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Using the effective mass approximation (E.M.A), we have performed theoretically the influence of the capped
matrix, the geometrical parameters and the applied electric intensity on the Polarizability and photoionization
cross-section (PCS) of CdS/ZnS core/shell quantum dots CSQDs. The energy states of the binding energy (BE) and
their corresponding wave functions are computed by solving Schrodinger equation in three-dimensional based on
the variational approach. Our numerical results show that the EF and the nature of dielectric medium have an
obvious influence on the BE, PCS and Polarizability of the structure. The present study suggests that the c/s
nanostructure dispersed in a dielectric matrix may improve the performance of optoelectronic and photonic

1. Introduction

Nowadays, the low dimensionality systems such as, quantum wells
(QWs), quantum wires (QW) and quantum dots (QDs) are widespread
interest due to their provocative applications like tunable physical,
chemical, optical and biological properties is gaining much attention
among researchers [1-6]. The developments of growth techniques
experimental show ¢/s nanostructures with different shapes. Thus, there
are cylindrical [7], spherical [8] and spheroidal [9] shapes of c/s
nanostructures. In this context, the c¢/s structures have attracted the
attention of the majority of researchers due to their potential applica-
tions in the field of photonics, optoelectronics and biology [10-13]. In
the biological field, nowadays a few researchers have addressed the
issue on some disease and virus detection like the cancer, the corona-
virus (COVID-19) and vivo tumor imaging [14,15]. However, it is
indispensable to focus on the potential toxicity in the biological envi-
ronment by the leakage of metal ions, which reduce the usage of QDs in
the medical field. Generally, the capped process performed by organic
and inorganic shells such as polymers, metal, metal oxides and metal
chalcogenides reduce the toxic effects against biological systems
[16-21]. Several studies have been focused on the c¢/s structures
dispersed in a dielectric medium. In Ref. [22] the authors have per-
formed theoretically the effect of dielectric mismatch on the BE, PCS and
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absorption spectrum of GaAs nanodot they demonstrated that the
threshold energy and the magnitude of PCS can easily modulated by
varying the heterostructure geometric factors of and the dielectric
permittivity of their capped medium. In addition, Cherni et al. [23] have
evaluated the effect of capping matrices (PVA, PMMA and SiO2) on the
linear, third order nonlinear optical absorption coefficients and refrac-
tive index changes. They demonstrated that the biggest dielectric con-
stant (case of PVA) has exhibited the biggest magnitude of computed
coefficients. Substantial experimental outcomes and theoretical
modeling for CSQDs embedded into various dielectrics medium are re-
ported for optoelectronic device conceptions [24-27]. Stronger emitters
with consistent fluorescence intensity have been achieved when authors
of [28] have encapsulated CdSe/CdS QDs into SiO,. High-dielectric
constant oxide matrix such as HfO, is valuable due to its thermal and
kinetic stability and sufficient conduction band offset at the interface
limits acting as barrier for charge carriers [29]. Furthermore, in Refs.
[22,30] the authors have performed theoretically the impact of dielec-
tric mismatch on the BE, PCS and absorption spectrum of GaAs nanodot
they demonstrated that the threshold energy and the magnitude of PCS
can easily modulated by varying the heterostructure geometric factors of
and the dielectric permittivity of their capped medium. The PCS of
donor impurity in QDs under EF fields has been studied by L. M. Bur-
ileanu [31]. This investigation is performed theoretically under the EMA
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show that the BE decrease with increasing EF and the PCS is modified by
the variation of QDs size and external EF. Indeed, the magnitude of the
increase with increasing QDs size and their resonance peak is accom-
panied by a red shift. Nonetheless, L. Aderras et al. [32] have investi-
gated, using a variational calculation, the stark shift and the
Polarizability of a symmetrical paraboloidal GaAs QDs embedded in
glass matrix. They deduced that the Polarizability and the stark shift are
tuning by the height of QDs and applied EF intensity.

The aim of the present was to study theoretically the influence of an
applied EF intensity and the QDs size on the BE, PCS and Polarizability
of the sallow-donor impurity located in the center of CdS/ZnS CSQDs
surrounding in a D.M. In sectionl, the Eigen energies of the BE and their
corresponding wave functions were performed using the variational
calculation under the EMA within the framework of CDM presented. We
have introduced in section.2 the theoretical model and the method used
in our calculation. Our numerical results are discussed and presented in
section.3. The conclusions are finally presented in section.4.

2. Model and method

In the present work, we have theoretically investigated the effect of
applied EF intensity and QDs size on the BE, Polarizability and PCS of
shallow —donor impurity located in the centre of CdS/ZnS CSQDs capped
in a DM and presented Fig. 1 The EMA used for the purpose obtaining
the wave functions and energy levels and dipole transition matrix of the
system. Therefore, under the framework of EMA, the Schrodinger
equation of the system is defined as:

(Ho+ H)¥,i(7) = Eny(7)¥u(7) €h)

ﬁo is the Hamiltonian of the single electron confined in (CdS/ZnS)
spherical QDs/Matrix without impurity and in absence of the EF,
expressed as follow:
_i

Hy= rt Verr (7)) + 3 (R) )

Where m; is the effective mass of an electron in the i region and V;(r) is
the electron confining potential inside ¢/s structure and F is the applied
EF intensity. Both the confining potential V;(r) and the effective mass m;
depend on the structure position. The analytical expressions of V;(r) and

V(r)

ZnS

Cds

o R R r

€ s

Fig. 1. Schematic plot of CdS/ZnS CSQDs immersed in three D.M.
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m; are defined as follow [33,34]:

0 0<r<R
Vi(r)=4 V. Ri<r<R, 3
oor > R,
And
N R
e my r <K )
! m; R <r<R,

And Y (R;) designate the self-polarization potential induced by the
external dielectric medium, expressed as [35]:

é? 1/1 1 0.466 (& — Eour
R,) = - S Zin  Fou 5
Z( ) 4ﬁ€ORs |:2 (euur Sin) + Ein <8in + 80m):| ( )
Where e, = \/€cdgs-€zns and ey are respectively the permittivity’s of
CdS/ZnS CSQDs and D.M.

In Eq. (1), fT\ is considered as the perturbation Hamiltonian
including the effects of Colombian potential and external EF, given by:

—

H =U(TF) + eF.r.cos(0) (6)

The first term in eq (5) represent respectively, the coulomb inter-
action between the ion impurity and electron and between the CSQDs
and DM is expressed as:

— eZ e2 (Eint - e()ut) (7)
Eim T gintgoutRs Eint T Eou

In the absence of the dielectric field and without impurity, the wave

functions of Hy can be written in spherical coordinates system as #0,(r.0,

@) = R, (r).Y;m(6, ¢), with Y;,n(6, @) are the spherical harmonics and
Rp;(r) is the radial part taken from Ref. [36]:

Avdy(kir) 0<r<R,
By (iku,.r) + Bohy (ikupr) R <r <R, (8)
0 r>R

Rg,l(r) =

Where A;, B; and B represent the normalization constants can be
determinate from the boundary conditions cited in Refs. [37,38].

[PVt SR - )
h2

2miyg (E"-l - Z (R:))
h2

And kn“ = ; knl,Z =

The contribution of Coulomb potential and EF strength in Eq. (1)
required the use of variational method to compute the impurity ground
state energy. The trial function R, ,(r) associate to the impurity ground
state is taken from Ref. [38]:

Rl,q (r) — RE,I (r)e—/lre—qrcosé) (9)

In Eq. (8), 4 and 5 are the variational parameters introduced to assume
respectively the corrections made by the Colombian potential and the
effect of the external EF. Considering the perturbation theory, the
ground state energy of impurity must satisfy the following condition
[39-42] with respect to 1 and #:

E:mir'“y"'l(r’ 67 W)‘Hllpn.l(rv 9: 4’))

- (n(r,0,0)|¥u(r,0,9))

10)

Where H is the total Hamiltonian. The BE is defined as the difference
energy between the ground states without and with impurity [43]:

Eb:E()*E (11)

We define the Polarizability as follows:
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The CSQDs structure is capped in a D.M and submitted to uniform EF.
We assume that our nanostructure is a uniform dielectric medium with
permittivity ¢, and immersed by the D.M with the permittivity &,,. The
authors in Ref. [44] have mentioned that in spherical
nano-heterostructures the EF inside the dot Fg, is related to the outer via
the expression:

380m

_ 13
260:41 + Ein ( )

d
The PICS defines the probability of ionization of the electron
attached to a hydrogenic impurity by the effect of external photon
excitation. In this study, we considered the PCS describing the optical
transition between ground states with and without impurity. The
expression give PICS variation is given in the dipole approximation as
[45-48]:

o(hw) = .

F\’n, | 4r
<;ff> B S |My[*6(AE; — ho) a4
Fo 3 .

In the above equation, n. = /&, is the refractive index of QDs, 7w
represent the incident photon energy, Fys and Fo are the incident
effective field and average field in the medium respectively in which the
ratio FF—f is taken equal 1 for the reason that it has no effect on PICS shape,
Prs = #zhc is the fine structure parameters, AE; represent the difference
on the energy. My = Fq(¥i|r|¥;) designate the dipole matrix element, ¥;
and ¥ are the initial and final eigenwave functions with and without
impurity givens respectively by Eq. (1) and Eq. (2) and §(AEy —/w) is the
Lorentzian function given by:

hr

(o — (8E)) + ()]

S(AEy — ho) = @15)

Where I = 1 is the hydrogenic impurity line-width.
3. Results and discussion

In this section, we compute and plot the PCS, stark shift and Polar-
izability of a spherical CdS/ZnS CSQDs dispersed in PI (polyimide), PVC
(poly-vinyl alcool) and PVA (poly-vinyl chloride) D.M presented in
Fig. 1. The physical parameters used in our calculations are listed in
Table 1 and Table 2. We take the relaxation time as:

In order to display the influence of the geometric factors on the BE of
a hydrogenic impurity on-center of a spherical CdS/ZnS CSQDs
immersed in a DM, we have plotted in Fig. 2, the dependence of the BE
for the ground state on core-to-shell radii ratio R./Rs. From this figure, it
should be noted that the BE is strongly affected by the core size, it is
increase, reaches a maximum and then decreases with raising R./Rs.
This phenomenon it is due to an increase of the coulomb interaction
between the electron and impurity and it is decrease with raising the
core radius which is produce by the penetration of the electron wave
function in the shell materials by the quantum and tunnelling effects.
Our numerical results are similar with work done by M. Hbibi et al. [49].
On the other hand, from this figure, it can be noted that starting point of
BE is not the same and the studied structure exhibits higher transition

Table 1
Adopted parameters in our simulations of the considered materials CdS and ZnS.

Materials m*/mg &r Band offset (eV) CdS/ZnS
CdS 0.18 [33] 9.4 [33] -
ZnS 0.42 [33] 8.4 [33] 0.897 [33]

Solid State Communications 368 (2023) 115181

Table 2
Various D.M used in this work and their dielectric
constants.
D.M Dielectric constant &y,
PI 2.6 [48]
PVC 4 [48]
PVA 14 [33]

| I IO T NI |

Binding energy (eV)

PR IR I NI

o
-
o

02 03 0,4 0,5 0,6 0,7 08 09 1,0
R /R
c s

Fig. 2. The variation of ground state BE in terms of core-to-shell radii ratio R./
R, for three surrounding D.M.

energy in the case of the PVA matrix with permittivity ¢, = 20. Indeed,
for instance with R;/R; = 0.4, E, = 0.227 eV for the first matrix with
permittivity e, = 2.6, E, = 0.202 eV for the second matrix with
permittivity e,, = 4 while E, = 0.180 eV for PVA matrix with permit-
tivity €oue = 14. Our results are in a good agreement with those
mentioned in Refs. [50-52]. Adjusting the electron energy levels of
QD-matrix system can offer functional engineering applications in op-
toelectronic devices with high quantum yield.

Fig. 3 exposed the dependence of the BE on the applied EF intensity
with a fixed value of core to shell radii ratio for different D.M. From this
figure, it should be noted that the BE is strongly affected by the applied
EF strength, it is decrease with the raising of the applied EF strength for
various D.M. This effect can be explained as: the effect of applied EF
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Fig. 3. The variation of ground state BE versus the applied EF strength for three
surrounding D.M and for a fixed ratio R./Rs = 0.4.
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intensity broken the symmetric and reinforced the asymmetric of the
structure which is reduced the energy levels and therefore the BE. The
same behaviour was already observed in spherical CSQDs, and quali-
tatively explained in Ref. [30] when the authors have studied the impact
of EF on the impurity states and PCS in CdSe/ZnS c/s nanodots with
dielectric confinement, they demonstrated that the effect of the applied
EF produces to a raise of the electron-impurity distance, with the
decreasing of the Coulomb interaction. Then, the wave function be-
comes more extended in the shell material where the electron has a
greater effective mass compared to that in the core region. So, the
decreasing behavior of the ground state energy E; versus EF is explained
by the reduction of the kinetic energy term in the Schrodinger equation.
In order to understand the contribution of the applied EF intensity on the
BE, we have exposed in Fig. 4 the dependence of the stark shift on the
applied EF strength for three D.M. However, the stark shift is defined as
follows: the BE difference with and without applied EF intensity [41].
The calculations are performed at a fixed value of core-to-shell radius
ratio Rc/Rs = 0.4. One can be seen from this figure that the stark shift
decrease quadratically with the applied EF orientation for various D.M.
We remark for PI DM with the permittivity e,, = 2.6 the stark shift not
significant with raising the applied EF strength because in this case we
have a strong confinement of the electron. This effect is explained as: the
electron cannot be separated apart so for due to the geometrical
confinement which is strong and predominant and the coulomb poten-
tial effect is also important and the charge distribution is less sensitive to
EF. Whereas for the PVA D.M with permittivity &,,; = 14 we have a weak
confinement and the electron can be pulled apart so for with tunneling
effect. Our computation is an excellent agreement with the work done in
Ref. [41]. In Fig. 5 we have depicted the stark shift on the BE versus EF
intensity for three size of the core radius in the case of PVA D.M with
dielectric constant £y, = 14 . It is easy to found that the stark shift not
only affected by EF but also by the QDs size. One can see from this figure
that the stark shift has a parabolic behavior which increases with
increasing the QDs size. On the other hand, for the smallest QDs size, the
Stark shift has almost a linear behavior. Our finding is an excellent
agreement with the work done in Ref. [50].

According to eq (6) we have tested the effect of the geometric pa-
rameters on the Polarizability presented in Fig. 6 for three surrounding
D.M with a fixed value of EF at 5 kV/cm. From this figure, it can be seen
that the Polarizability is strongly affected by the QDs size. It is increase
with increasing the QDs size of the structure. This result is predictable
because for a large value of R./Rs we have a weaker confinement. Our
numerical results are similar to that observed in QDs and QWW [51].
Moreover one can be seen form the figure that the capped matrix which

Stark Shift (meV)

0 2 4 6 8 10 12 14 16 18 20
Electric Field F (KV/cm)

Fig. 4. The variation of the Stark-shift versus EF strength for three surrounding
D.M and for a fixed ratio R./Rs = 0.4.
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Fig. 5. The dependence of the Stark-shift on the EF strength for different core
radius in the case of PVA matrix.
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Fig. 6. The dependence of the Polarizability on the core to shell radius ratio R./
R for three surrounding D.M under condition F = 5 kV/cm.

have a higher dielectric constant exhibit a strong Polarizability, while
the immersed matrix which has a lower dielectric constant exhibit a
weaker Polarizability. These results are in good concordance to that
presented in Refs. [52,53]. When the authors have studied theoretically
the impact of dielectric medium in the optical properties they showed
that the QD dispersed in a matrix having a higher D.M exhibit an
improvement of the absorption peak intensity, whereas when the QD
immersed in a matrix having a lower D.M exhibit a weaker absorption
peak intensity. Furthermore, the influence of the applied EF on the PCS
of the impurity ions is shown in Fig. 7. It is easy to observe from this
figure that the Polarizability decrease with increasing the EF intensity
and, it is stronger in the case of PVA matrix.

In order to improve the performance of the optoelectronic device, we
have depicted in Fig. 8 the variation of the PCS versus incident photon
energy for three capped D.M, for a fixed value of radius ratio R./Rs = 0.4
under condition F = 0 kV/cm. From this figure it can be seen that the
PCS increase and their resonance peak intensity move to lower energies.
This shift can be explained as follows: Here, two cases may be arise:
when we deal with the PI matrix, in this case we have ¢, > &4, and the
local field factor F < 1 which is induced a weaker PCS, when we deal
with the PVA matrix, in this case we have, ¢, < €y and the local field
factor F > 1 resulting in an increase of the transition matrix element
giving a stronger PCS. The same conclusion has been established by Zeng
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Fig. 7. The dependence of the Polarizability on the FE strength for a fixed value
of core to shell radius ratio R./Rs = 0.4 in the case PVA matrix.
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Fig. 8. The PICS variation in terms of incident energy photon for different
values of core to shell radius ratio R./R; in the case PVA matrix.

et al. [54]. In other word, we can say that PCS dependency analysis can
be explored to identify the optimal geometric parameters as well as
suitable host material of nanostructure layers to realize the photonic and
optoelectronic devices.

Finally, in order to investigated the influence of the EF on the optical
properties, the variation of the PCS in terms of photon energy for the
PVA matrix and for a fixed value of the radius ration R./R; is computed
and shown in Fig. 9. From this figure, it should be noted that the PCS
peak intensity increase with raising the applied EF intensity and their
resonance peaks toward to lower energies. This result is expected
because the impact of EF strength on CdS/ZnS structure broken the
symmetry and can only reinforce the asymmetry. In this case the energy
difference decrease with increasing the EF intensity and there is an
improvement of the dipole matrix which exhibit an enhancement of the
PCS intensity. It is clear on this figure to see that the PCS reaches a
maximum for F = 20 kV/cm. We have proved that the PCS can be
controlled with modifying the applied electric strength, the D.M and the
geometrical factors. These properties can be useful for producing some
device applications such as QD infrared photo detectors.

4. Conclusions

In this paper, we have performed a theoretical investigation on the
BE of a hydrogenic impurity, the PCS and stark shift CdS/ZnS c¢/s QDs
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embedded in three D.M under the E.M.A with the presence of applied EF
strength. The results revealed that the electron wave function is more
compressed and localized when CSQD embedded into lower dielectric
medium. The dielectric confinement should be explored to adjust the
resonant energies. Our results indicated that controlling the inner CdS
core provides an efficient confinement of electron. With large PCS our
model has come out as a promising candidate for the manufacture of
optoelectronic and photonic devices.
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