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ABSTRACT: The optoelectronic properties of type-II CdSe/
CdTe colloidal nanoplatelets (NPLs) charged with neutral
excitons (X°) have been intensively investigated in the last years.
Motivated by the recent experimental progress, here we use
effective mass simulations to study the effect of charging core/
crown NPLs with a few extra electrons or holes. Emission spectra
are calculated for charged excitons (X", with n = 2 to n = —3) and
biexcitons (XX). The strong Coulomb interactions within the
platelet lead to a number of remarkable properties. For excitons,
varying the number of excess charges gives rise to band gap red-
and blue-shifts spanning over 100 meV and widely tunable
oscillator strength. For biexcitons, the binding energy can be tuned
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from nearly nonbonding to strongly antibonding (~40 meV) by modulating the core/crown area ratio. We conclude that the
number of excess carriers injected into type-II NPLs is a versatile degree of freedom to modulate the optoelectronic properties.

Bl INTRODUCTION

Colloidal nanocrystal heterostructures with a type-Il (stag-
gered) band alignment are of interest for the development of
optoelectronic applications where controllable spatial separa-
tion of electrons and holes is advantageous.”” CdSe/CdTe
core—crown nanoplatelets (NPLs) are a prominent example of
such structures.’ ™ In these systems, a rectangular CdSe core
with a thickness of a few atomic monolayers is laterally
surrounded by a CdTe crown. Because of the type-II band
alignment, photoexcited electron—hole pairs split in such a way
that electrons accumulate in the CdSe core while holes do so
in the peripherical CdTe crown.’”® The strong dielectric
confinement of colloidal NPLs, set by the low polarizability of
the capping ligands, provides sizable electron—hole attractions
across the interface, hence preserving excitonic interactions.””*
With appropriate engineering, these structures are of interest
for light harvesting, sub-band gap emission, infrared detection,
fluorescence up-conversion, and low-threshold lasing.">"~"*
To date, the majority of studies on CdSe/CdTe NPLs have
focused on the spectral and dynamic properties of neutral
excitons (X?).>"¢%1%1L131% However, electron—hole separa-
tion in tﬂ)_elgl nanocrystals is known to suppress Auger
processes, ~~ ' which may prompt the formation of long-lived
trions and biexciton species in photoexcited NPLs.'® In
addition, progress in the electrochemical charging of
heteronanocrystals has recently reached deterministic and
stable control of the number of confined carriers in individual
particles.'” This technique produces multiply charged excitons,
where a few excess carriers interact with the photoexcited
electron—hole pair while largely preserving the intrinsic

© 2022 The Authors. Published by
American Chemical Society

WACS Publications 7152

behavior of the semiconductor. Charge control through doping
is also advancing in this direction.”*™** In this context,
investigating the effect of discrete charging on the electronic
structure and the ensuing optical properties of CdSe/CdTe
NPLs is in order.

Early experimental studies in type-II quantum dot core/shell
nanocrystals reported significant blue-shifts (20—200 meV) of
the photoluminescence peak when switching from single
excitons to multiexcitons or charged excitons.">**~*° Similar
findings have been reported in other type-II and quasi-type-II
heterostructures, such as nanorods,’ tetrapods,26 dot-in-rods,”’
and rod-in-rods.”® The origin of these shifts is connected with
the Coulomb interactions between the recombining exciton
and the spectator charges. The latter introduce Coulomb
repulsions, which—owing to the spatial separation of electrons
and holes—are not compensated by attractions. Because the
initial state of the optical transition has more carriers (and
hence more repulsions) than the final one, the transition
energy increases. %"

The question arises of whether type-II core/crown NPLs
behave similarly. The answer is not straightforward because
NPLs have characteristic attributes that must be considered.
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Unlike in quantum dots, the anisotropic shape and large (but
finite) in-plane dimensions of NPLs place them in an
intermediate confinement re:gime.3l’32 Carriers of the same
sign may then separate over large distances to minimize
repulsions. Also, attractive interactions across the CdSe/CdTe
interface are stimulated by dielectric confinement.*”® It is then
unclear if Coulomb repulsions will still prevail. In this work, we
address these questions by means of computational simu-
lations.

We use the same effective mass Hamiltonians which
successfully described the emission features of neutral excitons
in single CdSe/CdTe NPLs,® but now extended to the case of
charged excitons (X", where n is the number of excess carriers,
with » ranging from two extra holes, n = 2, to three extra
electrons, n = —3) and that of biexcitons (XX). A full
configuration interaction (CI) method is used to account for
few-body interactions including correlation effects. We find
that, as a result of the interplay between spatial and dielectric
confinements, the emission spectra of typical CdSe/CdTe
NPLs display a marked dependence on the number of
spectator charges in terms of energy, oscillator strength, and
bandwidth. Some of the effects we predict are as follows: (i)
blue- and red-shifts of the band edge transition in an energy
range over 100 meV around that of the neutral excitons, well
beyond the typical shifts obtained by varying lateral confine-
ment; (ii) the formation of multiple peaks at low temperature,
which define the electronically limited bandwidth of these
systems and can be exploited for multicolor emission; and (iii)
the enhanced leakage of electrons outside the core when
repulsions exceed the conduction band offset, which translates
into a boost of the interband recombination rate and may be
useful, for example, in the design of optical charge sensors.

B METHODS

Calculations are carried within the k-p theory framework.
Noninteracting (single-particle) electron and hole states are
calculated with single-band Hamiltonians including the core/
crown lattice mismatch strain in a continuum elastic model®
and self-energy corrections to account for the dielectric
mismatch.”® The low temperature band gaps of CdSe (1.76
eV) and CdTe (1.6 V) are taken from ref 34 and the rest of
the material parameters from ref 3.

Many-body eigenstates and eigenenergies are calculated
within the full CI method, using CI tool codes.>® The
Coulomb integrals for the CI matrix elements, including the
enhancement coming from dielectric confinement, are
calculated by solving the Poisson equation using Comsol 4.2.
The CI basis set for CdSe/CdS NPLs is formed by all the
possible combinations of the first 20 independent electron and
24 independent hole spin orbitals. Charged exciton and
biexciton configurations are then defined by all the possible
Hartree products between the few-electron and few-hole Slater
determinants, consistent with spin and symmetry require-
ments. Optical spectra are calculated within the dipole
approximation,37 assuming Lorentzian bands with a linewidth
of 1 meV.

B RESULTS

We consider core/crown NPLs with typical dimensions.> The
thickness is 4.5 atomic monolayers.

A crown with fixed lateral dimensions 20 X 30 nm? is taken,
and the core size is 10 X 20 nm? Figure la shows the
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calculated emission spectrum at a temperature T = 20 K for
different excitonic complexes. X° stands for a neutral exciton
(one interacting electron—hole pair).
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Figure 1. (a) Emission spectrum of neutral and charged excitons in a
CdSe/CdTe NPL. (b) Corresponding mean value of Coulomb
attractions and repulsions. Coulomb terms are depicted in absolute
value. The spectra are simulated at 20 K. The core area is 10 X 20

nmz.

When extra charges are introduced into the system, X'*
complexes are formed, where n is the number of charges
(positive or negative) added to the neutral exciton. As can be
seen in the figure, varying the number of charges in the NPL
has a substantial effect on the optical spectrum. Negatively
charged excitons become increasingly blue-shifted, while
positively charged excitons are red-shifted instead. In both
cases, charging leads to multipeaked emissions.

The energetic shift between X*" and X*7, over 100 meV, is of
considerable magnitude. It is larger than the spectral shifts one
can obtain in colloidal NPLs by modifying the weak lateral
confinement (a few tens of meV).***? It is also much larger
than the typical shifts observed upon charging type-I
NPLs.**~* The origin is connected with the unbalanced
repulsive and attractive Coulomb interactions in the type-II
NPL. To gain a semiquantitative understanding, we compare
the relative strengths of attractions and repulsions for each
excitonic complex. We calculate the expectation value of the
terms contributing to the total energy of X"*

(Eee) = (Eo) + (Ep) + (V) + (Vo) + (Vi) (1)

here, E,, is the total energy of the X"* ground state, E, (E,) is
the sum of the energies of the noninteracting electrons (holes)
forming the complex, V, is the sum of the attractions between
electron—hole pairs, and V,, (V},) is that of the electron—
electron (hole—hole) repulsions. Figure 1b compares the
absolute values of repulsions and attractions for X"~ (top
panel) and X" (bottom panel). In both cases, the attractions
<V,,> increase (in absolute value) with the number of carriers
because the electron finds more holes to interact with (or vice
versa) across the CdSe/CdTe interface. The repulsions show,
however, contrasting behaviors for electrons and holes. <V >
shows a rapid — superlinear — increase, reflecting the strong
electron—electron interactions within the CdSe core, and leads
to repulsions surpassing attractions in X"". By contrast, holes
are localized in the CdTe crown, with a large core separating
the two symmetric sides. This yields relatively weak repulsions,
<V}p>, which remain smaller than attractions. In short, in X"~
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repulsions prevail over attractions, while in X"* the opposite
holds. This is directly connected to the blue-shift (red-shift)
observed in Figure la. It follows from Figure 1 that, in spite of
the weak lateral confinement, Coulomb interactions permit
using the number of extra charges injected in type-II NPLs as a
tool for broad and reversible tuning of the emission
wavelengths around the value set by the NPL thickness. The
same finding holds at room temperature, see Figure S1. It is
worth noting that the blue-shift of the excitonic peak in the
presence of excess electrons is partly reminiscent of the
dynamical screening reported in highly doped semiconduc-
tors,* albeit in the tew-particle limit.

As for the multipeaked emission of charged species in Figure
la, it arises from transitions involving not only the band edge
states but also high-spin states at low energy,” with small
satellites further arising from shake-up processes.*”** These
peaks set the electronic limit of the bandwidth (which is
greater for charged excitons than for X°) and might be of
interest for multi-color emission.”* A detailed spectral
assignment of the trion states (X~ and X*) is provided in the
Supporting Information, Figures S2 and S3.

We next move to the study of biexcitons. In Figure 2a we
compare X’ and XX emission spectra for NPLs with variable
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Figure 2. (a) Comparison between the emission spectrum of
biexcitons and excitons for different core lengths, Ly. (b)
Corresponding biexciton binding energy, along with its kinetic and
Coulomb contributions (see text). The spectra are simulated at 20 K.
The core width is 10 nm.

core dimensions. The core width is fixed at 10 nm, but the
length L; is varied. By increasing Ly, the shift between X" and
XX peaks evolves from strongly antibonding (~40 meV blue-
shift, Ly = 20 nm) to nearly nonbonding character (~5 meV,
L; = 20 nm). The tunability of the spectral shift holds at room
temperature as well, see Figure S4. This magnitude is similar to
that reported for type-II core/shell nanocrystals,”” but here it is
achieved within the weak confinement regime, which permits
keeping associated physical phenomena, such as reduced Auger
relaxation”” and giant oscillator strength effects.”**

The physical origin of the shift is different from that of
nanocrystals, as we will explain next. In both cases, the
emission peak is mainly related to the band edge transition
(see Figure SS for a detailed spectral assignment of the XX
emission band). Thus, the spectral shift between XX and X°
corresponds to the biexciton binding energy, E,(XX) =
E(XX) — 2E (X) (here, E,(XX)>0 means unbound
biexciton). Using expectation values, eq 1, E,(XX) can be
decomposed as

(E,(00) = (E) + (B°™) @)
here,
Ecoul — V;h(XX) + V;E(XX) + Vi1h(XX) - ZKh(XO) (3)

is the contribution is associated with changes in the relative
strength of Coulomb interactions. In turn,

< = (B,(XX) — 2B,(X°)) + (B,(XX) — 2E,(X°))
(4)

is the spatial confinement contribution to the binding energy,
associated with changes in the energy of occupied single-
particle spin orbitals. In strongly confined quantum dots and
nanocrystals, the energy spacing between consecutive orbitals
exceeds Coulomb repulsions. Then, both XX and X° have
electrons (holes) in the 1S, (1S,,) orbital, which gives E< 0.
The biexciton shift is thus well explained by changes in E«"
alone.””* However, NPLs are in a strongly correlated regime.
Coulomb repulsions (of the order of ~100 meV, see Figure
1b) exceed the spacing between consecutive orbitals (~10
meV®). This promotes the occupation of excited orbitals to
minimize repulsions, making E° significant. As a matter of
fact, Figure 2b shows that E° is the dominant term in
E,(XX). With increasing L; values, repulsions in the core
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Figure 3. (a) Emission spectrum of X°, X~, and X*~ for NPLs with wide (20 X 30 nm?®) and narrow (10 X 30 nm?) crowns. (b) Corresponding the
hole (left) and two-electron (right) charge densities for X™. (c) Emission spectrum of the narrow crown NPL, now comparing the conduction band
offset of 0.53 eV (as in CdSe/CdTe) with 0.25 eV (as in CdSe/CdSeysTe,s). The spectra are simulated at 4 K and are offset vertically for clarity.
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decrease, and so does E°". However, at Lj =16 nm, when Ecoul
~ 0 (attractions equal repulsions), the biexciton is unbound,
E,(XX) &~ 20 meV. This is because confinement terms, E™,
are still important.

We have so far shown the potential of Coulomb repulsions
to modulate the emission energy of charged excitons and
biexcitons in type-II NPLs. The last question we address is
whether a similar modulation can be achieved on the emission
rate. In type-l NPLs, trions (X*) have smaller oscillator
strength than excitons (X°)* because the giant oscillator
strength effect is diluted.”* In Figure la, however, no major
change is observed between X° and X"*, which suggests that in
type-II NPLs, the reduced electron—hole overlap gives rise to a
distinct behavior. In what follows, we show that substantial
modulation of the oscillator strength can be obtained if one
uses a proper structural design in which Coulomb interactions
are exploited to force a transition from the type-II to quasi-
type-1I localization of charged excitons. To illustrate this effect,
we consider two NPLs with the same core (2 X 10 nm?*) but
different crown dimensions: 20 X 30 nm?* versus 10 X 30 nm>*
Figure 3a compares the resulting emission spectrum for X% X,
and X*” in both NPLs. Clearly, the narrow-crown NPL shows
a gradual enhancement of the intensity as the number of
electrons increases, which is not observed in the wide-crown
NPL. The different responses are related to the localization of
holes in each crown. As shown in Figure 3b, in a wide crown,
the hole charge density exhibits transversal localization, while
in a narrow crown, lateral confinement favors longitudinal
localization. In turn, the electron charge density is similar in
both geometries. When the number of electrons increases,
Coulomb repulsions stretch the electron density along the
longitudinal axis of the core (see e.g, electron charge density of
X~ in Figure 3b, which shows the electrons are off-centered).
This enhances leakage into the crown, which results in stronger
electron—hole overlap — and hence greater emission intensity
— in the narrow-crown configuration only.

Further enhancement of the intensity can be obtained by
reducing the conduction band offset, for example, by using
alloyed (CdSeTe) crowns.*>** To estimate the magnitude of
this effect, in Figure 3¢ we compare the emission of the narrow
CdSe/CdTe NPL to that of the same NPL with a halved
conduction band offset (close to that of CdSe,Te,). One can
see that in the latter case, a greater increase in the emission
intensity is obtained when the number of electrons increases
(cf. X° and X7). This is because electron—electron repulsions
find it easier to overcome the crown potential barrier and
increase the leakage outside the core.

All in all, Figure 3 shows that the emission intensity of
CdSe/CdTe NPLs can be modulated through the number of
injected electrons in the core. With appropriate structural
design, Coulomb interactions make excitonic species gradually
reduce their indirect character. Electron—electron repulsions
play an important role in this regard by prompting electron
delocalization outside the core, but it is worth noting that so
do electron—hole attractions (see Figure S6). This carrier-
sensitive optical response could be interesting for ratiometric
probing of charges in the NPL.

B CONCLUSIONS

In conclusion, we have shown that the number of carriers
confined in type-II colloidal NPLs is a versatile tool to control
the electronic structure. Coulomb repulsions can prevail over
attractions in spite of the weak lateral confinement in these
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systems. As a result, we predict that the emission spectra of
typical CdSe/CdTe NPLs will display a marked dependence
on the number of spectator charges in terms of energy,
oscillator strength, and homogeneous bandwidth. The
emission peak is red-shifted when charging with extra holes,
but blue-shifted instead when charging with electrons or
another exciton. The dimensions of the core and the crown can
be used to tailor the magnitude of these effects efficiently. This
behavior extends the photophysics of type-II quantum dot
nanocrystals to NPLs while preserving the advantages of quasi-
two-dimensional systems.

B ASSOCIATED CONTENT
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Additional calculations on emission spectra at high
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