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Abstract: In the present study the atomistic tight-binding theory and configuration
interaction description are used to simulate the exciton and biexciton of ZnTe/ZnS type-I
and ZnTe/ZnSe type-II core/shell nanocrystals. The control and tunability of the exciton and
biexciton are properly engineered by the type of the band profiles and thickness of the
growth shell. In particular, the exciton energies, biexciton energies, interacted coulomb
integrals, exciton binding energies, biexciton binding energies, negative exciton binding
energies and positive exciton binding energies are entirely sensitive to the type and
dimension of the coated shells. The energies of the exciton and biexciton are reduced with
the increasing growth shell thickness. In addition, the exciton and biexciton energies of
ZnTe/ZnS type-1 core/shell nanocrystals are greater than those of ZnTe/ZnSe type-II
core/shell nanocrystals. This insight is important for a theoretical understanding and
practical control by band alignments and sizes in the growth shells in order to assess the
potential of particular core/shell nanocrystal structures for single exciton lasing application.
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INTRODUCTION

Studies of the exciton complexes in semiconductor core/shell nanocrystals divulge the way
to the fascinating potential applications in quantum information processing, quantum
communication protocols, and optical sources and detectors. Because of advances in synthesis and
spectroscopy, a rich set of sharp excitonic lines in the emission spectrum is now successfully
demonstrated from semiconductor core/shell nanocrystals. These lines are initiated from optical
transitions between various many-carrier configurations introduced from differences between
electron and hole levels. In semiconductor nanostructures there are additional principal terms of
carrier-carrier repulsion, attraction and exchange, thus leading to complex configurations of the
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optical transitions. Exploiting the dependent control of the electron and hole wave functions makes
it possible to adjust the exciton energies, biexciton energies and atomistic many-body electronic
properties.

At the moment, the manipulation of atomistic many-body electronic behaviours in core/shell
nanostructures has been divided into two main techniques, namely shell sizes and potential
confinement. Sen et al. [1] theoretically studied the impact of shell structures on the exciton and
biexciton binding energies in ZnSe/ZnS core/shell quantum dot using Wentzel-Kramers-Brillouin
approximation. The exciton binding energy increases with increasing shell thickness until it reaches
saturation at a larger shell thickness. In terms of the biexciton binding energy, there is a crossover
from the bonding to anti-bonding state with increasing shell thickness for smaller core radius.
Amloy et al. [2] investigated the exciton and biexciton of single GaN/Al(Ga)N quantum dots by
micro-photoluminescence. They found that the biexciton binding energies are sensitive with the dot
sizes. McDonald et al. [3] utilised a path-integral quantum Monte Carlo method to simulate the
excitons and biexcitons in core/shell nanocrystals with type-I, type-Il and quasi-type-II band
alignments. In addition, Jarlov et al. [4] reported a detailed investigation of the biexciton complexes
in single site-controlled pyramidal GalnAs/GaAs quantum dots using power-dependent
measurements and photon correlation spectroscopy. The biexciton binding energy was found to be
negative in most cases of the calculations. However, the reduction of quantum dot sizes induced the
biexciton binding energy to be positive. Koc and Sahin [5] presented an exhaustive investigation of
the exciton and biexciton in CdTe/CdSe type-II core/shell nanocrystals in the framework of single-
band effective mass approximation. The energies of exciton and biexciton were reduced with
increasing growth shell thickness.

Until now, the exciton and biexciton of semiconductor core/shell nanocrystals have been
scrutinised only by simplified parabolic band models. An understanding of atomistic many-body
electronic properties in the semiconductor core/shell nanocrystals essentially requires a realistic
description of the atomistic detail. With an aim to accurately investigate the behaviours of the
semiconductor core/shell nanocrystals, I numerically use the empirical tight-binding theory

including sp’s” orbitals, the first nearest-neighbouring interaction, spin-orbital coupling and strain

distribution. To obtain the exciton binding energy (X), biexciton binding energy (XX), negative
exciton binding energy (X') and positive exciton binding energy (X), the many-body Hamiltonian
is numerically solved using the configuration interaction approach [6-9]. In the present
computations, ZnTe cores terminated with various monolayers of ZnS and ZnSe shells are the
simulated candidates, thus forming ZnTe/ZnS type-1 and ZnTe/ZnSe type-II core/shell nanocrystals.

Lincheneau et al. [10] presented a synthesis of spherical ZnTe nanocrystals and a successive
coating with ZnS shell as the core/shell nanocrystals. A Type-I band alignment was demonstrated in
the ZnTe/ZnS core/shell nanocrystals. The ZnS shell could enhance the chemical and
photochemical stability of these core/shell nanocrystals, thus representing an alternative to
cadmium-free nanostructures for optoelectronic applications. In addition, Fairclough et al. [11]
reported the structural and optical properties of type-Il ZnTe/ZnSe core/shell nanocrystals. The
optical band gaps were tuned across the visible spectrum by changing the growth shell thickness. To
analyse the effect of the growth shell thickness and band profiles on the atomistic many-body
electronic behaviours, the exciton energies, biexciton energies, coulomb integrals, X, XX, X~ and
X* with different growth shell thicknesses and band alignments were computed using the atomistic
tight-binding theory and configuration interaction method.
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In this paper the prediction of exciton and biexciton of ZnTe/ZnS type-I and ZnTe/ZnSe
type-1I core/shell nanocrystals is numerically presented as a function of the growth shell thickness
using the atomistic tight-binding theory and configuration interaction method. The next section
briefly describes the procedure for the computations. In the third section the results are reported
with the purpose of demonstrating the dependence of the coated shell thickness and band
alignments on the exciton, biexciton and interacted binding energies.

METHODS

In the following, a systematic study of ZnTe core surrounded by either ZnS or ZnSe shell
as a function of the growth shell thickness is presented. The aim is to theoretically examine the
impact of shell size and band profile on the atomistic many-body electronic properties of the studied
semiconductor core/shell nanocrystals. To do so, there are three main steps in the analysis of the
atomistic many-body electronic behaviours. In the beginning, there is a lattice mismatch between
the core material (ZnTe) and the shell material (ZnS or ZnSe). To obtain the strained atomic
positions, I use the atomistic valence force field. [12-15] The elastic energy of all atoms is
expressed as a function of the atomic positions R; as

- —( @)’ + P [(R.—R,)IR, —R, 0d°d° T2 -
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Here, d denotes the bulk equilibrial bond length between the nearest-neighbouring atom i and j

in the corresponding binary compound and 0 = arccos(1/3) is the ideal bond angle. The first term is
the sum over all atoms i and their nearest neighbours j. The second term is the sum over all atoms
i and distinct pairs of their nearest neighbours j andk. There are two empirical force constants (o
and P ) used in the atomistic valence force field. These parameters are fitted to reproduce the bulk
elastic properties (C,,, C,, and C,, bulk elastic constants).

In the second step of the calculation the single-particle states are obtained by building the
sp’s” tight-binding Hamiltonian [16] and then diagonalising it to obtain single-particle energies and
states. This technique has been effectively used for studying structural and optical properties of

semiconductor core/shell nanocrystals [14, 15, 17-20]. The single-particle tight-binding
Hamiltonian is written in the language of second quantisation in the following form:
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where the operator CTRa (cg,) creates (or annihilates) particle on the orbital o of atom R . The on-

site orbital energies &, , the spin-orbit coupling constant A and the hopping matrix elements

Roa'

tra e are empirical parameters. The inclusion of spin-orbital coupling into the tight-binding model

introduces an additional parameter A as described by Chadi. [21]. Here, I employ the
parameterisation [22] of ZnTe, ZnS and ZnSe, which is fitted to provide experimental bulk band
structures, determined bulk transition energies and effective masses. To obtain single-particle
spectra, I implement PReconditioned Iterative MultiMethod Eigensolver [23, 24] to numerically
diagonalise the matrix of tight-binding Hamiltonian (Hy).
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In the final step the many-body Hamiltonian for interacting electrons and holes is written
in the second quantisation expressed as

T T ee,coul
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The first two terms are the single-particle energies of electron and hole states respectively. The third
and fourth terms describe the electron-electron and hole-hole coulomb interactions respectively.
The fifth and sixth terms represent the electron-hole coulomb and exchange interactions

respectively. The many-body Hamiltonian for X, XX, X~ and X" is solved using the so-called
configuration interaction approach [6-9].

RESULTS AND DISCUSSION

In the present computations the ZnTe core terminated by ZnS or ZnSe coated shell is utilised
as a computational model. According the potential confinement, ZnTe/ZnS and ZnTe/ZnSe
core/shell nanocrystals display type-I and type-Il band profiles respectively. According to
Lincheneau et al. [10] and Fairclough et al. [11], the range of ZnTe core in ZnTe/ZnS and
ZnTe/ZnSe core/shell nanocrystals is 3.6-6.1 nm. Here, the increasing shell thicknesses of ZnS and
ZnSe growth shell are grown on a ZnTe core with a fixed diameter of 4.00 nm. The definition of a
monolayer (ML) is a shell of ZnS that exhibits an average thickness of 0.31 nm. [25] To
theoretically analyse the impact of the coated shell thickness and band profile on the exciton
energies, biexciton energies, X, XX, X~ and X", I implement a combination of the atomistic tight-
binding theory and configuration interaction method to achieve the objective.

The present study is expected to provide potential implementation of the core/shell
nanocrystals as a single exciton lasing application [26-28]. Therefore, the understanding of
atomistic many-body electronic properties is important. Figure 1 plots the exciton and biexciton
energies with different types of coated shells and shell thicknesses. As expected, increasing coated
shell thickness from 0 ML to 5 ML reduces the energies of the exciton and biexciton of ZnTe/ZnS
type-1 core/shell nanocrystals as described by the quantum confinement. Also, the energies of the
exciton and biexciton of ZnTe/ZnSe type-II core/shell nanocrystals are decreased because of the
weak binding energies induced by increasing exciton radii. Besides, the energies of the biexciton
are greater than those of the exciton. Surprisingly, the exciton and biexciton energies of ZnTe/ZnS
type-I core/shell nanocrystals are greater than those of ZnTe/ZnSe type-II core/shell nanocrystals
due to the dependence of the band profiles on exciton and biexciton energies. With increasing
growth shell thickness, the discrepancies between biexciton and exciton energies are more
pronounced. Therefore, one can practically tune the exciton and biexciton energies by introducing
and varying the type and dimensions of the growth shell.
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Figure 1. Exciton and biexciton energies of ZnTe/ZnS type-I and ZnTe/ZnSe type-II core/shell
nanocrystals as a function of growth shell thickness (t,)

Next, Figure 2 shows electron-electron (J,,), electron-hole (J,) and hole-hole (J,,)

coulomb integrals calculated for electron and hole occupying their ground state of ZnTe/ZnS type-I

and ZnTe/ZnSe core/shell nanocrystals. As is well known, the reduction of J_, J, and J,, is
demonstrated with increasing growth shell thickness. This means that the electron-electron,
electron-hole and hole-hole interactions, localised in the studied core/shell nanocrystals, are

decreased in thicker coated shells. In the absence of growth shell, there is no effect on J, or J ,
except on J,. In the presence of growth shell, the coulomb integrals normally change. This
characteristic ordering of atomistic many-body interactions with increasing energies—J,, , J, and
J..—1s demonstrated. The interaction between hole and hole is largest and not sensitive to the

coating layer thickness because the holes are localised within the fixed ZnTe core. The electron and
hole are confined in the ZnTe core in ZnTe/ZnS type-I core/shell nanocrystals, while electron and
hole are localised in the ZnSe shell and ZnTe core respectively in ZnTe/ZnSe type-II core/shell
nanocrystals. Therefore, the electron-electron and hole-hole interactions in ZnTe/ZnS type-I
core/shell nanocrystals are greater than those in ZnTe/ZnSe type-1I core/shell nanocrystals. The
electron-hole interaction in the former is greater than one in the latter because electrons and holes in
the former nanocrystals are confined in the same ZnTe core regime. Thus, the atomistic many-body
electronic properties localised in the investigated core/shell nanocrystals are controlled by means of
the band alignments and sizes in the passivated shell.
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Figure 2. Ground-state coulomb integrals (J) of ZnTe/ZnS type-I and ZnTe/ZnSe type-II core/shell
nanocrystals as a function of growth shell thickness (t,)

After studying the exciton energies, biexciton energies and coulomb integrals, an attempt
is made to control their binding energies, in particular with the growth shell thickness and band
profiles. The X of a bulk ZnTe semiconductor is about 13.00 meV [29, 30]. Because of the quantum
confinement, the X of the ZnTe nanocrystal is significantly improved. Figures 3, 4, 5 and 6 show
the X, XX, X~ and X" respectively as a function of growth shell thickness. They are numerically
measured with respect to the exciton energy. The computations suggest that X, XX and X" are

unbound (have positive binding energy) but X~ is bound. In the absence of the growth shell, the
findings show that the biexciton anti-binding appears (negative). However, the growth shells induce

the biexciton binding (positive) in all cases. In the presence of the coated shell, X and X~ are
decreased, while XX and X" are increased. With increasing growth shell thickness, X and X~ are
reduced but XX and X" are increased. In addition, the X of ZnTe/ZnS type-I core/shell
nanocrystals is greater than that of ZnTe/ZnSe type-II core/shell nanocrystals as described by J,
terms. However, the XX, X and X" of the latter nanocrystals are greater than those of the former.

Therefore, the many-body binding energies are practically controlled by the size of the terminated
shell and the type of the band alignments.
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Figure 3. Exciton binding energies (X) of ZnTe/ZnS type-I and ZnTe/ZnSe type-II core/shell
nanocrystals as a function of growth shell thickness (t,)
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Figure 4. Biexciton binding energies (XX) of ZnTe/ZnS type-1 and ZnTe/ZnSe type-II core/shell
nanocrystals as a function of growth shell thickness (t,)
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Figure 5. Negative exciton binding energies (X ) of ZnTe/ZnS type-I and ZnTe/ZnSe type-II

core/shell nanocrystals as a function of growth shell thickness (t,)
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Figure 6. Positive exciton binding energies ( X" ) of ZnTe/ZnS type-I and ZnTe/ZnSe type-11
core/shell nanocrystals as a function of growth shell thickness (t,)

CONCLUSIONS

Detailed information on atomistic many-body electronic properties in ZnTe/ZnS type-I and
ZnTe/ZnSe type-II core/shell nanocrystals has been acquired by theoretical simulation using
atomistic tight-binding theory and configuration interaction description. The manipulation of
atomistic many-body electronic behaviours has been accomplished by changing the growth shell
thickness and type of band alignments. Increasing coated shell thickness reduces the energies of the
exciton and biexciton of ZnTe/ZnS type-I core/shell nanocrystals described by quantum
confinement, while the decreased energies of the exciton and biexciton of ZnTe/ZnSe type-II
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core/shell nanocrystals are described by weak binding energies as confirmed by the increased
exciton radii. The exciton and biexciton energies of ZnTe/ZnS type-I core/shell nanocrystals are
greater than those of ZnTe/ZnSe type-II core/shell nanocrystals. In addition, the electron-electron,
electron-hole and hole-hole interactions in the former nanocrystals are greater than those in the

latter nanocrystals. With increasing growth shell thickness, X and X~ are reduced but XX and X"
are increased. The X of ZnTe/ZnS type-I core/shell nanocrystals is greater than that of ZnTe/ZnSe
type-1I core/shell nanocrystals, while the XX, X and X" of the type-II nanocrystals are greater
than those of the type-I nanocrystals. Finally, the manipulation of atomistic many-body electronic
properties by means of growth shell thickness and band profiles allows an assessing of particular
semiconductor core/shell nanocrystal structures for single exciton laser implementation.
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