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Abstract: In this theoretical investigation, we delve into the significant effects of donor impurity
position within core/shell quantum dot structures: type I (CdTe/ZnS) and type II (CdTe/CdS). The
donor impurity’s precise location within both the core and the shell regions is explored to unveil
its profound influence on the electronic properties of these nanostructures. Our study investigates
the diamagnetic susceptibility and binding energy of the donor impurity while considering the
presence of an external magnetic field. Moreover, the lattice mismatch-induced strain between the
core and shell materials is carefully examined as it profoundly influences the electronic structure
of the quantum dot system. Through detailed calculations, we analyze the strain effects on the
conduction and valence bands, as well as the electron and hole energy spectrum within the core/shell
quantum dots. The results highlight the significance of donor impurity position as a key factor in
shaping the behaviors of impurity binding energy and diamagnetic susceptibility. Furthermore, our
findings shed light on the potential for tuning the electronic properties of core/shell quantum dots
through precise impurity positioning and strain engineering.

Keywords: type I and type II core/shell; impurity; diamagnetic susceptibility; binding energy;
magnetic field

1. Introduction

In recent decades, nanometer-scale semiconductor systems, such as quantum dots
(QDs), have garnered significant attention due to their unique electronic properties and sim-
ilarities to the atom. Thus, quantifying the electronic states of confined charge carriers has
opened the way to various practical applications [1-6]. Nowadays, with the advancement
of manufacturing processes, new architectural structures called core/shell QD (CSQD) can
be constructed from two materials with different bandgaps (one is the core, and the other
is the shell). Indeed, due to lattice mismatch between the semiconductor materials, the
strain field arising from the material growth to form core/shell QD can deeply influence
the band structure. Consequently, this strain plays a significant role in the electronic and
optical properties of these structures [7,8]. According to the band alignments, the core/shell
structures are classified into two principal types: type I (particles are inside the core) [9],
and type II (one of the particles is confined in the core while the other is in the shell) [10].
Based on the band gap engineering, the energy levels of electrons or holes confined in these
nanostructures (CSQD) can be controlled via the sizes and shapes of the core or/and shell.
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In addition, the CSQD systems exhibit stronger photoluminescence and extremely high
stability because the particles and quasi-particles (electrons, holes, impurities, excitons,
excitonic complexes) within these structures are better isolated from the surface effects.

Among the different particles and quasi-particles in the QD structures, impurities take
a special position, which plays a significant role in controlling various QD properties. Since
several theoretical and experimental studies have focused on the impurities complexes
within QD with different sizes and shapes, such as neutral and negative donor impuri-
ties [11], exciton trapped by an ionized donor (D, X) [12], ionized double-donor complex
(D) [13,14]. In addition, the effects of exteriors perturbations such as magnetic, electric,
and intense laser fields, pressure, and temperature on the electric and optical properties
of the particles trapped on QD have been widely investigated in the literature [15-25].
Niculescu et al. [26] have examined the impact of the dome-shaped QD’s impurity state
dependence on the magnetic field; they found that the ground state energy’s diamagnetic
shift increases monotonically with the applied field. Solaimani has investigated the diamag-
netic susceptibility and binding energy of donor impurities in QD for various potentials
and geometries [27]. Another study was performed by Saha et al. regarding the influence
of pressure and temperature on an impurity’s diamagnetic susceptibility in QD under the
aegis of noise [28]. The diamagnetic susceptibility of a magneto-donor in Inhomogeneous
QD was also treated by Mmadi et al. [29]; their findings demonstrate that the magnetic
field increases both diamagnetic susceptibility and binding energy.

Regarding the CSQD, numerous works have been devoted to these structures-either
type I or type II, for CdTe/ZnS, CdTe/CdS among other materials, in recent years [30-47].
The strain field effect, resulting from the lattice mismatches, on CSQD has been performed
in some works [48-51]. Concerning impurities confined in CSQD systems, Talbi et al. have
studied the effect of LO-Phonons and dielectric polarization on impurity properties in
GaN/InN spherical CSQD [52]; their results show that both parameters have relatively
important contributions to the impurity binding energy. El-Yadri et al. have carried out
the influences of temperature and pressure on single dopant states in hollow cylindrical
CSQD [53]; their results demonstrate that temperature and pressure have opposite effects
on impurity’s photoionization cross-section and binding energy. Merwyn et al. have
examined the diamagnetic susceptibility of low-lying states of a donor impurity in a
GaAs/Alj_,GayAs CSQD [54]. Hayrapetyan et al. have investigated the effect of pressure
on the diamagnetic susceptibility of impurity in core/shell/shell QD with Kratzer confining
potential; they demonstrated that the diamagnetic susceptibility grows with the increase of
the pressure [55].

However, looking closely into these research studies, we note that they overlook the
impact of the critical radius and strain field resulting from the lattice mismatches, which
have a crucial effects on the electronic properties of the particles. In connection with this
topic, our work is interested in the study of impurity’s diamagnetic susceptibility X ;, and
binding energy Ej in the presence of a magnetic field for two specific core/shell materials,
CdTe/ZnS and CdTe/CdS. Our study takes into account the effects of impurity position,
and the dimensions of the core and shell regions. By investigating these factors, we aim
to provide novel insights into the electronic properties of strained core/shell quantum
dots and their response to magnetic fields. By employing numerical calculations within
the effective-mass approximation, we explore the effects of impurity position, magnetic
field, and core/shell dimensions on the binding energy and diamagnetic susceptibility. The
remainder of this paper is organized as follows: Section 2 provides detailed theoretical
background on the electronic structure of core/shell quantum dots and the calculation
methodology. Section 3 presents the results and discussion, focusing on the behavior of
electron and hole energies, binding energy, and diamagnetic susceptibility as a function
of various parameters. Finally, Section 4 summarizes the main findings of our study and
discusses their implications. Through this work, we aim to advance the understanding of
impurity behavior in strained core/shell quantum dots and inspire further investigations
in this exciting field.
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2. Background Theory
2.1. One Particle in Core/Shell Structures

We begin our study by examining the case of one particle (electron (¢) and hole (k))
confined in two different spherical core/shell quantum dots (type I and type II), composed
by a core material (with a dielectric constant €° and radius a) over-coated by another shell
material (with a dielectric constant ¢° and radius b). For one particle, the Hamiltonian can
be written as:

n? ,
H; = —%Ai +V, (i=eh) 1)

1

where m} is the effective mass of the particle i (i = ¢, h) defined as follows:

ic
¥ for a<r;<b,

is

@

m for 0<r<a
i) ={ ey

and V; denotes the position-dependent confinement potentials of particle i (i = e, /). The
corresponding confinement potential for type I CSQD (Figure 1a) takes the following forms:

0, for 0<re<a
V= Vi, for a<re<b ,i=eh 3)
00, otherwise.

Shell ® Electron
Vi E
e ¢ < Hole E
VI;B 4 D Impurity E
—_ 1 5 Cll
a b
(b) © (d)

Figure 1. Pictorial view of type I (a) and type II (b) core/shell nanostructure with their related band
offsets. (c,d) show the schematic representation of type I and type II, respectively, in the presence of
the impurity. Only the cases of bound states of charge carriers (E; < V;) were represented. The full
picture of all possible positions of particles is given in ref. [56].

For the case of the type II CSQD (Figure 1b), the corresponding confinement potentials
for electrons e and holes i have a different form and are given by:

Ve, for O0<r.<a
Ve = 0, fOl‘ a < re < b (4)
, otherwise;

0, for O0<r<a
Vi, = Vi, for a<r,<b 5)
00, otherwise.

First, we should point out that the possibility of particles existing in both the core and the
shell complicates the solution to the problem of charge carriers trapped in a CSQD structure.
This complication arises from the fact that the location of the particles is highly dependent on
the band offsets (V). In a previous work, this issue has been addressed in detail [56].
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Continuing, the solution of the Schrodinger equation for a particle, using spherical
coordinates (7, 6, ¢) with separation of variables, takes the form given by:

Yi(ri) = Ry (ri) Y1, (6, @), i=e, I (6)

where Riz,l (r;) is the radial part and Yli,m (0, @) is the spherical harmonic function which
equals to 1/+/47 for the fundamental state (n = 1,1 = m = 0).

As we have already mentioned, solving the Schrodinger equation in the two possible
positions of the particles is necessary to find out their wave functions in the core/shell
structure. The explicit expressions of the radial part of the ground state wave function are
as follows for the type I CSQD structure:

AT g v < i=eh

Ry, (i) = Asw,a<re<b, E; <V @)

Aswa<r6<b,lfi>%

with k¢ = \/2miE/n?, k' = \/2m3, (Vi — E) /1% and k2 = \/2m},(E; — Vi)/h%. The
equivalent expressions for the type II CSQD structure dlffer for electrons and holes:
-electron case

Acsmh(rilffe) 0<re<a, E.<V,
Riz,l(”e) = AS sin(kgre) a<te<b, E.>V, ®)
Te

re)
Assm(gi)), a<t,<b,

with k3 = \/2m5, (Ee) /12, K6 = \/2mg, (Ve — Ee) /12 and k2 = /2mg, (E. — Ve) /2.

-hole case

ke
Afsm( e o< <a

T
RZ,:(Th) = Azw ya<ry < b, Eh < Vh (9)
h

U

with ki = \/2m} Ey/0%, K = \/2m; (Vi — Ey) /0% and K2 = \/2m}, (B, — Vi) /7%
A{ (j = core, shell, i = e, h) are the normalization constants determined by the condition
(Fi(ri) [¥i(ri)) = 1.

The transcendental equation for calculating the energy of the electron and hole ground

states (E;), is given by the continuity of the radial wave function and its probability current
at the core surface:

,a<rh<b,Eh>Vh

i(core)|, _,, = Wi(shell), _,,

1 d ;(core) 1 d y;(shell) i=e h (10)
mj; dr; Fi=a T omy; dr; P

2.2. Effects of Strain on Band Structures

A spherical CSQD structure will be subject to a dilatational eigenstrain 8 due to lattice
mismatch at the core and shell interface. This strain field is given as [8,50]:

2(3+3ra +ra®) (1 —2pr)
C _ pC __ pc —
m=Poo = Pop = PO s A )

(11)
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o= B(1—2pr) —2(1+ra)®) (12)
[1—2pr —3(1+ pr)In(1+ ra)]
9(1+ra)3(1 — pr)(pr+ pr2 + pr3/3)’
Bao = PBypp=B2(1—2pr) = (1+ra)’) (13)

[2 —4pr +3(1+ pr)In(1+ ra)]
9(1+ra)3(1 — pr)(pr+ pr2 + pr3/3)’

where ra = (b—a)/a, pris the Poisson ratio, B = (Ls — L)/ L. denotes the lattice mismatch
constant of the core (L) and shell (Ls). The strain modified band edges of conduction (Vp)
and valence bands (Vyg) of core and shell material are written as [57,58]:

Vg = EgptacsBy (14)
pes
Vi = Edpaspl + BT a5
with
%S = _'_‘B (p(p/ (16)
§ - —ﬁ;ficﬁzs =8 a7)
C’ C1’1

where B%° and B} are biaxial and hydrostatic strain, respectively ECB and Ej/j are the
conduction and valence band edges energies without strain. a’y, ay/p and b°° are the
deformation potential. C}5 and Cj7 are elastic constants.
Considering the above expressions, the confining potentials V, and V}, in Equations (3)—(5)
are:
Ve = Vép — Vegl, Vie=Vyp— Vip. (18)

The absolute value of V, should be used because of V5 < V{; in the case of type I
structure. For type Il structure, we have Vg > V.

2.3. Donor Impurity in Core/Shell Structure

Now, let us consider an impurity confined in a spherical CSQD. The Hamiltonian
of this impurity in the presence of the magnetic field, described by the Lorenz gauge

relating the vector potential to this field by the well-known relation A= 5 1B x 7, can be
expressed by:

e
Hp=—F—ZA+M—-—+YV, (19)
m Er

- 7‘ = /1% +d% — 2r.d cos(0) is the electron impurity distance. M is the
magnetic operator given as [59]:

where 7,; =

_ B,

. eBh
3 m;fcre sin?(6) —

*
2mic

LZE/ (20)

where L,, denotes the z component of the angular momentum.

By using as a unit of length the effective Bohr radius dp = e/ ezﬁj , the donor
effective Rydberg R = h*/ 2m}a% for energy, with 111} = /mSms* is the electron mean
effective mass. Indeed, in CSQD structures, the electron wavefunction extends across
both the core and shell regions, and the electron effective mass can vary spatially due
to the different material properties. Therefore, by taking the square root of the electron-
effective mass in the core and shell regions, we aim to describe the mean behavior of
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the electron within these areas. ¢ = /£¢S is the mean relative dielectric constant. The
Hamiltonian 19 becomes:

_, oz
e Ae+M— L + V,; i = core,shell (21)
mé* glred

Hp = —

The magnetic operator M can be simplified by using the usual dimensionless param-

eter ¥y = Z%’,f characterizing the strength of the magnetic field (w. = %—?C is the effective

cyclotron frequency), therefore M can be written as:

%

M= 2 (Lo, + prksin?()); i = core,shel 22
my*

The impurity energy Ep and wave functions ¥ p can be calculated from the Schrédinger
equation: HpYp = EpY¥p. This equation cannot be solved analytically. Thus, the solution
must be obtained numerically by using, in our case, a variational method. This method
requires a good choice of wavefunction containing variational parameters. To justify the
choice of the trial wave function, we performed another calculation using the finite element
method (FEM) through Comsol Multiphysics software, which is a good approach to solv-
ing the governing Partial Differential Equations (PDEs) numerically [60]. The trial wave
function was selected as follows [12,61]:

Yy = NR;’l(re)e—arede_W§(73 sin?(0)) (23)

e~ ¥ represents the Coulomb correlations between the electron and the donor impurity.

in2 . i . .
e~ 5 (725in*(0)) degcribes the effect of the magnetic field. # and # are the nonlinear varia-
tional parameters to be determined to minimize the mean values of energies Ep:

Yp|Hp|Y
ED:min< p|Hp[¥p)

vy (¥Yp|¥p) @

The donor binding energy (E;) of the ground state, in the presence of the magnetic
field, is defined as:

Ey(7v) = Ee(7) — Ep(7) (25)

The formula of the diamagnetic susceptibility x;, of the donor impurity (a key parameter
characterizing the response of donor to magnetic fields) confined in a CSQD is given by [62]:

m*e? .
Xdia = —W«r_g - 7)2>; i = core, shell (26)

3. Results and Discussion

This work aims to investigate the effects of the magnetic field and the structure of the
CSQD on the binding energy and diamagnetic susceptibility of a donor impurity confined
in its interior. To meet the objectives of our study, we have chosen two different core/shell
QD compounds each other: CdTe/ZnS and CdTe/CdS, which are type I and type II core/shell,
respectively. The physical parameters used in the current study are listed in Table 1.

First, it is imperative to note that for the core/shell QD, the variation of the electronic
and optical properties of these nanostructures is strongly influenced by the effect of the
strain field on the band structure (often overlooked in several theoretical studies). For this
reason, we start our study by investigating the strain effects on the confinement potential of
the electron (V;) and hole (V},) for CdTe/ZnS and CdTe/CdS CSQD materials. In Figure 2, we
present the variation of these confinement potentials as a function of the ratio a/b. For the
CdTe/ZnS material (type I), we use the absolute value of V, because V5p < Vip. As a first
remark, we notice that the strain has a significant impact on both confinement potentials
(Ve and V},). Regarding V, (Figure 2a), we can notice that the electron confinement potential
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of CdTe/ZnS monotonically augments with the increase of the ratio a/b. In contrast, the V,
of CdTe/CdS reduces as a/b increases. Concerning Vj, (Figure 2b), we have found that both
CdTe/ZnS and CdTe/CdS hole confinement potential follow the same evolution (though their
values differ), where both of them quickly increase until reaching a maximum at a/b = 0.14
for CdTe/ZnS and at a/b = 0.09 for CdTe/CdS; after which they decrease.

Table 1. Physical parameters of the studied materials [63—65].

CdTe Cds ZnS

m /mg 0.09 0.14 0.22

my; /mo 0.63 0.68 1.42

€ 10.2 9.8 8.3
L (nm) 0.6481 0.5825 0.5410

Cy1 (10" dyn/cm) 5.35 7.7 10.2

C12 (10Mdyn/cm) 3.69 5.39 6.46
Ecg (eV) —3.6 —3.69 —2.64
Eyg (eV) 5.1 —6.12 —6.27
acg (eV) —3.96 27.1 —4.49

ayg (eV) 0.55 0.92 1.83
b (eV) -11 -1.18 —1.39

pr 0.4

——CdTe/ZnS

— CdTe/CdS

e

IV, 1 (eV)

—CdTe/ZnS
— CdTe/CdS

0.2 . T . T . T . T T 0.0 1.0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
alb alb

Figure 2. Evolution of the confinement potential of the electron (a) and hole (b) under the effect of
the strain field as a function of the core/shell ratio a/b for CdTe/ZnS (type I) and CdTe/CdS (type II).

In addition to the strain effects, the optoelectronic properties of these nanostructures
depend on the locations of the charge carriers, which are related to the nature of the material
and their appropriate band offsets. In fact, according to the wave functions established
in different regions (related to E; < or > V;) (Equations (7)—(9)), the charge carriers can
leave the core to shell materials, or vice versa, when the core radius reaches the critical
values a’. for a given shell size b. These values can be obtained numerically when the energy
of the charge carriers reaches the band offsets (E; = V;). This very interesting point was
very carefully examined in our previous work [56]. In Table 2, we give the critical radii
of the electron and hole corresponding to the two shell sizes used in our investigation
for both systems (CdTe/ZnS and CdTe/CdS). The difference in the a’ values between the
two structures is attributed to the physical parameters, the band alignment of the materials,
and the potential confinements under strain.
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Table 2. Critical values of core size at which electron or hole move to the other region, for different
shell sizes, and for both structures.

CdTelZnS CdTe/CdS
a¢ (nm) al" (nm) a¢ (nm) al' (nm)
b=5nm 1.464 0.8353 3.9337 1.1962
b=10nm 1.3737 0.8007 8.7621 1.1255

In Figure 3a,b, we plot the electron energy confined in a CdTe/ZnS and CdTe/CdS
spherical CSQD, respectively, as a function of the ratio a/b for two shell radius values
b =5 and 10 nm. For CdTe/ZnS (type I), we found that the electron energy decreases with
increasing shell radius b because of the confinement effect and also of the strain field impact
on the electron confinement potential as shown in Figure 2a. For a fixed outer radius,
it can also be seen that E, rises when the a/b ratio decreases because the confinement
weakens (strengthens) as core size increases (reduces), and therefore this change in E,
appears. The electron energy comprises two regions separated by the critical radius (af)
(depending on the shell radius (Table 2)): one is the bound state (E; < V;); and the other is
the unbound state (E; > V; ), where the energy tends towards a constant value as long as
the radius of the core exceeds the critical radius. Concerning CdTe/CdS (type II) (Figure 3b),
it is remarkable that the behavior of the electron energy is opposite to that found for
CdTe/ZnS, due to the band alignment difference between the two structures (Figure 1a,b,
and Equations (3) and (4)), where the electron is initially trapped on the shell in this case.
The variations of the hole energies for the CdTe/ZnS and CdTe/CdS materials are plotted
in Figure 3c,d, respectively. We can see that the two energies behave in the same way (Ej,
decrease as b increases) due to the same band alignment related to the hole position for both
structures (Equations (3) and (5)). For a given shell radius, we remark that, for the bound
state (E;, < V},), the hole energies reduce when a/b augments. Regarding the unbound
state (E;, > V},), we find that, Ej, is slightly decreased when a becomes inferior to a". This
evolution is attributed to the variation in the hole confinement potential under the strain
effect (Figure 2b).

To look further, we consider now, a donor impurity confined within the CSQD. In
Figure 4, we present the dependence of the binding energy (E;) and the diamagnetic suscep-
tibility ()xgi,) of the impurity as a function of the a/b ratio. Calculations were performed for
two CSQD sizes: b =5 nm and 10 nm. In addition, for each size, the system was considered
without a magnetic field (red curves) and immersed in a magnetic field (black curves).
Figure 4a shows that Ej, increases as the core grows from small sizes until it reaches a maxi-
mum value, corresponding to (a/b),,;. This values are (a/b),; = 0.26 and (a/b),,; = 0.3 for
b =5nm and b = 10 nm respectively. For larger cores, E; decreases monotonically. This
well-known turnover behavior is related to the change in the geometrical confinement of
the CSQD; as the core radius decreases, the Coulomb interaction between the electron and
the impurity becomes more important, and thus Ej increases. On the other hand, when
the core radius drops below a4, the electron is forced to leave the core to the shell, i.e., the
electronic wave function is extended to the shell and therefore, the impurity E;, decreases.
Figure 4c shows the variation of the impurity E;, for CdTe/CdS (type II) is displayed as a
function of the a/b ratio, under the same conditions used in Figure 4a. It is remarkable
that for a given shell radius, E, increases with the core radius augmentation and shows a
maximum at (a/b); = 0.77 for b =5nm and at (a/b).,; = 0.80 for b = 10 nm. This behavior
can be explained by the strength of electronic wave function localization inside the shell
when the core size augments, which enhances the electron-impurity interaction. Therefore,
E;, rises. When a reaches the a¢, the electron leaves the shell to the core, which leads to
a reduction in the E;. Concerning the magnetic field (B) effect, applying B leads to an
augmentation in the impurity Ej, for both structures because the magnetic field strengthens
the confinement. This E;, growth is more evident for the weak confinement (a/b tends to 1
for type I and a/b tends to O for type II) due to the spatial expansion of the wave function,
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and then the system becomes more susceptible to the B effect in this case. Figure 4b shows
the diamagnetic susceptibility (x4i,) of the impurity donor within CdTe/ZnS material. As
it is seen, xgi, decreases when the shell radius increases for both CSQD sizes and mag-
netic field magnitudes. We also observed that when the core grows from small size, x i,
slightly grows until reaching a maximal value at 2 = af, then decreases and rises once more
(when a tends to b) as the core radius increases. The physical reasons for this evolution
are related to the penetration of the wave function into the shell region when the core size
reduces and to the variation in the electron confinement potential under the strain effect.
Regarding the impurity x4, for type II structure (Figure 4d), we remark that yx;;, decreases
to a minimum at a = a¢ and then augments when the electron moves to the core region
(Ee > Ve). Moreover, one may observe that both structures experience an increase in xj,
when B is applied. This increase is less important for strong confinement. In contrast, for
weak confinement, the B effect becomes more obvious, especially in the type I case, where
the field acts as an additional geometric confinement, leading to this growth found in x4,
evolution. To check the validity of the choice of the trial wave function given in Equation
(23), we plot in Figure 5, the evolution of the E, of CdTe/ZnS (Figure 5a) and CdTe/CdS
(Figure 5b), as a function of the radii ratio a/b, and for b = 5 nm; by using the variational
approach (solid line) and FEM (dashed line). As can be remarked from this figure, the
results of both methods are close with a small difference when a tends to b for CdTe/ZnS
and a tends to 0 for CdTe/CdS. These obtained results confirm the appropriate choice of the
trial wave-function describing the interaction between the electron and impurity inside
the CSQD.

08
035 4 (a) 1 ()
——b=5nm 07 ——b=5nm
——b=10nm ] ——b=10nm
030 0.6+
CdTe/ZnS 054
CdTe/CdS
~ 0254 1
3 044
e
0.20 0.3
0.2
0.15
0.1
0.10 T T T T T T T T T 0.0 T T T T T T T T T
0.2 04 06 08 10 00 0.2 04 06 08 1.0
a/b a/b
1.0 1.0
{(c) 1 (@)
i 0.9
08 ——b=5nm | ——b=5nm
08 ——b=10nm 0.8—- ——b=10nm
074 07 CdTe/CdS
CdTe/ZnS 1
— 0.6
i 0.6 1
- | 05
w
0.5 1
| 0.4
0.4 03]
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Figure 3. Variation of the electron energy (a,b) and the hole energy (c,d) for CdTe/ZnS and CdTe/CdS
respectively, as a function of a/b ratio, for b =5, and 10 nm.
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Figure 4. Variation of the binding energy (a,c) and diamagnetic susceptibility (b,d) for CdTe/ZnS and
CdTe/CdS respectively, as a function of a/b ratio; for B=0and 4 T, and for b = 5 and 10 nm.
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Figure 5. Variation of the binding energy for CdTe/ZnS (a) and CdTe/CdS (b), calculating via variational
approach (solid line) and via FEM implemented in COMSOL Multiphysics (dashed line); as a function
of a/b ratio for b =5 nm.

In Figure 6, we present the dependence of the binding energy (E;) and the diamagnetic
susceptibility (x4i,) of the impurity as a function of the a/b ratio, for b = 10 nm. The
calculations were performed for CdTe/ZnS (upper figures) and the CdTe/CdS (lower figures).
In addition, the curves were performed for two impurity positions: on the core sided = a/2
(black curves) and the shell side d = (b + a)/2 (red curves). For the case of CdTe/ZnS,
remarkably, the impurity position strongly affects E;. For E, < V, where the electron is in
the core, we notice that E; is more pronounced when the impurity is placed on the core
side (d = a/2), and this is normal because the donor is close to the electron which leads
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to reinforcement in the Coulomb interaction. Consequently, the binding energy becomes
more significant. For E, > V,, where the electron leaves the core to the shell, the situation
changes, and E, becomes more significant when the impurity is localized in the shell
(d = (b+a)/2),i.e., the electron joins the donor in the shell and therefore E;, increases. For
the case of CdTe/CdS (Figure 6¢), we find an inverse behavior of E, compared to that found
for CdTe/ZnS, due to the type II structure where the electron is normally found in the shell,
thus E; is more pronounced when the impurity is placed in the shell. In contrast, when the
donor is placed in the core, E, becomes more important when the electron moves to the
core (E, > V;). In conclusion, Ej is more important for both cases when the electron and
the impurity are trapped in the same region. Always with the impurity positions effect,
we plot in Figure 6b,d the variation of the donor diamagnetic susceptibility for CdTe/ZnS
and (CdTe/CdS) respectively. These figures show that x4, is more pronounced when the
impurity and the electron are confined in different regions (electron in the shell and donor
in the core or vice versa).

-05
0.354 @) ——d=a/2 (core side)
] ——d=(b+a)/2 (shell side) —~
0.30 g .
. 1 b=10nm E ’
> 0.25- =
= i CdTe/zZnS =
g 0.20 § -1.54
o 1 @
2 0154 2 ——d=a/2 (core side)
S ] € 20 | ——d=(a+b)/2 (shell side)
@ 010 @
% b=10nm
0.054 e CdTe/znS
-25
0.00 T T T T T T T T T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 08 1.0
a/b a/b
0.40 ~1.5
1| —— d=a/2 (core side) - dia/2 (core side)
035 | —— d=(b+a)/2 (shell side) _ ——d=(b+a)/2 (shell side)
1 © =
0.30.] b =10 nm 5 20 b=10nm
> ' >
° CdTe/CdS = CdTe/CdS
> 2
3 0254 -
E g 201
o 020 a
5 ] 2
5 o015 g
m 015
g -30
©
0.10 A
(d)
0.054———F—+—FT—F—7——7 S ——TT7—
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
a/b a/b

Figure 6. (a,c) Variation of the binding energy; (b,d) variation of the diamagnetic susceptibility for
CdTe/ZnS and CdTe/CdS materials, as a function of a/b ratio; for b = 10 nm, and for two impurity
positions (core or shell sides).

In Figure 7, we present the dependence of the binding energy (E;) and diamagnetic
susceptibility () 4,) of the impurity as a function of the donor position, for the type I structure
(figures above) and for the type II structure (figures below). The core radius a = 5 nm and the
shell radius b = 10 nm were considered for both structures. The position of the donor impurity
sweeps the structure from 0 to b. Moreover, the curves were performed for two magnetic
field values: B =0T (red curves) and B =4 T (black curves). We observe that, for the type I
structure, E; increases to a maximum when the impurity is placed at d = a/2, then decreases
to a minimum value at d = (a + b)/2 (shell center), and increases slightly when the donor
approaches the shell edge. As for type II, it is observed that E; decreases to a minimum at
d = a/2 (the impurity position is close to the core center), then increases to a maximum at
d = (a+b)/2, and then decreases as the donor approaches the shell edge. Regarding the
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variation of the diamagnetic susceptibility of the donor (Figure 7b,d), our results indicate that
for type I (type II), x4, obtains a minimum (maximum) atd = a/2 (d = (a+ b)/2) and then
increases (decreases) when the impurity approaches the shell edge (core center). We can also
observe that applying the magnetic field increases E; and )4, for both structures.
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Figure 7. Variation of the binding energy (a,c) and diamagnetic susceptibility (b,d) for CdTe/ZnS and
CdTe/CdS respectively, as a function of impurity positions; for 4 = 5 nm and b = 10 nm, and for B =0
and4T.

4. Conclusions

We have theoretically investigated the electronic properties of a donor impurity con-
fined in a CdTe/ZnS (Type I) and CdTe/CdS (Type II). We take into account the effects: (i) the
strain field caused by lattice mismatch, (ii) the size of the structure (altering the core and
shell radii), (iii) the magnetic field, (iv) the location of the impurity (from the core center to
the shell edge). Our results show that the strain field significantly impacts the structure
bands (conduction and valence bands) and, thus, the electron and hole energy spectrum.
We have also shown that the impurity’s diamagnetic susceptibility and binding energy
for the type I structure have inverse behaviors compared to those for the type II struc-
ture—furthermore, the impurity’s diamagnetic susceptibility and binding energy increase
when the magnetic field is applied. Our present investigation can be considered as a contri-
bution to studying and understanding the characteristics of this class of heterostructures,
especially the impact of the strain field on the structure bands, and critical radii that allow
particles to pass from one region (core or shell) to another. Indeed, because of the nature of
the behaviors of these two structures (one is opposite to the other), these materials can be
combined in order to wider their optical and electronic properties and therefore offer more
optoelectronic features that can be exploited for many fields of applications.



Materials 2023, 16, 6535 13 of 15

Author Contributions: Conceptualization, N.A., L. M.P. and E.M.E; methodology, N.A. and LM.P;
software, N.A. and D.L.; formal analysis, N.A., M.E.-Y. and E.M.F,; investigation, N.A., P.D. and
M.E.-Y,; resources, LM.P. and D.L.; data curation, N.A. and L.M.P.;; writing—original draft prepa-
ration, N.A., EM.F. and L.M.P,; writing—review and editing, N.A., M.E.-Y. and D.L.; visualization,
LM.P, PD. and M.E.-Y,; supervision, D.L. and E.M.F,; project administration, N.A., D.L. and EM.E.
All authors have read and agreed to the published version of the manuscript.

Funding: L.M.P. acknowledges financial support from ANID through Convocatoria Nacional Sub-
vencion a Instalaciéon en la Academia Convocatoria Afio 2021, Grant SA77210040. P.D., LM.P. and
D.L. acknowledge partial financial support from FONDECYT 1231020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: All authors declare no conflict of interest.

References

1. Heiss, W.D. (Ed.) Quantum Dots: A Door Way to Nanoscale Physics, 1st ed.; Springer: Berlin/Heidelberg, Germany, 2005.

2. Unli, H,; Horing, N.J.M.; Dabrowski, ]. Low Dimensional and Nanostructured Materials and Devices, 1st ed.; Springer:
Berlin/Heidelberg, Germany, 2015.

3. Beard, M.C,; Luther, ].M.; Semonin, O.E.; Nozik, A.J. Third generation photovoltaics based on multiple exciton generation in
quantum confined semiconductors. Acc. Chem. Res. 2013, 46, 1252-1260. [CrossRef]

4. Boyd, R.-W. Nonlinear Optics, 3rd ed.; Academic Press: Cambridge, MA, USA, 2007.

5. Alias, M.S.; Tangi, M.; Holguin-Lerma, J.A.; Stegenburgs, E.; Alatawi, A.A.; Ashry, I; Subedi, R.C.; Priante, D.; Khaled Shakfa, M.;
Khee Ng, T.; et al. Review of nanophotonics approaches using nanostructures and nanofabrication for IlI-nitrides ultraviolet-
photonic devices. J. Nanophotonics 2018, 12, 043508. [CrossRef]

6. Kairdolf, B.A.; Smith, A.M.; Stokes, T.H.; Wang, M.D.; Young, A.N.; Nie, S. Semiconductor quantum dots for bioimaging and
biodiagnostic applications. Ann. Rev. Anal. Chem. 2013, 6, 143. [CrossRef] [PubMed]

7.  Sharma, P; Ganti, S.; Bhate, N. Effect of surfaces on the size-dependent elastic state of nano-inhomogeneities. Appl. Phys. Lett.
2013, 82, 535-537. [CrossRef]

8.  Rockenberger, J.; Troger, L.; Rogach, A.L.; Tischer, M.; Grundmann, M.; Eychmtdiller, A.; Weller, H. The contribution of particle
core and surface to strain, disorder and vibrations in thiolcapped CdTe nanocrystals. J. Chem. Phys. 1998, 108, 7807. [CrossRef]

9.  Zouitine, A,; Ibral, A.; Assaid, E.; Dujardin, F.; Feddi, E. Spatial separation effect on the energies of uncorrelated and correlated
electron-hole pair in CdSe/ZnS and InAs/InP core/shell spherical quantum dots. Superlattices Microstruct. 2017, 109, 123-133.
[CrossRef]

10. Piryatinski, A.; Ivanov, S.A.; Tretiak, S.; Klimov, V.I. Effect of quantum and dielectric confinement on the exciton-exciton interaction
energy in type II core/shell semiconductor nanocrystals. Nano Lett. 2007, 7, 108-115. [CrossRef]

11. Safwan, S.A.; El Meshed, N.; Asmaa, A.S.; Hekmat, M.H. Stability of neutral and negative donor impurity in a semiconductor
cylindrical quantum dot. Phys. B 2009, 404, 2294-2298. [CrossRef]

12.  Aghoutane, N.; Feddi, E.; El-Yadri, M.; Bosch Bailach, J.; Dujardin, F.; Duque, C.A. Magnetic field and dielectric environment
effects on an exciton trapped by an ionized donor in a spherical quantum dot. Superlattices Microstruct. 2017, 111, 1082-1092.
[CrossRef]

13.  Manjarres-Garcia, R.; Escorcia-Salas, G.E.; Mikhailov, I.D.; Sierra-Ortega, ]. Singly ionized double-donor complex in vertically
coupled quantum dots. Nanoscale Res. Lett. 2012, 7, 489. [CrossRef]

14. Kasapoglu, E.; Sari, H.; Sokmen, I. Effect of crossed electric and magnetic fields on donor impurity binding energy. Appl. Phys. A
2004, 78, 101-105. [CrossRef]

15. Movilla, J.L.; Ballester, A.; Planelles, J. Coupled donors in quantum dots: Quantum size and dielectric mismatch effects. Phys. Rev.
B 2009, 79, 195319. [CrossRef]

16. Arif, S.M.; Bera, A.; Ghosh, M. Tuning diamagnetic susceptibility of impurity doped quantum dots by noise-binding energy
interplay. Heliyon 2019, 5, e01147. [CrossRef]

17.  Holovatsky, V.; Chubrey, M.; Voitsekhivska, O. Effect of electric field on photoionisation cross-section of impurity in multilayered
quantum dot. Superlattices Microstruct. 2020, 145, 106642. [CrossRef]

18. Kria, M.; El-Yadri, M.; Aghoutane, N.; Pérez, L.M.; Laroze, D.; Feddi, E. Forecasting and analysis of nonlinear optical responses
by tuning the thickness of a doped hollow cylindrical quantum dot. Chin. J. Phys. 2020, 66, 444—452. [CrossRef]

19. Sari, H,; Al, E.B.; Kasapoglu, E.; Sakiroglu, S.; Sokmen, I.; Toro-Escobar, M.; Duque, C.A. Electronic and optical properties of a D;'
complex in two-dimensional quantum dots with Gaussian confinement potential. Eur. Phys. J. Plus 2022, 137, 464. [CrossRef]

20. Stevanovi¢, L.; Filipovi¢, N.; Pavlovi¢, V. Effect of magnetic field on absorption coefficients, refractive index changes and group

index of spherical quantum dot with hydrogenic impurity. Opt. Mater. 2019, 91, 62-69. [CrossRef]


http://doi.org/10.1021/ar3001958
http://dx.doi.org/10.1117/1.JNP.12.043508
http://dx.doi.org/10.1146/annurev-anchem-060908-155136
http://www.ncbi.nlm.nih.gov/pubmed/23527547
http://dx.doi.org/10.1063/1.1539929
http://dx.doi.org/10.1063/1.476216
http://dx.doi.org/10.1016/j.spmi.2017.04.048
http://dx.doi.org/10.1021/nl0622404
http://dx.doi.org/10.1016/j.physb.2009.04.027
http://dx.doi.org/10.1016/j.spmi.2017.08.014
http://dx.doi.org/10.1186/1556-276X-7-489
http://dx.doi.org/10.1007/s00339-002-1955-x
http://dx.doi.org/10.1103/PhysRevB.79.195319
http://dx.doi.org/10.1016/j.heliyon.2019.e01147
http://dx.doi.org/10.1016/j.spmi.2020.106642
http://dx.doi.org/10.1016/j.cjph.2020.05.016
http://dx.doi.org/10.1140/epjp/s13360-022-02649-z
http://dx.doi.org/10.1016/j.optmat.2019.02.049

Materials 2023, 16, 6535 14 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sahoo, S.; Lin, Y.C.; Ho, Y.K. Quantum-confined hydrogenic impurity in a spherical quantum dot under the influence of parallel
electric and magnetic fields. Phys. E Low Dimens. Syst. Nanostruct. 2008, 40, 3107-3114. [CrossRef]

Laroze, D.; Barseghyan, M.; Radu, A.; Kirakosyan, A.A. Laser driven impurity states in two-dimensional quantum dots and
quantum rings. Phys. B 2016, 501, 1-4. [CrossRef]

Kilica, D.G.; Sakiroglu, S.; Sokmen, I. Impurity-related optical properties of a laser-driven quantum dot. Phys. E 2018, 102, 50-57.
[CrossRef]

Kirak, M.; Altinok, Y.; Yilmaz, S. The effects of the hydrostatic pressure and temperature on binding energy and optical properties
of a donor impurity in a spherical quantum dot under external electric field. J. Lumin. 2013, 136, 415-421. [CrossRef]

Jaouane, M,; Sali, A.; Fakkahi, A.; Arraoui, R.; Ed-Dahmouny, A.; Ungan, F. Photoionization cross section of donor single dopant
in multilayer quantum dots under pressure and temperature effects. Phys. E 2022, 144, 115450. [CrossRef]

Niculescu, E.C.; Stan, C.; Cristea, M.; Trusca, C. Magnetic-field dependence of the impurity states in a dome-shaped quantum dot.
Chem. Phys. 2017, 493, 32-41. [CrossRef]

Solaimani, M. Binding energy and diamagnetic susceptibility of donor impurities in quantum dots with different geometries and
potentials. Mater. Sci. Eng. B 2020, 262, 114694. [CrossRef]

Saha, S.; Ganguly, J.; Bera, A.; Ghosh, M. Simultaneous influence of hydrostatic pressure and temperature on diamagnetic
susceptibility of impurity doped quantum dots under the aegis of noise. Chem. Phys. 2016, 480, 17-22. [CrossRef]

Mmadi, A.; Rahmani, K.; Zorkani, I; Jorio, A. Diamagnetic susceptibility of a magneto-donor in Inhomogeneous Quantum Dots.
Superlattices Microstruct. 2013, 57, 27-36. [CrossRef]

Aldeek, F; Balan, L.; Medjahdi, G.; Roques-Carmes, T.; Malval, J.-P.; Mustin, C.; Ghanbaja, J.; Schneider, R. Enhanced Opti-
cal Properties of Core/Shell/Shell CdTe/CdS/ZnO Quantum Dots Prepared in Aqueous Solution. . Phys. Chem. C 2009,
113, 19458-19467. [CrossRef]

Tsay, ] M.; Pflughoefft, M.; Bentolila, L.A.; Weiss, S. Hybrid Approach to the Synthesis of Highly Luminescent CdTe/ZnS and
CdHgTe/ZnS Nanocrystals. . Am. Chem. Soc. 2004, 126, 1926-1927. [CrossRef]

Irani, E.; Yazdani, E.; Bayat, A. Enhancement and tuning of optical properties of CdTe/CdS core/shell quantum dots by tuning
shell thickness. Optik 2022, 249, 168198. [CrossRef]

Dzhagan, V.; Mazur, N.; Kapush, O.; Selyshchev, O.; Karnaukhov, A.; Yeshchenko, O.A.; Danylenko, M.L; Yukhymchuk, V.; Zahn,
D.R.T. Core and Shell Contributions to the Phonon Spectra of CdTe/CdS Quantum Dots. Nanomaterials 2023, 13, 921. [CrossRef]
Zare, H.; Marandi, M.; Fardindoost, S.; Sharma, V.K,; Yeltik, A.; Akhavan, O.; Demir, H.V.; Taghavinia, N. High-efficiency
CdTe/CdS core/shell nanocrystals in water enabled by photo-induced colloidal hetero-epitaxy of CdS shelling at room tempera-
ture. Nano Res. 2015, 8, 2317-2328. [CrossRef]

Wang, C.L.; Zhang, H.; Zhang, ].H.; Li, M.; Sun, H.Z.; Yang, B. Application of Ultrasonic Irradiation in Aqueous Synthesis of
Highly Fluorescent CdTe/CdS Core-Shell Nanocrystals. J. Phys. Chem. C 2007, 111, 2465-2469. [CrossRef]

Jiang, Y.; Shao, H.; Xu, H.; Yang, ].; Wang, Y.; Xiong, H.; Wang, P.; Wang, X. Ultrafast synthesis of near-infrared-emitting aqueous
CdTe/CdS quantum dots with high fluorescence. Mater. Today Chem. 2021, 20, 100447. [CrossRef]

Anitha, B.; Nithiananthi, P. Indirect to direct exciton transition by laser irradiance in a type II core/shell quantum dot. Mater. Sci.
Semicond. Process. 2019, 103, 104617. [CrossRef]

Dieu Thuy, U.T.; Chae, W.S.; Yang, W.G.; Liem, N.Q. Enhanced fluorescence properties of type-I and type-II CdTe/CdS quantum
dots using porous silver membrane. Opt. Mater. 2017, 66, 611-615. [CrossRef]

Mantashian, G.A.; Zaqaryan, N.A.; Mantashyan, P.A.; Sarkisyan, H.A.; Baskoutas, S.; Hayrapetyan, D.B. Linear and Nonlinear
Optical Absorption of CdSe/CdS Core/Shell Quantum Dots in the Presence of Donor Impurity. Atoms 2021, 9, 75. [CrossRef]
Teranishi, T.; Sakamoto, M. Charge Separation in Type-II Semiconductor Heterodimers. J. Phys. Chem. Lett. 2013, 4, 2867-2873.
[CrossRef]

Tyrrell, E.J.; Smith, ]. M. Effective mass modeling of excitons in type-II quantum dot heterostructures. Phys. Rev. B 2011, 84, 165328.
[CrossRef]

Smith, C.T.; Tyrrell, E.J.; Leontiadou, M.A.; Miloszewski, J.; Walsh, T.; Cadirci, M.; Page, R.; O’Brien, P.; Binks, D.; Tomi¢, S. Energy
structure of CdSe/CdTe type II colloidal quantum dots Do phonon bottlenecks remain for thick shells? Sol. Energy Mater. Sol.
Cells 2016, 158, 160-167. [CrossRef]

Wang, X.; Kong, L.; Gan, Y,; Liang, T.; Zhou, S.; Sun, J.; Wan, H.; Wang, P. Microfluidic-based fluorescent electronic eye with
CdTe/CdS core-shell quantum dots for trace detection of cadmium ions. Anal. Chim. Acta 2020, 1131, 126-135. [CrossRef]
McDonald, P.G,; Tyrrell, E.J.; Shumway, J.; Smith, ].M.; Galbraith, I. Tuning biexciton binding and antibinding in core/shell
quantum dots. Phys. Rev. B 2012, 86, 125310. [CrossRef]

Naifar, A.; Zeiri, N.; Abdi-Ben Nasrallah, S.; Said, M. Optical properties of CdSe/ZnTe type II core shell nanostructures. Optik
2017, 146, 90-97. [CrossRef]

Anitha, B.; Nithiananthi, P. Oscillator strength and carrier dynamics in type I and inverted type I spherical core/ shell nanostruc-
tures under external laser field. Superlattices Microstruct. 2019, 135, 106288. [CrossRef]

Balakrishnan, A.; Perumal, N. Simultaneous effect of laser and magnetic field on bound magnetic polaron in type I and reverse
type I core/shell semimagnetic nanostructures. Phys. E 2021, 128, 114613. [CrossRef]

Unli, H. A thermoelastic model for strain effects on bandgaps and band offsets in heterostructure core/shell quantum dots. Eur.
Phys. ]. Appl. Phys. 2019, 86, 30401. [CrossRef]


http://dx.doi.org/10.1016/j.physe.2008.04.017
http://dx.doi.org/10.1016/j.physb.2016.08.008
http://dx.doi.org/10.1016/j.physe.2018.04.028
http://dx.doi.org/10.1016/j.jlumin.2012.12.026
http://dx.doi.org/10.1016/j.physe.2022.115450
http://dx.doi.org/10.1016/j.chemphys.2017.06.004
http://dx.doi.org/10.1016/j.mseb.2020.114694
http://dx.doi.org/10.1016/j.chemphys.2016.10.012
http://dx.doi.org/10.1016/j.spmi.2013.01.006
http://dx.doi.org/10.1021/jp905695f
http://dx.doi.org/10.1021/ja039227v
http://dx.doi.org/10.1016/j.ijleo.2021.168198
http://dx.doi.org/10.3390/nano13050921
http://dx.doi.org/10.1007/s12274-015-0742-x
http://dx.doi.org/10.1021/jp066601f
http://dx.doi.org/10.1016/j.mtchem.2021.100447
http://dx.doi.org/10.1016/j.mssp.2019.104617
http://dx.doi.org/10.1016/j.optmat.2017.03.012
http://dx.doi.org/10.3390/atoms9040075
http://dx.doi.org/10.1021/jz4013504
http://dx.doi.org/10.1103/PhysRevB.84.165328
http://dx.doi.org/10.1016/j.solmat.2015.12.015
http://dx.doi.org/10.1016/j.aca.2020.06.072
http://dx.doi.org/10.1103/PhysRevB.86.125310
http://dx.doi.org/10.1016/j.ijleo.2017.08.079
http://dx.doi.org/10.1016/j.spmi.2019.106288
http://dx.doi.org/10.1016/j.physe.2020.114613
http://dx.doi.org/10.1051/epjap/2019180350

Materials 2023, 16, 6535 15 of 15

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Sahu, A.; Kumar, D. Effect of Confinement Strength on the Conversion Efficiency of Strained Core-Shell Quantum Dot Solar Cell.
Opt. Spectrosc. 2020, 128, 1649-1657. [CrossRef]
Shi, L.; Yan, Z.-W. Conversion efficiency of strained core/shell quantum dot solar cell: Converting from type-I to type-II structures.
J. Appl. Phys. 2019, 125, 174302. [CrossRef]
Maiti, S.; Debnath, T.; Maity, P.; Ghosh, H.N. Lattice-Strain-Induced Slow Electron Cooling Due to Quasi-Type-II Behavior in
Type-I1 CdTe/ZnS Nanocrystals. J. Phys. Chem. C 2015, 119, 8410-8416. [CrossRef]
Talbi, A.; El Haouari, M.; Nouneh, K.; Pérez, L.M.; Tiutiunnyk, A.; Laroze, D.; Courel, M.; Mora-Ramos, M.E.; Feddi, E. LO-
Phonons and dielectric polarization effects on the electronic properties of doped GaN/InN spherical core/shell quantum dots in
a nonparabolic band model. Appl. Phys. A 2021, 127, 30. [CrossRef]
El-Yadri, M.; Aghoutane, N.; El Aouami, A.; Feddi, E.; Dujardin, F.; Duque, C.A. Temperature and hydrostatic pressure effects on
single dopant states in hollow cylindrical core-shell quantum dot. Appl. Surf. Sci. 2018, 441, 204. [CrossRef]
Jasper, A.M.; Reuben, D. Diamagnetic susceptibility of low-lying states of a donor impurity in a core shell GaAs/All-xGaxAs
quantum dot. Mater. Today Proc. 2020, 33, 4020-4022.
Hayrapetyan, D.B.; Amirkhanyan, S.M.; Kazaryan, E.M.; Sarksiyan, H.A. Effect of hydrostatic pressure on diamagnetic suscepti-
bility of hydrogenic donor impurity in core/shell/shell spherical quantum dot with Kratzer confining potential. Phys. E 2016,
84, 367-371. [CrossRef]
Aghoutane, N.; Pérez, L.M.; Laroze, D.; El-Yadri, M.; Feddi, E. Importance of core and shell sizes in the localization of the electron
and hole in the formation of type I or type II excitons in spherical CdSe/ZnTe and CdSe/CdTe quantum dots. Results Phys. 2023,
44, 106158. [CrossRef]
Yang, X.E; Chen, X.S.; Fu, L.Y. Effects of Shape and Strain Distribution of Quantum Dots on Optical Transition in the Quantum
Dot Infrared Photodetectors. Nanoscale Res. Lett. 2008, 3, 534-539. [CrossRef] [PubMed]
Wagner, J.M.; Bechstedt, E. Properties of strained wurtzite GaN and AIN: Ab initio studies. Phys. Rev. B 2002, 66, 115202.
[CrossRef]
El Khamkhami, J.; Feddi, E.; Assaida, E.; Dujardind, E; Stébé, B.; El Haouari, M. Magneto-bound polaron in CdSe spherical
quantum dots: Strong coupling approach. Phys. E 2005, 25, 366-373. [CrossRef]

COMSOL Multiphysics® v. 5.6, COMSOL AB: Stockholm, Sweden, 2020. Available online: www.comsol.com (accessed on
18 September 2023).
Feddi, E.; Aghoutane, N.; El-Yadri, M.; Dujardin, F; El Aouami, A.; Duque, C.A. Optical and magneto optical responses assigned
to probable processes of formation of exciton bound to an ionized donor in quantum dot. Curr. Appl. Phys. 2018, 18, 452-460.
[CrossRef]
Rezaei, G.; Doostimotlagh, N.A.; Vaseghi, B. Simultaneous Effects of Hydrostatic Pressure and Conduction Band Non-parabolicity
on Binding Energies and Diamagnetic Susceptibility of a Hydrogenic Impurity in Spherical Quantum Dots. Commun. Theor. Phys.
2011, 56, 377-381. [CrossRef]
Adachi, S. Handbook on Physical Properties of Semiconductors; Springer: Berlin/Heidelberg, Germany, 2004.
Van Stryland, E.W.; Woodall, M.A.; Vanherzeele, H.; Soileau, M.J. Energy Band-Gap Dependence of 2-photon Absorption. Opt.
Lett. 1985, 10, 490-492. [CrossRef]
Wu, J.C.,; Zheng, ].W.; Zacherl, C.L.; Wu, P; Liu, Z.K.; Xu, R. Hybrid Functionals Study of Band Bowing, Band Edges and
Electronic Structures of Cd1-xZnxS Solid Solution. J. Chem. Phys. C 2011, 115, 19741-19748. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1134/S0030400X20100033
http://dx.doi.org/10.1063/1.5086015
http://dx.doi.org/10.1021/acs.jpcc.5b02420
http://dx.doi.org/10.1007/s00339-020-04137-6
http://dx.doi.org/10.1016/j.apsusc.2018.01.195
http://dx.doi.org/10.1016/j.physe.2016.07.028
http://dx.doi.org/10.1016/j.rinp.2022.106158
http://dx.doi.org/10.1007/s11671-008-9175-8
http://www.ncbi.nlm.nih.gov/pubmed/20596318
http://dx.doi.org/10.1103/PhysRevB.66.115202
http://dx.doi.org/10.1016/j.physe.2004.06.059
www.comsol.com
http://dx.doi.org/10.1016/j.cap.2018.01.010
http://dx.doi.org/10.1088/0253-6102/56/2/31
http://dx.doi.org/10.1364/OL.10.000490
http://dx.doi.org/10.1021/jp204799q

	Introduction
	Background Theory
	One Particle in Core/Shell Structures
	Effects of Strain on Band Structures
	Donor Impurity in Core/Shell Structure

	Results and Discussion
	Conclusions
	References

