the previously mentioned equation. It is in good
agreement with the experimental value (Fig. 2(d)) calculated
from the double peak energy spacing (4.8 nm). The corres-
ponding exciton Bohr radius of 1.6 nm (compare Fig. 3(f)), cal-
culated using ax = (h*/2uEx®)"?, is in line with the trend in
Brumberg et al.,*® having measured about 1.15 to 1.4 nm, for
smaller sizes (17-65 nm?). The Bohr radius increases in
Fig. 3(f) with the lateral size. An increase of &, leads to an
increase of the Bohr radius ((c) and (f)) and a reduction of the
spatial overlap between the electron and hole in their relative
motion. This results in reduced oscillator strength ((g) and (h))
for both trions and excitons.

Notably, our results in Fig. 3(g) and (h) emphasize that in
line with the binding energy, the negatively charged exciton
oscillator strength is less sensitive to the dielectric
environment™"® compared to the exciton oscillator strength for
a given lateral size. Both fx- and fx increase by trend with the
lateral size of the NPLs (brightness coded area scale in (f)), in
line with the trends shown in Table 1, where a fastening of the
radiative rates is observed.

Transferring the exciton oscillator strength e.g. in a radia-
tive rate (see section S1 B of the ESIT) results in good agree-
ment with experiments. As the change of oscillator strength
with increasing lateral platelet size is different for trions and
excitons, this results in a reduction of the trion to exciton
oscillator strength ratio with increasing lateral size shown in
(i). For a fixed size, the ratio increases with e.,, as fx is more
sensitive compared to fx-, see (g) and (h). A further important
aspect is that using low dielectric constant ligands or atomic
layer deposition high dielectric constant coating the trion
emission can be suppressed or enhanced with respect to the
exciton emission and its oscillator strength. Furthermore, our
results imply that the trion binding energy can be tuned
strongly above and below the room temperature thermal
energy (Fig. 3(b)), while the exciton binding energy (Fig. 3(f))
is always above the room temperature thermal energy. As a
consequence, either no trions or a considerable amount is
present e.g. in devices, where the former is desired to enhance
the emission efficiency.

Summing up our theoretical results for the trion and
exciton properties, they are consistent with our experimental
results on CdSe platelet PL dynamics and time-integrated and
power-dependent PL as well as the energy separation and state
energies. Our results show that especially the trion binding
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energies, Bohr radii and oscillator strength can be tuned by
the lateral size and dielectric environment. Nanoplatelets are
thus a model system to study the tunability of trion properties
in a laterally finite 2D system. The trion plus exciton model is
also fully compatible with reported findings in the literature.
(See section S5 of the ESIt for a detailed discussion.)

3. Conclusion

In summary, we demonstrated that CdSe nanoplatelets are a
model system to study the presence and tunability of trions
and excitons in laterally finite 2D semiconductors. Based on
theoretical modeling of transition energies, trion binding ener-
gies and oscillator strength of trions and excitons we showed
that these properties can be tuned via the lateral size and
aspect ratio. We further demonstrated that dielectric screening
by the high frequency dielectric constant of the surroundings
strongly changes e.g. the trion Bohr radius and oscillator
strength. Using low dielectric constant ligands or atomic layer
deposition high dielectric constant coating e.g. either trion
emission can be suppressed or enhanced with respect to the
exciton emission. Furthermore, our results imply that the trion
binding energy can be tuned strongly above and below the
room temperature thermal energy. Combining both effects, no
trions or a considerable amount is present paving the way e.g.
to an effective control of the emission efficiency of devices.
Built on the 2D effective-mass approximation and solving the
full four dimensional Schroédinger equation for anisotropic
platelets, we have investigated the lateral size tunability of the
exciton (upper state) and trion (lower state) energies in CdSe
NPLs including dielectric confinement. The trion binding
energy becomes tunable and increases from 18 meV to 36 meV
with lateral platelet quantization. The obtained size tunable
trion Bohr radius (~3.5-4.8 nm) is in excellent agreement with
experiments. Using the exciton and trion wave function from
modeling, we calculated the oscillator strengths of excitons
and trions and demonstrated that the trion oscillator strength
is far smaller and tunable. This seems to be a general trend, in
line with strong confined conventional quantum dots. All
these data are in good agreement and allow for our model to
consistently describe the experimentally observed dependen-
cies. Our theoretical model is further substantiated by the
good agreement of the calculated very short radiative exciton
lifetimes with the experimental results. The short lifetimes or
high transition oscillator strength, being strongly tunable by
the lateral size and lateral aspect ratio, set the nanoplatelets
among the fastest nano emitters.

The presented results lay the foundation for further in-
depth studies of the photophysics of CdSe nanoplatelets and
related structures (e.g. 2D perovskites, TMDCs), as the demon-
strated exciton and trion manifold is expected to impact pro-
perties like gain mechanisms, lasing or transport strongly.
Especially interesting is that systematic studies of the trion
physics in a system with tunable, strongly anisotropic confine-
ment become feasible. This e.g. opens up the possibility to
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investigate to which extent localization impacts trion for-
mation and decay and relevant understanding also for MBE
grown devices, where a finite coherence length or disorder
potentials localize excitons and impact the detrimental trion
formation, which limits the quantum yield and device per-
formance for instance. Nanoplatelets are a system in-between
the yet studied extrema of 0D quantum dots and laterally infi-
nite quantum wells and allow strong tuning of the optical and
dynamical properties, while the transition energies remain
nearly constant. These unique properties feature nanoplatelets
as an excellent model system to study trion and exciton
properties.

4. Methods

Theoretical simulations

As discussed platelets have strong z-confinement (coordinates
Z. and z,) and tunable lateral confinement. The Schrédinger
equation of a neutral exciton in a NPL reads within the
effective-mass and the envelope-function approximation:
(He(ze) + Hn(zn) + HY (Pey P1))Px(Tes 1) = ExPx(Te, '), Where r; =
(pi, z). The total exciton wave function ¥x(r., r,) is split into
two parts: (i) the confinement wave functions ¢.(z.) (¢n(zn)) of
the lowest electron (heavy-hole) sublevel, which are solutions
of the single electron (hole) Hamiltonian in the z direction
(perpendicular  to  the layers of the  NPLs).
Hi(z;) = —h*/2m (0% /922) + Vi(z;). Here Vi(z;) is the sum of all
possible single-particle potentials affecting particle (i = e, h),
and m,;, is the mass of carrier i along the strongly confined
z-direction ([001]), the latter are taken from ref. 37. (ii) The in-
plane wave function yi (pe, pn) (index IP for in-plane) is the
solution of the following in-plane Schrédinger equation:

(pez N )5

ZmeH thH

+ Ve(pe) + Vh(ph) + f/\C(pe _ph)>

= Eg)ﬂfgj(ﬁe?ﬂh)

(4)
: V/)lz,j(ﬂeaph)

It takes into account the defined platelet extent (L, L,) and
aspect ratios of our samples. p; are the in plane electron (i = e),
hole (i = h) position vectors, p; = —iiVp; is the in plane momen-
tum operator, my| is the in-plane mass of carrier i used from
ref. 37, and Vj(p;) are the confinement potentials of the elec-
tron and hole. NPLs are embedded within organic ligands
having a relatively small dielectric constant (ee,, = 2.07 for
oleic acid ligands®).

Actually, the electric force lines emerging from charges within
a semiconductor nanoparticle pass through the surrounding
medium, having a smaller dielectric constant than the semi-
conductor. Therefore, in order to take the dielectric screening of
coulomb interaction properly into account, the electron-hole
direct Coulomb interaction is treated here using a Rytova-Keldysh

B (l’e *ﬂh)

2 q(1+qrs)

—e
Jo(qlpe — pnl)d*q accord-

h.731:32,51,74-77

otential V,(p. — pp) = ———
p C(pe ph) Zneenvrs .

ing to the widely accepted approac However to
avoid the divergence of the integral of the Bessel function in
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the Keldysh potential Jo(q|lpe — pn|), we can construct an
approximate expression for V. in terms of elementary functions
e —p

- e pe = pu ]
Velpe —pn) = — £ + (ma —In(2))e =
=lpe = 1s) EenvT's |:<|pe_ph|+rs> ( @)

ref. 77 for details). This potential is better than using an
unscreened vacuum Coulomb potential together with envelope
functions in z-direction, the standard approach for quantum
wells. Here, 75 = ecgseZo/(2Meny) s the dielectric screening length,
Zy = (ap/2) x 4.5 ML is the platelet thickness and y is the Euler
constant.

CdSe NPLs can be in a weak (quantum well-like), intermedi-
ate or strong confinement regime (quantum dot-like), depend-
ing on their lateral size.”'*>>' However, based on the recent
results of ref. 7 and 51 the lowest energy exciton state can be
described well by a weak confinement regime for the x and y
directions, where the platelets have finite extent L, and L,.
Since larger platelets are in the focus of this paper (L, L, > a3?
~ 4 nm, calculated using ref. 5) and we are interested in the
lowest energy exciton state, the theoretical model for excitons
will be built with the assumption of a weak (lateral) confine-
ment regime, ie. considering NPLs as a more quantum well
like than quantum dot like structure. In this context, to target
the weak confinement limit, we will at first (i) ignore the con-
finement potential and solve the Schrédinger equation includ-
ing only Coulomb interaction besides the kinetic terms and
(ii) use the center of mass approximation. In fact, by trans-
Mepe + Mppy,

X
which are the position vector of the center of mass of the

exciton and relative distance of the electron from the hole,
respectively, the Hamiltonian in eqn (4) can be separated in

(see

forming p. and py into Ry = and p = pe — pu,

center of mass HY™ and relative motion H' Hamiltonians,
which are solved numerically using the finite lateral size (L,,
L,) of the NPLs.

My = m. + my, is the exciton mass. The solutions of the
resulting Schrodinger equation of the system satisfy the eigen-

equation (HM+ Hyiti(Rx, p) = Ex;ui;(Rx, p) and are given by

P _ ,CM B 1P _ porel CM
)(xJ(RXaP) —)(1~SNM(RX)§M(P7 0), ExJ =E;+ E1~S,N,M + E,. Here,

PR

Es; and &, (p, 0) are the eigenenergy and the eigenvalue,

respectively, obtained by numerical diagonalization of the rela-

tive Hamiltonian. &;(p) can be expanded using an auxiliary

basis along with &; ;(p,0) = > C(n, D@, (p,0), where ¢y (p, 0)
n,l

are the wave functions of the 2D-hydrogenic states given in

terms of orthogonal associated Laguerre polynomials. E®
X,18,N,M

and y™M (Rx) are the solution of the center of mass
1SN,M

Hamiltonian, obtained by multiplying eqn (4) by 5;‘7(/},9) and
integrating the full Schrédinger equation over p. (For more
details see e.g. ref. 7 and 51). E, is the energy gap between con-
duction and valence bands at the I" point, taken from ref. 90.

Excitons can form charged excitons (trions) with excess charges.
For negative trions the Schrodinger equation can be written as:

( Z Hi(zi)+H)I(P)YJX’(relyr927rh):Exfijf(relyr927rh)‘ The

i=eq,e;;h
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total trion wave function of the Hamitonian Hx- can be factor-
ized into: ¥x—(Te1, Tezy Th) = ¢e1(Ze1)¢e2(ze2)(/)h(Zh)WX*’jIP(/)ela Pe2s
pn), where ¢;(z;) are the confinement functions of the lowest
electron (i [ = e4, ;) and heavy-hole sublevel (i = h), respectively,
and I//X,,j P(pe1, pez, pn) is the wave function solution of the in
plane trion Hamiltonian:

(pef N

2me|  2me)| 2y
+Vilpn) + Velpe, —pn) + Velpe,
. ‘/’X’J’Ip(pehpevah)

2 2

pe2 + Pn

+ Ve1 (pel) + Vez (pez)

_pe1)) (5)

—pn) = Velpe,
= Ex jIPWX’JIP(pelapeZaph)

To investigate the negative trion binding energy in CdSe
NPLs, we adopt the same formalism as for the exciton ie.
neglecting the confinement potential and using the relative p;
MePe, + MePe, + MnpPi

Mx-
trion coordinates. Hence the trion in-plane Hamiltonian can
be rewritten as a sum of center of mass and relative
Hamiltonians Hy"" = Hy-“™ + Hy ™!, where the eigen energy
and eigen vector solution of the in plane Hamiltonian can be

= pei — pp and the center of mass Ry- =

rewritten as wy- ;¥ (pe,, e, Pn) = C%N,M (RX’)¢Y§‘H~I(:011/72) and
Ex = E, + EX71~SNMCM +E o ~lrel, where ¢?Z and
E -~ 5 z I are the wave function and the energy solution of the
relative Hamiltonian Hy™ given by

©l = Y HE -2V, .V, + Vo, —p,|). Here HY' is the

=12
relative Hamiltonian of the neutral exciton and Mx- = 2m. + my,
is the trion mass.
To solve the eigenvalue equation, we use a wave function

expansion technique It is factorized into
4’;37 P1>02) ZD 1, i) { (p1,0)E~ l(/)27 )Jrf (/’27 0)é~ l(/’lsg)}y
where & (p,, ) ZC( Dni(p,0) is the eigenvalue solution

of the exciton Hamlltonlan H (see ESI section S1 Af for more
details on the choice of relative basis functions). As for the
exciton, the center of mass eigenvalue and eigenenergy are
obtained by multiplying eqn (3) with ¢~ ~(p1, p,) and integrat-

ing the full Schrodinger eqn (3) over p; and p». Table 2 reports
the used material constants applied in the theoretical
simulations.

Table 2 CdSe material parameters used for the calculations

CdSe parameters Ref.

a, (nm) 0.6052 91
Eg (eV) 1.766 90
Ep(eV) 16.5 3

€cdse,s 10 37
£cdse,co 7.9 5

melmyg 0.12 92
7 4.243 37
7 1.415 37
7 1.801 37

This journal is © The Royal Society of Chemistry 2020
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A comment on surrounding dielectric constant’s high and
low frequency values: in panel (e) of Fig. 2 we plot the exciton
and trion energies for the static dielectric constant of CdSe
NPLS ecgse,s = 10. We notice that the use of ecgse,s = 10 instead
of €cdse,co = 7.9 (panel (a)) would increase Ex and Ex- signifi-
cantly. In the case of the exciton the calculated binding ener-
gies (~200 meV, see the discussion in the main text) are much
larger than the optical phonon energies in CdSe (25 meV).
This implies that a high frequency dielectric constant should
be used to calculate the NPL exciton ground state. However, in
the case of the trion and for a sufficiently large NPL area (e.g.
41 x 13 nm® (533 nm?)), the binding energy of the trion
(~18 meV) is smaller than the optical phonon energy. Hence,
choosing between the static and high-frequency dielectric con-
stants is a subtle problem when one wishes to calculate the
trion states in CdSe NPLs. In our case, since the high dielectric
constant gives a very good agreement with the experimental
finding for both states (trion and exciton) we employ the high-
frequency dielectric constant of CdSe. We should note that the
energy shift (trion binding energy) is completely independent
of these parameters. This can be reasoned directly from Fig. 2,
e.g. for 21 x 7 nm* (147 nm*) and 30 x 15 nm* (450 nm”) plate-
lets, where for the latter the trion binding energy is 29 meV for
both dielectric constants, while it is 19.6 and 19.2 meV for the
two different dielectric constants and 30 x 15 nm? platelets.
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