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A B S T R A C T

The optical absorption coefficient (OAC) and the refractive index (RI), related to a confined donor, were the-
oretically investigated by the mean of the density matrix formalism. In order to obtain the s p1 1 donor
transition energy a variational calculation, within the context of the effective-mass approach, was deployed. Our
numerical results exhibit the possibility to modulate the electronic and optical properties of confined donors by
tailoring the inner and outer radii of the core/shell heterodot. Further, we have obtained that the nanodot size
shrinking leads, for very small values of core radius, to reduce the magnitude of the total absorption coefficient
resonance peak. It was also obtained that the resonance peak position of the absorption coefficient is redshifted
with increasing the core radius for a fixed shell thickness. The same situation occurs when reducing the thickness
of the shell material for a fixed core size.

1. Introduction

It is widely recognized, nowadays, that the progress of electronic
and opto-electronic devices depends on the level of understanding
fundamental chemical and physical properties of low dimensional
structures. Thus, in the last few decades, intense research activity
worldwide concerning the behavior of matter at nanoscales was con-
ducted. However, though our current appreciation of nanosized parti-
cles has lead us to develop various appliances, examples include light-
emitting diodes in television screens, photodetectors in digital cameras,
or even quantum dot single-photon source used in the area of quantum
information, “controlling” the properties of nanoscaled materials still
the greatest challenge of scientists.

According to the fact that nanoscale semiconductors optical beha-
vior is ultimately related to their electronic properties, let us start with
a short review of the shrinking size and external fields impacts on
confined donors energy behavior. For instance, one can mention the
work of Cristea [1] emphasizing the impacts of the donor position and
an external electric field on the core/shell nanodot energy spectrum.
This study, performed by a finite element approach, investigates also
the role of the ZnS/CdSe shape on the confined donor electronic
properties. Further, using a finite-difference calculation Souza and

Alfonso [2] have examined the change of the binding and the transition
energy of donors against the nanodot radius and the magnetic field
intensity. Then again, Causil et al. [3] have treated the case of an im-
purity donor in a cylindrical type-II quantum dot. Their theoretical
study, based on a variational Rayleigh–Ritz approach, reveals that the
donor ground state binding energy as well as the lowest excited states
are size controlled. Besides, the examination of energy levels of donors
inside a GaAs/AlxGa x1 As/AlAs inhomogeneous spherical quantum dot
was the subject of Ref. [4]. It was established that the AlxGa x1 As layer
drastically affects the confined donor energy levels. On the other hand,
considering a spherical CdSe/ZnS/CdSe core/shell/shell heterodot,
Stojanović and Kostić [5] have investigated the spatial parameters in-
fluence on single donor states energy. Their results exhibit that for core
radius values greater than a critical radius, size effects disappear and
energy values tend to those characteristic of the bulk CdSe case. Fur-
thermore, combining fourth-order Runge-Kutta method and variational
approaches, Kes et al. [6] have studied the quantum confinement effects
on donors inside AlAs/GaAs/Alx1Ga x1 1As/GaAs/Alx2Ga x1 2 layered
wire. Their model confirms the fact that donors energy is also sensitive
to the donor position and external fields. Polaronic impacts on the
donor binding energy is treated by El Haouari et al. [7]. Their in-
vestigation shows the existence of a competition between polaronic and
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size effects. Moreover, using a variational calculation, Chafai et al. [8]
have studied the charge carriers localization influence on single donor
binding energy. It was found that confined donor is more stable inside
ZnTe/CdSe inverted core/shell nanodot than in CdSe/ZnTe core/shell

heterodot. Further, the change of confined donors energy against the
external magnetic field intensity is detailed in Refs. [9,10]. On the other
hand, a recent study [11] reveals that one can modulate the donor
binding energy Stark shift by controlling the shell thickness of a core/
shell quantum dot.

Further, it is also well-known, that our current knowledge con-
cerning the optical properties of nanomaterials is the fruits of the work
achieved by many scientists. For instance, Yesilgul [12] has examined
the optical absorption coefficients and refractive index changes of a
double semi-V-shaped quantum wells. His paper shows a great change
of the total optical coefficient with the incident optical intensity for
large barrier width values. The same study was reported by Safarpour
and Barati [13] but this time for a system consisting of a spherical InAs
nanodot hosted at the center of a GaAs cylindrical quantum wire. Their
model gives an ample description on the size dependence of confined
systems optical properties. Besides, Çakır and co-workers [14], by the
mean of a density matrix formalism, have carried out the total re-
fractive index changes and absorption coefficients in a spherical
quantum dot. Their study, provides that the total refractive index
change is remarkably enhanced by increasing charge carriers density. In
addition, Ref. [15] is a theoretical investigation emphasizing the optical
absorption coefficient behavior of a spherical nanodot with parabolic
potential. While, the optical properties of quantum disk in the presence
of high-frequency laser field are studied by Gambhir et al. [16]. It was
found that the laser radiation leads to a significant nonlinear effect on
the optical behavior. Further, the impact of an external laser field on
the optical characteristics of a parabolic quantum well under an electric
field is the subject of Ref. [17]. The authors of this paper have discussed
the possibility to control the absorption coefficient and refractive index
change by tailoring the laser dressing parameter or again by adjusting
the electric field intensity. On the other hand, Mughnetsyan and cow-
orkers [18] have interested in the intraband linear and nonlinear light
absorption change with respect to the spin-orbit coupling constant and
the hydrostatic pressure. Their results reveal that the increase of the
spin-orbit coupling constant leads to a great enhancement of the optical
absorption resonant peak magnitude. In addition, a detailed study of
the optical characteristics of quantum rings can be found in numerous
papers, including [19–22]. However, the examination of the optical
behavior of an AlAs/GaAs spherical core/shell nanodots in the presence
of a single dopant was the aim of the investigation performed by El
Haouari et al. [23]. Besides, taking into account the polaronic effects,

Fig. 1. Schematic illustration of a single centered donor inside a spherical-like
core/shell nanodot.

Table 1
The used numerical parameters [37,38].

CdSe ZnTe The used parameters

Eg 1.750 eV 2.200 eV
r = 10.6001 = 9.7002 = 10.140

me
m0

=m 0.1301 =m 0.1502 =m 0.139e

0 4.00010 3 fs
Electron affinity =E 4.950 eVea =E 3.680 eVea

Fig. 2. Electron energy with regard to the shell thickness for various core material size: (A) 1s state and (B) 1p state.
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M’zerd and coworkers [24] have examined the impact of the confined
donor localization and the heterodot dimensionality on the linear and
nonlinear optical characteristics. In addition, using the potential
morphing approach in the context of the EMA, Zeng and coworkers
[25] have studied the impact of impurity, dielectric environment, and
the shell thickness on the optical behavior of ZnS/ZnO and ZnO/ZnS
heterodots. Their investigation reveals a great influence of charge car-
riers localization on the optical characteristics of core/shell nanodots.
On the other hand, employing an iterative method within the frame-
work of the compact-density-matrix formalism, and considering an in-
finite depth potential in the shell region, Zhang et al. [26] have studied
the optical properties of a GaAs/AlGaAs spherical nanodot. However,
Şahin al. [27] have examined the photoionization cross section related
to a centered donor inside a multi-layered spherical heterodot. Besides,
Rahul and coworkers [28] have treated the spatial parameters impact

on the optical behavior of electrons in a CdS/ZnS/CdS/ZnS multilayer
nanodot.

The present theoretical study emphasizes the size control of the
optical properties related to centered donors in a CdSe/ZnTe [29–31]
core/shell spherical heteronanodot. Through the use of a density matrix
formalism, linear and nonlinear OACs and RI changes were in-
vestigated. By the way, the 1s-1p donor transition energy was examined
by the mean of a variational approach within the framework of the
EMA. The following section includes the essential of our used theory,
while Section 3 is allocated to the presentation of our obtained nu-
merical results.

2. The applied theory

Let us consider a centered donor in a heteronanodot consisting of a

Fig. 3. Total donor energy against the shell thickness for several core material size: (A) 1s state and (B) 1p state.

Fig. 4. 1 p 1s transition energy as a function of the shell thickness for various core radii: (A) Confined electron and (B) Confined donor.
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spherical CdSe quantum dot encapsulated by a ZnTe spherical shell. In
order to conserve our nanostructure from external medium con-
taminations, the CdSe/ZnTe nanodot is placed in a silica matrix SiO2.
Fig. 1 schematically illustrates the understudied nanostructure. Where
Rc and Rs denote, respectively, the core and shell radii. =U 1.27e eV
refers to the confining potential, while +re D is the electron-impurity
distance. Thus, in the context of the EMA, the Schrö dinger equation
describing the confined donor energy behavior is given as follow:

+ + + =
m r

U r U r R r E r
2 ( )

( ) ( ) ( ) ( ) ( ).e
e

e w coul s D D D. 0 0 0

(1)

The first term in the bracket is the kinetic contribution, where the
electron effective mass m r( )e is taken to be m1 inside the CdSe core and
m2 in the ZnTe shell, while the second one stands for the confining
potential written as:

= <U r
r R

U R r R
Otherwise

( )
0

0,
.w

c

e c s

(2)

The third and fourth term denote, respectively, the coulomb po-
tential and the self-energy formulated as [32,33]:
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= 1 2 and = 3.9out [25] are the dielectric constants of the core/
shell nanodot and the silica matrix, respectively. It is worth re-
membering, at this point, that a variational calculations are deployed in
order to examine the s1 and p1 donor energies change with regard to the
nanodot size. For this purpose, the s1 and p1 donor trial wave functions
were taken, in this order, as:
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Fig. 5. Electron optical absorption coefficients versus the photon energy, for = =I t210 W·m , 0.40 nmk
8 2 and various core size: (A) =R 3.00 nmc , (B)

=R 3.10 nmc , and (C) =R 3.20 nmc .
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where,
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=N j( 1 4)j and , are, respectively, the normalization constants
and the variational parameters. While Enl =n( 1 and =l 1, 0) stand for
confined electron energies. In this connection, the expression of the
donor ground state energy is given as follow:

=E
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however, the hydrogenic donor lowest excited state reads:

=E
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r r
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, | | ,

, | ,
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D D
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D
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D
p
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(9)

HD0 is the donor Hamiltonian already presented.
On the other hand, based on a density matrix approach, one can

write the linear and third-order nonlinear optical absorption coeffi-
cients, respectively, as [34–36]:

=
+

µ M
E

( )
| |

( ) ( )
,ij s

fi
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2

0
2

0
2 (10)

and

Fig. 6. Electron RI changes as a function of the photon energy, for = =I t210 W·m , 0.40 nmk
8 2 and various core size: (A) =R 3.00 nmc , (B) =R 3.10 nmc , and (C)

=R 3.20 nmc .
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where, = n3 10 m , ,s r
22 3

0 , and =E E Efi f i are the charge carriers
density, the relaxation rate, the refractive index, and the p s1 1 tran-
sition energy respectively. While c stands for the speed of light in va-
cuum, and I is the incident optical radiation. Further, the electric dipole
moment of the transition between i and j states is referred by

=M e rr r( )| cos( )| ( )ij i j . Against this background, the total optical
absorption coefficient is theoretically formulated as:

= +I I( , ) ( ) ( , ).(1) (3) (12)

Likewise, the linear and third-order nonlinear refractive index
changes are analytically expressed, in this order as:
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where µ denotes the permeability of the understudied system. In this
context, the total refractive index change is given as follow:

= +n I
n

n
n

n I
n

( , ) ( ) ( , ) .
r r r

(3) (1) (3)

(15)

3. Numerical results

Reminding, at this spot, that in order to simplify our numerical
calculations, reduced units were deployed by defining

= =R 18.478D m a2 ¯e D
0

2

0
2 meV as unit of energy and = =ā 3.842D e me

0
2

2 nm

as unit of length. By the way, Table 1 provides the various used physical
parameters.

Fig. 2, shows the variation of the electron energy, related to s1 (A)
and p1 states (B), with regard to the shell thickness, =t R Rk s c, for

Fig. 7. Donor optical absorption coefficients plotted, for = =I t210 W·m , 0.40 nmk
8 2 and various CdTe radii, versus the photon energy: (A) total OAC , (B) linear

OAC, and (C) nonlinear OAC.
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various core material size. It is noticeable that the change of the shell
thickness as well as the core size have remarkable impacts on the s1 and
p1 electron energies. Then again, and as expected, the p1 electron en-

ergy values are greater than those of the s1 state. It was also found that
the electron energy, for both s1 and p1 states, is blue-shifted when the
size of the core or the shell materials is reduced. Further, one can ob-
serve that, for a fixed core radius, the electron ground state energy
increases by about 82 meV when the shell thickness moves from 3 nm to
0.1 nm, while the p1 electron energy is virtually increases by 29 meV.
Accordingly, one can assume that the s1 electron energy is more sen-
sitive to the change of the shell thickness than the lowest first excited
state.

In Fig. 3, the s1 (A) and p1 (B) donor energies were depicted as a
function of the shell thickness for different core radii

=R 3.00 nm, 3.10 nm, 3.20 nmc . It was established that s1 and p1
donor energies are the subject of a great increase when the core radius
is shrunk. However, it was found that the donor energy is red-shifted by
increasing the shell thickness up to a critical thickness value,

=t 1.00 nmk (0.50 nm) for s1 ( p1 ) state, after that a remarkable increase
of the s1 and p1 impurity energy states is assisted.

Fig. 4, presents the p1 to s1 transition energy, related to electrons (A)
and donors (B), against the ZnTe thickness, for various CdSe radii

=R 3.00 nm, 3.10 nm, 3.20 nmc . It is worth noticing that for very
small shell thickness, less than 0.20 nm, the electron transition energy is
practically not affected by the nanodot size. On the other hand, de-
creasing the core material size leads to increase the electron transition
energy for nandots with shell thickness greater than 0.20 nm. The same
effect is observed, for a fixed core radius, when the shell thickness in-
creases up to t 1.30 nmk . Otherwise, the electron transition energy
becomes virtually constant. One can also see, that the presence of do-
nors blue-shifts the transition energy and makes this physical entity
sensitive to the core material size even for very small values of the shell
thickness. Furthermore, it was established that, for tk greater than
1.30 nm, the donor transition energy is practically not affected by the
variation of the shell thickness.

Additionally, the linear, nonlinear and total electron optical ab-
sorption coefficients as a function of the photon energy, for

= =I t210 W·m , 0.40 nmk
8 2 and various core size =R 3.00 nmc (A),

3.10 nm (B), 3.20 nm (C), are displayed in Fig. 5. Obviously, one can
observe that the electron OACs have significant values only for photon

Fig. 8. Donor RI changes, for = =I t210 W·m , 0.40 nmk
8 2 and various CdTe radii, with respect to the photon energy: (A) total RI change, (B) linear RI change, and

(C) nonlinear RI change.
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energies around the threshold p1 to s1 transition energy. It was also
found that, for a fixed ZnTe thickness, the amplitude of the linear and
nonlinear OAC resonance peaks decreases with decreasing the CdSe
size. Nevertheless, the total electron OAC resonance peak magnitude
increases by reducing the core material size. It was established, fur-
thermore, that increasing the core radius leads to a split of the re-
sonance peak into two symmetric peaks. On the other hand, a blueshift
of the electron OAC peaks position is assisted when the core material
size is decreased.

Fig. 6, exhibits the linear, nonlinear and total electron RI changes
against the photon energy, for = =I t210 W·m , 0.40 nmk

8 2 and var-
ious core size =R 3.00 nmc (A), 3.10 nm (B), 3.20 nm (C). It is noticeable
that the nonlinear contribution of the RI change impacts the quantita-
tive behavior of the total RI change. On the other hand, it was obtained
that the magnitude of the total RI change is reduced when the core
material radius moves from 3.20 nm to 3.00 nm.

In Fig. 7, taking =I 210 W·m8 2 and =t 0.40 nmk , the total (A),
linear (B) and nonlinear (C) optical absorption coefficients of donors
are plotted versus the photon energy considering various CdSe radii. It

is quite clear that, the presence of impurities considerably reduces the
magnitude of the optical absorption coefficients of our core/shell het-
erodot. By contrast, the core/shell OAC peaks position are blueshifted
when impurities effects are considered. Additionally, our model reveals
that, for the considered physical parameters, increasing the core ma-
terial leads to increase the magnitude of the OAC resonance peaks. That
might be related to the poor contribution of the nonlinear term in the
total AOC.

In Fig. 8, the total (A), linear (B) and nonlinear (C) RI changes are
drawn as a function of the photon energy for several core radii. Our
results, performed under the same condition as in Fig. 7, exhibit a no-
ticeable redshift of the RI changes peaks when the core radius increases.
However, it was obtained, that decreasing the core size is associated to
a great diminishing of the RI changes magnitude. Additionally, one can
also observe that the nonlinear RI change magnitude is so small in such
a way that its contribution can be marginalized.

Fig. 9, illustrates the linear, nonlinear and total donor optical ab-
sorption coefficients versus the photon energy, for

= =I t210 W·m , 0.40 nmk
10 2 and various core size =R 3.00 nmc (A),

Fig. 9. Donor optical absorption coefficients against the photon energy, for = =I t210 W·m , 0.40 nmk
10 2 and several core radii: (A) =R 3.00 nmc , (B)

=R 3.10 nmc , and (C) =R 3.20 nmc .
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3.10 nm (B), 3.20 nm (C). Qualitatively, the situation seems to be similar
to that in Fig. 7 and the same conclusions can be pointed out. By
contrast, it was found that the increase of the incident optical radiation
intensity results in a remarkable increase of the nonlinear OAC mag-
nitude. That, automatically, leads to a decrease of the total OAC re-
sonance peak magnitude. Further, it was established that when the core
radius moves from 3.20 nm to 3.10 nm a slight increase of the total OAC
resonance peak amplitude is observed. However, the magnitude of the
total OAC resonance peak undergoes a remarkable decrease when Rc
moves from 3.10 nm to 3.00 nm.

Fig. 10, presents the linear, nonlinear and total RI changes against
the photon energy, for =I 2 =t10 W·m , 0.40k

10 2 nm and several core
radii =R 3.00 nmc (A), 3.10 nm (B), 3.20 nm (C). One can remark that
increasing the intensity of the optical radiation leads to decrease the
magnitude of the total RI change. That is explained by the competition

between the linear and nonlinear RI changes, since the fact that the
decrease of the optical radiation leads to decrease the nonlinear RI
change.

Fig. 11, shows the linear, nonlinear and total donor optical ab-
sorption coefficients with respect to the change of the photon energy,
for = =I t210 W·m , 1.00 nmk

8 2 and various core size =R 3.00 nmc
(A), 3.10 nm (B), 3.20 nm (C). As compared with Fig. 7, it is obvious that
the rise of the shell thickness is associated with an enhancement of the
optical absorption coefficients magnitude. In addition, one can also
notice that the nonlinear contribution has a great impact on the total
OAC. Furthermore, it was shown that the increase of tk blueshifts the
optical absorption coefficients resonance peak position. Otherwise, the
change of the optical absorption coefficients with respect to the photon
energy is the same as in Fig. 7.

In Fig. 12, the linear, nonlinear and total RI changes are presented

Fig. 10. Donor RI changes versus the photon energy, for = =I m t210 W· , 0.40 nmk
10 2 and various core radii: (A) =R 3.00 nmc , (B) =R 3.10 nmc , and (C)

=R 3.20 nmc .
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with respect to the variation of the photon energy, for =I 210 W·m8 2 ,
=t 1.00 nmk and different core size =R 3.00 nmc (A), 3.10 nm (B),

3.20 nm (C). Our theoretical results reveal a remarkable increase of the
RI changes magnitude by increasing the shell thickness. Additionally,
one can also remark that the nonlinear RI contribution still very poor,
virtually, as in Fig. 8. On the other hand, RI changes peaks position are
found to be blueshifted by increasing tk .

4. Conclusion

In short, our theoretical study highlights the size impact on the
optical properties of electrons and donors inside a spherical core/shell
heterodot (SCSHD). Further, the influence of the incident optical ra-
diation was also discussed. Our used theory, based on a combination
between a density matrix approach and a variational calculations, re-
veals the possibility to modulate the refractive index changes and the
optical coefficients by the control of the spatial parameters of the un-
derstudied system. Namely, it was obtained that the total RI change

magnitude decreases with decreasing the nanodot spatial parameters.
On the other hand, it was established that the increase of the incident
optical radiation intensity reduces the magnitude of the RI change. In
addition, it was found that the reduction of the heteronanodot size is
not always related to the enhancement of the donor total OA resoance
peak magnitude. By contrast, decreasing the nanodot size leads to in-
crease the electron total OA resoance peak magnitude. However, the RI
changes and the optical absorption coefficients peaks positions are
found to be redshifted by increasing the core radius or by decreasing
the shell thickness.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, athttps://doi.org/10.1016/j.rinp.2019.102414.
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