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Abstract

Metal chalcogenide colloidal nanoplatelets (NPLs) have received increasing inter-
est since their very first synthetic route was proposed in 2008. Unlike previous
types of colloidal nanocrystals (quantum dots, rods, tetrapods), NPLs present
excellent size (thickness) homogeneity which translates into extremely narrow flu-
orescence linewidths (~ 35 meV in 4.5 monolayer CdSe NPLs). This feature
provides better colour purity for applications in lasers, lighting, and displays. In
addition to promising technological prospects, NPLs also exhibit characteristic
optoelectronic properties of fundamental interest. These arise from the quasi-
two-dimensional (2D) geometry, combined with the severe dielectric confinement
imposed by the organic ligands surrounding the inorganic semiconductor. Large
exciton binding energies (100 to 300 meV), suppressed Auger recombination, and
(allegedly) giant oscillator strength are examples of such phenomena.

The goal of this Ph.D. dissertation is to provide a better understanding of
the photophysics of CdSe NPLs and CdSe-based hetero-NPLs through theoretical
modelling of the electronic structure. We consider homo- and heterostructured
NPLs, and build adapted k - p Hamiltonians for such systems (including many-
body interactions through Configuration Interaction (CI) techniques). The models
are then used to analyse the influence of several relevant physical factors whose
role has not been clarified in the literature. The gained understanding allows us
to provide interpretation for different reported experimental observations, as well
as to propose new paradigms of exploitation to further expand the functionalities
of NPLs.

Specifically, in this dissertation:

(1) We provide the first study on the impact of lattice-mismatch strain in
core/shell NPLs (CdSe/XY, with X=7n,Cd and Y=S,Te). We clarify the
relative contributions of tunnelling and strain to the determination of emis-
sion redshift observed in experiments with CdSe/ZnS NPLs, propose struc-
tural designs to mitigate it, and reveal the origin of the bending observed
in thick-shell NPLs.

(2) We analyse the role of radiative Auger (shake-up) processes in NPLs. We
show that these are much stronger than in quantum wells and dots and

ii



hence susceptible to explain the low-energy satellite observed in the photo-
luminescence spectra of individual CdSe NPLs. These processes are, how-
ever, rapidly quenched upon shell growth, because the weaker dielectric
confinement reduces Coulomb interactions. This challenges the interpreta-
tion provided in recent experiments, which invoked shake-up processes to
explain the multipeaked emission of CdSe/CdS NPLs.

(3) We propose going beyond the usual photocharging regime (producing neu-
tral excitons) and filling in NPLs with a few interacting carriers of the same
sign (fermions). Strong Coulomb repulsions (stimulated by quasi-2D con-
finement and dielectric mismatch), in combination with weak lateral con-
finement, lead to a regime of severe correlations. Then many properties of
interest are observed. These range from violations of Hund’s rules in shell
filling to large chromic shifts (over 100 meV) in the emission spectrum when
neutral excitons are charged with excess electrons or holes.

(4) We present strategies to modulate the ground state spin and orbital sym-
metry in NPLs, by means of external magnetic fields. These rely on the
anomalously large exchange interactions (favouring high-spin states) and
on the doubly-connected topology of core/crown NPLs, which enables the
building-up of Aharonov-Bohm (AB) effects.

All in all, the body of theoretical work presented in this PhD helps to elucidate

the role of different physical factors affecting metal chalcogenide NPLs, which can
be exploited for rational engineering of their optoelectronic properties.
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Resum

Les nanolamines col-loidals (nanoplatelets, NPLs) basades en calcogenurs metal-lics
han rebut un interes creixent des que es va proposar la seua primera ruta sintetica
en 2008. A diferencia d’altres tipus de nanocristalls col-loidals (punts quantics,
varetes, tetrapodes), les NPLs presenten una homogeneitat de grandaries (espes-
sor) excel-lent que es tradueix en una fluorescéncia amb amplaries de linia estretes
(~ 35 meV en 4.5 monocapes de NPLs de CdSe). Aquesta caracteristica aporta
una millor puresa espectral que pot ser aprofitada per a lasers, il-luminaci6 i pan-
talles. A banda de la perspectiva fascinant de cara al futur en quant a aplicacions
tecnologiques, les NPLs exhibeixen propietats optoelectroniques caracteristiques
d’interes fonamental. Aquestes sorgeixen de la geometria quasi-bidimensional
(2D), combinada amb el confinament dieléctric majiscul imposat pels lligams
organics que envolten al semiconductor inorganic. Les grans energies d’enllag
excitoniques (100 — 300 meV), les esmortides recombinacions d’Auger i (presump-
tament) la gran forga de l'oscil-lador son alguns exemples d’aquests fenomens
optoelectronics.

L’objectiu del present treball de doctorat és oferir una millor comprensié de
la fotofisica de les NPLs de CdSe com també d’aquelles heteroestructures basades
en CdSe. Aquesta millor comprensié es duu a terme mitjangant el modelatge
teoric de I'estructura electronica. Considerem NPLs homo- i heteroestructurades,
i construim Hamiltonians k - p adaptats per a aquests sistemes (incloent-hi inter-
accions multi-cos mitjancant técniques d’Interaccié de Configuracions - Configu-
ration Interaction, CI -). Aleshores, els models s’utilitzen per analitzar I'influéncia
de diversos factors fisics el rol dels quals no ha estat aclarit en la literatura. La
comprensié adquirida ens permet aportar interpretacions a diferents observacions
experimentals reportades, aixi com proposar nous paradigmes d’aprofitament per
tal d’expandir més enlla les funcionalitats de les NPLs.

Especificament, en aquest doctorat:

(1) Aportem el primer estudi sobre l'impacte que té la pressi6 originada per la
disparitat de cel-la en les NPLs nucli/escorsa (CdSe/XY, amb X=Zn,Cd
i Y=S,Te). Aclarim les contribucions relatives de l'efecte tunel i de la
pressié en determinar el corriment al roig dels pics d’emissié observats en
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experiments amb NPLs CdSe/ZnS, proposem dissenys estructurals per tal
d’atenuar aquest corriment, i desvetllem ’origen de I’encorbament observat
en NPLs amb escorses grosses.

(2) Examinem el rol dels processos d’Auger radiatius (shake-up) en NPLs. Mostrem
que aquests processos sén considerablement més forts que els que ocorren
en pous i punts quantics i per tant, sén susceptibles d’explicar el satel - lit
de baixa energia vist als espectres de fotoluminescencia en NPLs de CdSe
individuals. Aquests processos sén, pero, rapidament amortits en fer créixer
I’escorsa, perque ’afebliment del confinament dielectric redueix les interac-
cions de Coulomb. A¢0, contrasta i, per tant, obliga a revisar la interpretaci6
aportada en experiments recents, que fan us dels processos shake-up per ex-
plicar I’emissié multi-pic en NPLs de CdSe/CdS.

(3) Proposem anar més enlla de I’habitual regim de fotocarrega (que preodueix
excitons neutres) i emplenar les NPLs amb uns quants portadors amb mateix
signe que interactuen entre ells (fermions). Les fortes repulsions de Coulomb
(estimulades pel confinament quasi-2D i el contrast dieléctric), en combi-
nacié amb el confinament lateral feble, déna lloc a un regim d’alta cor-
relaci6. Llavors, s’observen moltes propietats d’interes. Aquestes van des
de violacions de les regles de Hund en omplir orbitals (shells) fins a grans
desplagaments cromics (més de 100 meV) en l'espectre d’emissié quan es
carreguen excitons neutres amb un excés d’electrons o forats.

(4) Presentem estratégies per modular les simetries orbitals i d’espin en NPLs,
mitjancant camps magnetics externs. Aquestes estratégies es basen en les,
anomales, grans interaccions de bescanvi (afavorint als estats d’espin alt) i
la doblement connexa topologia de les NPLs nucli/corona que indueixen el
desenvolupament d’efectes Aharonov-Bohm (AB).

En definitiva, el cos de treball teoric presentat en aquest doctorat ajuda a
esbrinar el paper de diferents factors fisics que afecten les NPLs de calcogenurs
metal-lics, que poden ser aprofitades per fer un disseny raonable de les seues
propietats optoelectroniques.
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Chapter 1

Introduction

1.1 Colloidal nanocrystals and nanoplatelets

Almost 40 years ago, solid state researchers began to realise how different the elec-
tronic properties of semiconductor quantum dots (QDs) are with respect to those
made with the same material but in large volumes. [I] By quantum dimensions,
it could be understood that the dimensions of a semiconductor, along given space
directions, are shorter than the de Broglie wavelength along those same directions.
Within this quantum framework the particle behaviour (mainly electrons) which
was ruled by classical physics becomes quantised. It opens, then, a wide variety
of possibilities where electronic, optical, magnetic, and other properties can be
modified simply by tuning the QD size, composition, and shape. [2] 3] 4]

In most semiconductor materials (Si, Ge, GaAs, InAs, CdSe, CdTe, etc.), elec-
trons display effective masses lower than those seen in free electrons. The resulting
de Broglie wavelength, A = h/p with p = m*v (here h is the Planck constant, p the
linear momentum, v and m* the speed and effective mass of an electron confined
within a semiconductor material), is located in a range of 10 — 100 nm. There-
fore, a semiconductor starts to behave like a QD when the aforementioned three
space directions are below these de Broglie wavelengths. Because of the discrete
distribution of their energy levels, QDs are known as artificial atoms. [5] [6]

As in voluminous semiconductors (bulk), the QDs optics is given by, mainly,
the formation and annihilation of a quasiparticle named exciton. The formation
and annihilation of an exciton generally occur in the following manner. When a
photon ~, with energy E. (4 equal or greater than the band gap energy Eyq)
of a semiconductor, is absorbed, an electron e~ situated in the valence band FE,
promotes to the conduction band F, leaving a hole, h™, behind. This is illustrated
in Fig. ! for a resonance excitation case (Fig. @) Then, this electron in the
conduction band remains bound to the hole in the valence band, forming a pair
due to the Coulomb interaction existent between each other V,_j, this is known as



exciton (Fig. @) Eventually, the electron relaxes radiatively by recombining
with the hole that was left in the valence band and therefore emits a photon with
an energy E. (¢ which is equal to the band gap energy Fyq, (Fig. @) [7]

@ ®

©O—E y
’\_l/‘ 4 J/-'
Elffabs ) =hv=Eg,, v E Yeemi) El’(abs )
O—E,

Figure 1.1: Electron excitation and absorption process (left); exciton formation (centre);
electron-hole recombination and emission process (right).

Compared with the bulk, the QD spatial confinement involves a modification
of the energy levels distribution or spacing, in both the conduction and valence
bands. Consequently, if the energy levels distribution in both bands is modified,
the difference between them is also modified, that is, the energy separation be-
tween the bottommost of the conduction band and the topmost of the valence
band (or band gap energy). [8, 9, [I0] This energy difference can be easily visual-
ized (Fig. ) when applying a 1-band (1B) k- p Hamiltonian [I1], for electrons
and holes, to the particle-in-a-box problem with infinite potential walls V' (z) = oo
(inside the box V(z) = 0)

p

where the kinetic energy autovalue is

n2h?

- 2ua?

(1.2)

n

with h being the reduced Planck constant, p the exciton reduced mass, a the
box length, x the Coulomb constant, e the free electron charge, and n stands
for energy levels n = 1,2,3,.... This increase in the kinetic energy of electrons
and holes, which changes as a~2, competes with the greater Coulomb attraction
between holes and electrons when confining. However, this Coulomb term scales
up according to a~!'. Therefore, in highly confined systems, the kinetic energy
term a2 predominates over the Coulomb one a~! (Fig. ) [12] In excitons,
the electron and hole are similar to the hydrogen atom. Hence, the effective Bohr

radius is defined as



4 h?
ag:%@agzi. (1.3)
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Here ¢g and ¢, are the vacuum and relative electric permittivity, respectively. This
effective Bohr radius indicates the size limit whereby the quantum confinement
effects start to predominate over the Coulomb effects. Since quantum confinement
is a variable that increases as the kinetic energy increases (the system becomes
more energetic) and the Coulomb interaction existent between the electron and
the hole (exciton) is attractive (the system yields stabilization), in QDs with
a < a7, optical spectra present a blueshift effect as the sizes of these QDs become
smaller. The QDs optical gap sensitivity to their dimensions allows one to tune
the absorption and emission wavelengths without changing their material com-
position. This has enormous practical implications for optical and optoelectronic
devices.

(a) (b)
: _ E
n=3 n=2
n= yy n=
n= L
Egap 0 a

n=1
n=2 n=
n=3 n=2

. - i

a a

Figure 1.2: (a) Quantum confinement effect on energy levels spacing in QDs. Large QD (left)
and small QD (right). (b) Sketch of the kinetic — quantum confinement — (red solid line), potential
(blue solid line), and total energy (black dashed line) as a function of the 1D box size a. Notice
the energetic threshold led by the Coulomb or spatial confinement terms predominance. In the
excitons case, this energetic threshold is similar to the Bohr radius.

In addition to size, QD photophysics is also sensitive to other factors such as
QD material composition or shape. Depending on the material, different band
gap energies are obtained, as well as different ¢, and u, which determine the Bohr
radius. Furthermore, the QD shape is important in terms of fluorescence. The
confinement anisotropy allows us to conjugate strong and weak confinement ef-
fects along different directions, which gives rise to a particular electronic density
of states outside the strictly, zero-, one-, two- or three-dimensional limits. This

la.u. means ’atomic units’.



confinement anisotropy allows one to design objects that benefit simultaneously
from quantum and classical properties leading to hybrid structures of (quantum)
dots, wires, and wells. [13] 14} [15], [16]

Shape-controlled QDs have been synthesized by means of, for instance, de-
position methods such as vapour deposition, [I7] molecular beam epitaxy, [1§]
lithography [19], or wet-chemical methods [20] (colloids). It is worth highlighting
two of the most commonly used routes when synthesizing QDs: on the one hand,
the epitaxial synthesis [21, [22] and on the other hand, the colloidal one. [23] 24] 25]
The main differences are: [20, 27] i) type of synthesis; in epitaxial synthesis a solid
substrate is required where phase vapour reagents are deposited on it (heteroge-
neous reaction), while in colloidal synthesis are used, simply, reagents which are
soluble with either aqueous or organic solvents. Colloidal synthesis is carried out
in solution (homogeneous reaction); ii) QD self-assembly; in epitaxial synthesis,
self-assembly is based on lattice mismatch, where both substrate and growing
material lattice parameters are required to be alike (but not identical). Because
of this lattice mismatch between substrate and the thin-layer liquid precursor de-
posited on it, tiny drops or islands (QDs) are produced spontaneously to minimize
their elastic energy. This growing mechanism is known as the Stranski-Krastanov
growing mode. [28] Therefore, in epitaxial synthesis, QDs are rearranged by strain
effects. However, in colloidal synthesis, organic or aqueous molecules (ligands) re-
arrange the system thermodynamically to achieve the desired geometry. Because
of this control on system geometry, QDs showing higher homogeneity and repro-
ducibility are generally easier to obtain; [29] iii) QD size; QDs synthesized by
epitaxial routes (eQDs) used to have sizes > 10 nm laterally, while those QDs
synthesized by colloidal routes (cQDs) can reach, along all directions, sizes < 10
nm. [26] This variety of sizes leads to important differences in terms of quantum
confinement when one route is applied or the other. Another distinguishing as-
pect to consider would be the Coulomb interactions present between each carrier
located inside of the QDs. These carriers experience Coulomb effects that become
amplified in ¢cQDs when the QD (inorganic) and the external medium (organic)
present a dielectric mismatch. This dielectric mismatch occurs because carriers
in these colloidal systems are placed closer to the QD-external medium interface
than that in the eQD case; iv) synthesis conditions; while very specific conditions
are required in epitaxial synthesis, such as ultravacuum conditions and reagent
evaporation with high purity materials, in colloidal synthesis, there is no special
condition to be fulfilled to carry this synthesis out. Therefore, economically, this
latter route turns out to be more attractive; [26] v) QD optics; colloidal synthesis
allows the control of size and shape in an accurate and reproducible way. This
gives rise to high monodispersity, spectral purity, and photoluminescence quantum
yield (PLQY). Moreover, the stronger confinement in colloidal systems results in
exciton binding energies (Eg( ) above thermal energy k7" even at room tempera-
ture (RT). Thus, devices such as those based on the mid- and long-wave infrared
spectrum [30] can take advantage of the excellent optics of excitons against non-



bound electrons and holes.

In view of all these features present in the colloidal route, one can understand
the intensive efforts made on the synthesis, comprehension, and, subsequently,
use of cQDs. In fact, over the last years, the transition from laboratories to the
commercial market of this cQD technology has been produced as an active means
for LED screens and devices. As an example, QD-LEDs have already been seen
as a substitute for organic LED (OLED) devices, since they present higher per-
formance. [31] In addition, television displays based on cQDs are expected to be
low-cost, bendable, rollable, and hangable (like posters). [32]

To go deeper into colloidal systems, it is convenient to summarize how a col-
loidal nanocrystal is formed. There are required: [I3] i) precursors that provide
the atoms that will promote the nanocrystals growing; ii) ligands that are respon-
sible for providing stability against the environment, controlling size and shape
of nanoparticles; iii) solvent that provides a homogeneous reaction medium that
makes the precursors soluble and, therefore, yields stability to the final product,
a nanocrystal.

The importance of ligands in colloidal synthesis must be particularly empha-
sizedﬂ The ligands in the colloidal synthesis can control the size and shape
of QDs, simply by tuning the surface free energy and the growth kinetics of the
QD, [33, 34, 135], 36] leading, thus, to isotropic or anisotropic QDs at will. [6 37, [38]
By means of ligand engineering a distinct number of physics associated with semi-
conductor dimensionality can arise. That is, semiconductors can be obtained
where their carriers (electrons, holes, etc.) are confined quantumly within the
three space dimensions (3D), yet they are not able to freely move along any
dimension (QD, 0D, Fig. ) Furthermore, those semiconductors with their
carriers confined quantumly within two space dimensions (2D) and freely moving
along one single dimension (nanorod - NR -, 1D, Fig. ) Or those where their
carriers experience quantum confinement along one spacial dimension (1D) and
have free movement over a plane in the coordinate space (nanoplatelet - NPL -

2D, Fig. )7 among others.

With respect to the dimensionality of the colloidal semiconductor, diverse
genuine elastic, electrostatic, optical, electronic, and magnetic properties can be
achieved. Next, the latter properties will be explored, making special mention of
2D Cd-chalcogenide-based NPLs, which are the main goal of this thesis.

NPLs are nanostructured semiconductors with ultrathin thickness controlled
by atomic precision. They are reminiscent of epitaxial quantum wells which revo-
lutionized solid-state physics at the end of the twentieth century, [41, 42] but with

2From here on, if otherwise is said, cQD is stated as a QD to simplify notation.



Figure 1.3: TEM images. (a) QD. Adapted from reference [12]. Copyright © 2021 American
Chemical Society. (b) NRs. Adapted from reference [39]. Copyright © 2018 American Chemical
Society. (c) NPLs. Adapted from reference [40]. Copyright © 2013 American Chemical Society.

some particularities such as:

1. Controllable lateral confinement between a few and tens of nanometres. [43]
[44] This confers, to NPLs, adjustable spectra, from quasi-continuous spectra
to a merely discrete one. Then, NPLs are considered quasi-2D systems. [42]

45, 0]

2. Strong dielectric contrast between organic medium and NPL. [47, [48] [49]

3. Possibility of developing heterostructures in-plane. [50, 51}, 52] 53]

Due to all of these particular features, research on NPLs has been intense and
prolific over the past decade. Some of the most noteworthy properties in NPLs,
hitherto observed, are mentioned.

Firstly, as a consequence of this synthesis control of NPLs layer by layer, NPLs
do not show inhomogeneous broadening problems [I3], 54] (single and ensemble
optical spectra of NPLs, normally, overlap between each other [55]). This results
in narrow broadband emissions (FWHM ~ 7 nm in CdSe [13]) in contrast to those
observed in QDs (FWHM ~ 30 nm in CdSe [27]). Additionally, because of this
homogeneity and meticulousness between various sizes of NPLs, a fast Forster res-
onant energy transfer (FRET) [56] is observed in contrast to that seen in a bunch
of QDs. On account of this, their emission energy tends to redshift (donor atom
emission) with relation to their absorption energy (acceptor atom absorption). [57]

Secondly, because NPLs are quasi-2D systems, their effective Bohr radii are

situated between two boundaries: the bulk effective Bohr radius (upper limit),
which is equivalent to the 3D Bohr radius — equation ((1.3]) —

ap = (aB)sp , (1.4)



and the 2D effective Bohr radius (lower limit), which is equivalent to half of the
3D Bohr radius (or equal to the 2D Bohr radius), [47, 58]

ap = (aB)sp/2 = (ap)2p - (1.5)

It is straightforward to see that the Bohr radius of the quasi-2D system is smaller
than that present in the 3D one but greater than (or similar to) that of pure 2D
systems, as long as dielectric effects are considered

(aB)2p S (aB)quasi—2D < (aB)3D - (1.6)

From the 3D and 2D boundaries in equation (1.6)) different conclusions can be
extracted:

1. When considering the hydrogen-atom Bohr formula, the N-dimensional ex-
citon binding energy (Eg( ND associated with this Bohr formula is

h2

EN)ND = -——5—
(E5) 2p(aB)ip

(1.7)
Furthermore, if equation (|1.5)) is considered and inserted into equation (|1.7)),

one can conclude that the relation existent between the 3D and 2D exciton
binding energy is (EX)ap = 4(E)3p [45] or simply

(EX)op > (B )sp - (1.8)

Therefore, relation (1.8) implies that excitons in NPLs are strongly bound
even at RT, despite the absence of strong lateral confinement.

2. Due to the combination of the reduced Bohr radius with the extended lateral
dimensions, another observed feature in NPLs is that the electric dipole
moment matrix element for excitonic state transitions which take place from
a vacuum state |0) to a given state |i) y - between the valence and conduction
bands (Fig. - is described by the following proportionality [59]

L N

Ol (=) (1.9)
aB)ND

where N represents the nanostructure dimensionality and L is the length

along the weak confinement direction. The proportionality in equation

can be rewritten in 2D in the following way: [47]
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Figure 1.4: Sketch of a transition from an exciton vacuum state to an exciton i-th one.

. \2D L \*_ L,L,

O (i) = gy 1

3. Since in expression the 2D Bohr radius is much smaller than the lat-
eral dimensions (ap)ap << L.L,, the term ({0] ]i))*” turns out to be
increased in NPLs. Furthermore, the term ((0| g |4) X)QD is proportional to
the oscillator strength. Thus, this proportionality in NPLs gives rise to a
greater oscillator strength than in QDs. This effect is known as Giant Oscil-
lator Strength Transition (GOST) and it affects linear [45] as non-linear [59]
optics in NPLs. However, it must be said that the exciton localization over
partial regions of the NPL, with an area inferior to that of L,L,, often
represents practical limitations on the GOST in experimental samples. [60]

Another consequence, owing to the fact that the lateral dimensions in NPLs
are much larger than those dimensions that the diameter of a QD can achieve, is
that NPLs can obtain higher absorption cross-sections o. [61] Then this results in
lower lasing thresholds [62] when trying to reach stimulation regimes in generating
lasers and, in turn, in higher optical gains. [63]

The superior optical properties displayed by CdSe NPLs in a wide variety of
aspects (summed up in Table. by comparison with their QD counterparts)
made NPLs one of the most studied objects since their suggested synthesis in
2008 by the two-person team Ithurria-Dubertret. [64] A NPL that is made up of a
single material and acts as an optically active core also finds itself simultaneously
exposed to both external medium inconveniences (e.g., having an impact on the
surface of the NPL that turns out photo-oxidized [65] or forming traps due to the
desorption of ligands [66]) and superficial structural defects during its synthesis
that consequently affect the PLQY of the NPL and stability. |67, [68] In the case



of QDs, most of the problems that arise from the surface or external medium can

be prevented by adopting the strategy of coating the core material with another
inorganic material, which has a band gap greater than that of the coated material
(that is, forming a potential energy barrier). [69} 70, [71] [72]

Property CdSe QD Refs. CdSe NPL Refs.
o (PLQY) ~ 0.1(Aemi = 545nm) (RT) BE | ~ 0.4(Aem; = 551nm) (RT) | [B53
27
FWHM (nm) ~ 30 28] ~ 7 [13]
[53]
vl
FRET (ns) 0.12-1 I3 ~ 0.006-0.023 [55]
I
5
- 49 }76: 1.89 B[]
5.4 I 122 7]
~ 100-200 )
EX (meV) ~ 40 (d = 3nm) I 198 (SML~1.51m) l49j
132 (5ML) ]
130-175 IS0
1= ]
EXX (mev) 5 ( = 3.6om) = 30 (5ML) )
12 (d = 2.2nm)
19-26 (d = 4.6nm) [82]
23 (d = 2.3nm) (RT) [83]
Tx (ns) 2535 (d = 2 — 4um) (RT) &4 ~ 0.44 (5ML) (RT) [48]
B3]
i (19) 0.006-0.1 (d = 2.2 — Tum) (RT) | [81] ~ 0,12 (5ML) (RT) i
0.17 (d = 4.6nm) (RT) [82]
Dipole moment (D) 5-15 [60] 15-23 [60]
o x 10712 (em?) ~ 0.016 (d = 6nm) [86] ~ 2(LyLy = 57.2 nm?) 87
Lasing threshold (p.J- cm™2) ~100-1000 (d = 2 — 6nm) 183 ~ 6 (5ML) 28}

Table 1.1:

3Calculated Bohr radius from definitions (1.3) and (L.5) (a5)3p/2 = (aB)2p = (aB)2p
2¢, /1, using the values found in reference [45] supplementary information: m. = 0.13mq, mnn

0.9m¢ and &, = &8.3.

Comparison of some properties between CdSe-based QDs and NPLs (zincblende).

4The trend is reversed for small QDs because in a strong quantum confinement regime,
electron-electron and hole-hole interactions overcome exciton-exciton interactions. Consequently,
both excitons turn out unbound, since the binding energy between each other results weakened.
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Figure 1.5: (Superior part) (a) core-shell and (b) core-crown NPLs. (Inferior part) band
alignments in heterostructures. (¢) Type-I, (d) quasi-Type-II and (e) Type-II.

Analogously to QDs, a similar strategy is adopted for NPLs. On the one hand,
there are core-shell NPLs (CS, Fig. ) [65], [68] These heterostructures place
their carriers inside or near the core, that is, far from the surface. This distance
between carriers and the surface produces a probability of decreasing the number
of trap states that affect the fluorescence efficiency and the environmental fac-
tors that influence the emission intensity (e.g., a higher energy threshold when
reducing/oxidizing a given surface or greater stability against the formation of
defects [28]). This leads to, at RT, quantum yields two times greater (& = 0.8)
than those seen in a single NPL - core-only, CO - (Table . [89] It must be
said that, as a consequence of increasing the thickness of the NPL, an energetic
redshift can be observed with respect to that of a CO NPL due to the relaxation
of the confinement energy experienced by the exciton. [90]

On the other hand, core-crown NPLs (CC, Fig. [L.5p) are heterostructures
that consist of coating a CO NPL laterally forming, as it claims its name, a
crown. [90, O1] This lateral growth around CdSe NPLs provides the possibility of
tuning and controlling the optoelectronic properties of the CC NPL while keeping
its thickness intact. As a consequence of fixing the NPL thickness, every single ab-
sorption energy from both materials comprising the CC NPL remains at the same
position as it would be in a CO NPL formed by their constituents. Alternatively,
the CC NPL emission energy, which depends on the material used for forming its
crown, can coincide with the lower absorption energy (almost negligible Stokes
shift due to a direct band gap recombination, Fig. ,d) or appear redshifted
with relation to it (evident Stokes shift caused by an indirect band gap recom-
bination, Fig. [L.5g). [52, 90] In addition, it must be remarked that when lateral
dimensions are increased in certain band alignments, the absorption cross-section
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increases notably.

Currently, there are available synthesis routes that allow one to form CS as CC
structures with combinations of metallic chalcogenides (CdX/ MY') which give
rise to different types of carrier distribution (Fig. ,d,e). The most frequent
combinations are as follows: [13], 65}, 90, [92]

o CdSe/ ZnS (type-1): [93] the electrons and holes formed in this heterostruc-
ture are both confined within the coated material (CdSe core) leaving the
coating material (ZnS shell) empty (Fig.|1.5¢). This kind of heterostructure
is known to have a direct band gap. Consequently, it has so far possessed
one of the highest quantum yields among heterostructures (® ~ 1). [89, 90,
94), 95|, 96] The origin of such an elevated quantum yield is twofold: i) the
high overlap between electrons and holes which results in fast radiative re-
combinations; ii) the effective passivation of the CdSe core which suppresses
superficial traps acting as non-radiative recombination channels.

o CdSe/ CdS (quasi-type-I): [50, [95] holes are confined like in a type-I het-
erostructure, whereas electrons can delocalize over the whole heterostructure
(Fig.|1.5d), since they have a low offset between core and shell/crown in the
conduction band. [97] The electron-hole overlap in this kind of heterostruc-
ture is lower than in type-I ones. Furthermore, electrons can suffer from
superficial effects. In the particular case of CC NPLs, note that the optics
of the formed exciton turns into a type-I-system-like behaviour, since the
confined hole pulls the delocalized electron towards it. This pulling hap-
pens because the weak lateral confinement in the core, experienced by the
electron, cannot compensate the Coulomb interaction that the source (hole)
exerts on it. [50]

o CdSe/ CdTe (type-11): [92, 98| electrons are placed within the CdSe domain.
Otherwise, the holes are spread over the CdTe region (Fig.[1.5k) placing their
electronic density as much in the top as in the bottom parts of the shell (or
around the core, that is, inside the crown). Slow radiative recombinations
as a result of spatial separation between carriers, whose overlap is relatively
poor, are characteristic of these heterostructures. [92] Moreover, in contrast
to what happens in type-I heterostructures, transitions take place through
an indirect band gap. These transitions show up not in the visible spectrum
but in the infrared one, below the CdSe and CdTe band gap energy. [52]

From the good optoelectronic properties and versatility that offer CdSe-based
NPLs, these ones are suggested as building blocks in applications such as las-
ing, [48, 62] LEDs, [99, 100] ratiometric sensors, [L01] photodetectors, [102] piezo-
electronics, [103], and so forth.
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Theoretical models are required to capture the main physical factors that de-
termine the NPL behaviour. These theoretical models allow us to understand the
features of these NPLs and predict situations of interest.

1.2 Modelling of colloidal nanoplatelets

Different computational methods have been explored to model the electronic struc-
ture of NPLs in an efficient and precise manner. On the one hand, there are
methods which model the NPL electronic structure by means of ab initio tech-
niques. [104} 105] On the other hand, there are those semi-empirical methods that
are used the most: the atomistic and continuum ones. Atomistic models (such as
Tight-Binding, pseudo-potentials, etc.) account for every single atom that forms a
NPL, and thus, they are more appropriate when studying alloys, [106] extremely
thin monolayers [I07] or ligand effects on the surface of a NPL, [108|, 109], for
instance. Occasionally, these methods have been used to study NPLs, [I10] but,
in general, they are computationally expensive and often impractical. This is due
to the large but finite lateral extension, consisting of tens of nanometres, present
in this kind of nanostructure. Therefore, it turns out to be worthwhile to use
other more efficient methods, such as the continuum ones. These latter methods
are based on the approach that a semiconductor can be visualized as a continuum
medium, just as its name indicates. In particular, the effective mass model, also
known as the k - p method, [I1, [IT1] allows one to know at an arbitrary Brillouin
zone point (for instance, at the I' point in ZB semiconductors like CdSe-based
NPLs) the excitons energy, PL spectrum characteristics, etc., by means of a re-
duced set of parameters, which can be obtained directly from the corresponding
bulk properties. [47), 112, 113}, 114] The power of this method when studying Cd-
chalcogenide-based nanostructures lies in the fact that these materials show their
excitonic transitions around this aforementioned symmetry zone. [I15] In view of
this fact, the k - p method is ideal for dealing with these systems. [80} 116}, [117]

In the first place, to derive this method, it must be considered the Bloch theo-
rem. [1T], TTT], 118, 119, 120, 121] This theorem states that the electron wavefunc-
tion in a crystal, which has periodic potential V(r +a) = V/(r), with a standing
for the lattice parameter, can be written as

\Ilnk(r) = eik.runk(r) . (111)

Here, k is the wavevector (quantum number of translational symmetry) and n de-
notes different bands of the crystal. In the equation , unk (r) are cell-periodic
functions which have translational symmetry wu,(r + a) = u,x(r). The exponen-
tial term e’ T are plane waves, slowly varying over the crystal. Wavefunctions of
the form satisfy the periodicity condition W,y (r +a) = W, (r):

U (r 4 a) = a0, (r) (1.12)
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so that any function satisfying equation ([1.12]) can be written in the form of equa-
tion (L.1I). Furthermore, any function of the form of equation (L.11) satisfies

equation (1.12)). [121]

However, when heterostructures are studied, the translational symmetry is
lifted in the direction in which the heterostructure is grown. In these cases, the
k - p method must be aided by the Envelope Function Approach (EFA). [11], 111,
120}, [T21] This approach assumes that, in both materials: (i) the lattice constants
are similar; (ii) there is absence of defects in the interface between them; (iii) their
crystalline structure is the same. A simple example is given below.

Let a heterostructure B-A-B be like that in Fig. [[.6h, where the transla-
tional symmetry has been truncated along the z direction. Otherwise, the x-
and y-directions conserve this symmetry. The wavefunction corresponding to this
heterostructure can be written as

U(r) = Z e ety (2) ug e (r) (1.13)
s a—
fu(r)

where one function changes very slowly fij(r) (envelope part) and the other, a
Bloch function wu; k(r), varies very quickly (periodic function). Note that x;(z) is
an envelope function along the z direction and is initially unknown. The summa-
tion over [ runs over as many (band) edges as are included in the analysis.

(a) z

A
(b)
V(r)
B A B,
1 —1 &0
e — ef = 6,
0 | sg
VA

Figure 1.6: (a) Simple sketch of an heterostructure. (b) Offset potential in an heterostructure.
Green(blue) colour stands for material A(B).

Then, two assumptions must be made with relation to the wavefunctions be-
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longing to the materials A and B: [11]

(i) Assumption 1: within each material the wavefunction is expanded on the
periodic parts of the Bloch functions of the considered edges

=S () (1.14)
l

if r corresponds to the A material and,

Zle) r)ui (r) | (1.15)

if r corresponds to the B material.

(i) Assumption 2: the periodic parts of the Bloch functions are assumed to
be the same in each material which constitutes the heterostructure:

i () = ufy) () = w(r) - (1.16)

Therefore, the heterostructure wavefunction can be written as

Zf( r)ugi(r) - (1.17)

Additionally, the Schrédinger equation for an electron in this heterostructure
would be

AP ()ue(r) = o () (1.18)
with, on the one hand, H'(A’B),

R h2
HAWB)(r) = —2—V2(r) + Va(r)0a + Vp(r)05 , (1.19)

m
where the first term is the kinetic energy, V4 and Vp are the potential energies
with their corresponding Heaviside functions 64 and #p which are related to the
material A or B, respectively; and on the other hand, ¢; (51 ) is the [-band edge
energy in material A (B), as shown in Fig. -lo In equation ((1.19| , the potential
energy and Heaviside terms take under consideration the conﬁnement potential
effects felt by electrons depending on the material they are located and modify,
consequently, this Hamiltonian equation in the following manner:

ﬁ(AB)(r)_{ QHZZV (r) + Va(r), ifr €A = 04 =1A05=0 (1.20)

TEV2(r) + Vp(r), ifr € B = 04=0A0p=1
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Here, taking into account Fig. , V4(VB) can be visualized as f (¢f}) and, for
instance, in the case where V4 = 0, Vp yields

Vp(r) =ef — it (1.21)

Thus, equation (1.21)) is what is known as the band offset potential (V*°). Notice
that this value is distinct for different bands [ of the crystal.

The role of the EFA is to incorporate the confinement potential [122] in het-
erostructures taking into account all the considerations described above. There-
fore, by combining EFA with the k - p method, heterostructures can be correctly
described.

Particularly, to investigate photophysical properties in NPLS it is often enough
to consider one band Hamiltonians. That is, Hamiltonian is projected on
equation ([1.17)) but restricting [ to a single band, either the conductlon band (')
for electrons or the heavy hole valence band (I's) — HH band — for holesﬂ

N. Np Ny,
H= Zh —I—Zhh—I—ZZV TeirThj) —|— Z Z Ve(rra,re )|, (1.22)
i=1j=1 k eh [i=1,j#i

where N, (IV},) is the number of electrons (holes). The V. terms consider Coulomb
interactions and he (hy) is the electron (hole) single-particle Hamiltonian that
corresponds to:

2
hi=Y" ( D:i +w>. (1.23)

Here, p; = (i, Piy,Pi,z) is the three-dimensional momentum operator and m}
the effective mass of the (quasi) particle <. On the other hand, the single-particle
potential term V; in equation can admit all kinds of interactions between
charge carriers and the environment (e.g., the potential barrier or offset felt by
electrons or holes when being placed in a given material or another, V( )) Or,
the dielectric conﬁnement effects that experience electrons and holes with their
image charges, V( h), among other terms. A particularly fruitful strategy in the
study of QDs has been the gradual inclusion of an increasing number of single-
particle potential terms in equation . [124, 125, 126, 127, 128] Compared to
experiments, this allows one to pinpoint the physical factors that are responsible
for the observed behaviour. The interpretation of experiments is often reached
with lower computational cost and more intuitive insight than with sophisticated

®The use of only the HH band in modelling NPLs, in contrast to QDs [123], is motivated by
the high anisotropy of NPLs along the thickness direction that pushes the light hole band away
from the HH one. This splitting, in CdSe, is about ~ 140-180 meV. [45]
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Hamiltonians that simultaneously include all the possibly relevant terms.

In recent years, the Quantum Chemistry (QQ) Group of the Universitat Jaume
I (http://quimicaquantica.uji.es/)) has focused on developing k - p-EFA mod-
els to study the electronic structure of NPLs. The goal is to properly determine
and include the relevant terms that make NPLs different from related nanos-
tructures, previously investigated with k - p models, such as epitaxial QWs or
nanocrystal QDs. Three features are critical in this regard: (i) a weak but finite
lateral confinement of a few tens of nm; (ii) the possibility of developing radial
heterostructures (CC NPLs) — apart from CS NPLs —; (iii) the strong dielectric
confinement due to their ultrathin thickness and the dielectric contrast between
NPL and external medium, which amplifies both repulsions and attractions be-
tween carriers.

The above-mentioned features make carrier-carrier interactions especially chal-
lenging to model. The finite lateral confinement forbids the use of Jacobi coor-
dinates, which is employed in QWs to simplify the mathematical formulation
of many-body interactions. Also, the strong dielectric confinement enhances
Coulomb interactions within the NPL. Along with the weak confinement, this
leads to a severe correlation regime where the standard methodology used in QDs,
such as perturbative approaches [129] or configuration interaction techniques [130],
may fall short. [131]

In 2017, the QQ Group developed its first model based on effective mass Hamil-
tonians for excitons within homo- or heterostructured NPLs. [47] The Hamiltonian
introduced excitonic interactions successfully by using a hybrid variational func-
tion between that of a QW and that of a QD, which avoids the possible lack of
convergence, [47]

Tlle—h

1 - *
\I/X = N(I)eq)he ‘B . (1.24)

In this wavefunction, N is the normalization factor, ®. and ®; are the single-
band electron and hole particle-in-the-box states, respectively. The exponential
term is an in-plane Slater correlation factor, where r|| ._j represent the relative
in-plane coordinates between electron and hole; and recall from equation
that aj; is the effective Bohr radius. By optimizing aj;, [47] equation is
able to capture the in-plane strong correlation effects between electron and hole
(using the exponential term) and the quantum confinement existing in-plane and
out-of-plane (through the product of ®.®p,).

The main goal of this Ph.D. project is to investigate the fundamentals of
optoelectronic and magnetic properties of a wide variety of many-body species
in heterostructured CS and CC NPLs based on CdSe. To do so, we build on
the reference [47] model and add several extensions to address NPLs of current
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practical interest, mainly for CS and CC heterostructured NPLs. To this end,
we will introduce V; terms in equation that were not yet considered in our
previous works and are expected to be relevant. These include the influence of
strain through deformation potentials; or the impact of point charges (acting as
surface electrostatic impurities) through point charge electrostatic potentials, by
solving Poisson equation. Apart from the V; terms, the consequences of applying
external magnetic fields are considered as well. In general, we intend to study
and explain, in heterostructured NPLs, the impact of elastic, electrostatic,
and magnetic phenomena on different excitonic species. To this end, we will
rewrite equation (|1.22]) in the following manner:

IA{ — ﬁconf _{_ﬁstrain _|_f{elect +1{[B ] (125)

Here, H"/ gathers the terms of the Hamiltonian that describe spatial quantum
confinement effects. Then it is given by equation with V; = V. Addition-
ally, H5!rain accounts for elastic effects, Heeet for electrostatic interactions, and
HB for magnetic effects. Explicit expressions for the latter terms are given below.

1.3 Elastic properties

The NPLs crystal lattice experiences deviations with respect to the bulk one. Ba-
sically, this deviation is due to two types of crystal defects: surface [132, 133, 134]
and interface defects. |65} 128 [135]

The former gives rise to lattice deformations induced by organic ligands, which
are used to passivate chemically dangling bonds of surface atoms. Furthermore,
they are responsible for effects such as (i) modification of the crystal structure
(e.g., from zincblende to tetragonal [133] or pseudotetragona]ﬂ [136]) or (ii) loss
of plate form (e.g., formation of nanoscrolls [40] 137, [13§]).

The latter (interface defects) arise in heterostructures because of the different
lattice parameters between materials. This elastic property will be one of the
objectives of study in this thesis, see Chapter [2, §

The formation of heterostructures involves strain phenomena. [128| [135] [139]
140] The different lattice parameters between the core and the shell/crown materi-
als (Table [1.2h) lead to compressive and tensile forces inside the heterostructured
system due to the lattice misfit (Table ) This lattice misfit has been ex-
ploited successfully for the application of low-threshold current density lasers in
epitaxial QWs, for example. [128] [141] 142] More recently, strain engineering has
also gained weight within the nanocrystal community. The first atomic layers
around the heterojunction undergo significant deformations to reduce the misfit,

5The NPL in-plane (lateral dimensions) lattice parameter is 1% smaller than the out-of-plane
(thickness) one.
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which give rise to deviations with respect to the electronic structure of the same
materials in bulk. Some of the resulting effects reported so far are changes in the
expected band alignment [135], the appearance of built-in piezoelectric fields [125],
or the stabilization of otherwise unstable crystal phases. [143]

(a)

a (A Material
6.08 CdSe
5.42 ZnS
5.83 CdSs
6.48 CdTe

(b)

3

Lattice misfit CdSe/ZnS CdSe/CdS CdSe/CdTe

f=1%5%] % 100 ~11% ~ 4% ~ 6.5%

Table 1.2: (a) Lattice parameters corresponding to different materials. (b) Lattice misfit
experienced by different heterostructures of interest.

To model these strain phenomena in NPLs, the position-dependent strain ten-
sor € must be calculated by the elastic energy minimization. This minimization
on the elastic energy is carried out through a continuum and linear elasticity
model. [I45] The influence of the resulting strain on the electronic structure of
electrons and holes is then defined through a single-particle potential V; = V(“Z“,;‘)”"
in equation . Then, within the deformation potential theory, up to first
order in e and second order in k, [146] the following general form of the strain
terms in a k - p Hamiltonian can be used [121]

kek 2kLp

Hstram —Df - e— _

1.26
=22, (1.26)

where ¢ and D€ are the strain and deformation potential tensors, respectively;

5Lattice parameter values, in fol, taken from reference [139].
7Equation taken from reference [144]. The terms a;=1,2 stand for the lattice parameters of
the core (1) and the shell/crown (2).
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myg is the free electron mass; k and p are the momentum operators acting on
the envelope and Bloch functions, respectively. The corresponding second and
third terms in equation describe the change in kinetic energy and the band
coupling strength due to strain. Both terms are generally neglected when studying
epitaxial quantum wells, since they are expected to be much smaller than the terms
containing only e. [I21] It is not obvious, however, if the second term can also be
neglected in NPLs because the extreme quantum confinement makes the kinetic
energy very sensitive to small deformations along the thickness direction. [133]
The third term is straightforwardly neglected because the HH and LH bands
are energetically well separated from each other. [45] The strong confinement,
considered in the second term of equation , can be relevant through the k,
component of the envelope momentum. When Hstrain jg projected on the Bloch
function of the conduction band, equation yields Vstrain — y/straindp 4
V*estrain,pz with [121]

Vvestrain,dp — ac(fxx + €yy + fzz) (127)
and
Vstram,pz _ _kzezzkz (1 28)
‘ me '
Here, a. is a material-dependent deformation potential coefficient; k, = —ihd/dz;

and mg , is the electron effective mass along the z axis, which stands for the NPL
thickness direction. Notice that the last term of equation has vanished in
Vstrain since the operator p has odd parity under inversion and, as a consequence,
changes even Bloch functions to odd ones and vice-versa. Similarly, when Fstrain
is projected on the Bloch function of the heavy hole valence band, equation

leads to V5train = vy train.dp 7% tratmpz where

X b
v = (% + 2) (€xw + €yy) + (a0 = b)ez (1.29)
and
3 kz ZZkZ
ysirainps __Ke€ssks (1.30)

my, .

Here a, and b are the deformation potential coefficients and mj , the hole effective
mass along the thickness direction. Piezoelectric terms, which 7may be relevant in
wurtzite NCs, [16, 127, 128] are neglected when studying zincblende CdSe-based
hetero-NPLs because their high symmetric crystal phases make piezoelectric po-
tentials influence on electron and hole ground states poorly. [147]

Because lattice mismatch strain is inherent in all types of heterostructured
NPLs (CS and CC), one of the goals of this Ph.D. dissertation is to implement
equations 1.27— into Hamiltonian and elucidate what the influence
of strain is in these systems. This is addressed in Chapter [2}, § [2.1]
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1.4 Electrostatic properties

The dielectric mismatch effect between colloidal semiconductors (NPLs, QDs,
NRs, etc.) and the external medium turns out to be an important electrostatic
property to be taken into consideration. [47), [148| 149] 150} 151] For example, in
a cubic CdSe-based semiconductor at RT and low (high) frequency electric fields,
its relative dielectric constant g (£c), along all directions of space, is around
9 (6). [I52] On the contrary, a typical ligand, as it is the oleic acid (OA), un-
der the same conditions as stated above for CdSe, its relative dielectric constant
ranges from 2 to 3. [80] This difference between the relative dielectric constants
of a semiconductor and its external medium leads to what is known as dielectric
confinement. This dielectric confinement implies a modulation of Coulomb in-
teractions between charges that, within a semiconductor, become stronger when
effectively reducing the dielectric screening of the system (Fig. . [47, 149, [80]

b
(a) €1=€2 ( ) €1>82

-

Figure 1.7: Two-dimensional in-plane representation of an exciton inside a NPL (a) without
dielectric confinement and (b) in the presence of dielectric confinement between inorganic medium
€1 and organic one g2. Superficial colours on the NPL surface represent, qualitatively, the electric
potential from positive (red) to negative (blue) charge and the superficial arrows represent the
direction and magnitude of the electric field force.

With the objective of quantifying this dielectric confinement, it is often con-
venient (and physically intuitive) to face the problem like that of charges in-
side a homogeneous dielectric medium. In this manner, the effects coming from
the different polarizability are considered by means of an induced superficial
charge. [153], [154], [155] This superficial charge has a twofold effect, when 1 > €5
(Fig. [1.7b), it intensifies the direct interactions between distinct particles, but
also between each particle with the superficial image charge that each real par-
ticle generateﬂ The latter effect must be corrected since it makes no physical

sense. To do so, a term called self-energy V(‘Ze}lf; is plugged into the single-particle

Hamiltonian (1.23). Similarly, Vpe(re,rp), which is the polarized Coulomb in-
teraction between the electron and hole. This term would be established in the
general Hamiltonian (1.22]). In the case of an exciton, a dielectric Hamiltonian

8When &1 = 2 all the interactions are weakened (Fig. )
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containing these terms can be written ag)]

N N. N

Frdiel __ d self h
H - Z Z rZ +ZZ%01 reurhj) . (131)

k=e,h |i=1 i=1j=1

Both Viself and V), are responsible for the dielectric confinement modulation.
For the case of €1 > &9, V(“h])c increases the system energy (> 0) while Vg (re, 1)
decreases it (< 0). [156]

In strongly confined spherical QDs, Viself and V), cancel each other approx-
imately. [148] In NRs, due to anisotropy, cancellation is less efficient, with erlf
having greater influence than V). This, once their longitudinal quantum con-
finement saturates, has led to energy blueshifts of up to 50 meV. [150] For NPLs,
because of the combination of their ultrathin thickness and extreme anisotropy,
the attraction of the electron and hole image charges partially compensates for
the dominant repulsive effect of single-particle self-energies. [I40] As a conse-
quence, NPLs give rise to a whole gamut of energy blueshift values from ~ 25 —
50 meV. [43] 47, 157] These values are the balance between lateral confinement
and electron-hole interaction. For the case of self-energy terms, without consid-
ering lateral confinement, the energy blueshift can reach up to a few hundreds of
meV. [47, [112] This conspicuous amplification of electrostatic interactions between
carriers inside a NPL makes it essential to consider the dielectric confinement when
studying this type of nanostructure.

X° XX X4
@ ®| @ @, | DT
D
@O ! G > @@ | & D
@ D ® @
. . unicharged | bicharged | tricharged n-charged
S| e exciton exciton exciton exciton

Figure 1.8: Different kind of excitonic species in nanostructures. The superscript ¢ represent

sign and number of spectator charges. When ¢ is negative (positive) implies insertion of electrons
(holes).

This change in interactions amplifies not only excitonic interactions — be-
tween electron and hole ground states, which are the most frequently encoun-
tered species in experiments — but also those interactions between (i) a recombi-
nant exciton and possible spectator charges, which can form multicharged species
(Fig. — X4 species —) and, as shown in Chapter [2| § can give rise to

°In reference [156] can be found explicitly Véeéf) and V,, terms for a dielectric quantum well.
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shake-up processeslﬂ, for instance. [I58, [159), 160] These processes, among oth-
ers [114], 161, 157, 162] can contribute to a broadening of the emission band in
CO and CS NPLs; [160, 163] (ii) or within biexciton complexes (Fig. - XX
species —), which are also of interest for applications in low-threshold lasing, [48]
energy harvesting [164] and quantum cascade emission of photon pairs. [165] These
biexciton complexes are formed, quite the opposite for excitons, when NPLs are
exposed to high excitation power pumps. [166] At the same time, the above-
mentioned change in interactions may lead to a different behaviour in NPLs, with
respect to other nanostructures, in terms of charge injection [167, 168, 169] or
multicharged species optics. [128| 170, 171, [172] Therefore, both (charge injection
and multicharged species optics) are explored in this thesis, see Chapter l § -
and [2.4] along with the role that have shakeup processes in spectra linewidth
broadening mediated by point charge electrostatic potentlals V( ) inserted into
the single-particle potential term V; in equation (|1 , which modify electron and
hole wavefunctions, see Chapter 2| §

The terms accounting for electrostatic interactions in the Hamiltonian read

Iflelect Hcoul +Hdzel _|_V*(Zml; (132)

where the bare Coulomb interaction is given by

Ne Nh Nk:
aet = ZZV (TeisThj) + Z Z Vet rrj) | - (1.33)
i=1j=1 k eh |i=1,j#i

That is, the interaction in a homogeneous dielectric environment.

1.5 Magnetic properties

The application of magnetic fields on nanocrystals has been used exhaustively in
elucidating the fine structure of excitons in diverse semiconductor systems. [12,
173, [174], 175, 1706)

Under external magnetic fields, excitons, which were optically active (bright
excitons), may turn into optically inactive (dark excitons). This modification
in the optical activity of excitons is due to the hybridization of their energy
states. [173] 177, 178, 179, 180]

Beyond the interaction of the magnetic field with the exciton fine structure,
there are other manifestations of magnetic effects that have been barely explored
to date. One such effect is the Aharonov-Bohm (AB) phenomenon. [183] This

107¢ is a partly radiative Auger process, where an e-h pair recombines radiatively, giving part
of its energy to an spectator charge (extra electron or hole). This spectator charge, consequently,
promotes towards an excited state (this excitation happens in-plane).
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Figure 1.9: (a) Illustration of a magnetic field flux piercing the orbit of a charged carrier;
(b,c,d) ground state oscillations as a function of an applied magnetic field B: (b) Quantum ring.
Adapted from the reference [I8I]. Copyright © 2005 IOP Publishing. (c,d) Type-II quantum
disk. Adapted from the reference [I82]. Copyright © 2008 American Physical Society.

phenomenon consists of the action that a potential vector exerts on quantum-
mechanical particles in systems with doubly-connected topology. That is: a
charge ¢ orbiting around a doubly-connected region with non-zero magnetic flux
(g = /B -dS # 0, Fig. [L.9h) acquires a Peierls phase, which turns out to be a
periodic function of the magnetic flux &g, g = f(®Pp), where its period is given
by a quantum of magnetic flux i/e. Remarkably, this occurs even if the magnetic
field is zero in the region of the charge. It is the vector potential that affects this
particle. [184]

A specific consequence of this phenomenon, which takes place in some nanos-
tructures, is the so-called optical AB effect (0AB). [182, [I85] This effect arises in
doubly-connected structures if the electron and hole that form an exciton have
a different mean radius. The magnetic flux (and the ensuing Berry phase) ac-
quired by each carrier in the presence of an external field is then different. With
increasing magnetic flux, the electron and hole ground state start changing their
symmetry (that is, the so-called AB oscillations), but they do so at a different
pace. At some values of the external field, the two carriers have different orbital
symmetry. The optical transition across the band gap is then forbidden by selec-
tion rules. Thus, the external field emerges as a handy knob for turning on and
off the optical recombination in the nanostructure. The question arises whether
colloidal NCs, which are already implemented in optical display technologies, may
also benefit from this effect. We address this question in type-II CC NPLs, where
the doubly-connected topology of the crown [see Fig. ] enables one of the car-
riers to undergo AB oscillations.

Another important magnetic effect to consider is the formation of magnetic

phases in nanostructures, as it could be paramagnetism. For example, by con-
trolling the surface chemistry [159, [I86] or charge [I87, 18], in CdSe-based QDs,
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paramagnetic centres can arise as the source of magnetism in these systems. Fur-
thermore, the pronounced exchange interactions between electrons and holes, in
these QDs, turn out to be an important feature in the way of obtaining mag-
netic ordering. [I89] These exchange interactions, in NPLs, such as CO and CC,
may be particularly relevant and may also become increased due to the strong
quantum and dielectric confinement, in the out-of-plane direction, combined with
the weak lateral confinement , over the in-plane directions, seen in these types
of nanostructures. In a typical CdSe-based CO NPL with large lateral dimen-
sions: first, the energy spacing between ground and first excited states is about
10 meV [92, 112, [190] and secondly, when applying magnetic fields perpendicularly
to the NPL plane, considerable diamagnetic shifts are enabled through the radial
part of the first term in equations (1.34) and (1.35). The mean squared radius,
22 + y? in both equation [1.34] and [1.35} increases with the lateral dimensions of
the NPL, leading to significant diamagnetic shifts. As a consequence, these NPLs
can give rise, with the application of attainable external magnetic fields, to para-
magnetism mediated by dangling bonds [I77, 191] — which have paramagnetic
surface spins — or doping. [192] 193] Then, effects of paramagnetism in NPLs,
when applying external magnetic fields, may result worthy of exploration.

In this thesis, then, it has been investigated as well, in type-II CC NPLs,
whether the AB effect occurs and whether magnetic phases are formed when
external magnetic fields are applied through systems containing multiple injected
charges; see Chapter[2]§ To carry out our calculations regarding the magnetic
effects pointed out above, for NPLs, axial magnetic fields are usedEL For the
case of 1-band electrons (spin 1 or spin |) and using a potential vector with
symmetric gauge A = %(—y, x,0), which provides an out-of-plane magnetic field
B =V x A = (0,0, B,), the following magnetic Hamiltonian H” can be used:

Ne 2
3 B B
B 2 2 A N
e = ; <8m£e(m +y)+ ng e(wpy — Yba) + geMBBzUZ> . (1.34)

where B, is the axial magnetic field, m7 _ the in-plane electron effective mass,
ge the electron gyromagnetic constant, ,u]; the Bohr magneton, =z and y are the
in-plane coordinates, p, and p, the in-plane momentum operator components and
0, is the Pauli matrix in the direction z. In the case of holes, it must be taken
into consideration that, in 1-band models, electron and hole dispersion energies
are considered, qualitatively, as mirror images of each other. [I94] Then, the hole
magnetic Hamiltonian would be

"The use of axial magnetic fields in NPLs is motivated by the fact that carriers can move
more freely over all the extended lateral dimensions, affecting to a greater extent the Bohr radius
of excitons, or other formed species. [77]
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Note that in equation ([1.35)), in contrast with equation (1.34): (i) the signs be-
tween terms change from additions to subtractions and (ii) the extra 3 in the

Zeeman(last) term, which is given by the heavy hole pseudospin +3/2.

Ny, 2
BZ BZ N N
1.h

Equations (| and (| - can be rewritten to account for many-body sys-
tems and set them in A5 leading to

N
i [;H,fl : (1.36)

k=e,h

To bring together all the effects seen so far (elastic, electrostatic, and magnetic
effects) in the same Hamiltonian, it can be written from equations ([1.23]), (1.25)),

(1.26]), (1.32)), and ((1.36), the following expression

N
2 1 Pe,i B phJ -
weg (B [ vomn] ST com] o 3 | 3 )
i=1 e j=1 J k=e,h |[i=1,j#i
Ne Nh
DD Vet Vi + Velresthy) + Vpor(Te tnyg)) o (1.37)
i=1j=1

where the single-particle potential terms can be expanded as
Ve,i = Vbq + VS’-Elf + Vsﬁmm’dp + VS'?mm’p ? 4 yime (1.38)
’ €,1 e °
— Lf train,d 13 ) i
Vi = V5 + Vsl g ypiramde g ysirainz g yime. (1.39)
Then, manipulating equations (1.37) along with ((1.38) and ((1.39), in this

doctoral programme, different studies have been carried out on phenomena of
interest, mainly in NPLs, within the k - p-EFA method, leading to a collection of
published articles and the elaboration of this thesis.
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Chapter 2

Publications

2.1 Strain in Lattice-Mismatched Nanoplatelets

”Strain in Lattice-Mismatched CdSe-Based Core/Shell Nanoplatelets.”
Jordi Llusar, Josep Planelles, and Juan I. Climente.

J. Phys. Chem. C 2019 123 (34), 21299-21306

DOI: https://doi.org/10.1021/acs. jpcc.9b06577

Abstract:

We investigate the role of stress arising between core and shell materials in col-
loidal CdSe/X hetero-nanoplatelets (X = ZnS, CdS, CdTe). The resulting strain
distribution is calculated within the linear elastic regime and also its influence on
the electronic structure with k - p theory. We show that strain shifts the energy
of electrons and that of holes by several tens of millielectronvolts (meV). In struc-
tures with type I band alignment, the two shifts have opposite signs and the net
effect on the exciton emission energy is small, but both these add up in type II
systems. The strain response in colloidal nanoplatelets (NPLs) is found to ex-
hibit some differences as compared to that of epitaxial quantum wells, including
a sizable influence of lateral dimensions below 10 nm and a potentially relevant
effect of coupled strain—-momentum terms of the Hamiltonian. We further show
that an asymmetric shell covering leads to bending of the nanoplatelet and tilted
potential profiles along the strong confinement direction, analogous to a built-in
electric field. We propose overcoating CdSe/CdS NPLs with an outer ZnS shell
as a method to mitigate the tunneling-induced red shift of emission via strain
engineering.

26


https://doi.org/10.1021/acs.jpcc.9b06577

Strain in lattice mismatched CdSe-based

core/shell nanoplatelets

Jordi Llusar, Josep Planelles, and Juan I. Climente*

Departament de Quimica Fisica i Analitica, Universitat Jaume I, E-12080, Castelld de la

Plana, Spain

E-mail: climente@uji.es



Abstract

We investigate the role of the stress arising between core and shell materials in
colloidal CdSe/X hetero-nanoplatelets (X=ZnS,CdS,CdTe). The resulting strain dis-
tribution is calculated within the linear elastic regime, and its influence on the elec-
tronic structure with k-p theory. We show that strain shifts the energy of electrons
and that of holes by several tens of meV. In structures with type-I band alignment
the two shifts have opposite signs and the net effect on the exciton emission energy
is small, but in type-II systems they add up. The strain response in colloidal NPLs
is found to exhibit some differences as compared to that of epitaxial quantum wells,
including sizable influence of lateral dimensions below 10 nm and potentially relevant
effect of coupled strain-momentum terms of the Hamiltonian. We further show that
asymmetric shell covering leads to bending of the nanoplatelet and tilted potential pro-
files along the strong confinement direction, analogous to a built-in electric field. We
propose overcoating CdSe/CdS NPLs with an outer ZnS shell as a method to mitigate

tunneling-induced redshift of emission via strain engineering.



Introduction

In the last decade, quasi-two-dimensional colloidal metal chalcogenide semiconductors —often
referred to as nanoplatelets (NPLs)— have emerged as an alternative to quantum dots for
a variety of optoelectronic applications.! Many properties of interest have been reported,
often related to their 2D dimensionality. Thus, precisely controllable quantum confinement
in one direction enables narrow emission linewidths and reduced Auger recombination rates.
At the same time, the large in-plane area grants large absorption cross-sections and giant
oscillator strength through exciton correlation.'™

The large surface-to-volume ratio of NPLs makes them highly sensitive to the environ-

ment.>® Attempts have been made to passivate the surface of CdSe NPLs by growing either

7,8 9-12,15

core/crown heterostructures”® or core/shell ones, which have succeeded in improving
the emission quantum yield and stability. However, the addition of shell materials has a
profound impact on the electronic structure too. As compared to core-only CdSe NPLs,
CdSe/ZnS hetero-NPLs display redshifts of up to 300-400 meV and CdSe/CdS ones up to
500 meV. 12141617 The origin of such a large redshift has been discussed in the literature.
Some studies suggest it simply arises from carrier tunneling into the shell, which relaxes
quantum confinement.'®*17 Others claim instead that tunneling in CdSe/ZnS is hindered
by the large band-offset (around 1 eV) and suggest the decrease in dielectric confinement
upon shell growth provides an additional, non-negligible contribution to the redshift.'? On
the other hand, CdSe has significant lattice mismatch with both CdS (4%) and ZnS (12%).
Therefore, strain is also expected to play a role. Achtstein et al. calculated the effect of linear
elastic strain on the exciton energy of CdSe/CdS NPLs, and concluded it gives a moderate
blueshift of the exciton energy.!” By contrast, Luo et al. grew CdSe/ZnS NPLs for solar cell
devices and inferred from photoluminescence and open current voltage measurements that
strain was producing a redshift, and possibly type-1I band alignment.'® In this context, a

thorough study of the influence of elastic strain in lattice mismatched hetero-NPLs is on

demand.



In free-standing colloidal hetero-nanocrystals, strain engineering has proved to be a pow-
erful tool to modulate exciton energy and wave function, with direct implications on the
optoelectronic response.? 2! Likewise, in epitaxial quantum wells, strain engineering of the
band structure has been key to reducing lasing threshold and optimizing laser performance. 22
Since core/shell NPLs are the colloidal analogous of epitaxial quantum wells, the question
arises of whether strain can also give rise to significant changes of the electronic structure,
and whether they take place in the same way as in epitaxial quantum wells. In this work,
we address such questions for lattice mismatched hetero-NPLs.

We study core/shell NPLs with binary CdSe/X composition (X=CdS, ZnS, CdTe). The
strain is calculated within linear elastic theory, and the effect of the resulting deformation
potential on excitons is computed with effective mass Hamiltonians fully including electronic
correlation effects, which are critical in these structures owing to the weak lateral spatial
confinement and strong dielectric mismatch. %" We find that the strain response of colloidal
NPLs is reminiscent of that epitaxial quantum wells, albeit with some qualitative differences.
The finite lateral size of the NPL influences the strain value in the core for dimensions
below ~ 10 nm. Also, coupled strain-momentum terms of the Hamiltonian, which are
negligible in epitaxial systems, have a moderate impact on the exciton energy (up to tens of
meV) due to the stronger quantum confinement of colloidal structures. In CdSe/CdS and
CdSe/ZnS NPLs, the compressive strain inside the core blueshifts and redshifts electron and
hole energies, respectively. For neutral excitons, the two effects tend to compensate and the
energetic imprint of strain is weak. The effect is stronger for excitons in type-II CdSe/CdTe
NPLs, as the electron stays in the tensiled core but the hole migrates into the compressed
shell, so that the two carriers redshift. In all cases, however, the strain effect on the emission
energy is found to be secondary as compared to tunneling into the shell. We propose the
use of ternary structures, such CdSe/CdS/ZnS NPLs, as a means of decoupling tunneling
and strain effects. Interestingly, we show that a slightly asymmetric shell covering —different

number of shell monolayers (MLs) on top and bottom sides of the core— can explain the



bending of NPLs observed in recent experiments with CdSe/ZnS NPLs. !2

Methods

Strain maps are calculated by minimizing the elastic energy in the anisotropic continuous
mechanical model.?® The boundary conditions are zero normal stress for the free surface.?
The strain tensor elements ¢;;(r) is obtained using the multiphysics mode of Comsol 4.2
software. Exciton states are calculated following Ref.,?6 but adding strain-induced potential

terms. Thus, excitons are described by the Hamiltonian:
HY = H*+ H"+ V" 4+ B, (1)

where EZ™ is the bulk band gap of CdSe at the T' point, V¢~" is the electron-hole Coulomb
attraction including dielectric mismatch enhancement, and H7 are the single-particle Hamil-
tonians for electron (j = e) and hole (j = h). These are 3D single-band k-p Hamiltonians of
the form H7 = H], + V7, where HJ, is the kinetic energy term and V7 the single-particle

potential. The latter can be split into several terms:
Vj = ‘/b]o + ‘/sjelf + ‘/s];rain‘ (2)

where Vb]n is the spatial confining potential defined by the (bulk) band offsets between CdSe

and the shell material, Vsjl 7 the self-interaction potential due to the inhomogeneous dielectric

environment, and V7, .

the strain-induced potential. Within deformation potential theory,
up to first order in € and second in k, the general form of the strain terms in a k-p Hamiltonian
is :22

Hstrain:Ds'e_i—Qi. (3)

Here, € and D*# the strain and deformation potential tensors, mg the free electron mass, k the

momentum operator acting on the envelope function and p that acting on the (microscopic)



Bloch function. The second term in Eq. (3) describes the change in the kinetic energy
due to the strain, and it is generally neglected in the study of epitaxial quantum wells
because it is expected to be smaller than terms containing ¢ alone.?? However, we keep the
k. component because the strong confinement of colloidal NPLs along [001] suggests it can

become relevant, as we confirm in the next section. When projected on the conduction band

(CB) Bloch function, Eq. (3) gives rise to VZ,,,, = VPt L VP2 with:
Vitrain = e (€aa + gy + €22, (4)
and
kZGZZkZ
‘/szzi;in == . ) (5)
me,z
Here a. is a material dependent deformation potential coefficient, k., = —ihd/dz and m; , the

€

rain DECAUSE

electron effective mass along z. Notice the last term of Eq. (3) vanishes in

p has odd parity. Likewise, when projected on the valence band (VB) heavy hole Bloch

function, Eq. (3) gives Vg = Vithain + Vi, with:
Vg%r);z}zl'n = (ay + g) (€az + £4y) + (av — b)esz, (6)
and
Vit =~ ™)

where a, and b are deformation potential coefficients, and mj, , the hole effective mass along
z. As we shall see below, strain is roughly constant around the center of the NPL plane,
where most of the charge density is located. For this reason, it is a good approximation to

describe V¢ . and V7

e ain irain SIMPly as functions of z, taken along the axis orthogonal to the
NPL plane. Piezoelectric terms are neglected in this study because they are negligible in
CdSe-based hetero-NPLs with cubic crystal structure.”

Hamiltonian (1) is solved variationally by optimizing the effective exciton Bohr radius.?



Material parameters used in the calculation are given in the Supporting Information.

Results and discussion

Our goal is to study the strain distribution in core/shell NPLs and its influence on the
electronic structure. We first analyze in detail the prototypical case of CdSe core surrounded
by a shell of CdS, ZnS or CdTe. The shell is symmetric on top and bottom. Next, we analyze
the effect of having asymmetric shell coating, and show that this deviation from ideality
can explain a few features observed in recent experiments. Last, building on the behavior
observed in previous sections, we briefly address the case of ternary NPLs, to illustrate the

potential of strain engineering in such systems.

Symmetric core/shell NPLs

Finite and controllable lateral confinement is a distinct feature of colloidal NPLs as compared
to epitaxial quantum wells. We then start by studing if it has a significant effect on the strain
experienced inside the platelet. We consider CdSe/CdS NPLs with 4.5 ML CdSe core and 5
ML shell thickness, and calculate the hydrostatic strain, epyq = €40 4 €4y + €2, for the three
different lateral dimensions shown in Figure 1(a-c).

In general, €,q is compressive in the CdSe core and tensile in the CdS shell (Fig. S1).
Because the ground state charge density is mostly localized inside the core, it is worth
inspecting this region in detail. The corresponding values of €4 on the mid-height xy plane
of the core are plotted in Figure 1(d-f), and a cross-section comparing the strain in all three
structures along the x semi-axis is shown in Figure 1(g). The general behavior is as follows.
A flat area of compressive strain (enyq < 0) is formed around the center of the NPL, which
extends towards the sides. About 5 nm before reaching the border, the strain becomes
slightly more compressive and in the close vicinity of the border (< 1 nm), it switches to

tensile (gpyq > 0). The compressive character is because of the larger lattice constant of the
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Figure 1: Effect of the lateral sides on strain. ) Schematic of core-shell NPLs with
different lateral dimensions. The CdSe core has 4.5 ML and the CdS shell 5 ML thickness.
(d-f) Corresponding values of hydrostatic strain over the zy plane at mid-height of the core.
(g) Hydrostatic strain cross-section along the x semi-axis for different lateral dimensions. A
flat area of compressive strain is formed around the center, with deviations in the vicinity
(~ 5 nm) of the borders. NPLs with smaller lateral dimensions are more compressed.

CdSe core, which needs to shrink to reduce lattice mismatch with the CdS shell. The tensile
character near the borders, instead, is a compensation for the central contraction, which is
facilitated by the absence of forces acting on the lateral sides.

Since the strain potential felt by electrons is V5, ., = @cEnya, With a. = —2 eV for CdSe,
the increase in compressive character near the borders gives rise to a small potential barrier,
while the sudden switch to tensile strain yields a narrow potential well near the borders.
These effects modify the effective size of the NPL because quantum confinement in the plane
is very weak, but the ground state wave function is only slightly perturbed and stays around
the center of the core (Fig. S2). In the center of the core, strain is also affected by lateral
confinement, as exyq grows stronger with decreasing dimensions —20% increase from 40 x 40
nm? to 8 x 8 nm?, see Fig. 1(g)—. This will blueshift the electron energy through V¢, ...
by a several meV. It is worth noting that this magnitude is comparable to that of lateral
quantum confinement itself,?®3° and provides a source of linewidth broadening in ensembles
of core/shell NPLs.

In what follows, we focus on NPLs with 40 x 8 nm? sides, which is close to the experi-
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Figure 2: Effect of shell thickness and composition on the hydrostatic strain. (a) CdSe/CdS
NPL. (b) CdSe/ZnS NPL. (¢) CdSe/CdTe NPL. The strain is taken along the z axis, passing
through the NPL center, normal to the its surface.

mental dimensions of recent works.'>!3 In Figure 2 we study the effect of shell thickness and
composition on exyq along the z axis. For CdSe/CdS and CdSe/ZnS, the strain is compres-
sive in the core and tensile in the shell, while the opposite occurs for CdSe/CdTe because
the lattice constant of the CdTe shell is larger than that of the CdSe core. In all cases, the
core (shell) becomes more (less) strained with increasing shell thickness. This is because the
thicker material forces the thinner one to endure most of the deformation. The net compres-
sive (CdS, ZnS shells) or tensile (CdTe shell) character of e, in the core is given by €, +¢€y,.
Since the interface between core and shell lies on the xy plane, the magnitude of this term
is larger than that of £,,, which has opposite sign as expected from the Poisson ratio (see
Figure S3). This is precisely the opposite behavior to that of core/shell nanorods.? In the
center of the NPL, we find the ratio between lateral contraction and vertical expansion —or
vice-versa— closely follows the biaxial strain expression for cubic crystals, €., = —2¢12/¢11 €
as in epitaxial quantum wells.??

From the diagonal elements of the strain tensor one can infer the strain-induced defor-
mation potential, V¢ and V%" which we plot in Figure 3. The figure shows that, inside

strain strain?

compressed cores, a shift of the CB bottom to higher energies takes place, which saturates
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Figure 3: Effect of shell thickness and composition on the deformation potential for CB
(top panels) and VB (bottom panels). (a,d) CdSe/CdS NPL. (b,e) CdSe/ZnS NPL. (c,f)
CdSe/CdTe NPL.

at about 50 meV (CdSe/CdS, Fig. 3(a)) and 120 meV (CdSe/ZnS, Fig. 3(b)). Conversely,
when the core is under tensile strain (CdSe/CdTe), the CB shifts to lower energies (down
to -60 meV, Fig. 3(c)). This modifies the band offsets seen by electrons, providing energetic
corrections which have been overlooked in previous simulations of hetero-NPLs disregarding
strain. 1271426 The good agreement between theory and experiments in such works is because
for holes the behavior is similar to that of electrons. As shown in Fig. 3(d-f), strain also shifts
the VB top towards higher (lower) energies when the core is compressed (expanded).3! Even
the magnitude of the shift is comparable, despite the anisotropic nature of V%" = Then,

the shift of electrons and holes partially compensate, and the exciton emission energy is not
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expected to change drastically.
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Figure 4: Exciton energy as a function of the shell thickness in (a) CdSe/CdS and (b)
CdSe/CdTe NPLs. Red circles show results considering tunneling only. Grey dots include
dielectric effects too. Blue circles further add strain effects. All energies are referred to that
of the exciton in core-only CdSe NPL.

To better visualize and understand the role of strain on the exciton ground state, we
calculate its energy from HX, with full inclusion of in-plane Coulomb interaction, for dif-
ferent shell natures. First, we focus on the case of CdSe/CdS NPLs. Fig. 4(a) shows the
exciton energy shift in CdSe NPLs with n MLs of CdS shell on each side, as compared

to the core-only CdSe NPL. Red circles show the case where dielectric confinement (V7, 2

polarization of V¢=") and strain terms (V7 .. ) are neglected. The exciton is then found to

strain
redshift by 454 meV upon shell growth, due to electron leaking into CdS. The inclusion of
dielectric confinement terms gives rise to an additional redshift of up to 23 meV (grey dots).
This effect was noticed in Ref.'? and is a consequence of the suppression of self-interaction
potential energy. Further including strain terms provides yet an extra 17 meV redshift (blue
circles). As anticipated above, the energetic effect of strain is relatively small, owing to the
compensation of electron and hole shifts. We note that a previous theoretical study indicated
that strain in CdSe/CdS NPLs gives rise to a blueshift instead.!” This is due to the different
parameters used for deformation potential and elastic constants, as there is enough disper-
sion in the literature to change the net sign of strain energy perturbation (see discussion in

SI). In any case, for all set of parameters we find that in CdSe/CdS NPLs strain is secondary

term (few tens of meV) as compared to tunneling (hundreds of meV).
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Next we consider the case of CdSe/CdTe NPLs. As can be seen in Fig. 4(b) —cf. blue
circles and grey dots—, here strain produces an exciton energy redshift up to 63 meV, almost
4 times larger than in CdSe/CdS. This is because of the type-II band alignment, which places
the electron inside the tensiled CdSe core and the hole inside the compressed CdTe shell.
Then, both carriers redshift and there is no cancellation. However, the strain effect is still
but a perturbation to the confinement energy set by the staggered band-offset (red dots in
the figure).

In CdSe/ZnS NPLs, photoluminescence experiments have shown shell growth leads to a
large redshift (300-400 meV, for 4.5 ML cores).'>!* Because the band-offset between CdSe
and ZnS is around 1 eV, tunneling is expected to be less important than with CdS or CdTe
shells. By contrast, the lattice mismatch is large (over 10%). For this reason, some studies
have suggested strain may play a chief role in determining the redshift, and may even lead
to a type-1I band alignment.!® To clarify the influence of strain in these structures, in Figure
5 we plot the exciton energy as a function of the ZnS shell thickness. The result is similar
to that of CdSe/CdS, with a large redshift whose main contribution (320 meV) comes from
tunneling. Strain provides a redshift of about 34 meV, which is 1.5 times larger than the
dielectric confinement suppression proposed in Ref.'? All in all, the redshift is mostly due to
tunneling plus strain, with no need to invoke indirect excitons, as the band alignment stays
type-I —see Fig. 3—. Further, we note that strain builds up gradually with increasing shell
thickness. Consequently, in Fig. 5 the energy splitting between strained (blue circles) and
unstrained (red circles) exciton shifts increases from 1 to 5 ML. Therefore, the large redshift
(up to 200 meV) reported by photoluminescence and atomistic studies upon growth of the
first ML of shell'6:173%33 must be associated primarily with the reduced spatial confinement,
with a minor contribution from strain.

The blue circles in Figure 5 indicate that the fully strained exciton should have minimum
energy between 4-5 MLs of ZnS. The origin of this inflection point is as follows. With

increasing strain, the electron energy blueshifts and that of the hole redshifts, due to changes

12
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Figure 5: Exciton energy as a function of the shell thickness in CdSe/ZnS. Energies are
referred to that of the exciton in core-only CdSe NPL. Strain has a stronger contribution to
the overall redshift than in CdSe/CdS. A sizable part of the redshift is due to the relaxed
quantum confinement when the CdSe core expands vertically, V,, . + Vpzn. Viier stands for
dielectric effects (Vierr and polarization of Veh.

in the deformation potential reported in Fig. 3(b) and (e). For 1-5 ML, the hole redshift
dominates over the electron blueshift. With increasing shell thickness, however, vertical
expansion of the core becomes more difficult. Then, ., saturates around 4-5 ML. Since the
hole redshift is mostly given by (a, —b) €., from this distance on the electron blueshift takes
over. We have tested that the minimum is robust to different sets of material parameters
and interface alloying effects. However, it has not been observed in available experiments so
far, where exciton emission energy decreases monotonically.'?!* A possible interpretation of
the experimental results is given in the next section.

To close the study of symmetric core/shell NPLs, we note that a recent study about the
influence of surface ligands on CdSe NPL emission has suggested that the strain induced by
ligands is responsible for large exciton redshifts of up to 250 meV.? The underlying idea
is that the compressive in-plane stress gives rise to transversal expansion, which in turn
reduces the extreme quantum confinement. While our continuum mechanical model is not
suitable for the study of molecular ligands, we investigate if a similar effect can be expected

in strained core/shell structures. The reduced quantum confinement due to transversal
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. . ho.
expansion should be captured by coupled momentum-strain operators, V4== and VI in

Egs. (5) and (7). Green triangles in Fig. 5 show the energy of strained excitons neglecting
VEz i terms, while blue circles show the fully strained system. The comparison reveals that

the strain-induced expansion of the core gives rise to a redshift of about 20 meV, comparable

to the contribution of deformation potential terms, vap This is one order of magnitude

strain®
smaller than the redshift suggested for ligand-induced strain,?? but clearly larger than in
epitaxial quantum wells, where these terms are systematically neglected arguing they are
much weaker than (linear-in-¢) deformation potential terms. The different behavior arises
from quantum confinement in colloidal NPLs being much stronger than in epitaxial wells,

with higher potential barriers —set by the ligands— and often thinner dimensions. 324

Asymmetric core/shell NPLs
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Figure 6: CdSe/ZnS NPLs with asymmetric shell distribution. (a) Schematic of the struc-
ture. Different number of shell MLs n and m are considered. (b) Total displacement of the
NPL upon strain relaxation in a NPL with n = 5 and m = 6. Notice the bending on the
sides. (c¢) Exciton energy shift as a function of shell thickness. m = n + 1. The energy
decreases monotonically and stabilizes around 5 MLs, in agreement with experiments. (d)
Deformation potential for electrons and holes in a NPLs with n = 1 and m = 10. The
asymmetric shell gives rise to a small tilting of the potential.

14



The growth of shells around a core NPL is susceptible of small accidental or intentional
asymmetries. We then consider a CdSe/ZnS NPL with n and m ZnS MLs on the top and
bottom sides of the core, respectively —see schematic in Fig. 6(a)-. Interestingly, in such
a structure a single ML difference between n and m suffices to give rise to bent hetero-
NPLs, owing to the unbalanced strain on top and bottom sides. An example is plotted in
Fig. 6(b). The presence of bending is in fact consistent with high-angle annular dark-field
scanning transmission electron microscope images of thick shell CdSe/ZnS NPLs.'? We have
tested that the bending does not modify the electron and hole wave function localization
significantly, as they stay near the center. Yet, it has a clear impact on the emission energy.
In Fig. 6(c) we plot the exciton shift with respect to the core-only NPL with increasing shell
thickness, keeping one extra ML for the bottom shell (m = n+ 1). Unlike in the symmetric
case, the shift now decreases monotonically, in agreement with the experiments in Refs. %1
Both the bending and the smooth redshift support the hypothesis that CdSe/ZnS hetero-

NPLs may have slightly asymmetric shell. It is worth noting that the asymmetric strain also

induces band tilting through vip

strain

terms. This is illustrated in Fig. 6(d). In Ref.,'® CdSe
NPLs deposited on a porous TiO, film were overcoated with ZnS. This synthetic procedure
may lead to severe shell asymmetry. In principle, the asymmetry and the resulting band
tilting —which acts as an built-in electric field, and increases with the difference between m
and n— may explain the type-II band alignment inferred from the experiments. However,
we find that even for large differences between m and n, the field is only of 35 meV/nm.
Considering the strong confinement in the z direction, it is not enough to separate electrons

from holes.

Core/shell /shell NPLs

As mentioned before, the use of CdS shells to passivate the CdSe NPL surface can improve
the emission quantum yields and stability. However, it necessarily implies a redshift of the

emission wavelength due to the reduced quantum confinement, dielectric and strain effects
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discussed in previous sections. This is sometimes an undesired side effect, as one may want
to preserve high emission energy. In this section we propose a means of partially mitigating
the redshift, by exploiting the different sensitivity of CB and VB deformation potential to
the shell thickness, which we noticed in the analysis of Fig. 5. The idea is to design a ternary
NPL, where the CdSe/CdS NPL is overcoated with ZnS, as plotted in Fig. 7(a). Fig. 7(b)
shows the exciton energy shift upon ZnS coating. If the thickness of the CdS shell is small (2
MLs, left panel), the effect of ZnS is producing a small additional redshift (AEx < 0), since
it facilitates tunneling as compared to organic ligands. However, as CdS grows thicker (5
MLs, right panel), tunneling effects saturate and one observes strain effects only. Then, ZnS
starts blueshifting the exciton energy (AFEx > 0). For thick ZnS shells, the blueshift can
reach around 60 meV. This is in contrast with the behavior of binary (core/shell) CdSe/ZnS

NPLs reported in Fig. 5, where the main effect of ZnS is to redshift.
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Figure 7: (a) Schematic of the core/shell/shell NPL under study. (b) Exciton energy shift
as a function of the number of MLs of ZnS surrounding CdSe/CdS NPL. Left: CdS has 2
ML thickness. Right: CdS has 5 ML thickness. Energies are referred to that of CdSe/CdS
NPL. The strain induced by the outer ZnS shell can give rise to a blueshift of tens of meV.
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The origin of the strain induced blueshift when adding ZnS is reminiscent of that ob-
served in Fig. 5 beyond 5 MLs. Since ZnS has smaller lattice constant than CdSe and CdS, it
further compresses the core in the in-plane direction (g,, +¢,,). However, its bonds are stiff,
so that vertical expansion ¢, is inhibited with increasing ZnS thickness (see Fig. S4). The
compensation between electron blueshift and hole redshift is then quenched, as the latter
arises from (a, —b) £,., see Eq. (6). The blueshift induced by ZnS in Fig. 7(b) may be under-
estimated, because the value of a. we have chosen for CdSe is among the smallest proposed
in the literature. Photoluminescence experiments with these structures may provide direct
measures of the strain induced blueshift, and prove the operating principle, which can then
be transferred to other materials. We stress that observing a blueshift would additionally
confirm that core/shell/shell structures enable separate engineering of tunneling and strain

effects.

Conclusions

In summary, we have investigated theoretically the role of linear elastic strain in core/shell
NPLs based on CdSe. The main findings are: (i) the finite lateral side of NPLs influences
the strain value up to 5 nm away from the borders; (ii) coupled strain-momentum terms
of the strain Hamiltonian, which are generally neglected in epitaxial quantum wells, can
be comparable to deformation potential terms in strongly strained NPLs (e.g. CdSe/ZnS),
owing to the stronger quantum confinement of colloidal structures; (iii) the energetic influence
of strain is larger in type-II systems (e.g. CdSe/CdTe) than in type-I ones (CdSe/CdS,
CdSe/ZnS) because in the latter electrons and holes have opposite response to strain. In
any case, the energetic influence reaches several tens of meV at most. This is secondary
as compared to tunneling, which remains as the main responsible for exciton redshift even
in CdSe/ZnS NPLs. (iv) single-ML asymmetry in the shell growth can explain the NPL

bending and smooth exciton energy decay vs. shell thickness in Ref.!? (v) the use of ternary
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(core/shell/shell) NPLs enables separate engineering of tunneling and strain, opening a route
to partially compensate for the large redshift obtained when passivating CdSe cores with a

single shell.
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Material parameters

Below we summarize the material parameters used in the calculations. They all refer to

cubic crystal phase. While most parameters are taken from Ref.,! in the table we provide

more specific citations —often within that source-. When a sequence of references is provided

for the same parameter, they refer to CdSe, ZnS, CdS and CdTe, respectively. In the table,

myg is the free electron mass and €y the vacuum permitivity.

Description Symbol | CdSe | ZnS CdS | CdTe | Units Ref.
Elastic modulus tensor Cu 70.7 74.2 97.8 | 53.5 | GPa Refs. 4567
Elastic modulus tensor Cis 51.6 | 56.7 | 59.7 | 36.5 | GPa | Refs.#?67
Elastic modulus tensor Cu 26.5 50.5 30.6 | 19.9 | GPa Refs. 4567
Dielectric constant € 9.6 8.43 843 | 843 €0 Ref.?
Lattice constant a 6.077 | 5.4102 | 5.825 | 6.48 A | Refs. 9101112
Effective electron mass (L) | m}, 0.11 | 020 | 0.14 | 0.09 | mg | Refs. 13141516
Effective hole mass (L) my, | 033 | 096 | 0.39 | 0.51 | mg Ref. 17
Effective electron mass (||) | m, 0.11 | 0.11 | 0.11 | 0.11 | mgo | Refs. 13141516
Effective hole mass (]|) my, | 015 | 030 | 020 | 0.19 | mg Ref. 17
Luttinger parameter Y 2.04 | 254 | 411 | 4.14 m%) Refs. 18192021
Luttinger parameter Y2 0.58 0.75 0.77 | 1.09 m%) Refs. 18192021
CB Deformation potential e -2 -4.33 | -2.54 | -2.81 | eV Ref. 22
VB Deformation potential ay 0.9 0.83 | 0.40 | 0.81 eV Ref. 23
VB Deformation potential b -0.8 | -1.1 | -1.05| -1 eV Refs. 242526

Table S1: Material parameters used in the calculations.

The effective mass of electrons and holes in the ligands region is taken as a fitting pa-

rameter to match the order of magnitude of exciton shifts observed in experiments.*3 This

is achieved with m*?* = my* = 0.25my. A relative dielectric constant of 2 and confining

€
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potential of 4 eV is taken outside the NC to account for the dielectric environment. The
finite confining potential at the NPL/ligand barrier allows us not to overestimate quantum
confinement.?” At the same time, it prevents the use of a single analytical formula, such
as that we employed in Ref.,2® to determine the self-energy and exciton Coulomb integral.
Instead, we use different analytical formulae for every region (inside/outside the NPL), fol-
lowing Ref.? We note that in order to avoid the self-energy singularity at the dielectric
interface, a blurring parameter 6 = a/2 is introduced in self-energy terms (see Egs. (2.14)
and (2.15) in Ref.?), where a is the lattice parameter of the inorganic material in contact

with the outer environment.

Band offsets

All values are derived from calculations in Ref.3°

Band Offsets (eV)

Conduction Band Offset (CBO)

CdSe/ZnS

CdSe/CdS

CdSe/CdTe

1.05

0.48

0.53

Valence Band Offset (VBO)

CdSe/ZnS

CdSe/CdS

CdSe/CdTe

0.99

0.24

-0.69

It is worth noting that there is significant dispersion of the band-offset values reported

in the literature, cf. for instance Ref.?! with current values. We have chosen all data from
the same reference for consistency, but using different values proposed in different studies

for each material would likely allow one to better fit experimental energies.
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Figure S1: Hydrostatic strain in CdSe/CdS NPL with increasing shell thickness. The CdSe
core has 4.5 ML thickness and 40x8 nm lateral dimensions. The strain is represented on a
transversal cross-section, coincidental with the yz plane.

Additional calculations

Figure S1 shows ep,q in a transversal cross-section of CdSe/CdS NPLs with increasing shell
thickness. The strain is compressive in the core and tensile in the shell. For thin shells,
much of the strain accumulates in the shell. For thick ones, it starts accumulating in the

core instead. The influence of the lateral sides extends a few nm inside the NPL.

a) 80A x 80A b) 400A x 80A ©) 400A x 400A

no strain  strain no strain strain

oc EE EE

Figure S2: Electron ground state charge density in the NPLs analyzed in Fig. 1 of the main
text. Left/right panels represent strained/unstrained cases. The plot is taken on the xy
plane, accross the middle of the core.

Figure S2 shows the electron ground state charge density in CdSe/CdS NPLs neglecting
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and V27 .. For small (8 x8

(left) or including (right) strain terms of the Hamiltonian, V2 train-

strain
nm?) and mid-sized (40 x 8 nm?) NPLs, the charge density slightly spreads. For larger NPLs
(40 x 40 nm?), the charge slightly concentrates. These are consequences of the strain-induced
potential wells and barriers forming near the lateral borders, as described in Figure 1(d-g)
of the main text. In all cases, the change is only moderate and most of the carrier density

stays in the center of the NPL.

CdSe/CdS CdSe/ZnS CdSe/CdTe

0.15 |- a) 1 b 11 19 N

0.1+ -+ 4 i
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Ext+ €y
o
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Figure S3: Strain tensor in-plane (e,, + €,,) and out-of-plane (e,,) diagonal components,
taken along the z axis, orthogonal to the NPL surface. Different shell materials and thick-
nesses are considered.

Figure S3 shows the in-plane and out-of-plane diagonal components of the strain tensor

along the z axis of the NPL. For CdSe/CdS and CdSe/ZnS, the core experiences lateral
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compression (€;, + €4y < 0) and vertical expansion (., > 0). The strain doubles from
CdSe/CdS to CdSe/ZnS, owing to the larger lattice mismatch (4% vs 12%). The strain
inside the core increases as the shell becomes thicker, and saturates between 5 and 10 MLs.

It is worth pointing out that €., saturates slightly faster than e,, + ¢,,, because the
increasing shell thickness makes vertical deformation more difficult. This has direct im-
plications in the VB strain potential terms. The hole deformation potential is given by
varh — (a, + %) (eaa + £yy) + (ay — b)ez.. In the core, (a, —b) > (a, + b/2) (see CdSe
parameters in Table S1). Then €., is chiefly responsible for the changes in the VB potential
profile. Since €,, > 0, this gives rise to a redshift of hole states. As discussed in the article,
in type-I structures this redshift compensates energetically for the blueshift of the electron,
which is set by VP¢ = a.ep,q instead. When e, saturates, however, (a, + b/2) (€20 + £4y)
gains weight and the hole redshift is less pronounced. Then, the compensation between Vg, 5,
and ij;fm starts failing. This can be seen e.g. when comparing panels (b) and (e) of Figure
3 in the main text. As the shell thickness increses (1 ML, 5 MLs, 10 MLs), the bottom of the
CB in the core gradually shifts upwards. By contrast, the top of the VB first shifts upwards
(from 1 to 5 ML, ¢.. dominates V%" ) but then shifts downwards (from 5 to 10 ML). This
is responsible for the inflection point observed in the strained exciton energy in Figure 5 of
the paper.

A similar situation arises in ternary (core/shell/shell) CdSe/CdS/ZnS NPLs. As can be
seen in Figure S4(a-c), with increasing number of ZnS MLs ep,q becomes more compressive
inside the core. The lateral compression (€,, + €4y) also increases, Fig. S4(d-f). However,
the vertical expansion (g,,) is hindered by thick and stiff shells. Consequently, it increases
from 1 to 5 ML of ZnS, but decreases from 5 to 10 MLs, see Fig. S4(g). The implication
on the deformation potential of electrons and holes is plotted in Fig. S5. In the core, the
bottom of the CB shifts upwards as ZnS thickness increases. By contrast, the top of the VB
first shows a small shifts upwards (1-5 MLs of ZnS) and then downwards (5-10 MLs). The

overall influence on the exciton energy is then given mainly by V%<

strain”
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Sign of strain induced exciton energy shift

In Figures 4 and 5 of the paper, we show that strain induces a redshift of the exciton
energy. In the case of CdSe/CdS NPLs, this is contrast with previous simulations, which

1.32

estimated a blueshift instead using k-p theory as wel The sign of the shift is largely

given by the difference Apyqi = VI2¢ — VI Coupled strain-momentum terms provide
additional redshift, but they have secondary weight in CdSe/CdS structures because strain

is moderate. From Egs. (5) and (6) in the main text, considering €., = &,, and the biaxial

strain ratio between ¢,, and .., we obtain:

Astruin = Exx 2 |:CLC - <av + b) - % (ac - (a’v - b)) ) (1)

2 C11

where one should take the strain and material parameters of the region where the carriers
(electron and hole) are placed. In CdSe/CdS, both carriers are inside the compressed core,
so that e, is negative. However, there is sufficient dispersion in the deformation potential
and elastic constant parameters reported in the literature as to change the sign of the term
between square brackets. For the CdSe values in Table S1, Again < 0, while for those in
Ref.32 (see supporting information therein), Ayyqin > 0. We have chosen deformation poten-
tial values from Ref.,?? which are calculated from ab initio models without assumptions on
the reference energy level. To our knowledge, this is state of the art calculation of deforma-
tion potentials. On the other hand, Ref.?? takes the deformation potentials from Ref.3® The
latter is a computational simulation of the electronic structure of pure (unstrained) CdSe
and CdS NPLs, which simply lists deformation potential values without citing its source.
The elastic coefficients in both our work and in Ref.?? are taken from atomistic calculations,
which show differences of ~ 15%. This degree of uncertainty suffices to prevent a definite
prediction on the sign of the strain influence. Nonetheless, one should realise this uncertainty
is precisely a consequence of one of the central messages we convey: in type-I NPLs, the

compensation between electron and hole trends makes the exciton shift small (few tens of
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meV at most). It is precisely this compensation that enables fluctuations of the energy shift

around zero, with the exact sign depending on the material parameters.
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Figure S4: Hydrostatic strain (epyq = €22 + €4y + €2-), and separate in-plane (€, + €,y) and
out-of-plane (£,,) components, taken along the z axis of a CdSe/CdS/ZnS NPL. Different
thickesses of the inner shell (CdS) and outer shell (ZnS) materials are considered.
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2.2 Nature and Control of Shakeup Processes

”Nature and Control of Shakeup Processes in Colloidal Nanoplatelets.”
Jordi Llusar and Juan I. Climente.

ACS Photonics 2020 7 (11), 3086-3095

DOI: https://doi.org/10.1021/acsphotonics.0c01160

Abstract:

Recent experiments suggest that the photoluminescence line width of CdSe nano-
platelets (NPLs) and core/shell CdSe/CdS NPLs may be broadened by the pres-
ence of shakeup (SU) lines from negatively charged trions. We carry out a theo-
retical analysis, based on effective mass and configuration interaction (CI) simu-
lations, to identify the physical conditions that enable such processes. We confirm
that trions in colloidal NPLs are susceptible of presenting SU lines up to 1 order
of magnitude stronger than in epitaxial quantum wells, stimulated by dielectric
confinement. For these processes to take place, trions must be weakly bound to
off-centered charge traps, which relax symmetry selection rules. Charges on the
lateral sidewalls are particularly efficient to this end. Our simulations display a
single strong SU replica in most instances, which agrees well with experiments on
CdSe NPLs, but suggests that the multipeaked emission reported for core/shell
CdSe/CdS NPLs must involve other factors beyond SU processes. We propose
emission from a metastable spin triplet trion state may be responsible. Under-
standing the origin of SU processes may open paths to rational design of NPLs
with narrower line width.
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Abstract

Recent experiments suggest that the photoluminescence line width of CdSe nanoplatelets
(NPLs) and core/shell CdSe/CdS NPLs may be broadened by the presence of shakeup
(SU) lines from negatively charged trions. We carry out a theoretical analysis, based
on effective mass and configuration interaction (CI) simulations, to identify the phys-
ical conditions that enable such processes. We confirm that trions in colloidal NPLs
are susceptible of presenting SU lines up to one order of magnitude stronger than in
epitaxial quantum wells, stimulated by dielectric confinement. For these processes to
take place, trions must be weakly bound to off-centered charge traps, which relax sym-
metry selection rules. Charges on the lateral sidewalls are particularly efficient to this
end. Our simulations display a single strong SU replica in most instances, which agrees
well with experiments on CdSe NPLs, but suggests that the multi-peaked emission re-
ported for core/shell CdSe/CdS NPLs must involve other factors beyond SU processes.
We propose emission from a metastable spin triplet trion state may be responsible.
Understanding the origin of SU processes may open paths to rational design of NPLs

with narrower line width.
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Colloidal metal chalcogenide NPLs offer well defined advantages over their quantum dot
and rod counterparts as semiconductor building blocks for optical applications.'™ Some of
the most distinctive features are order-of-magnitude shorter radiative lifetimes, which result
from the strong exciton binding energies in quasi-2D systems (Giant Oscillator Strength
effect),?% and precisely controlled thickness of the nanostructure, 1% which largely suppresses
the emission broadening due to size dispersion usually observed in dots. These properties
give rise to bright and narrow emission lines, which are of interest for displays, lighting and
lasers. ®*

Unfortunately, ligand passivation of NPL surface dangling bonds is usually incomplete
because of labile binding and steric hindrance between ligands. This can translate into sig-
nificant non-radiative losses.!' To overcome this problem, core-only NPLs are sometimes
replaced by core/shell or core/crown heterostructures, where some facets of the core ma-
terial are coated with a higher band gap inorganic material.! Typical heterostructures are
CdSe/CdS, ' 11 CdSe/CdTe, !5 CdSe/ZnS'"'® and their alloys.'®?° These heterostructures
succeed in isolating the photogenerated carriers, which remain in and around the core, from
the NPL surfaces, thus translating into enhanced fluorescence quantum efficiency and pho-
tostability. 1"#2! The heterostructure growth has however a negative side effect, namely the
systematic broadening of the emission line width, e.g. from ~ 35 — 40 meV in CdSe NPLs
to ~ 60 — 80 meV in core/shell CdSe/CdS NPLs.12?2 Line width broadening in such NPLs
was initially ascribed to the presence of local traps induced upon shell coating.'? Graded
interface composition was then used to narrow the line width down to ~ 55 meV,!%2 but
this figure is still larger than in core-only NPLs, which suggests that interface defects are
not the only source of broadening.

To shed light into this problem, Antolinez and co-workers recently investigated the ori-

gin of the fluorescence line width broadening in core/shell CdSe/CdS NPLs by means of



single-particle spectroscopy.?® They observed that individual NPLs present a series of 2 to 4
narrow peaks split from each other by ~ 10 meV. Altogether, the peaks fit well the asymmet-
ric line shape of ensemble NPLs at cryogenic temperatures.'? A similar feature was soon after
reported in core-only CdSe NPLs, although in this case only two peaks were measured.?*
Having ruled out more conventional mechanisms, such as exciton-phonon interaction or spec-
tral diffusion, the nature of the additional peaks was tentatively ascribed to SU processes
of negative trions (X~). These are partly radiative Auger processes, whereby an electron-
hole pair recombines radiatively but transfers part of its energy to the remaining electron
by exciting it into a higher single-electron level (in-plane excitation). They have been pre-

2528 and self-assembled quantum dots?® under

viously reported in epitaxial quantum wells
the magnetic fields, corresponding to inter-Landau level excitations of the excess carrier.3°
More recently, SU peaks have been clearly revealed in the magneto-photoluminescence of
electrically charged InGaAs and GaAs quantum dots.?* By contrast, they do not seem to
appear in type-II core/crown NPLs.?2 In this context, clarifying the role of SU processes
in the emission of colloidal NPLs is a desirable step to better understand and control the
emission line width of NPLs, which would be advantageous for optical applications.

In this work, we analyze the possible occurence of SU processes in colloidal CdSe-based
NPLs from a theoretical perspective. The goal is to determine which physical conditions
enable these processes. To this end we use effective mass models and full CI simulations,
which provide an intuitive description of the underlying physics. We shall confirm that one
intense SU replica can be expected for negative trions (X ) in both core-only and core/shell
NPLs, corresponding to the excitation of the remaining electron into a higher orbital with the
same symmetry as the ground state. For this to take place, the trion must be weakly bound to
an off-centered acceptor charge. The role of the charge is to lower the system symmetry, thus
relaxing selection rules, and to stimulate electron-electron repulsion (quench electron-hole
attraction) in the ground orbital. By doing so, SU peaks can reach intensities exceeding 10%

of the fundamental (band edge, fully radiative) transition. This is one order of magnitude



higher than in epitaxial quantum wells, which can be rationalized from the stronger Coulomb
interactions in NPLs, which result from the pronounced dielectric confinement, and from the
presence of lateral sidewalls, which are prone to surface traps. Analogous conclusions hold
for positive trions. We discuss connections with experiments in the literature and propose

potential strategies to suppress these processes.

Results

We analyze the emission spectra of trions in core-only and core/shell NPLs. Negative trions
are studied unless otherwise noted, as it is the most frequently reported species in these
structures, 2243334 but the conclusions do not depend on the sign of the charged exciton
(see Fig. S2 in the Supporting Information, SI). Once the general behavior of SU processes
in these systems is understood, we discuss how our conclusions fit the interpretation of

different experimental observations and the practical implications of our findings.

Core-only NPLs

We start by studying core-only CdSe NPLs. The NPLs are chosen to have 4.5 monolayer
(ML) thickness and a lateral size of 20 x 20 nm?, for similarity to the core dimensions of
Ref.?® They have a pronounced dielectric mismatch with the organic environment, which
we model with €, = 6 and €,,; = 2 as the dielectric constants inside and outside the NPL,
unless otherwise stated.3%3¢ The presence of few-meV spectral jumps in photoluminescence
experiments?® suggests that the trion is subject to the influence of carriers temporarily
trapped on the surface.??*” To model this phenomenon, a fractional point charge is placed
on the surface, with charge Q@ = eQx (|Qx| < 1 and e is the full electron charge). The
fractional value of Qx accounts for the screening of trapped charges (e.g. a hole) by the
trap defect itself (e.g. a surface dangling bond).3® Two scenarios are considered: a charge

centered on the top facet (Qip) and an off-centered charge, located along the edge of a



lateral facet (Qeqge). The latter setup is suggested by studies showing that edge and vertex
atoms in CdSe structures have weaker binding to oleate ligands.?? The two systems are
represented in Figure la and 1b. The corresponding emission spectra are shown in Fig. 1c
and 1d. The figure reveals a number of important observations. (i) In the absence of surface
charge (Qx = 0, thick lines), only the fundamental transition shows up, with no sizable
SU replica. (ii) Charges on the top facet induce SU peaks (see arrow in Fig. 1c), but their
strength is two orders of magnitude smaller than that of the fundamental transition (main
line). This is similar to the case of epitaxial quantum wells.?>28 (iii) Stronger SU replica are
however obtained for charges located on the lateral sidewall, provided the charge is attractive
(acceptor charge) and binding to the trion is moderately weak, see Fig. 1d. For Qeqge = 0.4
(marked with a star in the figure), the SU peak reaches ~ 25% of the main peak height.
This ratio is about 20 times higher than in epitaxial quantum wells, and it holds despite the

Giant Oscillator Strength enhancing the band edge recombination, "6

which suggests that
SU satellites also benefit from this phenomenon. For Q.45 > 0.4, however, the SU peak
intensity is lowered again and the energy splitting (redshift) with respect to the main line
increases. Second and third SU lines are built for strong surface charges (see inset in Fig. 1d
at Qeage = 0.7), but their magnitude is negligible. We have also explored different locations
of the charge, obtaining intermediate results between those shown in Fig. 1 (see Fig. S3 in
SI). These results point out the potentially significant role of lateral sidewalls, which are
characteristic feature of colloidal quantum wells as compared to epitaxial ones, in obtaining
high SU peaks.

To gain understanding on the origin of strong SU peaks when trions bind to lateral
surface acceptors, beyond the full numerical calculation of Fig. 1, in Fig. 2a and 2b we
compare sketches of the SU processes, in the absence and presence of an attractive edge
charge. Within effective mass theory, the conduction band and valence band energy levels
of (non-interacting) electrons and holes can be described as particle-in-the-box states, with

quantum numbers (ng,n,,n,). It is useful however to label the states by their symmetry
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Figure 1: (a,b) Schematics of core-only NPLs with different location of the surface charge.
(c,d) Corresponding X~ emission spectrum for charge strength @Q = Qx e. The arrows point
at the SU satellites (shaded lines are guides to the eyes). The highest SU peak is observed
for off-centered acceptor charges weakly bound to the trion (Qegge = 0.4, marked with a
star in (d)). The spectra are normalized to the intensity of the fundamental transition at
Qx =0, and offset vertically for clarity. The insets for Qeqge = 0.7 in (d) show amplified SU
peaks.

(irreducible representation). When Qcqqe = 0, because the NPL has squared shape, the point
group is Dy;,. When Qeg4e # 0, the electrostatic potential yields a symmetry descent to Cs.
As a consequence, degeneracies are lifted and additional states with the same symmetry as
the ground orbital (A") are obtained. This is important because after electron-hole recom-
bination, the excess electron can only be excited to an orbital with the same symmetry as
the initial one (as shown by the vertical arrows in Fig. 2a and 2b). Therefore, lowering
the system symmetry opens new channels for SU processes. Furthermore, these can involve
low-energy orbitals, which have fewer nodes and hence larger overlap with the trion ground
state, as we shall see below. Both the number and the intensity of the SU processes are
in principle enhanced. By contrast, a centered charge on the top surface barely affects the
system symmetry, which remains high (Cy,), and SU processes are only slightly stronger
than in the Qeqqe = 0 case.

The qualitative reasoning above can be substantiated with a CI formalism on the basis of
independent particle (non-interacting) electron and hole states, which has the additional

advantage of giving intuitive insight on how Coulomb interactions affect the likelihood of SU
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Figure 2: (a,b) Sketch of SU processes in NPLs with (a) and without (b) an edge charge.
Labels on the left are (ng,ny,n,) quantum numbers for the (independent particle) energy
levels. Labels on the right are the corresponding irreducible representation. The surface
charge lowers the point group symmetry, from Dy, to Cs, lifting degeneracies and enabling
new channels for SU transitions (vertical arrows). (c¢,d) Two main configurations |mx-) in
the CI expansion of |GSx-), with and without edge charge. Thin (thick) arrowsheads denote
electron (hole) spin. Only when Q.qqc # 0 a SU process is expected. (e) Energy splitting
between |1x-) and |2x-) at an independent particle level. (f) average value of electron-
electron repulsion and (g) electron-hole attraction in configurations |1x-) and |2x-).



processes. We consider that the transition rate from the trion ground state |GSx-) to an

electron spin-orbital |£,), is proportional to:%°
. 2
Pasoy = ([l P|GSx-)| - (1)

P is the dipolar transition operator, P = > o (ielin) €, hi,, where e;, and h;, are annihila-

lesth
tion operators for independent electron and hole spin-orbitals |i.) and [i), respectively. We

describe the trion ground state with a CI expansion,
|GSx-) = Zcm Imx-), (2)

0)e b, |0)4, with e} and A creator

where |my-) is a trion configuration: |mx-) = el el
operators, |0). and |0), the vacuum occupation vectors of electron and hole, and ¢, the

coefficient in the expansion. Inserting P and |G'Sx-) into Equation (1), one obtains:

2

Pasop =Y cm ((reltn) 67, s, = (selta)dpr.)| - (3)

m

In SU processes, | f.) is an excited spin-orbital. It then follows from Equation (3) that such a
transition will only take place if |GSx-) contains at least one configuration |mx-) in the CI
expansion where one electron is in the excited spin-orbital and the other electron has finite
overlap with the hole ground state (|s.) = |f.) and {r.|t) # 0 or |r.) = | fe) and (s.|tn) # 0).
The larger the weight of this configuration, |c,,|?, the more likely the SU process. It is worth
noting that in the strong confinement limit, the trion ground state is well described by a single
configuration where all carriers are in the lowest-energy spin-orbitals (configuration |1x-) in
Fig. 2¢ and 2d). That is, ¢; &= 1 and ¢, &~ 0 for m > 1. SU transitions are then forbidden,
which is why SU peaks are rarely reported in nanocrystals. On the contrary, in systems
where Coulomb interaction energies exceed quantum confinement energies, the CI expansion

contains mono- and biexcitations of electrons. SU processes are then enabled. Colloidal



NPLs constitute an ideal system at this regard, because they combine weak confinement
in the lateral direction with strong Coulomb interactions.*#? Hereafter, we refer to this
condition (¢, # 0 for m > 1) as Coulomb admixture.

The role of Coulomb admixture and symmetry breaking in activating SU processes can
be illustrated, in the simplest approximation, by considering the two lowest-energy configu-

rations of the trion ground state,
|GSx-) = allx-) + c2f2x-). (4)

In Fig. 2c and 2d we depict such configurations in the absence and presence of an edge charge,
respectively. These can be expected to be the two most important configurations in the full
CI expansion. Notice that the two configurations must have the same symmetry, for Coulomb
interaction to couple them. Because the lowest-energy configuration, |1x-), is always totally
symmetric, so must be |2x-). Thus, when Qe4ge = 0 (D4, group), the electronic configuration
of [1x-) is [A3,]c [Aigln, and that of [2x-) is [E}]. [Aig]n. The recombination of the E,
electrons with the hole, which stays in a A;, orbital, is then symmetry forbidden ((r¢|ts) =
(se|tny = 0 in Eq. (3)). By contrast, when Qeqe # 0 (Cs group), |2x-) is formed by a
monoexcitation where one electron is placed in the (n,,n,,n.) = (2,1,1) orbital, which also
has A’ symmetry, resulting in an electronic configuration [A" A'], [4'];, (see Fig.2d). The hole
can then recombine with the ground orbital electron, as both have A’ symmetry ({r.|t) # 0
or (s¢|ts) # 0 in Eq. (3)) and leave the excited electron as the final state. This constitutes
a SU process. Because both SU and fundamental transitions rely on the recombination of
the same electron-hole pair (same overlap integral, e.g. (r.|t,)), the ratio between SU and

fundamental radiative rates can be approximated as:

PGS*)(?,LI)@ ~ |CZ‘2 (5)
PGS—)(LLI)E |Cl‘2.

i.e. it is set exclusively by the degree of Coulomb admixture.



One can guess the requirements that maximize |cy|? by looking which conditions favor
energetically |2x-) over |1x-). These include: (i) small energy splitting between the two
configurations, at an independent particle level, Ay, in Fig. 2d, (ii) weaker electron-electron
repulsion (V,.) and (iii) stronger electron-hole attraction (V) in |2x-) as compared to |1x-).
Figures 2e-g show that these conditions are met for moderately attractive (positive) charges
(Qedge ~ 0.3 —0.4). When the off-centered charge is switched on, Ay, rapidly decreases
(see Fig. 2e) because the symmetry descent turns one of the F, (p-like) electron orbitals
into a A’ (s-like) one. However, the surface charge brings about electrostatic confinement
and hence Aj, increases again soon after. As for inter-electron repulsion, (1x-|Vee|lx-)
increases more rapidly than (2x-|V..|2x-) (see Fig. 2f) because the former involves placing
the two electrons in identical orbitals, while the latter does not. Last, (1x-|Ven|lx-) is
rapidly quenched (see Fig. 2g) because it involves the ground orbitals of electron and hole
—(1,1,1), and (1,1, 1),—, which dissociate rapidly under an external charge. (2x-|Ven|2x-)
stays strong up to Qedge ~ 0.3 because it involves the (2,1, 1), orbital, which is spatially
more extended and then keeps significant overlap with the (1,1, 1), hole. Figs. 2e-f further
evidence that Qeqqe > 0.3 — 0.4 is inconvenient for SU processes, because the electrostatic
potential increases lateral quantum confinement (A, increases) and because the electrons
and hole in configuration |2yx-) are eventually dissociated as well ((2x-|Ven|2x-) is quenched
in Fig. 2g).

Many of the above observations can be visualized by analyzing the evolution of charge
densities and wave functions under Qeqge. In Figure 3 we show the two-electron (first row)
and one-hole (second row) charge densities of |GSx-), obtained from the CI calculations
of Fig. 1. The wave functions of the two lowest electron orbitals which can constitute
configuration |2x-), —(ng, ny, n;)e = (1,1,1), and (2,1, 1), are also plotted (bottom rows).
At Qegge = 0, the two orbitals are quasi-orthogonal. As a result, Coulomb interaction cannot
couple configurations |1x-) and |2x-), so that co = 0. This is why the two-electron charge

density closely resembles the (1,1, 1), orbital. SU processes are not expected in this case.
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Figure 3: In-plane charge density of the two electrons and hole in the X~ ground state (top
rows), and wave functions of the two lowest electron orbitals with A’ symmetry (bottom
rows), as a function of the edge charge magnitude. The edge charge is located on the
top edge, in this view. The strongest SU peak corresponds to Qe4ge ~ 0.4, when the X~
electron charge density reveals a clear contribution from (2,1,1)., and the hole is not yet
fully dissociated from electrons.

At Qedge = 0.4, symmetry lowering and energetic considerations enable efficient Coulomb
coupling. The oval shape of the two-electron charge density reflects a significant contribution
from (2,1,1), to |GSx-) (i.e. |e2] > 0). At the same time, the electron (1,1, 1), orbital and
the hole ground state have sizable overlap. This is an optimal situation for the appearance
for the transition Pgg_(2,1,1), to show up as a SU process, according to Equation (3). Further
increasing QQeqqe Separates the (2,1, 1), electron orbital from the hole. Coulomb attraction

is then weaker, making ¢, and consequently Fgs_(2,1,1), small again.

Eout =6 Eout =2 Eout =1
Qedge=0.9 Qedge=0.4 Qedge=0.3

]

-20 0 24 0 -31 0
Shift (meV)  Shift (meV)  Shift (meV)

Emission (a.u.)

Figure 4: Normalized X~ emission as a function of the environment dielectric constant. With
increasing dielectric contrast, the SU peak increases and becomes more redshifted. For every
value of €,,¢, the value of Qcq¢e that maximizes SU transitions is shown. In all cases, €;, = 6.

We have argued above that strong Coulomb admixture of configurations facilitates the
appearance of SU processes. A distinct feature of colloidal NPLs when compared to epi-

taxial quantum wells is the presence of a pronounced dielectric contrast with the organic
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ligands surrounding the NPL, which enhances Coulomb interactions by effectively reducing
the system dielectric screening.364143 To study the influence of this phenomenon over SU
transitions, in Figure 4 we compare the trion emission spectrum for different values of the
environment dielectric constant €,,;, while fixing that of the NPL to the high-frequency CdSe
value, €;, = 6. For the sake of comparison, the emission spectrum is normalized so that the
band edge peak has the same intensity in all cases. Also, we have selected the value of
Qeage that maximizes the relative size of the SU peak in each case. Because €y, screens the
surface charge electrostatic field, larger Qeqqe values are needed when €,,; increases. The
figure evidences that lowering €,,; increases the SU peak height and energetic redshift. For
typical ligands of CdSe NPLs (e.g. oleic acid), €, ~ 2.2%%* We then conclude that dielectric

confinement makes SU processes in colloidal NPLs more conspicuous.

Core/shell NPLs

We next consider heterostructured core/shell NPLs. The first case under study are CdSe/CdS
NPLs. 12131745 The NPLs have the same CdSe core as in the previous section and 6 ML thick
CdS shells on top and bottom (see inset in Figure 5a). In general, the behavior of SU replicas
is found to be analogous to that of core-only NPLs. An off-centered acceptor impurity is
needed to yield sizable SU replicas, with an optimal value of Qcqqe maximizing the relative
size of the SU peak.

Figure 5a shows the emission spectrum of X~ for the optimal Q.qqe value, in CdSe/CdS
NPLs (green line) and CdSe core-only NPLs (black, dashed line). One can see that the SU
replica of the CdSe/CdS structure is again significant (11% of the main transition), but less
pronounced than in the core-only structure (26%). The smaller SU replica in the core/shell
structures is a robust result, which holds for different shell thicknesses and surface charge
locations. It is a consequence of the weaker Coulomb interactions. The electron leakage
into the CdS shell reduces electron-electron repulsions and electron-hole attractions. The

quenching of dielectric confinement by the CdS shell, which pushes organic ligands far from
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Figure 5: (a) Normalized X~ emission spectrum in a CdSe/CdS NPL with 6 ML-thick
shell (solid line), compared to that of a core-only CdSe NPL (dotted line). The spectra
are centered at the energy of the band edge transition. Qegpe = 0.6 (0.4) is used for the
CdSe/CdS NPL (core-only NPL), to maximize the relative height of SU lines. The SU peak
for the core/shell system is smaller than for core-only NPLs. (b,c) Average Coulomb integrals
of |GSx-) configurations |1x-) and |2x-): (b) electron-electron repulsion, (c) electron-hole
attraction. Solid (dotted) lines are used for core/shell (core-only) NPLs. The interactions
are weaker in the core/shell structure. (d) Charge densities of electrons (left) and hole (right)
for the trion ground state in the CdSe/CdS NPL at Qe4ge = 0.6. The electron stays in the
vicinity of the core, despite the shallow band offset.

the core, further contributes to the weakening. This observation is reflected in Figs. 5b and
5¢, which show that Coulomb interactions (especially V..) are weakened in core/shell NPLs
(solid lines) as compared to core-only NPLs (dotted lines). Configuration |2x-) is then less

stabilized with respect to |1x-), which implies smaller

¢o| coefficient in the CI expansion.
Figure 5d compares the charge density of the two electrons (left) and hole (right) in
|GSx-). The trion electrons are found to stay in the vicinity of the core, rather than
delocalizing all over the structure, to benefit from interaction with the hole. This is consistent
with the observed behavior of CdSe/CdS NPLs being similar to that of core-only structures,
albeit with weakened Coulomb interactions due to the lessened confinement.
Understanding the conditions which promote SU processes allows us to devise structures
where their impact would be maximal. In Fig. 6 we consider a core/shell NPL with the same

dimensions as before, but CdSe/CdTe composition. The NPL is chosen to be charged with

a positive trion (X1), since the heavier mass of holes should favor Coulomb admixture as
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Figure 6: (a) Normalized X' emission spectrum in a CdSe/CdTe NPL with 6 ML thick
shells, as a function of the lateral charge strength. The shaded line is a guide to the eye.
SU peaks and fundamental transition have comparable intensities. (b) Two main |GSx+)
configurations in the CI expansion in the presence of a charge. The weight of [2x+) is
comparable to that of |1x+) in this system, which explains the high SU peaks in (a). (c)
Wave function of (1,1,1), and (1,1,2), hole orbitals under Q.4ye = —0.5. The states have
the same symmetry but localize on opposite sides of the core to stay orthogonal.

compared to electrons. Because of the type-1I band alignment, the electron stays in the CdSe
core and the holes in the CdTe region, as observed in related core/crown structures.'>1¢ In
the absence of external charges, the two first hole orbitals are (1, 1,1);, and (1, 1,2), i.e. the
symmetric (A;,) and antisymmetric (Ay,) solutions of the double well potential, respectively,
which are almost degenerate because tunneling across the core is negligible (i.e. A, — 0).
Switching on a negative surface charge, Qg < 0, lifts the inversion symmetry so that
both orbitals acquire A’ symmetry and can be Coulomb coupled. The admixture between
configurations |1x+) and |2x+), depicted in Fig. 6b, is then very strong. In the presence of the
charge, the two hole orbitals tend to localize on opposite shell sides to remain orthogonal,
as shown in Fig. 6¢. This implies that configuration |1x+), which has two holes in the
same orbital, has much stronger repulsion than configuration |2x+), which distributes the
two electrons on opposite sides of the core. This makes (1x+|Vin|lx+) > (2x+|Vin|2x+).
Altogether, the small Ay, value and the large difference in hole-hole repulsion explain the

strong admixture between configurations |1x+) and |2x+). As shown in Fig. 6a, this gives
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rise to SU peaks whose magnitude is almost as large as that of the fundamental transition
(72% for Qeqge = —0.5).

It is worth noting that trions in type-II NPLs, having stronger repulsions than attractions,
are susceptible of displaying a sizable SU peak even in the absence of trap charges. We
noticed this behavior in earlier simulations of rectangular shaped (Dg;, symmetry) core/crown

CdSe/CdTe NPLs.3?

Discussion

Our simulations show that SU processes can be expected for trions in core-only and core/shell
NPLs, if off-centered charges are present. We discuss here the potential relationship of this

finding with experiments in the literature and practical implications.

Relationship with experiments

In core-only CdSe NPLs, the low temperature photoluminescence is thought to arise from
subpopulations of excitons and negative trions. 243346 Very recently, Antolinez and co-workers
have reported that the X~ emission shows a distinct peak or a shoulder (depending on the
film thickness) redshifted from the trion band edge transition. The redshift is ~ 19 meV
and the relative height 15 — 25% that of the main peak.?* They speculated that the origin
could be a SU process of the kind we study. Our calculations support the feasibility of this
interpretation. Figure la shows excellent agreement with the experimental measurements,
both in energy and relative intensity of the SU peak, assuming a lateral charge with Qeqge =
0.3 — 0.4, which gives a redshift of 19 — 25 meV and a relative height of 15 — 23 %.

The presence of acceptor charges in CdSe NPLs likely originates when the hole of a
photoexcited electron-hole pair is trapped by a surface defect. The next electron-hole pair
generated in the NPL joins the residual electron to form X, while the trapped hole exerts a

screened electrostatic potential. 22?847 The coexistence of X~ and trapped surface charges in
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CdSe NPLs is backed up by studies reporting correlation between surface-to-volume ratio,
laser irradiation time and trion emission intensity.*6 A plausible location for surface charges
are the lateral sidewalls of the NPL (as in Fig. 1b). This possibility is suggested by studies
showing that Z-type ligand desorption —and hence surface traps— in CdSe NPLs is more fre-
quent on these facets,*® and by the fact that CdSe/CdS core/crown NPLs generally improve
the photoluminescence quantum yield as compared to core-only structures, despite having
larger surfaces on top and bottom.'* Because off-centered charges are needed to originate
SU peaks, lateral charges are candidates to trigger such processes.

In core/shell CdSe/CdS NPLs, SU processes have been also proposed as the origin of
multi-peaked fluorescence emission —and hence broadened line width—.23 Our simulations
in Fig. 5a confirm one can indeed expect a sizable SU peak in such structures. We note
that earlier experimental studies had so far interpreted the line width broadening as a result

23

of either SU processes? or of surface defects.'? By showing that the second effect is a pre-

requesite for the first one, our study helps to reconcile both interpretations. Nonetheless, two

f.23 measurements.

remarkable disagreements are observed between our simulations and Re
First, the experiments show from 2 to 4 emission peaks, which are interpreted as the X~
fundamental transition plus up to three redshifted, SU peaks. In our calculations, however,
we fail to see more than one significant SU replica. Second, the highest-energy peak in the
experiment is never the brightest one. This is inconsistent with our results and with earlier
studies on epitaxial quantum wells and dots, where the higher-energy peak corresponds to
the fundamental transition, which is the most likely recombination channel.?52°
Tentatively, one may suspect that a large number of SU peaks in core/shell CdSe/CdS
NPLs could be connected with the thick CdS shell (12 ML in Ref.??), which makes surface
defects more likely than in core-only structures. A significant presence of defects in these
structures has been hinted by studies showing that the long radiative lifetime is not due to

electron delocalization but to the influence of impurities.'® However, Coulomb interactions

are weaker than in core-only structures (Fig. 5¢,d), where only one SU peak has been mea-
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sured.?* Tt is then not surprising that, despite investigating different charge locations (Figs.
S3, S6 and S7 in SI), conduction band-offset values (Fig. S4) and shell thicknesses (Fig.S5),
we see at most one significant SU satellite. Deviations from the squared core shape, despite
lowering the symmetry, do not change this result either (see Fig.S8).

Regarding the relative intensity of the peaks, as mentioned in the previous section, the
highest-energy one (fundamental transition) is proportional to the weight of configuration
[1x-) in the CI expansion, |c;|?, while subsequent (SU) peaks would be proportional to
lcal?, |es|?, ... Configuration |1x-) (all carriers in the ground orbital, Fig. 2¢) is nodeless
and hence naturally expected to be the dominant one, so the highest-energy peak is also
the brightest one. We have not observed SU peaks exceeding the fundamental transition
height despite considering different charge locations and shell thicknesses (see SI). Even in
CdSe/CdTe NPLs, which constitute a limit case, SU peaks never exceed the height of the

main transition, see Fig. 6a.
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Figure 7: (a) Normalized X~ emission spectrum in a CdSe/CdS NPL, as a function of the
lateral charge strength. An electron spin relaxation bottleneck is imposed, so that emission
comes from the lowest singlet (S, = 0, ground state) and triplet (S, = 1) states. Shaded
lines are guides to the eyes. (b-c) Sketches showing the relevant electron-hole recombination
channels of singlet and triplet states. (b) The singlet can give rise to one fully radiative
(s-R1) plus one SU transition (s-SU). (c) The triplet can give rise to two fully radiative
transitions, t-R1 and ¢-R2.

We conclude from our simulations that SU lines may be present in the spectra of CdSe/CdS
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NPLs, but they are unlikely to explain all the features observed in Ref.?® As an alternative
interpretation for the experiments, a multi-peaked emission spectrum could result from stack-
ing of colloidal NPLs,% which leads to electronic coupling through dielectric confinement. >
However, the time-dependent spectral shifts observed by Antolinez et al. suggest that all
peaks arise from the same NPL, and significant stacking was not expected in the experiment
samples.?® We thus propose a different interpretation. Namely, simultaneous emission from
the X~ ground state, with singlet electron spin (S, = 0), and a metastable excited state with
triplet electron spin (S, = 1). The decay from the triplet to the singlet state is slowed down
by spin selection rules, as phonons are spinless. This could allow simultaneous occupation
of the two states even if the energy splitting exceeds thermal energy.

To illustrate this point, in Figure 7a we show the calculated emission of X~ assuming
equipopulation of S, = 0 and S, = 1 trion states. One can see that the number of sizable
peaks in the spectrum ranges from two to four, depending on the strength of surface charge,
Qedge- The origin of these peaks is summarized in the sketches of Fig. 7b and 7c. The singlet
(Fig. 7b) can give rise to a fully radiative transition (s-R1) and a SU transition (s-SU),
as described in the previous sections. In turn, the triplet (Fig. 7c¢) can give rise to two
fully radiative transitions (¢-R1 and ¢-R2), depending on which electron recombines with
the hole. t-R2 is readily visible at Qc44c = 0, but t-R1 requires recombining the hole with an
excited electron, a process which is again activated when the surface charge lifts symmetry
restrictions. However, unlike in SU processes, the two triplet transitions come from the
main configuration of the trion CI expansion. Therefore, their intensity can be comparable
to that of the band edge transition, s-SU, even if Coulomb admixture is weak. The triplet
transitions are built on both sides of s-SU, with inter-peak energy splittings up to few tens
of meV. The relative sizes of the peaks will be further modulated in realistic situations by a
finite triplet-singlet decay rate. This relaxation channel would possibly reduce the relative
population of S, = 1, and hence the intensity of ¢-R1.

Altogether, the number of peaks, the magnitude of the energy splitting between the peaks
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and the flexible intensities provide a framework to explain the multi-peaked photolumines-
cence of Ref.?® Several other aspects of this proposal are consistent with the experiments.
For example, because all peaks in Fig. 7a arise from the same NPL, they will experience
simultaneous spectral shifts when surface impurities migrate.?? Also, the hot trion emission
is expected to vanish when the impurities are removed, as t-R1 becomes deactivated and
t-R1 almost merges with the singlet emission, s-R1, see Fig. 7a for Qcqge = 0. This agrees
with the experimental observation that the line shape evolves from asymmetric to symmetric
as temperature increases. 2

The fact that triplet emission is observed in CdSe/CdS NPLs, but not in CdSe ones, may
be explained from the strong spin-spin interaction of resident carriers and surface dangling
bonds in the latter case,® which should speed up spin relaxation through flip/flop processes.
This mechanism is expected to be inhibited in core/shell structures, because X~ carriers
stay far from the surface, as shown in Fig. 5d. On the other hand, the triplet trion is
expected to have fine structure through electron-hole exchange interaction,® which may not
fit the mono-exponential photoluminescence decay reported in Ref.?® Further experiments

are needed, e.g. on polarisation of the different peaks under external fields335?

or magnetic
dispersion®! to confirm the different spin of the emissive states in CdSe/CdS NPLs.

The observation of metastable triplet trion photoluminescence has been previously re-
ported in epitaxial quantum wells?"%* and dots,? and more recently in transition metal

chalcogenide monolayers.?> To our knowledge, however, its presence in colloidal nanostruc-

tures has not been confirmed.

Control of SU processes

Inasmuch as SU processes can be responsible for the line width broadening NPLs, their su-
pression is desirable to improve color purity in optical applications. It has been suggested
that this job could be achieved by increasing quantum confinement, reducing either lat-

eral dimensions or shell thickness —the latter would favor electrostatic confinement.? Both
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strategies have the drawback of introducing size dispersion in ensemble luminescence. From
our theoretical analysis, we confirm that reducing Coulomb admixture would minimize SU
processes, but this can be achieved by weakening Coulomb interactions instead of increasing
quantum confinement. For example, reducing dielectric confinement or using thinner cores to
enhance the quasi-type-II character should contribute to this goal. Obviously, this approach
would have the drawback of reducing the band edge recombination rate as well.
Alternatively, since our study shows that trap charges are ultimately responsible for
SU processes, experimental routes to suppress SU processes could be directed to control of
traps. Appropriate choice of surface ligands,*® electrochemical potentials®® and interface

1920 could contribute to this end.

alloying

Because we find surface charges on lateral sidewalls particularly suited to induce SU
processes, the growth of core/crown heterostructures is expected to reduce their influence
by keeping the outer rim away from the photogenerated carriers. This suggestion seems
to agree with experimental observations by Kelestemur and co-workers, indicating that
core/crown/shell CdSe/CdS NPLs have more symmetric emission behavior than core/shell
ones at cryogenic temperatures,®” This can be understood as a consequence of the suppres-
sion of SU processes in the low-energy tail of the emission band. It is also consistent with
recent single-particle studies showing that the line width in CdTe/CdSe core/crown NPLs
is set by LO phonon replica of neutral excitons, rather than SU peaks of trions. 3

Should the role of metastable triplet states be confirmed in CdSe/CdS NPLs, strategies
to control the line width should rather focus on enhancing the interaction of confined carriers
with surface spins®! or intrinsic spin-orbit interaction,® to shorten their lifetime. Replacing
trion by neutral exciton emission through thermal dissociation,® is yet another possibility
to avoid SU and high spin peaks.

Thus, our calculations propose a wealth of experiments targeted at material design to
tune quantum and dielectric confinement, and exciton-surface/interface interactions, and set

suitable temperature ranges to control SU/triplet emission.
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Conclusions

We have shown that SU processes in colloidal NPLs are enabled by severe Coulomb admixture
—~which results from strong Coulomb interactions and weak lateral confinement— and the
presence of off-centered electrostatic traps, which suppress the protection against Auger
processes provided by symmetry conservation. Surface charges on lateral sidewalls seem
particularly efficient to this end.

Under typical experimental conditions, core-only and core/shell NPLs are susceptible of
showing a SU peak with oscillator strength 0.1-0.3 times that of the band edge transition.
This is at least one order magnitude larger than in epitaxial quantum wells. The SU peak
is redshifted from the band edge peak by up to few tens of meV, thus providing a source of
line width broadening.

These results are in excellent agreement with recent experimental findings in CdSe
NPLs?* in terms of number of emission peaks, energy splitting and relative intensity, but only
partially so with those of core/shell CdSe/CdS NPLs.?? Experiments in the latter structure
are however in line with an alternative interpretation involving simultaneous participation
from trion singlet and metastable triplet states.

Strategies to narrow the line width of NPLs through suppression of SU processes should

aim at controlling charge traps or Coulomb admixture.

Methods

Calculations are carried within k-p-continuum elastic theory framework. Independent elec-
tron and hole states are calculated with single-band Hamiltonians including core/shell strain

and self-energy potential terms. Model details and material parameters are given in Ref. %

60,61 c

Ligand induced strain annot be quantified with our continuum model, but its effect on

0

the line width broadening is expected to arise from incomplete passivation,® resulting in

surface traps. We include such traps as point charges. Point charge electrostatic potentials
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and Coulomb integrals for CI matrix elements, including dielectric mismatch effects, are cal-
culated solving Poisson Equation with Comsol 4.2. The CI basis set is formed by all possible
combinations of the first 22 single-electron and 22 single-hole spin-orbitals. For X~ these
are combined to form configurations |mx-) as the Hatree product of one hole spin-orbital
with a two-electron Slater determinant.

Supporting Information

This material is available free of charge via the internet at http://pubs.acs.org.

Additional calculations on the influence of the trion sign, surface charge location, con-

duction band offset and NPL core shape over the formation of SU processes.
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Schematic of radiative Auger (shakeup) process in nanoplatelets (NPLs). Point symme-
try largely protects the NPL from such process (left picture), but the presence of charge

impurities lowers the symmetry and hence activates shakeup processes (right picture).
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Additional calculations

We present here additional calculations for further understanding of SU processes.

Convergence of CI calculations

Configuration Interaction (CI) calculations on the basis of independent particle (or Hartree-
Fock) orbitals provide an excellent description of repulsions in few- and many-fermion sys-
tems. 2 However, large basis sets are needed to describe strong attractions,®* which are
certainly present in colloidal NPLs® and are involved in a correct description of SU pro-

cesses.
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Figure S1: X~ emission spectrum for Qeqqe = 0.4 (see main text). Zero energy is set for the
fundamental transition with ne = nh = 22. ne and nh are the number of single-electron and
single-hole spin-orbitals, respectively, used to build the CI basis sets.

In Fig. S1 we compare the X~ emission spectrum calculated for CdSe NPLs —same di-
mensions as in main text— using different basis sizes. The basis is formed by all possible
combinations of the first ne (nh) independent particle spin-orbital states of electrons (holes).
With increasing basis dimensions, the band edge transition peak red-shifts and gains inten-
sity, which reveals an improved description of electron-hole correlation. The intensity of the
SU peak height and its red-shift with respect to the band edge transition are however less

sensitive to the basis dimensions. It follows from the figure that quantitative assessment on
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the ratio of fundamental vs SU peak heights requires large basis sets. In the main text we
use ne = nh = 22. By comparing with smaller values of ne/nh in the figure, it is clear that
for this value —which involves very time-consuming computations— the ratio is reaching sat-
uration. This validates the order of ratios provided in the main text. For the calculations in
this Supporting Information, however, we may resort to ne = nh = 12, which overestimates

the relative height of SU peaks, but suffices to provide qualitative assessment.

Positive trion behaviour
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Figure S2: X normalized spectrum emission for different charge intensities. The arrows
are pointing to SU satellites (dotted lines are guides to the eyes). The highest SU peak
(Qedge = —0.3) is marked with a star. The origin of energies is set at the band edge
recombination peak. The insets correspond to Qcqge = 0.5 amplified SU peaks.

In the main text, we have mostly considered the case of negative trions. We show here
that the same behavior holds for positive ones. To illustrate this point, we choose the case
of the core-only NPL with an edge charge, equivalent to Fig.1d of the main text. Figure S2
shows that the presence of SU peaks in the emission spectrum is again strongly dependent
on the value of the surface charge. For Qcqge = 0, no SU peak is observed. For repulsive
(Qedge > 0) charges, SU are formed but very small in magnitude. The highest SU peaks are
formed for weakly bound donor charges (Qegge < 0), which attract the holes of X*, marked

with a star in the figure. As in the X~ case, if the attractive charge further increases it
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starts dissociating the trion. Consequently, SU peaks are quenched again. Notice however
energy splittings for X* (Fig. S2) are smaller than for X~ (Fig. 1d in the main text). This

is expected from the heavier masses of holes.

Effect of charge impurity location
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Figure S3: X~ emission spectra for different locations of surface charges. The spectra are
normalized with respect to the energy and intensity of the Q.qqe fundamental transition.
(a) Edge-located vs. corner-located impurity. Blue and red lines stand for edge and corner,
respectively. (b) Edge-located vs. edge-top-located vs. corner-top-located. Blue, green and
pink lines stand for edge, top-corner and top-edge, respectively. ne = nh = 12.

In the main text we present the representative cases of a surface charge centered on top
of the NPL (Qup), and that of a charge on the edge of lateral sidewall (Qeqge). In Figure
S3 we compare with different locations. One can see that the effect of a charge located
in the corner, red line in Fig. S3a, provides similar SU peaks to that of the edge charge,
blue line in the figure, both in energy and intensity. We recall that these traps seem to be
particularly likely according to recent studies on ligand desorption.%” Off-centered charges
on top and bottom surfaces are studied in Fig. S3b. They give rise to SU peaks of similar
height to that of Qcqge, although they reach the optimal charge value sooner than Qg
(Qtop—cdge ~ Qtop—corner = 0.2 versus Qegge = 0.4), because they lie closer to the center of the

NPL, where photogenerated carriers tend to localize.

S4



Effect of conduction band offset in CdSe/CdS NPLs

The value of the CdSe/CdS conduction band offset (CBO) has been a subject of debate in
nanocrystal heterostructures.®'© We used, along our main text, an upper-bound unstrained
value of 0.48 eV,® which is partly reduced by compressive strain in the core.'® Here we
explore the scenario where we use a lower-bound® value as well, to see the possible effect
of enhancing electron delocalization over the CdS shell. Figure S4 compares the two cases.
Lowering the CBO gives rise to slightly weaker electron-electron repulsion (V;.) and electron-
hole attraction (V.p,), however the differences are very small. One can then expect similar

role of SU processes as in the main text.
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Figure S4: (a,b) Average Coulomb integrals for Qeqq. = 0.6: (a) electron-electron repulsion
and (b) electron-hole attraction for every CBO. ne = nh = 22
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Effect of shell thickness in CdSe/CdS NPLs

Along the main text, core/shell NPLs under study had a shell thickness of 6ML on each
side of the core. The experiments of Antolinez et al.!! however used thicker shells (12 ML).
In this section we compare qualitatively the response in the two cases using a moderate
basis set (ne = nh = 12), which permits addressing the experimental dimensions without
the computational burden of the large basis set (for 12 ML thickness, the extended CI

computation is beyond our current resources).

a) b) c) 0205 0mos
T T T T T T
. [
160 T T e — (] 6ML
46ML = || Ground State |~ 1
> - ampE - -80 o8 T 12ML
140 - A~ <zvin™ _
= L _|| 15t Excited State 3
2 - 4005 & 06
2 - V2 T =
E 1201 - @i |- i E s
S L i 4100 8 04 |
L c €
100 |- ] w
L e i [ 1o 02 |
= $6ML L > i |
80 L L S E— ) |
05 08 05 08 0 1 |
Q Q 40 20 0 40 20 0
Shift (meV)

Figure S5: (a) Sketch of the NPLs we are comparing: 12ML shell (top) and 6ML (bottom).
The charge is located at same coordinates. (b,c) Coulomb interactions: (b) repulsions e-e
and (c) attractions e-h for @ = 0.5 and @) = 0.8. (d,e) Normalized emission spectra of 6ML
vs 12ML: (d) @ = 0.5 and (e) Q@ = 0.8; @ = 0 is centred at band edge recombination energy
for 6ML in both cases. ne = nh =12

If we focus on the charge location in both systems, Fig. Sba, one may expect similar
behaviour. The main difference, as can be seen in Fig. S5b (left panel) occurs for repulsive
electron-electron interactions, which are slightly weaker for thick shells. This is a consequence
of the larger electron delocalization, which translates into smaller |co| coefficients in the CI

expansion (see main text) and hence slightly smaller SU satellite, as observed in Fig. She.
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Effect of inserting multiple impurities in CdSe/CdS

We consider here the possibility that two surface traps, instead of one, are acting as electro-
static impurities in CdSe/CdS NPLs. Since there is a general preference of forming defects

h1%12 _ and on lateral facets

in the heterostructure interfaces — because of lattice mismatc
— where ligand desorption is more likely to happen®-, we choose the charges to be located
as shown in Fig. S6a. The presence of two charges, combined with the weak in-plane con-
finement, easily dissociates the trion by driving one electron to each surface impurity. This
can be seen in the charge densities of Fig. S6b. The number of visible SU peaks, however,
remains one (see Fig. S6¢). In the case of strong surface charges (Q = 1.0), the trion triplet

(discussed in the main text) becomes so close in energy to the singlet ground state that it

shows up in the spectrum at 4 K, see right panel in Fig. S6c.
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Figure S6: (a) Schematic of a CdSe/CdS NPL with 2 charges on edges intersecting interface
and sidewall facet. Qedge1) = Qedge(2) = Qedge- The NPL shell is 12 ML thick. (b) In-plane
electrons and hole charge densities for the X~ singlet (S = 0) ground state at @ = 0.5
and @ = 1.0; (¢) Normalized emission spectra at @ = 0.5 (left) and @ = 1.0 (right).
ne =nh = 12.

If we further increase the charge @ (e.g. by assuming double point charges on each side of
the NPL, see Fig. S7a), additional peaks start showing up in the emission spectrum, which
is shown in Fig. S7g. The sketches in Fig. S7d-f assign each peak to a corresponding recom-
bination process. Two transitions come from the X~ singlet ground state, namely its band
edge (s-R1) and first SU (s-SU) recombinations. The other transitions are fully radiative

recombinations arising from the triplet state, t-R1 and ¢-R2. The picture is analogous to
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that proposed in the Discussion section of the main text to explain the multi-peaked emis-
sion of ref.,!! but in this case the triplet state is thermally occupied at 4 K, so there is no
need to assume slow spin relaxation. The top panel in Fig S7g qualitatively resembles the
clusters of four peaks often observed by Antolinez and co-workers in their photoluminescence
measurements, ! although the inter-peak energy splittings here are one order of magnitude
smaller. As mentioned in the main text, assuming the triplet state is metastable even if it
is beyond kT from the singlet ground state, and varying trapped charge location, it may be

possible to retrieve the experimental spectra.
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Figure S7: (a) Schematic of a CdSe/CdS NPL with 2 double charges on edges intersecting
interface and sidewall facet. (b,c) Coulomb interactions: (b) electron-electron repulsion and
(c) electron-hole attraction for configurations |1) and |2). (d-f) Recombination processes
involved in each transition. (g) Normalized emission spectrum. The energy origin is set at
the position of the brightest peak, t-R2. (Qeqge is the net charge on each edge (times the
fundamental electron charge). ne = nh = 12.



Effect of lateral shape

In the main text we study NPLs with squared geometry because we model the NPLs of ref. !
experiments. Since symmetry lowering opens channels for SU processes, we wish to study
if usual shape deviations —towards rectangular geometry— prompt additional SU lines. In
Fig. S8 we compare the calculated emission spectrum for squared and rectangular CdSe/CdS
NPLs. In the absence of surface charges, Figs. S8a and S8b, none of the two structures
displays SU peaks. The reason is that symmetry lowering does not suffice to yield SU peaks.
As shown in Fig. 2f,g of the main text, one also needs to enhance repulsion between the two
excess carriers and reduce attraction with the opposite charge carrier to stimulate Coulomb
admixture with |2x-) for the trion ground state. This was observed for example in type-II,
rectangular shaped, core/crown CdSe/CdTe NPLs.!3 It can be achived in type-I and quasi-
type-II NPLs with trap charges, as they lower the symmetry and partly dissociate the trion.
Figs. S8c and S8d show that the presence of a lateral charge gives rise to a sizable SU peak
in both squared and rectangular NPLs. In the case of the rectangular NPL, the SU peak is
relatively smaller than in the squared one because of the stronger lateral confinement, which
reduces Coulomb admixture. Figure S8 shows that deviations from perfect square geometry
in core/shell CdSe/CdS NPLs do not induce additional SU peaks, thus reinforcing the belief
that additional factors —other than SU processes— are needed to explain the observation of

3-4 emission peaks in ref.!! experiments.
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Figure S8: Normalized emission spectrum of X~ in squared (a,c) and rectangular (b,d)
CdSe/CdS NPLs. (a,b) show the spectra for Qeqge = 0.0 (no surface charge), (c,d) for Qeage =
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2.3 Highly Charged Excitons and Biexcitons in Nanoplatelets

”Highly Charged Excitons and Biexcitons in Type-II Core/Crown Col-
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DOI: https://doi.org/10.1021/acs. jpcc.2c00827

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 (X X). 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 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.
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Abstract

The optoelectronic properties of type-II CdSe/CdTe colloidal nanoplatelets charged
with neutral excitons (X°) have been intensively investigated in the last years. Moti-
vated by recent experimental progress, here we use effective mass simulations to study
the effect of charging core/crown nanoplatelets with a few extra electrons or holes.
Emission spectra are calculated for charged excitons (X", with n = 2 to n = —3)
and biexcitons (X X). 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 tun-
able oscillator strength. For biexcitons, the binding energy can be tuned from nearly
non-bonding to strongly antibonding (~ 40 meV) by modulating the core/crown area
ratio. We conclude that the number of excess carriers injected in type-II nanoplatelets

is a versatile degree of freedom to modulate the optoelectronic properties.

Introduction

Colloidal nanocrystal heterostructures with type-1I (staggered) band alignment, are of inter-
est for the development of optoelectronic applications where controllable spatial separation
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 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 elec-
trons 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 exci-
tonic interactions.*™® With appropriate engineering, these structures are of interest for light
harvesting, sub-band gap emission and infrared detection, fluorescence up-conversion and

low-threshold lasing. 129712



To date, the majority of studies about CdSe/CdTe NPLs have focused on spectral and
dynamic properties of neutral excitons (X0).3 6810111314 However, electron-hole separation

in type-II nanocrystals is known to suppress Auger processes,'>17

which may prompt the
formation of long lived trions and biexciton species in photoexcited NPLs.'® In addition,
progress in electrochemical charging of heteronanocrystals has recently reached determin-
istic 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 behavior of the
semiconductor. Charge control through doping is also advancing in this direction.?°22 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 sig-
nificant blue-shifts (20-200 meV) of the photoluminescence peak when switching from single
excitons to multiexcitons or charged excitons.®23 2> Similar findings have been reported
in other type-II and quasi-type-II heterostructures, such as nanorods,! tetrapods,2 dot-in-

rods??

and rod-in-rods.?® The origin of these shifts is connected with the Coulomb inter-
actions between the recombining exciton and the spectator charges. The latter introduce
Coulomb repulsions, which —owing to the spatial sepation of electrons and holes— are not
compensated by attractions. Because the initial state of the optical transition has more car-
riers (and hence more repulsions) than the final one, the transition energy increases. %2939
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.
Unlike in quantum dots, the anisotropic shape and large (but finite) in-plane dimensions of
NPLs place them in an intermediate confinement regime.3!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.*"® Tt is then unclear if

Coulomb repulsions will still prevail. In this work, we address these questions by means of



computational simulations.

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 n 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: (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 confinement; (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) 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 e.g. for the design of optical charge

SENnsors.

Methods

Calculations are carried within k-p theory framework. Non-interacting (single-particle) elec-
tron and hole states are calculated with single-band Hamiltonians including core/crown
lattice mismatch strain in a continuum elastic model® and self-energy corrections to account
for the dielectric mismatch.®® Low temperature band gaps of CdSe (1.76 ¢V) and CdTe (1.6
eV) are taken from Ref. 34 and the rest of material parameters from Ref. 35.

Many-body eigenstates and eigenenergies are calculated within a full CI method, using

Cltool codes.?® Coulomb integrals for the CI matrix elements, including the enhancement



coming from dielectric confinement, are calculated solving the Poisson equation with Comsol
4.2. The CI basis set for CdSe/CdS NPLs is formed by all possible combinations of the first 20
independent-electron and 24 independent-hole spin-orbitals. Charged exciton and biexciton
configurations are then defined by all possible Hartree products between the few-electron
and few-hole Slater determinants, consistent with spin and symmetry requirements. Optical

7

spectra are calculated within the dipole approximation,®” assuming Lorentzian bands with

linewidth of 1 meV.

Results

We consider core/crown NPLs with typical dimensions.® The thickness is 4.5 atomic mono-
layers. A crown of fixed lateral dimensions 20 x 30 nm? is taken, and the core size is 10 x 20
nm?. Figure la shows the calculated emission spectrum at a temperature T = 20 K, for
different excitonic complexes. X° stands for a neutral exciton (one interacting electron-hole
pair). When extra charges are introduced in 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 posi-
tively charged excitons are red-shifted instead. In both cases, charging leads to multi-peaked
emission.

The energetic shift between X2+ and X3, 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 confiment (few tens of meV).?®3% It is also much larger that typical shifts observed
upon charging type-I NPLs.4%42 The origin is connected with the unbalanced repulsive and
attractive Coulomb interactions in type-II NPL. To gain semiquantitative understanding, we

compare the relative strength of attractions and repulsions for each excitonic complex. We
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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 nm?

calculate the expectation value of the terms contributing to the total energy of X"+ :

(Etot) = (Ee) + (En) + (Ven) + (Vee) + (Vin)- (1)

Here Ey; is the total energy of the X™* ground state, E, (Ep) is the sum of the energies of
the non-interacting electrons (holes) forming the complex, V,, is the sum of the attractions
between electron-hole pairs and V. (Vj;,) that of the electron-electron (hole-hole) repulsions.
Figure 1b compares the absolute value 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,;,), which remain smaller than



attractions. In short, in X"~ repulsions prevail over attractions, while in X™* the opposite
holds. This is directly connected to the blue-shift (red-shift) observed in Fig. 1la. It follows
from Fig. 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 wave lengths around the value set by the NPL thickness. The same finding
holds at room temperature, see Fig. S1. It is worth noting that the blueshift of the excitonic
peak in the presence of excess electrons is partly reminiscent of the dynamical screening
reported in highly doped semiconductors,*? albeit in the few-particle limit.

As for the multi-peaked emission of charged species in Fig. 1a, 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. 44> 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.6 A detailed spectral assignment of the trion states (X~ and X¥)

is provided in the SI, Figs. S2 and S3.
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Figure 2: (a) Comparison between the emission spectrum of biexcitons and excitons for
different core lengths, Lj. (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.

We next move to the study of biexcitons. In Fig. 2a we compare X° and X X emission

spectra for NPLs with variable core dimensions. The core width is fixed at 10 nm, but

7



the length (L;) is varied. By increasing Ly, the shift between X 9 and XX peaks evolves
from strongly antibonding (~ 40 meV blue-shift, Ly = 12 nm). to nearly non-bonding
character (~ 5 meV, L; = 20 nm). The tunability of the spectral shift holds at room
temperature as well, see Fig. S4. This magnitude is similar to that reported for type-1I
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 effect.”*®

The physical origin of the shift is different from that of nanocrystals, as we explain next.
In both cases the emission peak is mainly related to the band edge transition (see Fig. S5 for
a detailed spectral assignment of the X X emission band). Thus, the spectral shift between
XX and X° corresponds to the biexciton binding energy, Ey(XX) = E;oi(XX) — 2E,4(X)
(here positive sign means unbound biexciton). Using expectation values, Eq. (1), Ey(XX)
can be decomposed as:

(By(X X)) = (B“) + (B*"). (2)

Here,

Eeovl — ‘/eh(XX) + ‘/;E(XX) + th(XX) - 2‘/eh,(XO) (3)

is the Coulomb contribution, associated to changes in the relative strength of Coulomb

interactions. In turn,

E = (B,(XX) = 2E.(X°) + (Ey(XX) — 2E,(X?)) (4)

is the spatial confinement contribution to the binding energy, associated to 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 X X and X° have electrons (holes) in the 15, (15},) orbital, which gives E<"/ ~ 0.
The biexciton shift is thus well explained from changes in E®* alone.?** However, NPLs

are in a strongly correlated regime. Coulomb repulsions (of the order of ~ 100 meV, see



Fig. 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, Fig. 2b shows that E<"/ is the dominant term in F,(XX). With increasing L
values, repulsions in the core decrease, and so does E°“. However, at L, = 16 nm, when
Eul ~ () (attractions equal repulsions), the biexciton is unbound, Ey(X X) ~ 20 meV, This

is because confinement terms, £/ are still important.
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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?) crown. (b) Corresponding hole (left) and two-electron (right)
charge densities for X~. (¢) Emission spectrum of the narrow crown NPL, now comparing
conduction band offset 0.53 eV (as in CdSe/CdTe) with 0.25 eV (as in CdSe/CdSeqsTeq ).
The spectra are simulated at 4K and are offset vertically for clarity.

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-I NPLs,
trions (X*) have smaller oscillator strength than X 40 because the giant oscillator strength
effect is diluted.*? In Fig. 1a, however, no major change is observed between X° and X"t
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 type-II to quasi-type-II localization of charged excitons.

To illustrate this effect, we consider two NPLs with the same core (2 x 10 nm?) but different

9



2. Fig. 3a compares the resulting emission

crown dimensions: 20 x 30 nm? vs 10 x 30 nm
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 response is related to the localization of
holes in each crown. As shown in Fig. 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 Fig. 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, e.g. by using alloyed (CdSeTe) crowns.6% To estimate the magnitude of this effect,
in Fig. 3¢ we compare the emission of the narrow CdSe/CdTe NPL to that of the same
NPL with halved conduction band-offset (close to that of CdSeqsTegs). One can see that
in the latter case, a greater increase of the emission intensity is obtained when the number
of electrons increases (cf. X° and X ). 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, Fig. 3 evidences that the emission intensity of CdSe/CdTe NPLs can be mod-
ulated through the number of injected electrons in the core. With appropiate structural
design, Coulomb interactions make excitonic species gradually reduce their indirect charac-
ter. Electron-electron repulsions play an important role to this regard by prompting electron
delocalization outside the core, but it is worth noting that so do electron-hole attractions (see
Fig. S6). This carrier-sensitive optical response could be interesting for ratiometric probing

of charges in the NPL.

10



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 systems. As a result, we predict
that 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 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-2D systems.

Supporting Information

This material is available free of charge via the internet at http://pubs.acs.org.

Additional calculations on emission spectra at high temperature, spectral assignments
for trions and biexciton, and effect of electron-hole attraction on the emission of CdSe/CdTe

NPLs are given.
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Additional calculations

Charged excitons

As we have already seen in Fig. 1 of the main text, at low temperature (T' = 20 K) Coulomb
interactions make X"~ systems blueshift (n = 1 —3) and X" systems redshift (n =1 —2).
As shown in Fig. S1, at room temperature the same trend holds, but because there are more

populated states, a richer multi-peaked emission spectrum is obtained.

Relative emission

| | | |
212 217 2.22 2.27 2.32 2.37

Emission energy (eV)

Figure S1: Emission spectrum of neutral and charged excitons in a CdSe/CdTe NPL. We set
L; = 20 nm. The spectra are simulated at room temperature, 300K. Stars stand for peaks
visible at 20K.
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For X" systems at 300K, the range of emitting energies one can achieve does not vary
much with relation to that at 20K. However, for X~ the emission energies can become sig-
nificantly higher (cf. X3~ in Fig. S1 and in Fig.4). This is a result of the thermal occupation

of excited states.

To gain insight into the optical spectra of charged excitons, we study in detail the spectral
assignment in the case of trions, X~ and X*. These species are frequently observed in type-I
NPLs'? and have been reported in CdSe/CdTe core/crown NPLs as well.* We have analyzed
which transitions are more relevant and characterized the main electronic configurations —or
combination of configurations— involved in each case. Fig. S2 corresponds to a negative trion,
X ™. Fig. S2a shows the energy of the initial (X, top of the figure) and final (single electron,
bottom of the figure) states involved in the recombination of the trion. From the negative
trion dispersion energy Ex-, it is easy to see that high-spin states get closer to the low-spin
ones as Ly increases. This trend leads to a higher number of thermally occupied states
with increasing Ly, which translate into a higher number of allowed transitions, see Fig. S2c
and the associated peaks in the emission spectrum, Fig. S2b. Notice that the band edge
transition (labeled as (I) in Fig. S2¢) is still the most intense peak in the spectrum at 50K.
Additional transitions arise from shake-up processes® 7 of the ground state (transition (2)),
and transitions arising from the first electron spin triplet state, which can reach two different
final states (transitions (3) and (4)). Fig. S2d shows the main electronic configurations
involved in the transitions (I) to (@), with ellipsoids highlighting the recombining electron-
hole pair. The configurations rely on the non-interacting electron and hole states, which
we label with the corresponding irreducible representation in the Dy, point group (see e.g.

Fig. 4 of Ref. 8 for details).
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Figure S2: (a) Dispersion energy for X~ (above dotted line) and for single-particle electron
(below dotted line). (b) Negative trion emission spectrum for Lg = 20 nm. (c) Transitions
involved in (b). (d) Main configurations referred to in (c) and (b). Red and black lines
stand for singlet and triplet electron spin states. Single-particle state colors denote different
irreducible representations. The spectrum is simulated at 50 K.

A detailed assignment for Xt is given in Fig. S3. In this case, the assignment is more
involved because the density of states is higher, since holes are heavier than electrons. Also,
the initial state has nearly degenerate singlet and triplet hole spin states, described with
black and red lines in Fig. S3a (top), and the final hole states have two-fold degeneracy
(e.g. Ay and By, levels in Fig. S3d). Both the degeneracy of X* and single hole states arise
from the double-box formed by the crown in the presence of a core, which acts as a barrier

for holes. The higher density of states when Lj increases has an important influence of the
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number of thermally occupied states participating in the emission spectrum. For this reason,
the emission spectrum of Ly = 12 nm and Lj = 20 nm is visibly different.
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Figure S3: (a) Dispersion energy for X (above dotted line) and for single-particle hole
(below dotted line). Positive trion emission spectrum for (b) L = 20 nm and (c) Lj = 12 nm.
(d) Transitions involved in (b) —solid lines— and (c¢) —dotted lines—. (e) Main configurations
for Lj = 20 nm and (f) same for L = 12 nm. Red and black lines stand for singlet
and triplet hole spin, respectively. Single-particle states colors denote different irreducible
representations. The spectrum is simulated at 20 K.
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Biexcitons

Figure 2a in the main text compares the emission spectra of excitons and biexcitons as
a function of the core size at 20K. Fig. S4 shows that the main conclusions hold at room
temperature: the biexciton remains blueshifted by tens of meV for small and mid-sized cores,
but emits close to the neutral exciton for large cores (L;, = 20 nm). The higher temperature
enables emission from excited states of the biexciton, which explains the larger number of

peaks in Fig. S4.

I I I I I I I
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Figure S4: Comparison between the emission spectrum of biexcitons and excitons as a
function of the core length. The spectra are simulated at room temperature, 300K. Stars
stand for peaks visible at 20K.
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Transition assignments for the biexciton emission at at 7' = 20K can be found in Fig. S5.
Unlike in the case of charged excitons, here most of the emission intensity comes from the

band edge transition.
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Figure S5: (a) Dispersion energies for biexcitons (top) and excitons (bottom). Emission
spectra simulated at 20K for (b) Lj = 20 nm and (c) Lj = 12 nm. (d) Transitions involved
in (b) —solid lines— and (c) —dotted lines—. (e) Main configurations for L = 20 nm and
(f) same for Ly = 12 nm. Red, black and green lines stand for different total spin of the
biexciton, Sxx = 0,1 and 2, respectively.

Role of Coulomb attraction on the transition towards quasi-type-11

NPL

In addition to electron-electron repulsions, electron-hole attractions play an important role

in the transition towards quasi-type-II system. In Fig. S6a and b we show the X° and X~
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charge densities along the y (long) axis for a narrow crown CdSe/CdTe NPL like that of Fig. 3
in the main text. Red lines correspond to a standard calculation, while blue lines represent a
situation in which we deliberately quench electron-hole multiplying such Coulomb integrals
by a factor of 0.1. Clearly, the electron (solid line) and hole (dashed line) reduce the overlap

substantially. In the emission spectrum, Fig. S6¢, this translates into weaker intensity.
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Figure S6: Charge density of (a) X° and (b) X~ along the y axis of the NPL. Red and blue
lines stand for normal and quenched electron-hole interactions, respectively. Solid and dashed
lines represent electron and hole charge density, respectively. (c¢) Emission spectrum of X°,
X~ and X?~ with standard ((x1) e-h interaction) and quenched ((x0.1) e-h interaction)
Coulomb attractions. The conduction band offset is set at 0.25eV and T = 4 K.
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2.4 Shell Filling and Spontaneous Magnetism in Nanoplatelets
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Abstract:

Colloidal semiconductor nanoplatelets are excellent optical emitters, which com-
bine a quasi-2D structure with strong in-plane Coulomb interactions. Here we
go beyond the photoexcitation regime and investigate theoretically the effect of
charging nanoplatelets with a few interacting fermions (electrons or holes). This
introduces severe Coulomb repulsions in the system, enhanced by the inherent
dielectric confinement. We predict strong electronic correlations and electron-
electron exchange energies (over 20 meV) in type-I (CdSe/CdS) and type-II (CdSe/
CdTe) nanoplatetets, which give rise to characteristic physical phenomena. These
include shell filling spectra deviating from the Aufbau principle, large addition
energies which permit deterministic control of the number of charges at room
temperature and paramagnetic electron spin configuration activated at cryogenic
temperatures.
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Colloidal semiconductor nanoplatelets are excellent optical emitters, which combine a quasi-2D
structure with strong in-plane Coulomb interactions. Here we go beyond the photoexcitation regime
and investigate theoretically the effect of charging nanoplatelets with a few interacting fermions
(electrons or holes). This introduces severe Coulomb repulsions in the system, enhanced by the

inherent dielectric confinement.

We predict strong electronic correlations and electron-electron

exchange energies (over 20 meV) in type-I (CdSe/CdS) and type-II (CdSe/CdTe) nanoplatetets,
which give rise to characteristic physical phenomena. These include shell filling spectra deviating
from the Aufbau principle, large addition energies which permit deterministic control of the number
of charges at room temperature and paramagnetic electron spin configuration activated at cryogenic

temperatures.

The number of excess carriers (electrons or holes)
confined in semiconductor quantum dots is analogous
to the charge number of ions in chemistry. Because
changes in this number are expected to modify the
electronic properties, experiments in the early years
of quantum dots struggled to control it.  Orbital
shell filling was subsequently demonstrated in gated|[1],
self-assembled[2-4], carbon nanotube[5] and graphene[6]
quantum dots. In colloidal nanocrystal quantum dots,
orbital shell filling of conduction and valence bands was
pursued using different approaches such as scanning tun-
neling spectroscopy|7], direct or remote doping[8] and
electrochemical injection.[9] The placement of resident
charges in the nanocrystals translated into substantial
changes of the transport and optical properties, including
lower threshold optical gain[10] and large electrochromic
shifts,[11, 12] which are of interest for lasing and sensing
applications, respectively.

Recently, progress in electrochemical charge injection
has reached deterministic and stable control of the num-
ber of confined carriers in individual nanocrystals.[13]
Charge control through doping (with impurities or sur-
rounding molecules) is advancing in this direction,[14—
16] and scanning tunneling spectroscopy[7, 17, 18] in
the shell-filling regime can be expected to do so as
well. These achievements open path for a precise analy-
sis of the shell structure, potentially unveiling few-body
charge and spin interaction effects at a level so far re-
stricted to fully solid state systems. In nanocrystal quan-
tum dots, quantum confinement energies usually prevail
over Coulomb interaction energies.[19] This is a simi-
lar situation to that of epitaxial quantum dots. One
can then expect orbital shell filling to be simply un-
derstood from the dot geometry, following Hund and
Aufbau rules, with many-body interactions acting as
a perturbation.[1, 2, 20, 21] A different scenario can
however be foreseen for nanoplatelets (NPLs). These
are often considered the colloidal analogous of epitax-
ial quantum wells, albeit with finite and controllable
lateral confinement, the possibility to develope in-plane

(core/crown) heterostructures and a strong dielectric
confinement imposed by the organic ligands.[22]

The flexible design and outstanding optical properties
of colloidal NPLs have triggered intensive research over
the last years aiming at applications in optoelectronic
devices.[15, 23-26] Much of the interest follows from
the strong attraction between photogenerated electron-
hole pairs, enhanced by the quasi-2D geometry and
the dielectric confinement, which prompt large binding
energies (150-250 meV) and fast radiative recombina-
tion rates through the so-called giant oscillator strength
effect.[22, 27-30] One should however note that the same
factors that favor strong electron-hole attraction, favor
strong electron-electron or hole-hole repulsion too. In
NPLs with injected carriers, these interactions (~ 100
meV) largely exceed the small energy spacings between
states of non-interacting particles, which are set by the
weak lateral confinement (~ 10 meV). The resulting shell
structure can then be expected to display non-trivial
many-body phenomena.[3, 4, 31] Possible implications of
an electronic structure shaped by strong repulsive cor-
relations include the buildup of intrinsic ferromagnetism
and exotic spin states.[31-33]

In order to investigate these effects, we study
CdSe-based NPLs of current interest.  Specifically,
we model CdSe/CdS and CdSe/CdTe core/crown
heterostructures,[22] see schematics in Figures la and
1d, respectively. Similar behavior can be expected for
core-only and core/shell NPLs, but the crown passivates
lateral facets, which are prone to formation of traps,|34]
and the use of shells gradually quenches dielectric con-
finement, which is needed to reach the strong correlation
regime we report.

To visualize the role of Coulomb repulsions we will con-
jugate two competing degrees of freedom: the number of
confined carriers and the quantum confinement strength.
Thus, we take a fixed crown (lateral dimensions 20 x 30
nm?), and change the core size (lateral dimensions 10x Lg
nm?, where L§ =12 — 20 nm is the length of the core).
The NPL thickness is 4.5 monolayers. These are typical
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FIG. 1: (a) Schematic of the CdSe/CdS NPLs under study. (b) Non-interacting electron (top) and hole (bottom) energy levels
as a function of the core length. (c) Wave functions of the lowest electron (highest hole) energy levels for Ly = 20 nm. (d-f):
same but for CdSe/CdTe NPLs. The NPLs have the same dimensions as for CdSe/CdS. All energies are referred to the top of
the CdSe valence band. The colors of the lines in (b), (c), (e) and (f) denote the irreducible representation of the level (within

the Daj, point group).

values for this kind of structure.[35]

It is convenient to start by analyzing the energy struc-
ture of non-interacting electrons and holes, which we
calculate using effective mass Hamiltonians. including
strain and dielectric mismatch terms (see Supporting In-
formation, SI). In CdSe/CdS NPLs, the first electron
and hole states localize in the core (Fig. 1lc), but in
CdSe/CdTe NPLs the hole moves towards the crown
(Fig. 1f), as expected from the type-I vs type-II band
alignment. The energy dependence on the core length is
similar for all particles localized within it. For instance,
Fig. 1b shows that increasing L, in CdSe/CdS NPLs has
little influence on the electron or hole ground state energy
(A, symmetry) because the lateral confinement is already
weak. However, some of the excited states (those with
nodes along the y axis) are more sensitive to the con-
finement relaxation and lower their energy more, see e.g.
the first excited state (B, symmetry). The same hap-
pens for electrons in CdSe/CdTe NPLs, as can be seen
in Fig. le (top part). This is an indication that the NPL
core is not yet in the quantum well limit,[18] and hence
the density of states can be increased by making it larger.
The smaller interlevel energy spacings will translate into
stronger electronic correlation effects, as we shall show
below.

For holes in CdSe/CdTe, the behavior is different be-
cause increasing the core size reduces the space left in
the crown. This unstabilizes the energy levels for large
L7, values. It is also worth noting that the top-most levels
of the valence band are formed by nearly degenerate pairs
of states (A4 and By, B3, and Byg). This is because the
core constitutes a potential barrier which separates the
crown into two symmetric sides. The pairs of levels are
the symmetric and antisymmetric solutions of the double
box system. The top-most hole states have little kinetic
energy, so that tunneling is weak and the two solutions
are quasi degenerate.[36] This is a diatomic-like system,

where characteristic interactions —different from those of
quantum dots— can be expected.

We are now in a position to study the orbital shell
filling of the NPLs. To this end, we calculate the addition
energy (the analogous of electron affinity in real atoms)
spectrum for the two first conduction and valence band
shells (i.e. up to 4 electrons or 4 holes). The addition
energy is the energy required to insert one additional
charge into the nanostructure:[1]

A=pu(N+1)—pu(N)=E(N+1)—2E(N)+ E(N —1).

(1)
where p(N) and E(N) are the chemical potential and
ground state energy for N carriers (electrons or holes).
E(N) values are extracted from full configuration inter-
action (CI) calculations on the basis of the single-particle
spin-orbitals (see SI).

Fig. 2a shows the addition energies one would expect
for non-interacting electrons in a core with L¢ = 20 nm.
In this case, a simple orbital shell filling sequence is ob-
served. Odd numbers of electrons (V) involve half-filled
(open) shell. Because we are neglecting Coulomb interac-
tions so far, introducing an extra electron in these cases
requires no additional energy, A = 0 meV. By contrast,
even numbers of electrons involve closed shells. Intro-
ducing an extra electron requires providing the energy to
access the next excited orbital, which is set by the lateral
quantum confinement or in other words, it is due to the
inter-level spacing separation observed in Fig. 1b,e. This
results in A &~ 20 meV.

Upon inclusion of Coulomb interactions, major
changes take place in the electron addition spectrum.
Fig. 2b show the spectrum in the absence of dielectric
confinement (assuming the outer medium has the same
dielectric constant as the NPL, e,u; = €4,). This sit-
uation can be expected in NPLs with thick shells and
is reminiscent of epitaxial quantum dots. Open shells
have now addition energies A = 25— 30 meV, which give
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FIG. 2: Addition energy spectra as a function of the num-
ber of carriers for CdSe/CdS (red line) and CdSe/CdTe (gray
line) in a NPL with Lj = 20 nm. (a) Non-interacting elec-
trons. (b) Interacting electrons neglecting dielectric confine-
ment (€out = €in). (c) Interacting electrons including di-
electric confinement (o4t = 2). (d-f) Same for holes. The
insets show the dominant electronic configuration along with
its weight in the CI expansion (red value for CdSe/CdS, gray
one for CdSe/CdTe).

a direct measure of the electron-electron repulsions one
needs to overcome in order to place an extra electron
in the same orbital. Closed shells are still more stable
than open ones, but Coulomb repulsions are less severe
when the extra electron is placed in a different (orthog-
onal) orbital. Consequently, the sawtooth structure in
Fig. 2b is less pronounced than one would expect from
quantum confinement alone (Fig. 2a). When dielectric
confinement is added (€44t < €4n), which provides a re-
alistic description of NPLs with no shell, Coulomb re-
pulsions are greatly enhanced (roughly tripled), yielding
A values over 80 meV, see Fig. 2c. It is worth noting
that the A shift between non-interacting and interacting
cases is not constant against the number of carriers (see
Fig. S1 in the SI). This is a first indication that we are
beyond the perturbative Coulomb regime, and electronic
correlations play a significant role. The latter effect is
particularly remarkable in CdSe/CdS NPLs with cores
under Ly = 15 nm, where anomalous shell filling spectra
can be observed, with closed shell configurations being
less stable than open ones, see Fig. S2.

For holes, the impact of Coulomb interactions is also
drastic. Holes in CdSe/CdS NPLs behave much like elec-

trons in spite of the heavier masses, see red line in Fig. 2d-
f. Holes in CdSe/CdTe behave differently instead because
they are localized in the crown, see gray lines in the fig-
ure. In a non-interacting picture, Fig. 2d, A ~ 0 meV
for a number of holes N, =1 — 3, but A = 2.8 meV for
Ny, = 4. This reflects the valence band electronic struc-
ture analyzed in Fig. 1f. The top-most hole orbitals (A,
and Bsy,) are quasi degenerate. Together with the spin
degree of freedom, this gives a four-fold quasi-degenerate
ground state. Then, adding extra holes requires very lit-
tle energy except for the closed shell, N, = 4. However,
when repulsions are taken into account (Figs. 2e,f), all
addition energies shift up and a peak emerges for N, = 2.
The latter is because two holes feel comfortable sitting
on opposite sides of the crown, but adding a third hole
necessarily implies stronger repulsions.

The insets in Fig. 2 show, for each N, or N}, value, the
electronic configuration which is expected to dominate
from the Aufbau principle of atoms, i.e. assuming that
independent-particle spin-orbitals are filled sequentially.
For interacting particles, the percentage gives the weight
of such a configuration within the CI expansion. In the
absence of dielectric mismatch, Figs. 2b,e, this is indeed
the dominant configuration (weights over 50%). This is
especially true for electrons, while holes are in a regime
of stronger correlations, consistent with earlier studies
on epitaxial quantum dots.[3, 4, 31] Upon inclusion of
dielectric mismatch, however, correlations become even
stronger, which is manifested as weights below 50% in
Figs. 2c¢,f. That is, the configuration expected from the
Aufbau principle is no longer the dominant one, and it
misses most of the electronic structure details.

It is concluded from Fig. 2 that Coulomb repulsions
play a dominant role in shaping the electronic structure
and addition energy spectrum of electrons and holes
in NPLs. This is so in spite of the large in-plane
dimensions, which in principle allow fermions to localize
far from each other to minimize interactions (as in
incipient Wigner crystals[37]). An important practical
consequence is that, owing to dielectric confinement, all
A values exceed thermal energy at room temperature.
This implies that electrochemical charging of NPLs[38]
is susceptible of being conducted electron-by-electron
(or hole-by-hole), thus enabling deterministic control
of the number of charges in spite of the weak lateral
confinement. The same conclusion holds for different
core dimensions (Fig.S2).

The results so far also reveal that electrons in
CdSe cores can experience severe correlations, because
Coulomb repulsions are up to one order of magnitude
larger than the interlevel energy spacing set by lat-
eral confinement (~ 100 meV against ~ 10 meV for
Ly = 20 nm). These are potentially suitable condi-
tions for the formation of magnetic phases.[39, 40] Con-
firming such a point is of significant interest, since ear-



lier manifestations of magnetic phases in colloidal NPLs
were restricted to doping[24, 41-44] and surface-induced
paramagnetism.[45] The development of intrinsic mag-
netism would open up new scenarios for spintronic and
magnetic devices.

To explore this possibility, in Fig. 3 we plot the en-
ergy difference between low and high spin states of few-
electron (N, = 2 — 4) CdSe/CdS NPLs and the as-
sociated expectation values of the total spin quantum
number (similar results hold for CdSe/CdTe, Fig. S3).
Fig. 3a shows the energy splitting between the N, = 2
ground state (singlet, S, = 0) and the first excited state
(triplet, S. = 1). Clearly, as the core size increases,
the triplet approaches the singlet ground state. There
are two reasons for this. One is the weakening of lat-
eral confinement, which selectively relaxes the first ex-
cited orbital (Ba,, py-like) but not the lowest one (A,
s-like), as discussed before in Fig. 1. The other reason
is that strong Coulomb repulsions imply large Coulomb
exchange energies as well, which stabilize triplets as com-
pared to singlets. Fig. 3a compares the triplet energy
for two non-interacting (dotted line) and two interact-
ing (solid line with black circles) electrons. The energy
decrease for non-interacting electrons is merely due to
the weakened confinement, while that of the interact-
ing case further benefits from exchange energies as large
as 20 — 30 meV. Consequently, for two interacting elec-
trons, the S, = 1 state is only 8 meV away from the
Se = 0 ground state when LS = 12 nm, and is nearly
degenerate when Ly = 20 nm. It follows that thermal
occupation of high spin states is feasible at room tem-
perature or even earlier. This is evidenced by Fig. 3b.
With increasing temperature, the total spin (S.) rapidly
departs from (S.) = 0 (pure singlet), which is the value
one would obtain in strongly confined nanocrystals, and
reaches (S.) &~ 3/4, which implies equal population of
singlet and triplet states. For large cores (Lg = 20 nm),
this is achieved at temperatures under 50 K. The prac-
tical implication is that paramagnetic response must be
expected except at temperatures 7' — 0 K.

The ground state of a N, = 2 system in the absence
of external magnetic fields or spin-orbit interaction is al-
ways spin-singlet.[40] In Fig. 3c,d we explore whether this
situation can be reversed for N, = 3—4 NPLs, and high-
spin ground states show up. For the geometries we ad-
dress the answer is negative (at T = 0 K the spin is
low). but again high-spin states are occupied at room
temperature. In fact, for N, = 4 and 300K we obtain
(Se) > 3/4, see Fig. 3d. That is, thermal population of
triplet states exceeds that of singlet ones. The reason
is that more than one triplet state becomes reachable at
room temperature, see Fig. S3.

Solid and dashed lines in Fig. 3 refer to estimates in-
cluding and excluding dielectric confinement. It is clear
from the comparison that the spin momenta are higher
when the inhomogeneous dielectric screening is taken into
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FIG. 3: (a) Energy splitting between ground state (sin-

glet) and the first excited state (triplet) for two electrons in
CdSe/CdS NPL with varying core length. The insets illus-
trate the main electronic configuration for each state. The
dashed line in (a) represents the triplet state of two non-
interacting electrons, for comparison. (b-d): expectation
value of total electron spin as a function of the temperature
for different core lengths, with two (b), three (c) and four (d)
electrons. (Se)eq is the value for equal number of low and
high spin states populated. Solid (dashed) lines are used for
calculations including (excluding) dielectric confinement.

account, which is a reflection of the greater Coulomb ex-
change energies.

We conclude from Fig. 3 that the large Coulomb ex-
change energy and the weak lateral confinement of col-
loidal NPLs enable the occupation of high spin states
from cryogenic temperatures, which should provide few-
electron NPLs with paramagnetic behavior in most prac-
tical instances.

In summary, we have shown that the number of
fermions (electrons or holes) confined in colloidal NPLs
sparks profound changes on the electronic structure. The
strong Coulomb repulsions and the weak lateral confine-
ment of NPLs combine to yield a regime of strong elec-
tronic correlations, producing non-trivial physical effects.
These include (i) violations of the Aufbau principle; (ii)
addition energies over 30 meV, which imply the feasi-
bility of charging NPLs carrier-by-carrier at room tem-
perature despite the weak lateral confinement; (iii) ther-
mal occupation of high-spin states, enabled by the strong
Coulomb exchange energies (20— 35 meV), which implies
that magnetic interactions with external fields or dopants
will be greatly enhanced in multi-electron and multi-hole
systems.
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Theoretical model

Calculations are carried within the k-p theory framework. The Hamiltonian for NV interacting

particles (electrons or holes) reads:

N R 1 N
Hy =) hit 5D Velriy), (1)
=1

i,j71
where V, terms account for repulsive Coulomb interactions, and hiis a single-particle, single-

band Hamiltonian for conduction electrons (i = e) or valence band heavy holes (i = h):

hi= Y <253a+vi(ri)). (2)

a=zy,z

In this equation, p, are the components of the 3-dimensional momentum operator, m;,
those of the effective mass (anisotropic for holes), and V; is a single-particle potential that

can admit different kind of terms within it. In our calculations, the V; term was spanned as:
‘/Z_ — ‘/iCU"f + V;_strain + ‘/fdfy (3)

where Vi“mf , Vstrain and Vfd'f stand for the spatial confining potential, strain deformation
potential and self-energy interaction potential, respectively. V" is defined by the band
offset between the core and the crown or surrounding materials. It is taken to be zero inside
the core, a value defined by the (bulk) band offset in the crown (see Table. 1 below) and
2.5 eV in the outer matrix (representing insulating organic ligands). V%" is taken as the
diagonal term of the deformation potential in k-p Hamiltonians, see Ref. 1 for details. Viself
is described within the image charge method for infinite quantum wells,? as lateral dielectric
confinement is comparatively much weaker in NPLs owing to the large shape anisotropy.
Coulomb interaction terms, V.(r;), are calculated by integrating the Poisson equation

within an inhomogeneous dielectric environment, using Comsol Multiphysics 4.2. Many-

body eigenstates and eigenenergies are then calculated within a full CI method,?® exploiting
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permutation and spin S, symmetries, using Cltool codes.* The CI basis set is formed by
all possible combinations of the first 20 independent-electron and 24 independent-hole spin-
orbitals

Regarding material parameters, low temperature band gaps of CdSe (1.76 ¢V) and CdTe
(1.6 €V) and band offsets potentials (Table 1) are taken from Ref. 5. The NPL relative
dielectric constant is set to &4, = 10 and that of the outer medium (if dielectric mismatch is
considered) to €,,;s = 2. These are reasonable values for Cd chalcogenide NPLs and typical
ligands, which reproduce well experimentally observed trion binding energies, to name an
example.® The rest of parameters are given in the supporting information of Ref. 1. We
note that the value of the conduction band offset for CdSe/CdS is sometimes considered to
be uncertain, with some studies suggesting it could be negligible.” If we used a lower band
offset than 0.24 eV in our simulations, the situation would be essentially equivalent to that

of a CdSe/CdS NPL with a somewhat larger core, so the same conclusions would hold.

Table 1: CdSe/CdS and CdSe/CdTe band offset values.

Band Offsets (eV)
Conduction Band Offset (CBO)
CdSe/CdS CdSe/CdTe

0.24 0.53
Valence Band Offset (VBO)
CdSe/CdS CdSe/CdTe
0.48 -0.69

Thermal occupation is simulated by the Fermi-Dirac thermal population distribution on
the stationary states. The spin for equal population of high and low spins is obtained as
(Se)eq = % where S' (S") is the spin of the low (high) spin states that can be formed

with N electrons (e.g. S = 0 and S = 1 for N = 2), and M= the corresponding spin

multiplicities.
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Additional calculations

Addition energies and spin of few fermion systems

In Fig. S1 we plot the difference between the addition energies of interacting and non-
interacting carriers, as inferred from Fig.2 of the main text. In a perturbative scheme, where
electron-electron (or hole-hole) Coulomb integrals were approximately constant for different
values of N, (N,), the repulsive terms in A would compensate (see Eq. 1 of the main text)
and one would expect a roughly constant value of the figure. It is quite clear from the figure,

however, that this is not the case.
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Figure S1: Difference between addition energy spectra of interacting and non-interacting
particles in NPLs with L = 20 nm. (a) Electrons in CdSe/CdS NPLs. (b) Electrons in
CdSe/CdTe NPLs. (c) Holes in CdSe/CdS NPLs. (d) Holes in CdSe/CdTe NPLs. The

interacting case is that including dielectric mismatch (Fig.2¢ and 2f in the main text).

For electrons in CdSe/CdS nanoplatelets (panel a), the difference decreases monotonically
as N, increases. This suggests electrons are leaking outside the core to reduce repulsions
(even if the single-particle orbitals in Fig.1b of the main text would suggest more electrons
can fit inside the core). For electrons in CdSe/CdTe (panel b) and for holes in both materials

(panels ¢ and d), the changes are non-monotonic, because the confinement potential (band
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offset) is more rigid, and the interplay between correlation and lateral confinement becomes
more complicated.

In general, the figure evidences changes of 15 meV for electrons, and much more for
holes (over 100 meV for the CdSe/CdTe core-crown platelets). This variation is a hint of
the strong electronic correlations taking place in the system (about 15% of the total addi-
tion energy). In the case of holes in CdSe/CdTe, the differences also reflect the non-simple

(diatomic-like) confinement potential.

The addition energies presented in Fig. 2 of the manuscript correspond to NPLs with a
L; =20 nm core. Fig. 52 shows that electron and hole addition energies greater than room
temperature thermal energy are also obtained for smaller core sizes (notice that in our model

smaller cores imply larger crowns).

130

110

E

A (meV)

70

Np Np

Figure S2: Addition energy spectra as a function of the number of carriers for interacting
electrons (top row) and interacting holes (bottom row) in CdSe/CdS NPLs (left column)
and CdSe/CdTe NPLs (right column) with different core lengths, Lj.

A shell structure, with maxima at even number of electrons (closed shells) is preserved
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in most instances. A relevant exception takes place for electrons in CdSe/CdS NPLs with
L;; < 15 nm. In such a case, N. = 2 does not reflect a local maximum in A. That is, the
closed shell configuration (N, = 2) is less stable than the open shell one (N, = 1). The reason
is that, for small enough cores, the lowest single electron orbital is localized in CdSe, but
Coulomb repulsions are strong enough as to overcome the band offset and push the second
electron into excited orbitals, which are delocalized all over the CdSe/CdS heterostructure.
This is a Coulomb-blockade effect.

Fig. S3 shows that thermal occupation of high spin states can be obtained not only in

few-electron CdSe/CdS NPLs (Fig. 3 of the main text) but also in CdSe/CdTe NPLs.
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Figure S3: Same as Fig. 3 of the main text, but for CdSe/CdTe NPLs.

Fig. S4 represents the N, = 3 and N, = 4 energy levels for CdSe/CdS and CdSe/CdTe
NPLs, as a function of the core size. The ground state corresponds to the lowest possible
spin in all cases, but high spin states are generally available at temperatures under ~ 24
meV (room temperature thermal energy). For N, = 4, spin triplet states (black lines) within
such an energy range outnumber spin singlet ones (red lines). The higher density of states

in CdSe/CdS, as compared to CdSe/CdTe, is due to the low conduction band offset.
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Figure S4: Energy levels as a function of the core length for three and four interacting
electrons in CdSe/CdS (left) and CdSe/CdTe (right). Different lines denote different total
electron spin. All energies are referred to the ground state for a given core length, Ly.

One can note in Fig. S4 that, contrary to the case of N, = 2 electrons (Fig.3 in the main
text), high spin states for N, = 3 and N, = 4 do not get closer to the ground state with
increasing core length, Ly. The reasons is that for N. = 2, the ground state is a singlet with
two paired electrons. The triplet state state requires occupying an excited orbital, and the
larger the length of the core, the closer this orbital is — see Fig. 3(a) —. For N, = 3 and
N, = 4, however, the excited orbital is already occupied in the ground state, so the influence
of confinement is less straightforward. This difference explains the opposite trends of (S.)
in Fig.3 of the main text: it increases with Ly when N, = 2, but it does not when N, = 3 or

N, =4.
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2.5 Changing Symmetries in Nanoplatelets

”Changing Spin and Orbital Ground State Symmetries in Colloidal
Nanoplatelets with Magnetic Fields.”
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Abstract:

The symmetry of the electronic ground state is of paramount importance in de-
termining the magnetic, optical, and electrical properties of semiconductor nanos-
tructures. Here, it is shown theoretically that nontrivial spin and orbital symme-
tries can be induced in colloidal nanoplatelets (NPLs) by applying out-of-plane
magnetic fields. Two scenarios are presented. The first one deals with two elec-
trons confined inside a platelet. Here, the strong electron—electron exchange inter-
action reduces the interlevel energy spacing set by lateral quantum confinement.
As a result, relatively weak magnetic fields suffice to induce a singlet-to-triplet
spin transition. The second one deals with type-II core/crown NPLs. Here, the
crown has doubly connected topology, akin to that of quantum rings. As a result,
the energy levels of carriers within it undergo Aharonov—Bohm (AB) oscillations.
This implies changes in the ground state orbital symmetry, which switch the ex-
citon and trion optical activity from bright to dark.

Check the original paper through this ”Shareable link”: https://onlinelibrary.
wiley.com/share/N5T7FJ7GM3JVBKMAFMMK 7target=10.1002/pssb.202200081

151


https://doi.org/10.1002/pssb.202200081
https://onlinelibrary.wiley.com/share/N5T7FJ7GM3JVBKM4FMMK?target=10.1002/pssb.202200081
https://onlinelibrary.wiley.com/share/N5T7FJ7GM3JVBKM4FMMK?target=10.1002/pssb.202200081

1 INTRODUCTION

Changing Spin and Orbital Ground State Symmetries
in Colloidal Nanoplatelets with Magnetic Fields

Jordi Llusar Juan I. Climente*

Mr. J. Llusar, Prof. J.I. Climente
Universitat Jaume I, E-12080, Castell6 de la Plana, Spain
Email Address: climente@uji.es

Keywords: nanoplatelet, heterostructure, magnetism, bright exciton, dark exciton, charged exciton, Aharonov-
Bohm effect

The symmetry of the electronic ground state is of paramount importance in determining the magnetic, optical and electrical proper-
ties of semiconductor nanostructures. Here it is shown theoretically that non-trivial spin and orbital symmetries can be induced in
colloidal nanoplatelets by applying out-of-plane magnetic fields. Two scenarios are presented. The first one deals with two electrons
confined inside a platelet. Here, the strong electron-electron exchange interaction reduces the interlevel energy spacing set by lateral
quantum confinement. As a result, relatively weak magnetic fields suffice to induce a singlet-to-triplet spin transition. The second
one deals with type-II core/crown nanoplatelets. Here, the crown has doubly-connected topology, akin to that of quantum rings. As
a result, the energy levels of carriers within it undergo Aharonov-Bohm oscillations. This implies changes in the ground state orbital
symmetry, which switch the exciton and trion optical activity from bright to dark.

1 Introduction

Changing the electronic ground state symmetry has a major effect on the physical response of semicon-
ductor nanostructures. In all-solid systems, this has sparked a large number of works applying external
electrical and magnetic fields in order to achieve reversible ground state transitions.[1, 2, 3, 4, 5, 6]

In colloidal nanocrystals, however, studies are mostly restricted to the use of magnetic fields in order

to modify the exciton fine structure. Exciton spin triplet (dark) and spin singlet (bright) states are hy-
bridized or reversed in energy under such fields, which has a significant impact on the optical activity.[7,
8,9, 10, 11]

Alternative strategies to manipulate the ground state have been largely prevented by the strong quan-
tum confinement in such structures, which usually places the first excited state several tens of meV above
the ground state. This magnitude vastly exceeds the range of energetic modifications that can be in-
duced even by high magnetic fields (up to a few meV for 30 T, when relying on Zeeman splitting).[12,
13]

The advent of colloidal nanoplatelets (NPLs) in metal-chalcogenide and halide perovskite materials[14,
15] may be a turning point to this regard. NPLs are slab-like nanocrystals which combine a strongly
confined direction (with a thickness of a few atomic monolayers only) and weak lateral confinement in
the other two dimensions (from few nm to tens of nm).[14, 15, 16, 17] In a typical CdSe NPL with a lat-
eral side of 30 nm, the energy spacing between ground and first excited state of an independent con-
duction band electron reduces down to ~ 10 meV.[18, 19, 20] In addition, the large lateral dimensions
enable sizable diamagnetic shifts when the field is applied perpendicular to the NPL plane. Under these
conditions, strategies can be devised to induce a crossing of the ground and first excited state using mag-
netic field strengths attainable in conventional laboratories. In this work we propose two such strategies,
and use effective mass calculations to asess on their viability.

The first strategy consists in replacing single-electron by few-electron systems. It has been recently shown
that dielectric confinement in colloidal NPLs, which arises from the weak polarizability of the ligands
surrounding the NPL, gives rise to large electron-electron exchange energies, which in turn favor high
spin configurations.[20] Here we consider the paradigmatic case of two electrons. In the absence of exter-
nal fields, the ground state is a spin singlet, with two electrons of anti-parallel spin occupying the lowest
orbital. The strong exchange interaction drives the first excited state, which is a spin triplet with one
electron in the first excited orbital, close to the singlet ground state. For CdSe NPLs with usual dimen-
sions, we estimate the splitting to be less than 1 meV. It is then possible to induce a singlet-to-triplet
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Figure 1: (a) Schematic of the CdSe/CdX NPLs under study, with X=S,Te. (b) Direction of the external magnetic field.
(c,d) Band offset profiles for CdSe/CdS (c) and CdSe/CdTe (d) along the long axis of the NPL. The spatial localization of
conduction band electrons and valence band holes is plotted for each case.

transition mediated by Zeeman splitting at low values of the magnetic field. The controlled, reversible
change in the spin symmetry of the ground state is of interest for the development of spintronics and
spin-based qubits for quantum information processing.[4, 21, 22, 23]

The second strategy deals with excitons in core/crown NPLs. These are heterostructures in which a seed
NPL is laterally surrounded by a different material, forming a crown around the core NPL.[14, 15] Be-
cause the crown has doubly connected (toroidal) topology, carriers confined within are liable of display-
ing phenomena related to the Aharonov-Bohm (AB) effect in the presence of external magnetic fields.[2,
24] For illustration purposes, we consider the case of CdSe/CdTe core/crown NPLs.[18, 25] This is a type-
II heterostructure, where electrons localize in the CdSe core and holes in the CdTe crown. Upon inclu-
sion of a magnetic field perpendicular to the NPL plane, the hole energy levels undergo AB oscillations,
while the electron ones do not. As a result, at moderate values of the magnetic field, the electron and
hole ground states present different orbital symmetries and their overlap vanishes. This gives rise to a
sudden decrease in the radiative recombination rate of the band edge exciton. This phenomenon, known
as the “optical Aharonov-Bohm effect” was originally proposed for epitaxial quantum rings[26] and soon
after observed in epitaxial type-II ZnSe/ZnTe quantum dots.[27] We predict that the same phenomenon
should take place in colloidal CdSe/CdTe NPLs.

2 Results and Discussion

To exemplify the strategies we propose, we simulate core/crown NPLs made of either CdSe/CdS or CdSe/CdTe
and typical experimental dimensions, see schematic in Figure la. The resulting behavior can be however
extrapolated to many other related colloidal nanostructures. A homogeneous, external magnetic field

(B.,) is applied transversal to the NPL plane (Faraday configuration), see Fig. 1b. The energy gaps and
band-offsets of CdSe/CdS and CdSe/CdTe NPLs are shown in Figure 1c,d, respectively. Notice that the

former is a type-I structure, with electrons and holes localizing in the CdSe core, but the latter is a type-

II structure, with holes localizing in the CdTe crown.
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Figure 2: Electron energy levels as a function of the external magnetic field in the CdSe/CdS NPL. Blue (black) circled
lines: ground (excited) state at B, = 0 T. (a) l-electron system. (b) 2-electron system. The dotted vertical line in (b)
points out the singlet-triplet ground state crossing. All energies are referred to the ground state at B, = 0 T. The insets
show the dominant electronic configurations.

2.1 Singlet-triplet reversal

Let us begin with a type-I (CdSe/CdS) NPL. As shown in Figure 2a, when a single conduction band
electron is confined in the NPL, the two first orbitals (4, and Bs, symmetry in the Dy, group) are split
by 17 meV at zero external field. Switching on B, splits the spin sublevels, but the Zeeman energy at
10 T is of 2 meV only. No ground state crossing can then be expected except at overwhelming values
of the field. This is in sharp contrast with the case of two electrons, shown in Figure 2b. When a second
electron is injected into the NPL, the strong exchange interaction —stimulated by dielectric confinement—
largely compensates for the extra kinetic energy of the excited orbital, and a triplet state forms very
close to the singlet ground state at zero field.[20] For the system under study, we estimate 1 meV sep-
aration at B, = 0 T, see Figure 2b. This energy splitting is similar to that observed in the exciton fine
structure of CdSe NPLs,[9] and it opens venue for magnetic manipulation of the ground state symmetry.
The two-electron triplet (total spin S = 1) couples to B, via the Zeeman term, but the singlet (total
spin S = 0) does not. As a result, a singlet-to-triplet ground state crossing takes place at B, = 6.7 T,
see Figure 2b.

It is worth noting that magnetic saturation reported in Fig. 2b is feasible in two-electron NPLs, but not
in negatively charged excitons (trions, X ). In the latter case, the ground state (which contains a two-
electron singlet) remains well below the excited state (with a two-electron triplet). For the structure un-
der study, the splitting we calculate is 26 meV. The reason is that in X~ the two electrons are no longer
confined by the lateral sides of the NPL, but rather by the Coulomb potential exerted by the hole. This
leads to a small effective Bohr radii.[28, 29]

Consequently, electrons are no longer in the strong correlation regime and their exchange interaction
cannot compensate for kinetic energies.

We conclude from this section that magnetic fields can be used to change the spin symmetry of the few-
electron ground state in colloidal NPLs. One should however avoid charging schemes based on optical
excitations, which produce electron-hole pairs, and rely on electron-only (or hole-only) injection schemes,
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such as doping[30], electrochemical injection[31, 32] or scanning tunneling spectroscopy in the shell filling
regime.[33]

While the singlet-to-triplet reversal scheme we report can be expected to hold for type-1 NPLs of differ-

ent materials, provided lateral confinement is weak enough, the choice of a core/crown structure as in

our simulation improves the passivation of the lateral sides, which are prone to labile ligand binding.[34]
Avoiding exposed facets seems convenient in highly charged nanocrystals to avoid surface reduction reactions. 3!
Also, we note that spin-orbit terms, which are neglected in our model, could turn the singlet-triplet cross-

ings we report into anticrossings,[36, 37], but for conduction band electrons in nanocrystals these are mi-

nor corrections.[8]

2.2 Aharonov-Bohm effect

As mentioned before, nanostructures with doubly connected topology experience AB phenomena.|[24]

The Peierls phase of the carriers in such structures is modified by the flux of magnetic field piercing the
structure even if they are not in contact with the field itself. Oscillations of the energy levels result, which
can yield alternating orbital symmetries of the ground state.[38]

AB effects have been reported in epitaxial and litographic quantum rings.[2, 39, 40, 41] In colloidal sys-
tems, quantum rings have been recently synthesized as well.[42, 43] However, their electronic structure
is often affected by trap states on facets inaccessible to ligands.[44] In comparison, core/crown NPLs
present arguably improved surface passivation.[18, 34] We thus consider the latter nanostructure for our
study of AB effects. For clarity of the orbital effects we wish to present here, spin Zeeman splitting is
disregarded in this section (i.e. we set g-factors to zero).
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Figure 3: (a) Electron and (b) hole energy levels as a function of the external magnetic field in the CdSe/CdTe NPL. The
dotted vertical line in (b) points out the Ag-Bs, ground state crossing. The insets in (a) an (b) represent, respectively, the
electron and hole wave functions at B, =0 T.

We study a type-1I CdSe/CdTe NPL, like that in Figure la. Electrons and holes perceive the magnetic
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field differently since they occupy different spatial regions, see Figure 1d. Because electrons are confined
in the CdSe core, the single-electron spectrum —shown in Figure 3a— is very similar to that in CdSe/CdS
NPLs —Figure 2a—, with no remarkable effect of B, (recall we have removed Zeeman splittings). On the
contrary, holes are confined in the crown. Consequently, the single-hole spectrum —shown in Figure 3b—
displays a few characteristic features. At zero field, two orbitals (A4 and Ba,) with similar energy are
observed. They correspond to the even and odd solutions of the double quantum box formed by the crown
on each side of the core (see insets). The splitting between the two states is set by the hole tunneling en-
ergy between the two sides. When B, is switched on, the A, orbital exhibits a quadratic (diamagnetic)
shift, proportional to the size of inner core.[45] In turn, the Bs, orbital is stabilized by the linear-in-B,
term. At 7 T, the By, state stabilizes below A,. This is an AB oscillation, which enables a change of the
ground state orbital symmetry. As we shall see next, this swapping is not only present in single-hole sys-
tems, but also in excitonic complexes. Hence, it greatly affects the optical properties of the NPL.

2.2.1 Excitons: Optical Aharonov-Bohm effect

For excitons, the motion of electrons and holes is correlated through Coulomb interactions. which we in-
clude in our effective mass model through a Configuration Interaction (CI) method. In a type-II struc-
ture like the CdSe/CdTe NPLs we consider, however, excitonic correlations are moderate. As a result,
the exciton behavior is reminiscent of that of independent electrons and holes studied above. As shown
in Figure 4a, the exciton ground state changes symmetry at B, = 7 T. This crossing is closely connected
to the change in hole orbital symmetry reported in Fig. 3b, which is actually reflected in the main con-
figurations of the CI expansion (see insets in Fig. 4a).
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Figure 4: (a) Exciton energy as a function of the magnetic field in the CdSe/CdTe NPL. The insets illustrate the main ex-
citon configuration in the CI expansion. (b) Electron and hole charge density of the exciton ground state before and after
the crossing. (c) Integrated ground state emission intensity at temperature T = 0.1 K, as a function of the magnetic field.
(d) Same but energy-resolved. Blue (black) circled lines in (a) represent ground (first excited) state at B, =  07. Gray
regions in (a) and (c) highlight the domain of the dark exciton ground state.

The change in the exciton orbital symmetry gives rise to a remarkable change in the optical response.
At low magnetic fields, electron and hole orbitals forming the exciton ground state have the same sym-
metry (A4,). Their recombination probability, which is proportional to the electron-hole overlap integral,
is then finite. This is consistent with experiments, which measured sizable emission despite the type-II
band alignment.[25, 18, 46] Nonetheless, when the magnetic field exceeds 7 T, the crossing of the ground
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state translates into an abrupt increase of the electron-hole separation (compare the charge densities at
B, =0 and 10 T in Figure 4b) and, what is more important, the electron and hole start having different
symmetries (A, and By, respectively). As a consequence, the overlap integral vanishes and the transition
becomes forbidden. This is reflected as a sudden drop of the emission intensity beyond 7 T in Figures 4c
and d. The formation of a dark exciton induced by the AB oscillations of one of constituent carriers is
the so-called optical AB effect.[26]

2.2.2 Trions: Breakdown of the optical Aharonov-Bohm effect

There are experimental evidences that CdSe-based NPLs are prone to developing surface defects, which
give rise to trions —instead of neutral excitons— upon photoexcitation.[49, 28, 50, 51] To account for this
possibility, we extend the study of AB effects to negative trions. Figure 5 shows the energy and emission
spectrum of a trion under a field B,. Similar to the case of the neutral exciton, an AB oscillation takes
place at B, ~ 6.3 T, which changes the hole symmetry in the ground state. It is worth noting, however,
that this no longer translates into an abrupt decrease of the emission intensity down to zero (see Fig. 5b
and c). That is, the optical AB effect no longer holds strictly.
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Figure 5: Same as Fig. 5 but for a negative trion. The insets in (a) show the dominant configurations of the trion states,
and the arrows show the radiative recombination path.
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The different optical response of the negative trion as compared to the neutral exciton is because the
two-electron wave function is no longer orthogonal to that of the hole. To minimize repulsions, the elec-
trons occupy not only the lowest (A,) orbitals, but also excited (Bs,) ones. This is illustrated in the in-
sets of Figure 5a, which show the dominant configurations of the CI expansion. Before the ground state
crossing, the A, hole can recombine with A, electrons (blue inset). After the crossing, the hole switches
to Ba, symmetry but it is still able to recombine with one of the two By, electrons (black inset). In the
latter case, because the final state involves one electron in an excited orbital, the transition shows up as
a redshifted peak, see Figure 5¢c. When B, increases beyond 6.3 T, the redshifted peak becomes increas-
ingly important, as shown in the inset of Fig. 5c¢. In short, for trions AB oscillations still take place, and
reduced emission is predicted after the ground state crossing, but the symmetry selection rule responsi-
ble for the optical AB effect is no longer strict, owing to electron-electron correlation.

We infer from sections 2.2.1 and 2.2.2 that the use of magnetic fields in type-II colloidal nanostructures
with doubly-connected topology, such as core/crown CdSe/CdTe NPLs, is susceptible of producing AB
phenomena. The experimental observation of such effects may be challenging though. Recent studies of
the low-temperature emission of core/crown CdSe/CdTe NPLs under magnetic fields reveal broad band
edge exciton transitions, as well as a significant contribution of the spin Zeeman splitting.[47] Fine en-
ergetic effects like the AB oscillation we report in Figs. 4 and 5 will then be likely masked. The use of
narrower crowns -to separate hole states energetically- and wider cores -to reduce the B, field needed for
AB oscillations[45]- as compared to the typical CdSe/CdTe NPL dimensions we study here, may improve
the observability of the effects we predict. A practical implementation of the optical AB effect would be
of interest for optical applications, such as exciton storage.[48]

3 Conclusions

We have presented two strategies to switch spin and orbital symmetries in the ground state of colloidal
NPLs by means of external magnetic fields.

(i) In NPLs charged with a few fermions, the strong Coulomb exchange interaction places high spin states
energetically close to low spin ones. We then predict that B, values of a few T should suffice to induce
magnetic saturation, mediated by the large Zeeman splitting of high spin states. As an example, we sim-
ulated the two electrons in a type-I CdSe/CdS NPL, where a singlet-to-triplet ground state transition is
observed at B, ~ 7 T.

(ii) In core/crown NPLs charged with excitons, we argue that carriers confined in the crown are liable of
experiencing AB effects. As an example, we studied case of type-II CdSe/CdTe NPLs and showed that
the hole undergoes AB oscillations at moderate magnetic fields (few T). For neutral excitons, this gives
rise to the optical AB effect, whereby the exciton ground state switches from bright to dark mediated

by orbital selection rules. For negative trions, we observed AB oscillations are still present but electron-
electron correlations soften the optical AB effect.

Effective mass calculations including 3D spatial confinement, Coulomb interactions and dielectric mis-
match effects show that such transitions are feasible in colloidal NPLs with realistic dimensions and field
values.

4 Methods

We used single-band k-p Hamiltonians to describe non-interacting electron and hole states, with core/crown
strain modeled within the continuum elastic theory.[18, 53] Self-energy terms arising from the dielectric
mismatch between the nanoplatelet and the organic phase are included.[54] The axial magnetic field B,

is modeled using the symmetric gauge for the potential vector, A = %(—sz, xB,,0), within the minimal
coupling scheme p — 7@ = p — qeﬁfi where p'is the momentum operator and g is the electron or hole
charges.[55]



4 METHODS

Interacting, few-body (few-electron or excitonic) states and eigenenergies are calculated within a full CI
method on the basis of independent particle states[51], exploiting permutation and spin S, symmetries,
using CTtool codes.[56] The CI basis set for two electrons in CdSe/CdS NPLs was constructed from all
possible combinations of the first 16 independent-electron spin-orbitals, while that for excitons and tri-
ons in CdSe/CdTe NPLs used 16 electron and 20 hole spin-orbitals. Coulomb integrals, including the en-
hancement coming from dielectric confinement, were calculated solving the Poisson equation with Com-
sol 4.2.

All optical spectra are calculated within the dipole approximation,[57] assuming Lorentzian bands with
linewidth of 1 meV and temperature 7' = 0.1 K. We used the material parameters from ref [20], except
for g-factors (g.(C'dSe) = 1.62) which were taken from ref [49].
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Chapter 3

Conclusions

Metal chalcogenide colloidal NPLs are quasi-2D nanostructures with excellent
synthetic control along out-of-plane and in-plane dimensions, a strong dielectric
confinement, and the possibility of growing radially heterostructures. These fea-
tures have converted these NPLs into a distinct nanostructure worthy of being
studied. In this Ph.D. thesis, we have developed and employed theoretical models
built on k- p theory to investigate a variety of properties of interest in NPLs. The
dependence of the electronic structure on several design parameters (dimensions,
composition) and physical factors present in these systems (strain, impurities,
dielectric mismatch, and external fields) has been analysed. We have provided
interpretations for a number of spectroscopic observations in the literature and
put forward predictions for further expansion of the functionalities.

In Chapter [2] § we investigated the elastic properties in heterostructured
NPLs. Specifically, we studied the internal strain that undergoes CdSe-based CS
NPLs. We found that (i) strain influences CS NPLs up to 5 nm away from the
edges of their finite lateral sides; (ii) the coupled strain-momentum terms provide
a non-negligible energetic shift of a few tens of meV, in contrast with that seen in
epitaxial quantum wells. This is ascribed to the extremely thin thickness present
in NPLs; (iii) tunnelling is the primary source of PL redshift in CS NPLs upon
shell growth [140], however, the energetic influence of strain can amplify or reduce
this redshift; (iv) contrary to some hypothesis in experiments, [195] CdSe/ZnS re-
main type-I even in the presence of an asymmetric shell coating; (v) the usual
redshift observed when coating CdSe NPLs with a CdS shell [140] can be reverted
by growing yet another shell of ZnS. The compressive strain propagates through-
out the entire NPL producing a net blueshift instead.

The above observations provide the first rationalization of the impact of lattice-
mismatch strain on the electronic structure of hetero-NPLs. Having understood
their role, one can envisage new architectures where strain becomes the domi-
nant factor that affects excitonic properties. The ternary CdSe/CdS/ZnS is one
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such case. Ternary structures have actually started to attract attention in recent
years. [196], 197]

In Chapters 2| §§ to we explored how a variety of electrostatic phe-
nomena affect the optical properties and electronic structure of NPLs.

In § we analysed from a theoretical perspective the possible role of SU
processes in determining the homogeneous linewidth of CS NPLs, as suggested by
recent photoluminescence experiments, showing multi-peaked PL spectra of indi-
vidual NPLs at low temperature. [160} [163] We verified that NPLs indeed gather
the conditions that maximize the likelihood of these processes, where the intensity
can be 1 order of magnitude higher than in epitaxial quantum wells. [T98] That is,
they present, in CdSe CO NPLs and in CdSe/CdS CS NPLs, a SU peak with an os-
cillator strengths of 0.3x and 0.1x, respectively, that of the band-edge transition.
This confirms that the satellite peak observed in CdSe NPLs [160] can be ascribed
to SU processes. Nevertheless, SU processes are expected to vanish rapidly upon
shell growth because Coulomb interactions eventually become quenched. This oc-
curs because carriers are placed far from the organic medium in growing a shell,
and thus this yields a weak dielectric confinement. Then, this renders the in-
terpretation of reference [163] unlikely to explain the multi-peaked spectra they
observe. We propose an alternative interpretation in which the different peaks
arise from states with different spins. This implies that spin selection rules forbid
phonon-mediated decay in NPLs, hence enabling emission from metastable states.

In § 2.3] it is shown that in type-II colloidal NPLs the number of confined
carriers can be used as a realistic degree of freedom to control their electronic
structure and modulate their optics. Coulomb repulsions, which are usually over-
looked because most studies are focused on neutral excitons (X°) and the weak
lateral confinement present in NPLs, result more relevant than attractions. By
proper conjugation of Coulomb repulsions (through the number of carriers in-
jected electrochemically), the emission spectrum experiences chromic shifts over
100 meV, which is well above those attained with lateral confinement. Moreover,
through appropriate control of the core/crown dimensions, the biexciton bind-
ing energies can be modulated from non-binding (~ 5 meV blueshift) to strongly
anti-binding (~ 40 meV) . This implies that type-II NPLs offer the same spectral
tunability as strongly confined quantum dots [129], while keeping the natural ad-
vantages of quasi-2D systems.

In § [2.4] we extended the study on the effect of Coulomb repulsions to type-
I NPLs. Here, we focused on the (hitherto unexplored) case of few-interacting
fermions (electrons or holes). We observed that the combination of weak lateral
confinement and strong dielectric confinement leads to the strongest electronic
correlations reported in colloidal nanocrystals. A number of non-trivial physical
effects follow, such as: (i) violations of the Aufbau principle when filling spin-
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orbital shells with electrons or holes; (ii) addition energies over 30 meV - in spite
of the weak lateral confinement - which imply it is feasible to charge NPLs carrier
by carrier even at room temperature; and (iii) thermal occupation of high-spin
states, enabled by strong Coulomb exchange energies (20 — 35 meV), which lead
to paramagnetic behaviour readily from cryogenic temperatures.

Then, from §§ to it is concluded that electrostatic interactions, play
a key role in tuning emission energy lines, intensity peaks, oscillator strength, or
linewidth broadening of carriers confined in NPLs.

In Chapter [2| § we investigated whether the application of external mag-
netic fields is susceptible to inducing ground state transitions in NPLs. Reversible
field-induced transitions have been studied in different semiconductor nanostruc-
tures [0, 199, 200} 201, 202} 203], but the application in colloidal nanocrystals
has been hindered by strong confinement, which generally leads to large inter-
level spacings. Here, we show that the situation is different in NPLs due to weak
lateral confinement and strong exchange interactions. Two strategies were pro-
posed to illustrate this fact: (i) The ground state spin can be switched from low
to high angular momentum in few-electron systems under axial magnetic fields.
This is because the (Coulomb exchange-induced) proximity of high- and low-spin
states can be overcome by the Zeeman splitting; (ii) in type-II CC NPLs one can
take advantage of the AB effect that experience those carriers confined in the
crown. It is shown how both excitons and negative trions exhibit AB oscillations.
The former gives rise to the optical AB effect, whereby the exciton ground state
switches sharply from bright to dark through orbital selection rules, while the lat-
ter, because of electron-electron correlations, leads to a softened optical AB effect.

Thus, NPLs under the effect of an external magnetic field could provide
promising features by combining the possibility of growing heterostructures lat-
erally with the strong Coulomb interactions present in many-body systems.

In conclusion, in this Ph.D. project it has been found that the extreme dielec-
tric confinement is a dominating physical factor, which enhances both attractive
and repulsive Coulomb interactions to a level rarely seen in all-solid systems. In
combination with strain and external fields, it provides interpretations for sev-
eral optical phenomena reported in the literature. The knowledge gained on the
electronic structure allowed us to propose new paradigms to further exploit NPL
functionalities.
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