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Abstract : We have investigated in the framework of the envelope function approximation and taking into
account the dependence of the electron effective mass on radius the energy of an electron inside a ZnTe/CdSe
core/shell spherical quantum dot. In order to make the problem more realistic, we describe the conduction band-
edge alignment between core and shell materials by a finite height barrier. By applying the Ritz variational
principle the effect of the electric field on the electronic states was also examined. Our numerical results show the
opportunity to control the energy states position of the charge carriers inside our core/shell nanostructures by
controlling the size (core radius, shell thickness) of the nanostructure and the strength of the external electric
field.
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Introduction nanophotonics, nanomedicines, nanosensors and so on [3, 4].
A major feature of nanoscaled materials is the quantum
confinement effect, which leads to spatial enclosure of the
electronic charge carriers within the nanostructure. When the
motion of the charge carriers is frozen over all the three
spatial directions, then we talk about quantum dots (QDs). We
can find in the literature various works about this zero
dimensional semiconductors. For example, Montenegro et al.
[5] applied the variational procedure in the effective-mass

The world of materials science is witnessing a flagrant
change in the exploration of matter at small scale [1]. When
the matter is at nanoscales, we are witnessing at improved
and advanced properties [2]. Nowadays nanomaterials have
become more popular and their applications may be
encountered in various fields, such as nanoelectronics,
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approximation to calculate the ground state donor-binding
energy and the density of states of donor in spherical GaAs-
(Ga,Al)As QDs, as functions of the QD radii and of the donor
position. Bose [6] found that the binding energy decreases
as the dot dimension increases and as the impurity moves
away from the center. It is also shown that the effect of the
nanodot size and the donor position on the binding energy is
more pronounced for dots of smaller sizes. Marin et al. [7]
investigated the ground state energy of excitons inside a
micro-spherical crystallites with a finite height potential wall
as a function of the particle radius in the strong confinement
regime. They have demonstrated that the quantum dot
cannot be modelled using an infinite barrier height potential
in the strong confinement regime. Other shapes of quantum
dots have also been extensively studied essentially
cylindrical QDs [8-11], lens QDs [12-14] and pyramidal QDs
[15-18].The effect of an external electric field on the
ground-state energy of charge carriers inside quantum dot
was also studied by several authors. Using a variational
method Lien et al. [19] have investigated the correlation
energy of hydrogen impurities in spherical and disc-like
quantum dots with parabolic confinements submitted to an
external electric field. He et al. [20] have applied a non
degenerate and degenerate perturbation approach to
calculate the correlation energies of the ground and three
low-excited states of hydrogenic impurity inside a spherical
parabolic-like quantum dot as a function of the confinement
strength and the intensity of the applied electric field. Ref.
[21] presents a study of the ground state binding energy of
an impurity inside quantum dots under external electric and
magnetic fields. Using the micro-photoluminescence
spectroscopy, the problem of an exciton in a single InGaN
quantum dot was treated by Robinson et al. [22]. They have
found that the quantum-confined Stark effect causes a shift
in the exciton energy of more than 5 meV, accompanied by
a reduction in the exciton oscillator strength. The shift has
both linear and quadratic terms as a function of the applied
field. Dujardin et al. [23] performed a variational approach
to investigate the behavior of an exciton confined in ZnO
single quantum disk under lateral electric field. They have
shown that the electric field shifts down the excitonic
binding energies. In the last decade, semiconductors
core/shell quantum dots attracted interest of several
researchers owing to their improved properties [25-26].
According to the maximum of the valence band and the
minimum of the conduction band is or isn’t in the same
material we can distinguish three categories of
semiconductors core/sell quantum dots [24], type-I, type-II
and reverse type-I. Fig.1 gives an overview of the principal
categories of core/sell quantum dots. Due to the conduction
and valence band profile of type-II core/sell quantum dots,
the overlapping of the electrons and holes wave functions is
reduced. As a result, one carrier is mostly confined to the
core, while the other is mostly confined to the shell. The

energy gap in this category of core/shell material ( E;“ ) is

determined by the energy separation between the
conduction band edge of one semiconductor and the valence

band edge of the other semiconductor. Ecg’s can be related

to the conduction and valenceband energy offsets at the
interface by the following equation [27]:

E{°=E,—V,=E,-V, (1)

Where E; and E; are, respectively, the band gaps of

semiconductors core and shell. In this case, emission is

lower than the band gap of either semiconductor. As a result
the emission color is shifted toward spectral ranges.

In the present work, we are concerned with the calculation of
the energy state 1s, (n=1, I=0, m=0), of one electron confined
in core/shell quantum dot type-II. For this purpose we firstly
investigate the case with zero electric field afterwards, we turn
up an electric field F parallel to the ( OZ ) axis. In the next
section we introduce the theoretical formalism, while in section

3 we present our numerical results.
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Figure 1: Categories of semiconductors core/sell QD (A)
type-l, (B) type-Il, (C) reverse type-I.

The model and applied theory

Within the framework of the effective-mass approximation,
applying the isotropic and non-degenerate parabolic
approximations, taking into account the dependence of the
electron effective mass on radius and assuming that the core
and shell materials dielectric constants are sufficiently close to
ignore the effects of induced surface polarization charges. The
stationary Shrodinger equation of a system consisting of an
electron inside a core/shell spherical quantum dot submitted to
an external electric field can be written as:

e lx1) 2mlr]
ardr

W x,r)=0 @

where the electron effective mass (the square of the wave

20y 2my ey
vector k¥ ) is assumed to be m, (?(Ue E;’) ) in the core

2
material and m, (%Eio ) in the shell material, and W = -q

F.r is the electrostatic energy. It is clear that the presence of
the electric field makes the problem more complicated and
does not admit any analytical solution, that is why we have
applied a variational approach to determine the electron
ground state energy, and by analogy to the problem of the
quantum wells we chose as our variational wave function:

X1olT)=¥ (1. exp(—arcos(6]), (3)

where « is the variational parameter, 0 is the angle between
the electron position vector and the z-axis and ¥,(r)] is the
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exact wave function of the same system with zero electric
field. Accordingly the energy of the electron 1s under an
external electric field is determined variationally by the
following expression:

0_ in <X1o(r)|Hf|X10(r)>
Ee= a | <X10(r)|X10(r)> ]

(4)

Where H, is the Hamiltonian of the confined electron under
an electric field.

Discussion of the results

We present in this section the results of our numerical
calculation performed for ZnTe/CdSe core/shell spherical
quantum dot characterized by an electron effective mass
M, ,=0.15mo [28] ( mg=0.13me [29]) in the core (shell)
material. First of all, we start our analysis by the case with
zero electric field. To this end, and in order to give a detailed
investigation of the electronic behavior of an electron
confined in our nanostructure we display, in figure 2, the
energy ground state versus the core to shell radii ratio

R /R, for various inner radius values: R, = 5 nm, 15 nm,

20 nm, 40 nm, 50 nm, 70 nm. We can easily notice that the
energy ground state undergoes a great change by changing

the value of R, and R, radii. In more detail the energy

ground state increases if the size of the nanostructure
decreases and for a fixed total size of the nanostructure the

energy decreases if the thickness of the shell material T,
increases. We can also find out that the effect of the size of
core material on the energy ground state is more
pronounced for the small nanostructures. For example the
effect of the core size can be easily noticed for small
core/shell nanostructure even for a core to shell radius ratio
neighboring 0.15 which is very small as compared with large
core/shell nanodot in which this effect will manifest only for
core to shell radius ratio practically higher than 0.6. This
variation of energy vis-a-vis the dimensionality of the
nanostructure is intimately related to the quantum
confinement effect which is considered as a major feature of
nanostructured semiconductors. Because of this effect,
researchers can widely and precisely control the electronic
energy states of core/shell nanostructures, by the control of

both R, and R, radius, which leads to a precise control of

the optical transitions making them useful for many
optoelectronic devices.

The following provides a description of the influence of an
external electric field on the electron ground state energy.
For this purpose we plot, in figure 3, The energy ground
state of an electron confined in core/shell spherical quantum

dot versus core to shell radii ratio R./R, for a fixed external

radius value R; =5 nm and various electric field strength
values: F=0 kV/cm and 900 kV/cm. We can notice that the
effect of the electric field can be almost marginalized for
small nanostructures which is in full agreement with the
earlier works already existing in literature [30,31]. This can
be attributed to the fact that the electron is strongly
confined in the shell material in such a way that the
distribution of the electron probability density remains
symmetric ensuring to the system to keep practically a
similar energy to that in the zero electric field.
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Figure 2: The energy ground state of an electron inside a
core/shell spherical quantum dot drawn versus the core to
shell radii ratio R /R, for: F=0 kV/cm and R, =5 nm (Square
symbol), 15 nm (Circle symbol), 20 nm (Up triangle
symbol), 40 nm (Down triangle symbol), 50 nm (Left triangle
symbol), 70 nm (Right triangle symbol).
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Figure 3: The energy ground state of an electron inside
core/shell spherical quantum dot drawn versus core to
shell radii ratio R /R, for fixed external radius value
R,=5nm and various values of the electric field strength:
F=0 kV/cm (Square symbol), F=900 kV/cm (Circle symbol).

We report in Figure 4(A) the variation of the electron energy
ground core to shell radii ratio R./R,

for fixed external radius value R, = 40 nm and various electric
field strength values: F=0 kV/cm, 100 kV/cm and 600 kV/cm.
In order to understand the behavior of the electron inside
core/shell nanostructure under an external electric field we
plot in figure 4(B) the stark shift (AE=E(0)-E(F)) versus core
to shell radii ratio R /R, for fixed external radius value R,
=40nm and various electric field strength values: F=100
kV/cm and 600 kV/cm.

state versus

OAJ Materials and Devices, Vol 3 #1, 0504 (2018) — DOI: 10.23647/ca.md20180504



A. Chafai et al. ZnTe/CdSe type-II CSSQD under an external electric field

We can see that the presence of the electric field perturbs the
electronic states of the electron, therefore a modification of
the electron energy and the electron probability density are
assisted. Indeed, the application of the electric field tends to
move the electron probability density in the opposite direction
of the applied electric field which leads to break the symmetry
008 of the electron probability density, and as a result the energy
is red-shifted. This effect is more pronounced for large
nanostructures. That is explained by the fact that in large
nanostructure the electron probability density has enough
space to move in the opposite direction of the external electric
field which lead, by breaking the symmetry of the electron
R/R, probability density, to the diminution of the electronic ground
state energy. In contrast, in small nanostructure case, the
® electron probability density is too 'tight' so the effect of the
o Feaoocvion] electric field is eclipsed by the geometrical confinement effect.
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10 In summary, we have presented the impact of the nanodot
size and the external electric field on the electron ground state
. energy. It is worth remarking that our results are in excellent
& - " o - 4 agreement with the works that already exist in the literature.
' ' CORR, ‘ We have also shown that there are a competition between the

effect of confinement and the effect of electric field. Moreover

we have found that the application of an external electric field

is an additional opportunity to control the energy of charge
Figure 4: (A) The energy ground state of an electron carriers inside nano;tru_ctures_ core/s_hell type-1I, which is very
inside a core/shell spherical quantum dot drawn versus  Useful from the application point of view.

the core to shell radii ratio R /R, for fixed external radius

value R, = 40 nm and various electric field strength
values: F=0k V/cm(Square symbol), F=100 kV/cm (Circle This work has been initiated with the su . )

_ Y pport of URAC: 08, the project
symbol), F=600 kV/cm (Up triangle symbol), (B) the stark  ,.p. (ESRSFC-CNRST) and the Swedish Research Links program dnr-
shift versus R /R, for fixed external radius value R, = 40 348-2011-7264. The authors would like to thank all the organizations.
nm and various electric field strength values: F=100k
V/cm(Square symbol), F=600 kV/cm (Circle symbol).
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