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Effects of an external electric field on the electronic and optical properties of a
Cylindrical ZnS/ZnO multi-layer quantum dot with a parabolic potential
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Within the framework of the effective mass approximation, a detailed investigation on the effects of an external electrostatic field on the
electronic and optical properties of a multi-layer cylindrical ZnS/ZnO quantum dot. We fixed the height and radious to 10 nm and 5
nm respectively, while modeling the ZnO wells using a parabolic potential. Numerical results were generated using the finite difference
method (FDM), as we were able to compute different confinement energies, probability densities and expectation value of the electrostatic
field potential while we vary the electric field strengthF , for both the ground state and first excited state, and finishes by deducing the
transition energy, transition dipole moment (TDM) and the absorption coefficient (AC) while taking into account multiple layer thickness
configurations. The results show that varying the electrostatic field strength does has an noticeable impact on the electronic and optical
properties while all other inputs are kept unchanged.
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1. Introduction

Recent advances in nano-fabrication technology have offered
a wide range of opportunities for realizing quantum dots QD
with various kind of shapes and confining potentials, which
have attracted considerable attention due to their unique op-
tical properties like broad absorption, tunable and narrow
emission [1], as well as their potential applications in elec-
tronics and optoelectronic devices, such as solar cells [2, 3],
lasers [4,5], photodetectors [6], light emitting diodes (LEDs)
[7] and bioimaging [8]. Today, multiple layered QDs are at-
tracting widespread interest in modern materials science and
technology, with far more advantages and tuning capabilities
compared with a single QD material. However, is well known
that the strain originates from the lattice mismatch during the
growth of the quantum dots [9–12]. Under an applied stress,
there will be piezoelectric charges produced, so in order to
avoid such nuisance, the material’s crystal structure must be
the same for all layers while the lattice constants should not
differ by more than 12 % [13].

We use a single band description intended for one elec-
tron state in the conduction band with its minima located at
the center of the first Brillouin zoneΓ. This simple model
was designed as an approximation if the considered semicon-
ductor has a fairly isolated conduction band at least for a finite
region ink space near the band edge. This is typically true
for the conduction band of most III-V and II-VI semiconduc-
tors [14]. In order to add boundary conditions or take into
account some external smooth and slowly varying perturba-
tions, we use the well known envelope function approxima-
tion (EFA) which proved quite useful for cases similar to our
own [15–17]. This model has been used for quite a long time
as a reliable tool to describe many different types of nanos-
tructures, in particular, quantum wells (QW’s), superlattices,

quantum wires and nanowires, and quantum dots [18]. What
makes this model easy to choose is determined by several
advantages such as the overall simplicity compared to other
computational tools, while including all complexities such as
the periodicity of the crystal, strain [19] in addition to the ef-
fect of remote bands in the effective mass tensor. However
the (EFA) method has also some limitations, as it is applica-
ble only to nanocrystals with radii more than approximately 1
nm [20], while author in Ref. [21] concluded that even though
(EFA) is not perfectly accurate, it can be very useful from the
conceptual point of view and often provides valuable physi-
cal insight.

Within the framework of the effective mass approxima-
tion (EMA), several numerical methods are employed to
solve the effective mass Schrodinger equation associated
with several confining potentials in a multi-layered quantum
dot, such as the finite difference method [22,23], the finite el-
ement method [24,25] the fourth-order Runge-Kutta method
[26], the Shooting method [27] and the numerical potential
morphing method (PMM) [28] which was used to investi-
gate theoretically the combination effects of the tilted elec-
tric and magnetic fields on the binding energy of an on-center
donor impurity localized in a GaAs/Al0.3Ga0.7As cylindrical
QD [29, 30]. These numerical methods can be quite useful
downright mandatory when the targeted potential does not
have a closed analytical solution, which is unfortunately the
case most of the time.

A great deal of work has been done on the nonlinear op-
tical properties of low-dimensional semiconductor quantum
systems while taking into account the variation of both the
geometrical and dimensional properties for potential appli-
cations in non-linear optical devices. Cylindrical quantum
dots were and still a very common geometrical choice for
the study of nonlinear optical phenomena in low dimensional
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structures [31–34]. The study in Ref. [2] indicates that, by
changing the shape of quantum dots, the performance of so-
lar cells is slightly modified. Moreover, it has been demon-
strated that the quantum dots size, and light concentration
play a key role in searching the maximum efficiency of multi-
ple quantum dot solar cells. Various results indicate that large
optical nonlinearities compared to bulk materials can be en-
hanced due to the quantum confinement effects [35]. While
linear and nonlinear dielectric function have been theoreti-
cally investigated for CdS/ZnS cylindrical core/shell quan-
tum dot embedded in PVA, PMMA and SiO2 matrices. Re-
sults showed that the presence of the dielectric mismatch
in the QD-matrix system can lead to a significant enhance-
ment of the nonlinear dielectric function [36]. On the other
hand, applying an external electric field is also a powerful
tool to change the electronic and optical properties of low-
dimensional semiconductor structures. Unganet al. have
analyzed the effects of the external electric and the intense
laser fields on optical properties in a cylindrical quantum dot
with axial Morse confinement potential using the total opti-
cal absorption coefficient as well as relative refractive index
changes [37]. The influences of the electric fields on the sys-
tems can lead to different results depending on the confine-
ment potential of the QDs, which can in turn modify its op-
tical properties. Author in Ref. [38] have theoretically stud-
ied the size dependent third-order nonlinear optical suscep-
tibilities for third-harmonic generation (THG) and quadratic
electro-optic effects (QEOE) of ZnS/CdSe cylindrical quan-
tum dot quantum well (QDQW) under strong confinement.
In Ref. [39], it has been shown that by applying and vary-
ing external electric field, one can control the magnitude and
resonance wavelength of third-order nonlinear susceptibility
of GaN/AlGaN spherical quantum dot. While using the vari-
ational method, author in Ref. [40] performed a theoretical
study of the ground state binding energy and the photoioniza-
tion cross section of an impurity confined in a hollow cylin-
drical core-shell quantum dot under the influence of the hy-
drostatic pressure and temperature, which reveals how much
the electronic and optical properties are sensitive to variation
of the pressure and temperature.

The main purpose of this paper is to explore the effects
induced by the application of an electrostatic field parallel to
the z axis, on both the electronic and optical properties of a
fixed size cylindrical multi-layer quantum dot, while taking
into account the variation of the internal layer thicknesses by
considering four different layer thickness configurations. All
calculations are made within the framework of the effective
mass approximation, using the finite difference method to
generate the required energy eigenvalues and eigenfunctions
needed to calculate the transition energy, transition dipole
moment and absorption coefficient.

2. Theoretical framework

Here we shall consider the motion of a conduction band elec-
tron confined inside a multi-layered cylindrical quantum dot,

FIGURE 1. Schematic plot of a multi-layer cylindrical quantum dot
grown along thez-direction.

formed by alternating different semiconductor materials on
each layer, chosen to be based of ZnS and ZnO grown along
the principal axis of the quantum dot which is selected paral-
lel to the z-direction, which result in a low dimensional sys-
tem with four ZnS barriers encapsulating three parabolic ZnO
wells, while making sure that first and last layer are com-
posed of ZnS, as it have the highest conduction band edge
compared to ZnO.

The Hamiltonian describing such system is given in the
form suggested by BenDaniel and Duke [41] as follows:

H0 = −~
2

2
∇ 1

m∗
e(z)

∇+ V (z). (1)

The first term describes the kinetic energy of the confined
electron in a system with a position dependent effective mass
m∗

e(z), defined as follows:

m∗
e(z) =

{
m∗

1e layers with an odd number

m∗
2e layers with an even number

. (2)

The second termV (z) encapsulates both internal and ex-
ternal effects that can add further restrictions to the motion of
the electron. For the system in question here, it can be treated
using the following form:

V (z) = Vp(z)− |e|Fz, (3)

whereVp(z) is the internal confining potential, which create
a spacial restriction created by stacking various layers with
different semiconductor materials which create barriers and
wells as a result of having different conduction band edge
energy. The wells that are based on ZnO are described by
using a parabolic potential, as shown bellow:

Vp(z)=





V0 layers with an odd number

V0

(
z−p2i

∆2i/2

)2

layers with an even number
, (4)

whereV0 is the potential offset, defined as the difference be-
tween the conduction band edges of ZnS and ZnO, while∆i

is the thickness of theith layer andpi is defined in general as
pi = (Li + Li−1)/2, whereLi is defined as the sum of all
layer thicknesses up to theith layer, meaning thatL7 equals
the total height of the quantum dot. The second term defines
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FIGURE 2. Plot of the confining parabolic potential with and with-
out the effect of the external static electric field.

the external potential which describes the effects of an elec-
trostatic field with field strength noted asF , pointing oppo-
site to thez-direction, in order to create lower potential en-
ergy spots located at the other end of the quantum dot.

This type of equation with such boundary conditions in
addition to the influence of an external electrostatic field po-
tential can be quite challenging to solve analytically if that is
even possible, which leads us to rely completely on numeri-
cal methods in order to overcome this major difficulty, in this
paper we apply the finite difference method (FDM).

The formula needed to compute the absorption coefficient
α(ω) can be retrieved by solving the master equation defined
as follows:

dρ

dt
=

1
i~

[H(t), ρ]− Γ̂(ρ− ρ0). (5)

A two-level system is used with a transition starting from an
initial state with lower energyEi to a final state with higher
energyEf , this eigenvalues alongside their corresponding
eigenfunctions can generated by solving Eq. (1), while in-
cluding the viscous damping OperatorΓ̂. In order to solve
such system, we use an iterative scheme using the Dirac
picture within the electric dipole approximation on the total
Hamiltonian given in the following:

H(t) = H0 −MzEz(t), (6)

whereMz is thez-axis component transition dipole moment
(TDM) while Ez(t) is the AC electric field polarized also in
thez-direction.

By following the standard way of solving Eq. (5), we
can find the density of order (n),ρ(n)(ω) which is required
in order to calculate the electric susceptibility of order (n),
χ

(n)
e (ω) in the frequency domain, which is expressed for the

first and third order as follows:

ε0χ
(1)
e (ω) =

σv|M12|2
~ω12 − ~ω − i~Γ12

, (7)

ε0χ
(3)
e (ω) = − σv|M12|2|Ez(ω)|2

~ω12 − ~ω − i~Γ12

×
(

4|M12|2
(~ω12 − ~ω)2 + (~Γ12)2

− (M22 −M11)2

(~ω12 − i~Γ12)(~ω21 − ~ω − i~Γ12)

)
, (8)

thus we can write the total absorption coefficient in the form:

α(ω) =
ω

nrε0c
Im

(
ε0χ

(1)
e (ω) + ε0χ

(3)
e (ω)

)
, (9)

wherenr is the refractive index andc is the speed of light.

3. Results and discussion

In the numerical calculations carried out for this quantum dot,
we fix both the quantum dot’s radius and height respectively
to R = 5 nm andh = 10 nm, we set the reference energy at
the bottom of the conduction band situated in ZnO. We take
all the parameters from Ref. [29]: the band offset at the inter-
face between the two materialsV0 = 292.8 meV, the effective
mass for the electron’s conduction bandm∗

1e = 0.24m0 for
ZnS andm∗

2e = 0.265m0 for ZnO, wherem0 is the free elec-
tron mass; the charge carrier densityσv = 1.7 × 1024 m−3;
the refractive indexnr = 2.9629; and the state lifetimeτ = 1
ps. Throughout this simulation, we define firstly the repre-
sentation of the electron’s state confined inside the quantum
dot as(nz, nr, l), then we consider four distinct layer thick-
ness configurations, starting by labeling the first configura-
tion as the layout where all thicknesses are chosen to have
equal widths, which makes each layer have thickness equal
to ∆ = 10/7 nm, as for all the remainders, we lower all the
ZnS barrier thicknesses to∆1,3,5,7 = 1 nm and concentrate
only on varying the ZnO layer thicknesses. With that being
said we define the second configuration as∆2 = 8/3 nm and
∆4,6 = 5/3 nm, then the third configuration is defined as
∆4 = 8/3 nm and∆2,6 = 5/3 nm, finally the fourth config-
uration as∆6 = 8/3 nm and∆2,4 = 5/3 nm.

In Figs. 3 and 4 we show respectively the ground state
and first excited state electron probability density within a
10 nm height multi-layered cylindrical quantum dot, for four
layer thickness configurations, while varying the electric field
strength starting from 0 kV/cm up to 500 kV/cm. All prob-
ability densities computed in this simulation are along the
principal axis of the quantum dot chosen parallel to thez-
axis, since the electron state in thexy-plane is fixed at the
ground state(nr = 1, l = 0), this plan state has a high prob-
ability density right at the center of the circular cross section,
and drop significantly as we move away from it until it van-
ishes at the boundary of the quantum dot. Even the electric
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FIGURE 3. Ground state electron probability density for different layer thickness configurations.

field have no effect when all its strength is pointed in thez-
direction, so we are only required to concentrate the axial
probability density.

We start by looking at Fig. 3a) which gives the electron’s
probability density corresponding to a layer thickness layout
belonging to the first configuration. We observe at zero elec-
tric field a symmetrical distribution of the probability density
across the structure, peaking up at all three ZnO wells with
a general maximum value located right in the middle well,
beside having a confinement energy equal to 225.22 meV.
As we apply the electric field starting with a strength equal
to 100 kV/cm, we observe a drop in the confinement energy
to 166.31 meV in addition to a probability density shift to-
ward the right of the structure opposite to the applied electric
field direction, where newly founded states with lower ener-
gies can be occupied, while some probability density traces
can be spotted in the second well. As we keep increasing
the electric field strength, the electron’s confinement energy
keeps decreasing accordingly until reaching−132.79 meV
at a strength value of 500 kV/cm. The remaining of the

probability density keeps being drained toward the third well,
where the magnitude of the probability density summits. We
turn next to Fig. 3b) where we treat the second configuration,
where the width of the left well is superior to the rest. For the
case of zero electric field, the electron starts off with a con-
finement energy equal to 176.4 meV, we see that the probabil-
ity density is pretty much non existent anywhere except in the
left ZnO well, with an insignificant value in the middle well.
As we apply the electric field strength with an initial value
equal to 100 kV/cm, we see a drop in the confinement energy
to 139.07 meV, with a significant re-localization of the proba-
bility density out of the left well as it rearranges itself almost
equally within the three ZnO well. As we further increase the
electric field strength, the probability density totally changes
location from the starting position corresponding to zero elec-
tric field, toward the lower energy states located at right well
with a confinement energy of−159.79 meV whenF is equal
to 500 kV/cm. We now look at the effects of using the third
configuration on the probability density as shown in Fig. 3c)
which is chosen so that the middle well has the largest width
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FIGURE 4. First excited electron state probability density for different layer thickness configurations.

compared with the others. As usual we start with the case
with no electric field, we observe some similarities with the
zero electric field case of the first configuration, as well as
some differences such as the significantly lower confinement
energy of 170.63 meV and the magnitude of the density
which is more defined at the middle of the structure. As
we apply an electric field strength of 100 kV/cm, no ma-
jor changes were observed in the density as we saw pre-
viously, the electron experiences a big energy decrease to
118.63 meV, despite the continuing increase of the strength to
200 kV/cm the electron still retain a high probability density
at the middle ZnO layer with a corresponding energy equal
to 60.84 meV, however we see that the table turns when we
reach 300 kV/cm as the density becomes superior at the right
well with an energy around -6.35 meV, and keeps increasing
as we further rise the magnitude ofF , while the energy keeps
dropping until reaching−159.69 meV at 500 kV/cm. Finally,
while employing the fourth configuration shown in Fig. 3d),
we observe that the system is just a mirror reflection of the
second configuration case when there is no applied electric
field, this idea can be confirmed by the fact that both cases

possesses equal confinement energies of 176.4 meV, the only
noticeable difference is the location of the probability den-
sity across the structure which in this case mostly settled at
the right ZnO well, as it is considered a favorable position
for non-zero electric field strengths, since lower energy states
will be created in that neighborhood, when the electric field is
applied, we see a huge energy decrease around 103.02 meV,
which is the highest energy drop so far, while we observe
a small shift of the probability density toward the middle of
the right well, with an increase in the magnitude at the ex-
pense of both the left and middle wells, when the electric field
strength reaches 500 kV/cm the confinement energy drops to
−202.88 meV, which is the lowest confinement energy yet.

When considering the first excited state shown in Fig. 4a),
we observe some major changes. When compared with the
ground state, even though the same set of conditions are ap-
plied as before. As the electric field is absent, the probability
density still remains at the low energy states located inside
the ZnO wells with a confinement energy of 261.13 meV,
however its divided between the left and right ZnO layers,
completely ignoring the middle ZnO well, even though all
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layers have equal thicknesses as shown in in Fig. 4a). Then
right when we apply the electric field starting with a strength
of 100 kV/cm, the energy gets lowered to 211.63 meV and
the probability density slowly begins to decrease at both pre-
vious ZnO wells, while filling the middle well which suffers
some improvement, with a non zero probability density right
within the ZnS barrier separating the left and middle well.
As we keep increasing the intensity of the electric field, the
electron energy keeps getting lower and the probability den-
sity magnitude keeps rising at the middle ZnO well which
is apparently a more suitable for high electric field strengths,
while keeping a non zero probability density in the right wells
even when the electric field strength is as high as 500 kV/cm
which correspond to a confinement energy of 5.9246 meV.
When we consider the second configuration given in Fig. 4b)
we see that unlike the ground state, the peak of the proba-
bility density is not at the largest thickness, but located with
equal magnitudes within the narrow wells with a confinement
energy of 219.32 meV, when we apply the electric field with
strength equal to 100 kV/cm, as usual the energy decrease to
161.33 meV, and we observe a considerable increase in the
probability density magnitude at the left well, while almost
vanishes in the middle well, as we keep rising the strength
F the probability density drops gradually form the left well
and transfers to the middle well while the confinement energy
keeps decreasing until reaching−31.19 meV for strength
equal to 500 kV/cm. Thus we saw that the peaks keep go-
ing back and forth for field strengths bellow 300 kV/cm and
settle at high electric field strength surprisingly in the mid-
dle ZnO layer just like what we saw in the first configura-
tion. Figure 4c) shows the third case where the middle well
is chosen to have the biggest thickness compared with the
others. Similar behaviors with the first configuration can be
seen when the electric field is absent, both cases have their
peak values located in the narrow ZnO layers, while avoid-

ing the largest well width layer, this case also has slightly
lower confinement energy equal to 244.11 meV, as we apply
an electric field with strength equal to 100 kV/cm, the elec-
tron’s confinement energy drops to 176.98 meV, in addition
to a fast probability density transfer out of the left well, pass-
ing through the middle well where a small probability density
remains there, to end up accumulating in the right well with
a very high probability density peak. As we keep rising the
electric field strength, the electron’s probability density ends
up shifting back to the middle well once again as previously
observed, while the confinement energy decrease persists as
it reaches−69.0153 meV forF equal to 500 kV/cm. We con-
clude this section by looking at the effects of considering the
fourth configuration given in Fig. 4d), which actually looks
very familiar to the second configuration when the electric
field is turned off as we see in Fig. 4b) with equal confine-
ment energy of 219.32 meV. Similar thing is reported with
the ground state, however there is quite a noticeable change
when we apply the electric field, as the right well which pre-
sumably have the largest width, have an overall weak proba-
bility density throughout the process of varying the electric
field strength. The confinement energy takes the value of
180.62 meV for strength equal to 100 kV/cm, which can be
considered a bit low compared to the second configuration.
Additional increase in the electric field strength obviously
implies further decrease in the confinement energy until it
settles down at−3.2823 meV when we reach 500 kV/cm.

Figure 5 shows the variation of the expectation value of
the electrostatic electric field potential, as a function of the
field strengthF , first for the ground state Fig. 5a) and then
for the first excited state as shown in Fig. 5b), which was
computed as the energy difference between the electron state
when there is no electric field and when it is present, both so-
lutions of Eq. (1), for different layer thickness configurations,
which can be computed as the following:

FIGURE 5. Expectation value of the electric field potantial as a function of the electric field strengthF , a) for the ground state, b) for the first
excited state.
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〈eFz〉 = E(F = 0)− E(F ). (10)

At first look, it might seem that this expectation value must
scale linearly with the strengthF , however Fig. 5 shows that
it does not always have to be the case, and that can be prin-
cipally due to the inner complexity of the wells modeled by
the parabolic confining potential shown in Fig. 2. This ex-
pectation value which is defined similar to the binding en-
ergy, gauge the electron’s susceptibility to feel the effect of
the electric field strength. As the value of the expectation
value gets larger as the electron gets more vulnerable to give
up energy and shift to positions with lower energies. We be-
gin by considering the ground state shown in Fig. 5a), we
see that the fourth configuration has a near linear response
with a superior energy drop compared with the other cases
for any given value of the electric field strength, meanwhile
the second configuration started as the layout which have
the lowest energy drop with a small curvature for low elec-
tric field strength below 200 kV/cm. As we further increase
the strengthF , the third configuration finishes by having the
smallest energy drop by an insignificant difference compared
with the second configuration when the strength is superior
or equal to 266.33 kV/cm. Next we look at Fig. 5b) which
gives the case where the first excited state is considered. We
see literally the opposite of what was observed in the ground
state, as the fourth configuration has this time around the low-
est energy drop across all values of the electric field strength,
while the second configuration started off with the highest en-
ergy drop for all electric field strength bellow 48 kV/cm. As
we pass this threshold the third configuration takes its place
as the highest energy drops, furthermore we observe that the
second configuration gets passed once more by the first con-
figuration starting from 178.2 kV/cm onward with a small
margin which grows weaker and weaker as the strength is
kept on the rise.

Now we look at the transition dipole moment briefly
noted (TDM), which is a crucial parameter required for the

computation of the absorption coefficient (AC), since it has a
direct dependency on each electron state involved in the tran-
sition, therefore it can be altered quite easily by varying the
external electrostatic field strength as we can see in Fig. 6b).
The importance of this parameter lays in the knowledge of-
fered of whether a transition can take place or not and how
weak its amplitude can be compared with others, since it has
to obeys strict selection rules. So in order to compute this
parameter, we need to use eigenstates generated beforehand
by solving Eq. (1) using the finite difference method. We see
that even though the height of the cylindrical quantum dot is
kept fixed, varying the inner layer thicknesses does have a
visible impact on the (TDM), it can be seen by looking at the
noticeable difference between the second and fourth configu-
ration, for instance we see that all three latter configurations
start off almost sharing the same value at zero electric field
strength, then all deviate from one another when it is in effect,
as the second configuration increases exponentially the mo-
ment we apply the electric field, peaking around 91.6 kV/cm,
then rapidly decreases in a steep way as the strength value
further go up, while we observe a completely different sce-
nario with the fourth configuration as the (TDM) decreases
exponentially when the strength is increased, while having
the weakest (TDM) magnitude overall for all considered val-
ues of the electric field strength. We see a relatively similar
behavior between the third and the second configuration, with
the exception of a minuscule (TDM) decrease for strength
values less than 40 kV/cm, followed by a shallow slope in-
crease reaching a peak value shifted to a higher strength value
around 226.7 kV/cm then gradually decreases as we pass that
turning point. The first configuration does have some com-
mon points with the fourth one, and also stand out from all
other cases as having the highest (TDM) for zero electric field
strength. It can be observed that in all considered configura-
tions the application of the electric field has mostly a negative
effect on the magnitude of the (TDM) especially at high elec-
tric field strength approximately over 300 kV/cm, as all

FIGURE 6. Transition energy a), absolute value of the transition dipole moment (TDM) b), as a function of the electrostatic electric field
strengthF for different layer thickness configurations.
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experience a reduction in the (TDM), with the exception of
the second and third configuration which benefit from a mag-
nitude boost respectively at 91.6 kV/cm and 226.7 kV/cm,
which will be beneficial for the intensity of the linear and
non-linear absorption coefficient peaks, assuming that this
boost shall not be reduced by having a low value transition
energy at the same electric field strength.

When we turn to the transition energy expressed as a
function of the electric field strengthF , it also can provide
some useful pieces of information, such as the energy interval
in which the peaks will vary in, and most importantly the di-
rection and how far the peaks will shift based on the sign and
magnitude of the slope at each point in the graph. Thus if the
sign of the slope at a certain point is positive it will mean that
the absorption coefficient will experience a blue shift while a
negative sign means a red shift, then the magnitude will en-
able us to know how far the peaks will be displaced from one
another when the electric field strength is varied by a certain
amount. In Fig. 6a) we can see that the first and fourth con-
figurations have positive slopes whatever value the electric
field strength takes, which means that the peaks will only ex-
perience blue shifts, as the absorption peak start off at a low
transition energy when the electric field is absent and move
to higher transition energies as we increase the strengthF .
On the other hand the second and third configuration contain
a turning point, which implies that the absorption peak will
experience both red and blue shift while varying the strength
F in this interval. We also observe some common traits with
the transition dipole moment in Fig. 6b), like the similarity
between the electric field strength corresponding to the min-
imum transition energy and maximum transition dipole mo-
ment for the second configuration which is in the vicinity of
90.7 kV/cm. Same thing can be seen for the third configura-
tion where the minimum point is approximately 229.8 kV/cm
which is close to the maximum point of the (TDM) shown
previously, which can relatively speaking reduce the effect of
the high valued (TDM) on the peak of the absorption coeffi-
cient at that electric field strength.

Figure 7 shows the variation of the absorption coeffi-
cient (AC) as a function of the incident electromagnetic ra-
diation polarized along thez-direction with a fixed intensity
of I = 105 W/cm2, computed for several values of the elec-
tric field strengthF , while considering four different layer
thickness layouts, for a fixed transition starting from a low
energy state (110) toward a higher energy excited state (210).
This will allow us to quantify the impact of varying both the
electric field strength and the layer thicknesses on the lin-
ear and third-order nonlinear optical responses. We start by
looking at Fig. 7a), which gives the linear, third order and
total absorption coefficient (AC) while employing the first
configuration. All Lorentzian peaks are scattered each at a
specific transition energy value, as it seems that the peaks
positions strongly depends on the electric field strengthF .
We observe that the peak corresponding to zero strength has
the lowest transition energy, while having the largest opti-
cal non-linearity, however as we apply a non zero value, we

observe a blue shift accompanied with a significant magni-
tude reduction for the third order absorption coefficient (AC).
The reason why the peaks are shifting in this manner, can be
explained by looking at the corresponding transition energy
(blue) curve shown in Fig. 6a) which depicts the transition
energy as a monotonic function. Furthermore we notice that
the absorption coefficient is more pronounced for low elec-
tric field strength values, which is due to the high values
that the transition dipole moment takes at low electric field
strength as we see in Fig. 6b). If we then move to the second
configuration, shown in Fig. 7b), we see a different peaks
distribution while varying the electric field strength, as the
zero valued electric field peak does not start off as the low-
est transition energy as we saw beforehand, moreover having
a relatively low peak magnitude with an insignificant non-
linearity. When we take into account the external fields ef-
fect, we see a red shift for low electric field strength up to
100 kV/cm. We also observe a noticeable increase in the
magnitude of the third order (AC) which is achieved with-
out even increasing the incident light intensity or altering the
structure of the quantum dot. The only thing of interest that
was changed is the transition dipole moment and the tran-
sition energy both shown in Fig. 6, as the (TDM) summits
around 91.6 kV/cm and drops that value in a steep manner
until reaching 200 kV/cm, which imply that the peaks mag-
nitude will decrease faster compared to the case where the
steepness’s value is inferior. Same thing can be said about
the transition energy as it reaches a minimum value around
the same electric field strength which triggers a sign flip of
the slope from negative to positive, which is the reason why
we observe a blue shift with an important reduction in the
magnitude of the absorption peak when the strength is supe-
rior or equal to 200 kV/cm. Next we look at Fig. 7c) which
shows the plot of the linear, third order and total absorp-
tion coefficients depicting the case where the third configu-
ration is used. We see that the peak corresponding to zero
electric field strength starts off with a high total absorption
peak with a mildly non-linearity. As we increase the strength
to 100 kV/cm, we observe a red shift with a noticeable de-
crease in the overall peak magnitude, however we see that
the third order (AC) magnitude stays approximately intact.
When we reach 200 kV/cm, the peak has shifted further to
lower transition energy values while we observe an increase
in both the linear and nonlinear peaks. Then as we further
rise the strength to 300 kV/cm we observe a blue shift, since
we passed the turning point located at 229.8 kV/cm shown in
Fig. 6a), which means that the slope at 300 kV/cm onward
has a positive sign. On the other hand we see that the (TDM)
have a slope with negative sign as we pass the turning point at
226.7 kV/cm, which will result in the reduction of the mag-
nitude of the peaks from that point onward. We finish by
looking at the case where we employ the fourth configuration
Fig. 7d). We do observe some similarities with the first case
which is defined as having equal layer thicknesses. Both the
transition energy and dipole moment have a strictly mono-
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FIGURE 7. Total Absorption coefficient as a function of the electric field strengthF , when all layers have equal thickness a), for∆2 =

8/3nm b), for ∆4 = 8/3nm c), for ∆6 = 8/3nm d).

tonic behavior as shown in Fig. 6, in addition to the non-
linearity which is barely visible for null or weak electric
field strengths just like in the first configuration, with the ex-
ception that the transition energy steepness at electric field
strengths less than 100 kV/cm is more important in this case,
which results in a peak distribution with almost equal spacing
throughout the variation of the strengthF . Moreover there
are no turning points, which will make the peaks shift solely
to higher transition energies as we increase the electric field
strength since the transition energy slope is always positive.
However unlike all other configurations, we observe that the
peaks magnitude begin to increase when we pass 300 kV/cm,
which results from the almost constant value of the (TDM) in
this interval as we see in Fig. 6b), while the transition energy
keep increasing accordingly, as the maximum value of any
absorption peak is proportional to the transition energy times
the transition dipole moment squared. By looking at Fig. 7
as a whole, a conclusion can be made regarding the effects
of varying both the layer thicknesses and the electric field
strength, which can alter the electronic and optical properties

of the quantum dot, just as the increase previously observed
of the non-linearity when the electric field is applied with a
strength varying bellow 200 kV/cm shown in both Fig. 7b)
and c), while the opposite occurred in the remaining cases,
as the non-linearity start off high valued then drops as the
electric field strength is increased.

4. Conclusion

In this study, while using the effective mass approximation,
the electronic and optical properties for a ZnO/ZnS multi-
layer cylindrical quantum dot under the influence of an exter-
nal static electric field has been investigated. Using the finite
difference method, we have calculated the electron’s eigen-
values and eigenstates which were used to extract the proba-
bility densities and the expectation value for the electrostatic
field potential for both the ground state and first excited states
as a function of the electric field strength. Furthermore we
computed the variation of the transition dipole moment in ad-
dition to the transition energy as a function of the electric field
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strength. Finally we use all the previous results to deduce the
linear, third order and total absorption coefficient. All com-
putations were done while fixing the height of the quantum
dot at 10 nm but varying the internal layer thicknesses by

adopting four distinct layer thickness configurations. It has
been shown that varying the electric field strength alone can
induce some apparent changes in the electronic and optical
properties of the multi-layer quantum dot.
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Laroze, Effect of intense laser and electric fields on nonlinear
optical properties of cylindrical quantum dot with Morse po-
tential,Optik 236 (2021) 166621,https://doi.org/10.
1016/j.ijleo.2021.166621 .

38. X. Zhang, G. Xiong and X. Feng, Well width-dependent third-
order optical nonlinearities of a ZnS/CdSe cylindrical quan-
tum dot quantum well,Physica E33 (2006) 120,https:
//doi.org/10.1016/j.physe.2005.11.017 .

39. M. Kouhi, Electric field effect on the quadratic electro optic ef-
fects and electro absorption process in GaN/AlGaN spherical
quantum dot,Optik 127 (2016) 3379,https://doi.org/
10.1016/j.ijleo.2015.12.115 .

40. M. El-Yadri et al., Temperature and hydrostatic pressure effects
on single dopant states in hollow cylindrical core-shell quantum
dot, Appl. Surf. Sci. 441 (2018) 204,https://doi.org/
10.1016/j.apsusc.2018.01.195 .

41. D.J. BenDaniel and C.B. Duke, Space-Charge Effects on Elec-
tron Tunneling,Phys. Rev. 152 (1966) 683,https://doi.
org/10.1103/PhysRev.152.683 .

Rev. Mex. Fis.69011601

https://doi.org/10.1016/j.cjph.2016.02.003�
https://doi.org/10.1016/j.cjph.2016.02.003�
https://doi.org/10.1063/1.368549�
https://doi.org/10.1016/j.apsusc.2010.01.036�
https://doi.org/10.1016/j.apsusc.2010.01.036�
https://doi.org/10.1088/0268-1242/27/12/125011�
https://doi.org/10.1088/0268-1242/27/12/125011�
https://doi.org/10.1142/S0217984916501657�
https://doi.org/10.1142/S0217984916501657�
https://doi.org/10.1063/1.4813094�
https://doi.org/10.1088/0022-3727/45/23/235102�
https://doi.org/10.1088/0022-3727/45/23/235102�
https://doi.org/10.1186/1556-276X-7-508�
https://doi.org/10.1186/1556-276X-7-508�
https://doi.org/10.1016/j.spmi.2012.09.007�
https://doi.org/10.1016/j.spmi.2012.09.007�
https://doi.org/10.1016/j.ssc.2010.12.003�
https://doi.org/10.1016/j.ssc.2010.12.003�
https://doi.org/10.1016/j.physleta.2007.08.046�
https://doi.org/10.1016/j.physleta.2007.08.046�
https://doi.org/10.3389/fphy.2021.612070�
https://doi.org/10.3389/fphy.2021.612070�
https://doi.org/10.1016/j.cplett.2020.137215�
https://doi.org/10.1016/j.cplett.2020.137215�
https://doi.org/10.1016/j.ijleo.2021.166621�
https://doi.org/10.1016/j.ijleo.2021.166621�
https://doi.org/10.1016/j.physe.2005.11.017�
https://doi.org/10.1016/j.physe.2005.11.017�
https://doi.org/10.1016/j.ijleo.2015.12.115�
https://doi.org/10.1016/j.ijleo.2015.12.115�
https://doi.org/10.1016/j.apsusc.2018.01.195�
https://doi.org/10.1016/j.apsusc.2018.01.195�
https://doi.org/10.1103/PhysRev.152.683�
https://doi.org/10.1103/PhysRev.152.683�

