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1. Introduction

Since the mid-1990s, with the improvement of
nanotechnology and nanomaterials, core shell
guantum dots (CSQDs) have been widely used in a
variety of electronic devices and applications such as
light-emitting diodes [1-3], solar concentrators [4-6],
lasers [7-9], single-electron transistors [10-12],
quantum computing [13-15], single-photon sources
[16-18], Second-Harmonic Generation [19-21] and
medical imaging [22-24]. It is obvious that the
determination of the linear and nonlinear optical
properties of the CSQDs is also necessary due to their
widespread use in these various electronic device
applications. Because of the great importance of
CSQDs as a class of quantum-confined structures
with excellent linear and nonlinear optical properties,
several theoretical studies were performed to better
calculate the susceptibilities and absorption
coefficients of CSQDs and the optoelectronic
processes that occur in these structures. These studies
have covered research in the CSQDs field, and many
have focused on various aspects of the effect of the
CSQD size [25], the applied potential [26], the
impurity [27-29], and the external electromagnetic
fields [30], on optical properties.

Many studies about optical properties have been
studied and proposed. Zeiri et al., have calculated the
third nonlinear optical susceptibility in CdTe-CdS—
ZnS core-shell-shell quantum dots [31]. They
theoretically investigate the third-order
susceptibilities as a function of the core, shell radii,
pump photo energy, and time relaxation. This study
has revealed that CSQD size plays a fundamental role
in determining the nonlinear optical properties of
CSQDs. Naifar et al. have investigated the
eigenvalues, transition energy, and the linear and
nonlinear dielectric functions have been numerically
investigated for CdS/ZnS spherical core/shell
guantum dots embedded in various dielectric
matrices [32]. Their evaluation was carried out for
three commonly used matrices such as PVA, PMMA,
and SiO2. Calculations were done under the effective
mass approximation and compact density matrix
approach. Results revealed that the nonlinear optical
property is strongly affected by the nature of the
matrix material. By increasing the core/shell radii
ratio, the energy states, as well as the transition
energy, are decreasing. It is also indicated that the
presence of the dielectric mismatch in the QD-matrix
system can cause significant enhancement on the
linear and third-order nonlinear dielectric function.
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Ghosh et al. have inspected the role of binding energy
(BE) on nonlinear optical properties of doped GaAs
quantum dots [33]. The effects of dot size on energy
levels, dipole transition matrix, and third-order
nonlinear optical susceptibilities in a core/shell
structure of CdS/ZnS spherical QD have been
investigated by Hasanirokh et al. [34]. Their
proposed structure shows the large dipole transition
and high nonlinear and tunable susceptibilities that
are very suitable for the implementation of active and
passive devices. A detailed investigation of the effect
of core and shell radii on the energies and the
dielectric function of GaN/AlxGal—xN quantum dots
has been exhibited by Zeiri et al. [35]. Their
numerical results indicate that by increasing radii, the
dielectric function shifts to lower frequencies, and by
increasing the value of the quantum dots density, the
peaks of the dielectric function are redshifted, and the
intensities increase as a function of the pump photon
energy. Vahdani et al. have demonstrated the linear
and nonlinear optical dielectric function of a slab of
CdSe/zZnS quantum dot matrix associated with
intersubband transitions [36]. Their results show that
the behavior of third-order nonlinear susceptibility is
similar to the dielectric function of QDs.

In this paper, we study two core/shell/shell spherical
qguantum dot heterostructures of A: CdSe/ZnS/CdSe
and B: ZnS/CdSe/znS for cases with and without a
center impurity. In the structure of A, the band gap of
the core is smaller than the band gap of the shell.
While the core is encapsulated with a shell that has a
larger band gap in the structure of B. We compare the
optical properties of these two structures and report
the detailed calculation of the third-order
susceptibilities and the absorption coefficients. Since
the ZnS band gap as core (shell) is much larger than
that of CdSe as shell (core), it is expected that the
optical properties of these two structures will be
different.

2. Theory and calculation

We consider two spherical core/shell/shell quantum
dots in the structures of A: CdSe/ZnS/CdSe and B:
ZnS/CdSe/ZnS. We assumed that the structure of A
is composed of CdSe core and ZnS and CdSe shells.
While, the core of the structure of B is ZnS, which is
enveloped by the CdSe and ZnS shells. However,
both the A and B structures have cores with inner
radius R; and shells with R, and Rz radii, as shown in
Fig. 1. It is seen that these structures are defined as
one-step infinity quantum dots.
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Fig. 1. Schematic illustration of‘spherical core/shell/shell quantum dot (a) (CdSe/ZnS/CdSe) and (b) (ZnS/CdSe/ZnS)
and their potential profile. The radii of core, shelll and shell2 are R1, Rz and Rs, respectively.

We use the numerical method in the framework of the
effective mass approximation to simulate the A and
B QDs, which are assumed to have perfect spherical
symmetry.

The Hamiltonian of an electron confined in each of A
and B QDs in the presence of on-center hydrogenic
impurity can be described as:

2
H=Hy+U() where Hy=—-—V2+V,(r) (1)
i

where Ho and U(r) denote the Hamiltonian of an
electron and the Coulomb interaction of the electron
with the impurity in a nonuniform dielectric medium,
respectively. Also, the effective mass (m*;) and the
confinement potential (Vo (r)) both depend on the
electron position in the hetero-structure.
The radial Schrddinger equation is used to find the
eigenfunctions (Rn; (r)) of the Hamiltonian with
spherical symmetry in Eq. (1) and their
corresponding energies E, so that it can be written as:
2 2
{— ;‘n; S+ is v+ U(r)}Rn‘l =
En,an,l (2)
In order to achieve reasonable expressions of the
eigenenergies and their corresponding wave
functions, the continuity conditions at all boundaries
of the studied A and B QDs must be satisfied as
follows:

Ry (1) = Rn,l(ri+1)|r=ri

1 dRpi(r) _ 1  dRy(Tiy1) (©)
m; dr mi, dr r=ry

The expression of the first and third-order nonlinear
optical susceptibility for two energy levels, the

ground and the first excited states, is given by
[35,36]:

(1) w) = Uu|M21|2
rw) Egr—hw—ihT @)
AP = oMl [ sl _
Ep1—hw—iAl [(Ey1—hw)2+(AT;)?
(M33—My4)? (5)
(Ez1—ihT12)(Ez1 —hw—iAT15)

where oy represents the carrier density, Ejj = Ei — E;j is
the energy difference between the two states and
M, = |(R;|er|R;)| which is the transversal part. In
our calculations, the relation between the optical
intensity and the applied electric field is taken from
Ref. [37].

In order to investigate the linear and nonlinear
absorption coefficients which are related to the
corresponding electric susceptibility, we have used
the expression taken from Ref. [37]:

@) = w \/gzm@ox(w» (6)

Then, the linear and third-order nonlinear dielectric
functions can be expressed as:

2
AT | M
a(l)(w)=w gﬁ Oy L}|2u| .
T(Ej—Ei—hw) +(hr‘i}-)

()

4
3) ,I __ 13 I 40’~uhrij|Mij| 8
a(w, ) CU\/; (Zsonrc) [(Ej—Ei—hﬂ))2+(hFij)2]2 )

The total dielectric function of CSQDs is defined by
the expression:
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3. Numerical results

In our calculations, the following parameters are
used: Megse = 0.13 my, my,s = 0.28 my,
Ejcase =184 eV, Ejzus=354eV, ecqse =
9.56 eV, £7,5 = 3.54 eV and V. = 900 eV [38].
Considering the impurity at center of each of A and
B spherical CSQDs, the single electron eigenenergies
have been calculated for the s, p, d and f states. We
have investigated the optical properties of the
spherical CdSe/ZnS/CdSe and ZnS/CdSe/ZnS
guantum dots in the case of the last shell radius R- is
constant while the radius of the core sphere is varied.
Remarkably, the energy levels of the electron for A
and B CSQDs in this case are given as a function of
the core radius R; increases to 80 A° , where R,= 150
Ac is a fixed parameter in Fig. 2a and b. It is found
that in the case of A CSQD, for the first (1s, 1p, 1d,
and 1f) state energies, the eigenenergies are
completely reduced as the size of the core increased
for both 1s and 1p, indicating that electron-confined
in the core and the effect of quantum confinement
befalls on the electron. It should be noted that the
Bohr radius for materials ZnS and CdSe are 2.5 and
5.6 nm, respectively [39]. When the size of the
particle approaches exciton Bohr diameter, the

6

guantum confinement effect occurs, and the optical
properties of CSQDs change drastically. While for 1d
and 1f states, there is a steady trend first and then
decreases. In fact, the electron confinement has not
occurred for the small core radii and energies are
almost constant up to R:= 25 A° and R;=30 A° for 1d
and 1f states, respectively. But when the core radius
(R1) increases, the electron confinement is relieved.
On the other hand, the second (2s, 2p, 2d and 2f) state
energies have a second flattening which indicates that
the probability distribution will have two peaks.
When the energies are on the second flattening, the
second peak is outside the core, and this is because
the size of the core is still insufficient to confine the
second peak. However, it can be seen that this second
peak penetrates into the core as the energy decreases
uniformly. Fig. 2b shows that there is a sharp
difference between the trends of energy changes in
terms of R, for B-CSQD compared to A-CSQD. For
B-CSQD, it is obvious that the eigenenergies have an
increasing trend for all the first (1s-1f) and second
(2s-2f) levels. However, the energy of the first states
essentially is lower than that of the second states. The
obvious reason for this increase is that in the B-
CSQD, the electron is confined within the inner shell
(CdSe) and can’t penetrate the inner dot due to
potential barrier applied by the ZnS core layer.
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Fig. 2. Energy levels of (a) the spherical CdSe/ZnS/CdSe quantum dot and (b) the spherical ZnS/CdSe/ZnS quantum
dot with the impurity as functions of the core radius for constant R..

In Fig. 3(a,b) we have depicted the variation of the
third-order susceptibility as a function of wavelength
in the A-CSQD, for four different values of core
radius (R1) in both cases E > V¢ and E < VVc. From
this figure we can see that increasing R: leads to a
shift for the susceptibility peak towards the longer
wavelength for both cases (E > V¢ and E < Vc). Both
the magnitude of the peak and its position depend on
the radius of the core. When the radius of the core
increases, energy distances between electronic states
become smaller. Therefore, the larger the size of the
core, the smaller the energy distance, and the dipole
matrix element () becomes stronger by increasing
the radius of the core. Also, Real and Imaginary part
of susceptibility (Real (y®) and Im (x®)) of A-
CSQD is shown in Fig. 3c when E<V, as a function

of wavelength at different core radius while the
radius of the shell is fixed. One can notice that when
R; increases, the peaks of Real (y®)) and Im ()
are enhanced and redshifted. According to Fig. 3(c),
we can observe that for Ry = 40 nm, the resonant
magnitude Im (y®) is negative and being around 2.4
while Real (y®) changes significantly near the
resonant frequency from positive value (+1.7) to
negative one (-1.7). When the core radius of the
guantum dot increases, the electron is confined in the
core, and the effect of quantum confinement befalls
the electron; thus, the dipole transition matrix
element p increases and this efiect showed an

improvement in the nonlinear optical properties. The
result is in agreement with those of other researchers
[40-42].
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Fig. 3. (a,b) Modulus of susceptibility (y®) for E<V. and E>V,, as a function of wavelength, and (c) The real and
imaginary part of susceptibility (Real (y®) and Im (xy®)) when E<V,, as a function of photon energy at different core
radius.

In Fig. 4(a,b), the third-order susceptibility of B-
CSQD has been displayed as a function of pump
photon energy with four values of core radius in both
cases E < V¢ and E > Vc. It is clear remark that for
ZnS/CdSe/znS CSQD, the resonant magnitude of

2
1@ is about 1.7 x 10‘15% for Ry = 40 nm in the

case E< Vc. Increasing R1 leads to a shift of y®
peak toward the longer wavelength for E < Vcand E
> Vc. Furthermore, both intensity and position of
x® peaks depend on core radius, and this can be
related to the quantum size effect in the conduction
band. The resonant magnitude of x® in

ZnS/CdSe/ZnS CSQD s around 1.3 x 10—15’;—22 in

the case E> Vc. It may be worth pointing out for the
case where E > Vc that the intensities of the
susceptibility peaks have very low values comparing
with case E < Vc. In Fig. 4(c) the real and imaginary
parts (Real (y®) and Im (y®)) of A-CSQD as a

function of the pump photon energy hw(eV) for
different values of R; have been shown when E<V..
The plot reveals that Real (y®) and Im () depend
strongly on Ry. We can see that, Real (x®)) and Im
(x®)) increase when increasing core radius from 20
nm to 80 nm. In fact, for a chosen value Ry = 40 nm,
Real (y®)) changes its signs from a negative value (-
1.6) to a positive one (+1.6) while Im (y©®)) ways
keeps approximately a negative value in the vicinity
of (-2.5). By increasing core radius, Real (x©)) and
Im (x®) both witness a progressive redshift. We can
remember for this section that the positions and
intensities of susceptibility’s peaks depend on core
radius value. By increasing the core radius from 20
nm to 80 nm, the probability of distribution of the
electronic wave function is principally well confined,
and so there is no electron distribution in the shells
for R1= 80 nm.
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Fig. 4. (a,b). Modulus of susceptibility (y®) for E<V. and E>V., (c) The real and imaginary part of susceptibility
(Real (y®) and Im (x®)) when E<V,, as a function of photon energy at different core radius

In Fig. 5(a,b), the imaginary parts of the linear and
nonlinear absorption coefficient of A and B-CSQD
have been plotted as a function of the pump photon
energy ho (eV) for different values of R, with I = 0.2
MW/cm for E <V.. The plots reveals that when
increasing Ri, a redshift of peaks appears. For Ry =
40 nm, the absorption coefficient of A-CSQDs has
reached a maximum with the magnitude of 0.7 x

10%>m™1 situated at approximately 0.02 eV. While
this value is equal to 0.9 x 10°m~" for B-CSQD.
Therefore, the effect of geometry of these two
CSQDs as well as the adjustment of size and material
parameters can be a first step to achieve an
enhancement of susceptibility and absorption
coefficient that this behavior can be related to
guantum confinement effects.
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4. Conclusions

We investigated the optical properties of two
guantum dots with structures of A: CdSe/ZnS/CdSe
and B: ZnS/CdSe/ZnS by using numerical modeling.
The calculations were performed while the total
radius of the quantum dot remained constant and the
radius of the core (R1) increased. It was found that the
changes in core layer thickness can affect the third-
order susceptibility and absorption coefficient of the
A and B CSQDs. Calculations show that in A and B-
CSQD, the third order nonlinearity susceptibility and
the linear, nonlinear parts of the absorption
coefficient depends strongly on the core radius R;. By
increasing radius, we found that (y)) and o shifts to
lower energies. It is observed that in the case of
CdSe/zZnS/CdSe CSQD for R; = 40 nm, the resonant
magnitude Im (y®) is -2.4 while Real (y®)) changes
from value (+1.7) to one (-1.7). On the other hand,
for ZnS/CdSe/ZnS CSQD, Real () changes from
(-1.6) to (+1.6) while Im (¥®) ways keeps
approximately a negative value in the vicinity of (-
2.5). For ZnS/CdSe/znS CSQD, the resonant

2
magnitude of ) isabout 1.7 x 107 = and 1.3 x
%4

2
10‘15% for R; = 40 nm in the case E<Vc and E>

V¢, respectively. Also, for R: = 40 nm, the absorption
coefficient of A-CSQDs has reached a maximum
0.7 x 10">m~1 situated at approximately 0.02 eV.
While this value is equal to 0.9 x 10'°>m™1 for B-
CSQD. The result of this work can be utilized in the
fabrication of optoelectronics and photonic devices
such as radar-microwave absorbers and improved
electrically small antenna.
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