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Abstract
The variational approach has been used to investigate theoretically the effects of the dot radius and
electricfiled strength on binding energy (BE), Stark-shift and photoionization-cross section (PICS) of
donor impurity confined in the (CdS/ZnSe) core/shell spherical quantumdot (CSSQDs) capped in
different dielectricmatrices such as the silicon dioxide (SiO2), the polyvinyl chloride (PVC) and the
polyvinyl alcohol (PVA). Our achieved results showed that the BE and the Stark shift depended highly
on the presence of the dielectricmatrix and themodification of the core radius. The increase of applied
electricfield (EF) intensity and the core radius induces a decrease in the BE and lead to an
improvement of (PICS)magnitude accompanied by the redshift of their resonance peaks.

Introduction

Low-dimensional systems (LDS) are generally classified into three groups based on their confinement size. Two-
dimensional (2D) systems containing thinfilms, layer structures and quantumwells in which particlemovement
is limited to one dimension.One-dimensional (1D) systems such as semiconductor wires and linear chain-like
structures inwhich particlemovement is limited o two dimensions, and three dimensions of particlemotion
zero-dimensional (0D) systems such as quantumdots and colloids [1]. Quantumdots are known as LDS
structures with atom-like dirac delta functional state density.Therefore, these structures are also called ‘artificial
atoms’ [2]. The size of aQD is typically considered to be between 1 and 20 nm [3]. At such small scales, QDs have
been seen to exhibitmolecule-like behavior by interacting with light via electronic transition dipoles [4].
Quantumdots are used inmany technology areas due to their unique optical properties such as high brightness
and narrow emission band, and their advantages over other low-dimensional systems. For example, in
immunoassays,microarrays, fluorescent imaging applications, quenching sensors and barcoding systems [5, 6],
QDprobes can be used as biosensors in nanomedicine to target and detect cancer cells [7]. In addition, some of
the uses of quantumdots can be listed as energy storage [8–10], solar cell energy conversion [11], photodetector
[12], quantum computing [13], quantumdot vertical cavity surface emitting lasers (VCSELs) [14]. It has also
been shown to provide remarkable advantages in the design ofmany optoelectronic devices, such as the
intersublevel photodetector (QDIP) [15]. The evolution of performances of these nanostructures has taken the
opportunity of the progressmade by the different growthmethodswhich give the possibility tomodify the size,
shape, andmaterial composition ofQDs to adjust the intersubband resonance frequency and improve their
optical proprieties. Recently, distinct theoretical and experimental research has been focused on studying the
linear and nonlinear optical proprieties and energy states of a single electron confined inQDs [16–21]. It was
shownby PAnchalah et al [21] that the presence of different dielectricmatrices ensures chemical stability and

RECEIVED

1March 2023

REVISED

12May 2023

ACCEPTED FOR PUBLICATION

8 June 2023

PUBLISHED

5 July 2023

© 2023 IOPPublishing Ltd

https://doi.org/10.1088/1402-4896/acdcc5
https://orcid.org/0000-0002-3677-6180
https://orcid.org/0000-0002-3677-6180
https://orcid.org/0000-0003-3050-8262
https://orcid.org/0000-0003-3050-8262
mailto:zeirinabil@gmail.com
https://crossmark.crossref.org/dialog/?doi=10.1088/1402-4896/acdcc5&domain=pdf&date_stamp=2023-07-05
https://crossmark.crossref.org/dialog/?doi=10.1088/1402-4896/acdcc5&domain=pdf&date_stamp=2023-07-05


improves the optical properties of Si QDs. In quantumdots, as in other low-dimensional structures, the shape of
the encompassement potential of the particles has an important effect as it determines the optical performance
of the structure [22]. Some experimental studies have suggested that the optimal quantumdot profiles to contain
electrons should bewell-like [23].Within this experimental suggestion, this article focused on the squarewell
potential. Coating the quantumdot corewith different bandgap semiconductormaterial creates a unique
category known as core–shell quantumdots (CSQDs) [24–28]. Core/shell quantumdot systems (CSQDs) are
one of the greatestmodels for new fields in nanotechnology applications thanks to their exceptional physical
proprieties such as three-dimensional quantum confinement of charge carriers and discretization of the energy
spectrum. It was studied that the shell around the nucleus provides chemical stability to the nucleus and reduces
non-radiative recombination resulting in high quantum efficiency [29].

In addition, the optical properties of these CSQDs can be adjusted bymodifying the shell thickness and
doping [30]. These CSQDs are attracting considerable attention for optoelectronic device designs due to their
tunable transition energies [31]. The size dependent variation of the transition energy of theCSQDwas found to
improve the range of the absorption and emission spectrum [32]. Due to the relative band alignment of the core
and shell composite, the shell around the core increases the enveloping effect of the carriers, resulting in
increased PL efficiency compared to shellless QDs [33]. The outer shell protects the structure of the nucleus by
preventing the potential changing of free heavymetal ions, and optical and electronic properties can be changed
by doping these quantumdots [34]. One of themajor problemswith using these structures for optoelectronic
devices is how tomatrix them into amedium such as glasses and polymers to form a composite that can be easily
used for applications [35–37]. Providing a suitablematrix selection, highly stable luminescentmaterials can be
obtained due to passivation of the surface states of the quantumdot through the interaction of thematrix
elements. PVA (poly-vinyl alcohol) [38], PMMA (poly-methylmethacrylate) [39], PVC (poly-vinyl chloride)
[40], and SiO2 ( silicon dioxide) can be used [41]. PVAproved to be a good polymeric hostmatrix of choice in
quantumdotmaterials such asCdS and polymers based on different potential nanohybrid composites [42].
CdS-containingQDswere chosen as an optimummaterial because of their attractive optical properties such as
photo stability, size-dependent band gap, optical absorption in theUV region, and bright photoluminescence
(PL). Addition of nanoscale inorganic fillers to polymers and obtaining polymer nanocomposites with superior
properties have been the focus of attention ofmany researchers in recent years. Themost important properties
of CdS encapsulatedwith PVCmatrix, such as thermal, optical, mechanical and antibacterial, were also proven
to significantly improve the optical properties of thematerial [43]. It is important to examine the dielectric effect
in low-dimensional systems. Because the dielectric screening reduces the possibility of scattering and capture of
charge carriers by imperfections. Therefore, it was found to be an important variable parameter in improving the
photoelectric conversion performance and carrier transitions in semiconductors [44]. Core/shell quantumdot
(CSQDs) structures were observed to exhibit interesting optical and electrical properties due to being
surrounded bymaterials with dielectricmismatch. For example, it was found that the dielectric screening of
core–shell QDs is geometry dependent, and the dielectric effect of CdSe/CdSQDs can be tuned by changes in
the Auger ratio [45]. It was proved that as the dielectric constant ratio betweenmaterials increased, the exciton
binding energy and exciton oscillator power increased significantly and the change in dielectric constant had a
significant effect on the emission properties of the CdSe quantumdot [46, 47]. Therefore, the elucidation of
dielectric confinement effects in core–shell structures is of great interest for newdevice designs. In this study, the
dependence of shallow donor binding energy and PICS on the geometry of the system and thematrices
surrounding the structure inCdS/ZnSe core/shell quantumdot confinement by different dielectricmatrices
such as SiO2, PVC andPVA are detailed.With the advancement of crystal growth techniques, spherical [48],
cube [49], prism [50], hexagonal [51], disc [52] shapedCSQDswere obtained. Different shapes of CSQDs have
been shown to havemany optoelectronic applications such as solar cells [53], light-emitting diodes (LEDs) [54],
luminescent solar concentrators (LSCs) [55], optical detectors [56].

In this study, the CSQD structure obtained fromCdS/ZnSe semiconductors consisting of a spherical core
and a spherical semiconductor shell was investigated. In addition, in the field of nanostructure systems, the study
of impurity energy states inQDs has played an important role in improving the electronic properties of
semiconductor nanomaterials and improving the electronic, optical and thermal properties ofQD-based
devices and has become themost basic requirement in low-dimensional systemswhere optical transition can
occur between the ground state of donor impurity and the conduction subband. In addition, since it changes the
effective potential profile of the external electric field applied to the structure, it can be used as a tuning
parameter on the electronic and optical properties of the structure. For this reason,many theoretical and
experimental studies have been carried out on quantumdots under electric field or containing impurities
[57–61]. The optical properties of the CdS/ZnS core/shell spherical quantumdot for the central donor impurity
under the electric andmagnetic fieldwere calculated byKHasanirokh et al. It was observed that the transition
energy decreased as the core radius and externalmagnetic field increased, thus the resonance peakswere
redshifted. It was also proved that the resonance peakswere blue-shiftedwhen the applied electric field intensity
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was increased [62]. On the other hand, the BE of shallow donors and acceptors in spherical GaAs/Al1-xGaxAs
QDs for both a finite barrier and an infinitely high barrier was studied by Zhen-YanDeng et alDielectric
screening has been proven to increase the binding energy for the central shallow donor and acceptor ion,
especially as the dot radius decreases [63]. The binding energy and photoionization fraction (PICS) of the
hydrogen impurity have been studied bymany authors depending on the external EF andQD size [64–68]. L Shi
et al [64] calculated the binding energy of a donor impurity trapped in a non-axial elliptical cylindrical core/shell
quantumdot (ECCSQD) using a variational and perturbation approach. The variation of core and shell
dimensions, ellipticity constant, binding energy and photoionization cross section (PCS) depending on the
impurity position under an axial electric fieldwere investigated. The binding energy in an elliptical cylindrical
core/shell quantumdotwas shownby the authors to be lower than in a cylindrical core/shell quantumdot. It
has also been proven that the elliptical cylinder shape has a significant effect on the peak density and position of
the PICS.

Using effectivemass approach and variational technique, the binding energy and photoionization cross
section of shallow donor impurities inGaAs/GaAlAs parabolic quantumwire under the influence of electricity
and intense laserfields were theoretically investigated byUYeşilgül [68]. The binding energy and PCISwere
found to depend largely on the size of thewire, the electric field, and the intense laser field. It was observed that
the impurity binding energy decreasedwith increasing electric field. It was observed that the binding energy was
more sensitive to the external electric field as thewire size increased. In addition, it was observed that the size of
the PICS increased as the electric field increased, as theCoulomb interaction between the electron and the donor
impurity decreased as the electric field increased.

In section 2, we have introduced a theoretical formulation allowing us to calculate the BE of the ground state,
the correspondingwave functions and PICS of on-center impurity confined inCdS/ZnSeCSQDs embedded in
different dielectricmatrices. The obtained results and their discussions are presented in section 3. Finally, the
main results are recapped in section 4.

Theory and calculation
TheHamiltonian equation is solved for the central donor impurity ion inCdS/ZnSe spherical CSQDs under
electric field, coatedwith different dielectricmatrices such as SiO2, PVA and PVC. The applied electric field (Fz


)

is in the z direction. Figure 1 shows the schematic diagramofCdS/ZnSeCSQDs coatedwith differentmatrices
and the variation of confinement potential with radial distance. The dimensions of the core and outer shell are

Figure 1. Schematic plot of CdS/ZnSeCSQDs coated by differentmatrices.
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Rc andRs, respectively.V e0 is the electron confinement potential due to the conduction band discontinuity.
Under the effectivemass and parabolic band approach, theHamiltonian of CdS/ZnSe spherical CSQDs under
an electric field containing a single electron and donor impurity is defined as follows [69]:

H+ ¢ Y = YH r E r r 1n l n l n l0 , , ,( ˆ ) ( ) ( ) ( ) ( )  

H0
ˆ is theHamiltonian of the single electron confined in (CdS/ZnSe) spherical QDs/Matrixwithout impurity
and in absence of the EF, expressed as follow:
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Here, thefirst term is the kinetic energy operator for the electron, the effectivemass of an electron in the region
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Andå Rs( ) designate the self-polarization potential induced by the external dielectricmedium, expressed as
[21]:
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e0 is the permittivity in vacuum, e e e= .in CdS ZnSe and eout are respectively the permittivity of CdS/ZnSe

CSQDs and the dielectricmatrix. In equation (1), ¢H is considered as the perturbationHamiltonian including
the effects of Coulombic potential and external EF, given by:

q¢ = +H U r eF r. . cos 5( ) ( ) ( )

e is the elementary charge of the electron andU(r) is the potential energy given as the sumof the interaction of
the electronwith the impurity and the polarization charges [70]. Here r is the electron-impurity distance.
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In the absence of electric field andwithout impurity, thewave functions of H0
ˆ can bewritten in a spherical

coordinates system as Y q j q j=r R r Y, , . , ,n l n l l m,
0

,
0

,( ) ( ) ( ) with q jY ,l m, ( ) are the spherical harmonics and
R rn l, ( ) is the radial part taken from [71]:
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BenDaniel-Duke boundary conditionswere applied to thewave functions to satisfy the quantummechanical
continuity condition.Normalization constants A ,1 B1 and B2 can be determined from these boundary
conditions [71, 72]. The coefficients knl,1 and knl,2 depending on the electronic energy value in equation (7) are
given by equation (8).
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The contribution of Coulomb potential and EF strength in equation (1) required the use of a variational
method to compute the impurity ground state energy. The trial function l hR r, ( ) associate to the impurity
ground state is taken from [72]:

=l h
l h q- -R r R r e e 9n l

r rcos
, ,

0( ) ( ) ( )

In equation (9), l and h are the variational parameters introduced to assume respectively the correctionsmade
by theColombic potential and the impact of the external EF. Considering the perturbation theory, the ground
state energy of impuritymust satisfy the following condition [66, 72, 73] concerning l and h:
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Where Ĥ is the totalHamiltonian. The BE is defined as the difference between the ground state energies without
andwith impurity [74]:

= -E E E 11b 0 ( )

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 PICS describing the optical transition between
ground states with andwithout impurity. The expression given PICS variation is given in the dipole
approximation as [75–78]:
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In the above equation, e=nr in is the refractive index ofQDs, wħ represents the incident photon energy,

Feff and F0 are the incident effective field and average field in themedium respectively inwhich the ratio
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taken equal 1 for the reason that it does not affect PICS shape, b
pe

=
e

c4
FS

2

0ħ
is thefine structure parameters,

DEif represent the difference in energy. = Y YM F rif i f∣ ∣ designate the dipolematrix element, Yi and Yf are the
initial and final eigenwave functionswith andwithout impurity givens respectively by equation (1) and (2). F is a
dimensionless factor describing the discontinuity of EF inside and outside the (QD) given by [79]:
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is the hydrogenic impurity line width.

Result and discussion

In this study, we compute and perform the BE, stark shift and PICS of the on-center impurity inCdS/ZnSe
spherical QDs immersed in various dielectricmediums. Thematerial parameters used in our calculation are:
The effectivemass is =m m0.19 ,CdS 0* =m m0.15ZnSe 0* [79, 80] and the electron confinement potential is
V e0 = 0.8 eV. =E CdS 2.49 eVg ( ) and =E ZnSe 2.69 eVg ( ) are the bangap energy for CdS andZnSe, respectively
[81]. The dielectric constants of thematerial in the core–shell QD structure are given as e = 5.50CdS and

Figure 2.The variation of ground state BE as a function of core-to-shell radii ratio Rc/Rs for different dielectricmatrices: PVA, PVC
and SiO2withRs= 5 nm.
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eZnSe = 5.23 respectively [82]. The dielectric constant of CdS/ZnSe (QDs) is e e e= .in CdS ZnSe = 5.36 and that of
SiO2, PVC and PVAmediums are 3.9, 4.6 and 14 respectively [83, 84]. Outer radius for CdS/ZnSe core–shell
quantumdots R= 7 nmup to nm. This value is slightly larger than from the bulkCdS Bohr radious
( /e= ~a m e 1.46 nmB CdS CdS

2 2 * ). The reason for choosing this size is that when the quantum confinement
effects are comparable, characteristic of the impurity, Coulomb interaction, polarization charges induced at the
interface can be observed.

Infigure 2, we present the dependence of BE on the core–shell radius ratio Rc/Rs for the ground state for
three different dielectricmedia, SiO2, PVC and PVA. From this figure, we can say that BE is strongly sensitive to
core size change. As Rc/Rs decreases, BE starts to increase as the electron and impuritymove close to each other.
BE reaches amaximumwith decreasing Rc/Rs value and starts to decrease after a certain value (Rc/Rs= 0.1).The
reason for this is that after this value of the Rc/Rs ratio, since the size of the CSQDbecomes very small, the
electron becomes very energetic and leaks into the shell region consisting of ZnSe, in this case BE decreases as it

Figure 3.The variation of ground state BE versus the applied EF strength for different dielectricmatrices and afixed ratio Rc/Rs= 0.4
with Rs= 5 nm.

Figure 4.The variation of the Stark-shift versus EF strength for different dielectricmatrices and for afixed ratio Rc/Rs= 0.4with
Rs= 5 nm.
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moves away from the impurity ion. In otherwords, themaximumvalue of BE coincides with the ratio
Rc/Rs= 0.1, where the distance between the impurity and the electron reaches itsminimum. Therefore, as the
Rc core size changes, BE also changes due to the change in the electron-impurity distance. From this we can say
that the binding energy is directly related to the core size. The dielectric confinement effect creates an extra
confinement for the system, reducing the stability of the structure, resulting in lower electronic energy levels. In
otherwords, itmodifies theCoulomb interaction by shielding, significantly reducing it, leading to lower binding
energies. Our results are in good agreementwith other studies [69, 85, 86]. For example, in the PVAmatrix with
the highest dielectric constant, themaximumvalue of BE is around 160meV. (See figure 2).Whereas, the value
of BE for the central donor impurity in the core–shell nanoparticle without dielectric is around 650meV. The
final point to note infigure 2 is that the change of BE strongly depends on the nature of thematrix inwhichQD is
embedded. For example, considering themaximumvalues of BE at Rc/Rs= 0.1, it is Eb = 0.2 eV for SiO2

matrix, Eb = 0.18 eV, for PVCmatrix, and Eb = 0.16 eV for PVAmatrix. Our results are in good agreement with

Figure 5.The dependence of the Stark shift on the EF strength for different core radii in the case of the PVAmatrix.

Figure 6.The dependence of the PICS on the incident energy photon for different dielectricmatrices and thefixed value core radius
Rc= 0.4Rs withRs= 5 nm.
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other studies [87, 88]. Adjusting the quantumdot size and appropriate selection of the dielectricmediumoffers
the possibility tomodulate the energy transition in aQD-matrix system.

Figure 3 presents the dependence of BE onEF strength for a constant core–shell radius ratio for different
dielectricmedia. It is seen that BE is strongly affected by the applied EF strength for all dielectric environments,
and BEdecreases as the applied EF increases. This is because the applied EF strength breaks the symmetry of the
confinement potential. In this case, as the electric field increases, the Coulomb interaction between electron and
donor impurity decreases, so the impurity binding energy decreases. Our results are in good agreementwith
those in reference [89].When the authors investigated the effect of EF onBE of the central impurity in a
GaAs/Ga0.7Al0.3As core–shell spherical QDwith parabolic symmetry potential, they proved that the applied EF
changes the spatial distribution of the electron and theCoulomb interaction decreases.

Figure 7.The dependence of the PICS on the incident energy photon for the different core radius in the case of the PVAmatrixwith
Rs= 5 nm.

Figure 8.The PICS variation as a function of incident energy photon for different EF strengths in for afixed core radius Rc= 0.4Rs and
in the case of PVAmatrixwith Rs= 5 nm.
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Infigure 4, we present the variation of the stark shift dependent on the applied EF strength to explain the
effect of the external EF strength onBE. Results are determined for three dielectricmediums and constant core–
shell radius ratio Rc/Rs= 0.4. The Stark shift is defined as the difference (DE) between electronic energies with
andwithout an electric field [73]. In the case of SiO2mediumwith lower dielectric constant e = 3.9,out we can
say that by increasing the applied EF strength, the stark shift is less than in PVC and PVAmatrixmediumswith
large dielectric constant. Because theCoulombic potential effect is stronger when the dielectric effect is weak, the
charge distribution is less sensitive to the electric field. In all three of the SiO2, PVC, and PVAmatrices, the stark
shift becomesmore pronounced andmore significant as the electric field increases, because as the electric field
increases, the Coulomb interaction decreases as the electron and the impuritymove away from each other. This
causes the binding energy to decrease with increasing electric field. From the results we have obtained, we can say
that as the dielectric constant of thematrix surrounding the core–shell QDs decreases, the variation of the stark
shift with the electricfieldwill weaken due to theweak confinement effect.

We have illustrated infigure 5 the stark shift versus EF intensity for three sizes of the core radius in the case of
the PVAmedium. As shown in this figure, the stark shift is not only affected by EF but also by the geometric
factor. It can be noted that the stark shift has a parabolic variationwhich increases with increasing the core
radius. For the smallerQDs size, the stark shift is less sensitive to EF intensity due to the quantum effect. Our
analyses are in good agreementwith [90].

We have depicted infigure 6 the variation of the PICS in terms of incident photon energywith afixed core-
to-shell radius ratio Rc/Rs= 0.4without EF and for three differentmediums. It can be seen that the PICS
increase and their resonance peak intensity shift to lower energy in the case ofQDs/PVA, in this case e e> ,out in

the localfield factor F>1which induces an increase in the transitionmatrix element Mi j, and giving a stronger
PICSmagnitude result in a better overlap betweenwave functions. Otherwise, when e e< ,out in the dipole
matrix element Mi j, decreases and generates a lowermagnitude. Infigure 7, we have presented the impact of the
core radius on PICS, the calculations are performed in the case of PVAmedium. From this figure, it should be
noted thatwith an increase in the core radius, the resonance peaksmove to lower energies with an improvement
of PICSmagnitude due to an increase of the Mi j, element. L Shi et al [91] have obtained the same behaviorwith
different shapes of CSQDs.

The influence of the EF in such core–shell nanostructures has broken the spherical symmetry of the
confinement potentials which ensures themodification of the energy levels and the overlap of thewave functions
whichwill in turn improve the optical properties. Infigure 8, we have illustrated the dependence of the PICS on
the applied EF intensity in the case of the PVAmatrix for the fixed value of the core radius. According to the
results shown infigure 3, the increase in EF intensity led to a decrease in the BE and the resonance peaks of the
PICS exhibit a redshift. On the other hand, the increasing EF strength gives rise to the electron-impurity distance

Figure 9.The PICS variation versus incident energy photon for different relaxation times for the fixed value of core radius Rc= 0.4Rs

and in the case of the PVAmatrixwith Rs= 5 nm.
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thus the Mi j, element increases which improves the PICSmagnitude. Our achieved results are in agreementwith
those found in [66, 87].

Infigure 9we have plotted the PICS versus photon energy for a fixed core radius Rc= 0.4Rs in the case of the
PVAmatrix for three distinct values of relaxation time. From this figure, one can be seen that when the
relaxation time increases from0.15ps to 0.25ps, the PICSmagnitude presented a significant rise from5.75 10−16

cm2 to 9.4 10−16 cm2with keeping the resonance picks energy close to 0.16 eVwhile the core radius is fixed
[89–91]. This result has an important impact on improving the performance of optoelectronic and photonic
devices.

Conclusion

In this study, the perturbationmethod has been used under the framework of the effectivemass approximation
to investigate the combined effects of dielectricmatrix, geometric factors and the applied EF on the BE, Stark-
shift and PICS of hydrogenic impurity located on the center of CdS/ZnSe spherical QDs. The numerical results
proved that the quantum confinement effect and the dielectricmismatch between theQDs and cappedmatrix
play an important role in the BE optimization and the stability of impurity.Moreover, it is noted that the PICS
magnitude is strongly affected by the applied electric field intensity and geometric factors. Our theoretical results
showed that the increased EF strength and core radius enhanced the PICS intensity with a redshift of resonance
peaks. Additionally, the peakmagnitude increases with the relaxation timewhile keeping the resonance energy.
This study shows that the desired energy range for impurity levels in heterostructuresmodulatedwith dielectric
mediumunder electric field, hence the binding energy, can be adjusted by changing the dielectric constant,
structure parameters and electric field of the cappedmatrices. Fromhere, we think that newoptoelectronic
devices can be designed by adjusting the dielectric confinement effect andwill contribute to experimental studies
with a practical applicationmethod.
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