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Abstract In this work, we have theoretically examined the linear, nonlinear and total refractive index changes (RICs) and optical
absorption coefficients (OACs) between the ground (1s) and the first excited state (1p) of CdSe/ZnTe core/shell quantum dot
2

(CSQD) with Screened Modified Kratzer potential (SMKP): V(r) = D, (q - ’567M> where r. is the equilibrium bond length.

I

To achieve this goal, the wave functions and the corresponding eigenvalues of the electron are investigated by resolving the time-
independent Schrédinger equation using diagonalization technique in terms of the effective mass approximation. The dependency
of energy difference between the 1s and 1 p states and dipole transition matrix element on the SMKP parameters are examined. The
numerical results exhibit that the characteristic parameters of SMKP («, gandr.) and incident optical intensity (/) have a strong
impact on RICs and OACs. It was obtained that the resonance peak positions of the OACs and RICs are redshifted (blue shifted) with
increasing the r (o and g parameters). Furthermore, to get a great variation of the RICs and OAC:s, a relatively feebler / should be
adopted. The model potential used in the computation is important, and study of it will be practical in the development and research
of nanostructures systems.

1 Introduction

The process for manufacturing nanoscale semiconductor has developed over the past years such as molecular beam epitaxy (MBE),
Metalorganic vapor-phase epitaxy (MOVPE), etc. Then create various type of nanostructures from quantum well to QD with different
shapes spherical, cylindrical, ring, ellipsoidal, cubic, etc. [1-6]. The QD materials with a controlled size and shape as well as the
charge carriers are restricted in space, then causes major change in the physicochemical properties [3, 7-10], these properties aren’t
found in conventional materials. Many of the benefits come from the properties of the QD materials, which, as a result are taken
attention by physicists, chemists, materials scientists, and recently, engineers and biologists. Consequently, it have been adopted to
build and design the newest generation of semiconductor structures for manufacturing of a wide range of novel devices such as solar
cell [11-13], light emitting diodes [14—16], biomedical applications [17-19], etc., with the best performances. The experimentally
viable core/shell nanostructures system consists of a spherical QD made of one type of semiconductor material (which in this case
represents the core) that is encased in another type of semiconductor material, also known as a shell. It should be noted that the
efficiency of these materials is also affected by the elemental composition from which it is formed. The ZnTe and CdSe are promising
II-VI direct-bandgap semiconductors with band gaps of 2.394 eV and 1.716 eV, respectively [20, 21]. The photoluminescence spectra
result show that the intensity of CdSe QDs increases several times when the CdSe cores are sandwiched inside a large band gap shell
material [22]. Moreover, the optical properties and luminescence of the as-synthesized nanocrystals can alter as a result of changes
in the size and size distribution of the QDs [23], this behavior is a result of quantum confinement effects that is due to the spatial
restrictions. Recently, the optical properties, especially the nonlinear ones, have been extensively investigated by experimental and
theoretical scholars [24—30]. The optical properties of the nanostructure theoretically are based on the Schrédinger equation solution,
in order to solve it, a lot of scientists have conducted many research work in order to solve it exactly or approximately with various
potential interactions [31-34]. In this concern, the optical properties of this nanostructure are taken attention by several scholars,
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in this regard, A. Cherni et al. have analyzed theoretically the optoelectronic properties of CdS quantum dot (QD) encapsulated in
ZnSe matrix [35, 36]. A. Ed-Dahmouny et al. investigated the effect of electric field on the photoionization cross section of a donor
impurity in GaAs/AlGaAs core/shell ellipsoidal quantum dots [37]. K.A. Rodriguez-Magdaleno et al. have studied effect of strain
on the optical absorption coefficient of 1 s-1p transition for a spherical core shell [38], E. B. Al explored the effect of magnetic
field on the absorption coefficient of a single dopant within the core/shell/shell QD for two intersubband 1s — 1p and 1p — 1d
optical transitions by using the diagonalization method [39], M.R.K. Vahdani et al. [40] have computed the effect of dielectric
constant on the CdSe/ZnS QD matrix. The aim of this work was to study the linear and nonlinear optical properties of CdSe/ZnTe
CSQD where the potential confinement is modeling by the novelty potential titled the screened modified Kratzer potential. The
organization of the work is the following, the Part 2 describes the studied system and the theoretical model used to achieve the
optical properties: absorption coefficients and refractive indexes. In the Part 3, we discuss the obtained results of the CdSe/ZnTe
CSQD. The conclusions are finally presented in Part 4.

2 Theory and calculation
Our model consists of an electron located in an isolated CdSe/ZnTe CSQD. This electron is evaluated under the Screened Modified

Kratzer potential (SMKP). The electronic states and their corresponding energies are obtained by solving the time-independent
Schrodinger equation, which can be written in a single band effective mass approximation as

ﬁ2
[—2 -V V(r)}b(r, 6,¢) =EV(r,0,9), )
m

where the first term in parentheses is the contribution from the kinetic energy, / is the reduced Planck constant, m™* represents the
effective mass of the electron in the conduction band, and it is taken as m in the CdSe core and m} in the ZnTe shell. The second
term in parentheses represents SMKP [39] written as

ree %" 2
V(r) = De<q i > , )

where Dg is the dissociation energy, r. is the equilibrium bond length, « is the screening parameter, ¢ is a control parameter whose
selection is nonrandom, and r is the position of the electron relative to the dot center. The SMKP model is a general case of the
modified Kratzer potential obtained for ¢ = 1 and o = 0, the inverse quadratic Yukawa potential is obtained by setting ¢ = 0, and
other potential models can be derived from the SMKP by varying the potential parameters. This type of potential is very important
because it contains an attractive Coulomb term and a repulsive inverse-square barrier term. Because the overlap of these different
types of potentials produces a pocket-like potential, and the shape of this potential is of great importance for studying the properties
of quantum heterostructures.

In spherical coordinate, the Schrodinger Equation can be easily solved by separating the variables. Therefore, the wave function
can be written as

I/f(r,@, ¢)) :¢n,l(r)Y[,m(9» ¢)7 (3)

where ¢, ;(r) is the radial part of the envelope function and Y} ,,(6, ¢) is the spherical harmonic function, n is the radial, / is
angular momentum, and m (—! < m < [) is azimuth quantum numbers. The wave functions and the corresponding eigenergies of
the electron can be obtained using the diagonalization method applied in Ref [41]. Since spherical harmonics are the same for all
spherically symmetric potentials, the shape of the potential only affects the radial wavefunction.

After the energies and the corresponding envelope wave functions are determined, the OACs and RICs can be calculated in the
density matrix approach with [42, 43],

a(w) = w\/gl mleox (w)] “4)
and
An(w) X (w)
ny Re[ 2n? i|’ ©)

respectively, where, u is the magnetic permeability of the studied system, n, is the refractive index of the semiconductor, ¢ is the
electric permittivity of free space, &, = n%eo is the real part of the dielectric permittivity. The expression of first-order linear and
third-order nonlinear optical sensitivity for transitions between two energy levels is given by

2
oy | Mij |
So(Eij — how — iﬁl",-j)

x M) = (6)
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and

- - ; - (7N
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where, o represents the charge carrier density, E;; = AE = E; — E is the energy difference between the two states, I';; = 1/T;;
is the relaxation ratio, 7T;; is the relaxation time, E is polarized monochromatic electromagnetic field interacts with the QD, M;; is
the electric dipole moment matrix element of the transition between the i and j states in QD. In the electric dipole approximation,

if the polarization of electromagnetic radiation is chosen in the z-direction, the M;; is given in the form,

Mij = (Yilez|y;), ®

where ¥; and ¥; are the eigenstates of the system, z = rcosf and e is the charge of the electron. In a dipole allowed optical
transition, the angular momentum quantum numbers (/) of the respective states must have a difference of £1. Therefore, we limit
our study to the transition from the ground state (I = 0, 1s) to the first excited state (I = 1, 1p).

In a two-level system approach, the total OAC is theoretically formulated as

oytio|M;;|” E2 [ 4| My * My — M| }

a@, 1) =aV() +a®(, D), ©)
where
2
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are linear and third-order nonlinear OACs, respectively, and / indicates the intensity of the incident electromagnetic field. In Eq. (11),
near the resonant frequency, M;; — M;; is zero for the electron in the QD. And furthermore, the resonance conditions for linear

and third order nonlinear OACs are fiw; = Elz, + (Rl j)2 and hw; = %(E, i +./J4E l.2j +3 (Al j)z), respectively. We define the

following two functions associated with the resonance conditions:

Q) = e 2\ EZ + (h1y)* | M (12)
0 = (B + JaE2 2300y ) My ! 13
2= 3\ Fiit 5+ 3(hri)” ) | M | (13)

Following these definitions, linear and nonlinear OACs at resonant frequency can be written as

. @2
= [E—— 2T g, (14)
&r (Eij —ha)) +(ﬁFij)

and

and
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Similarly, linear and nonlinear RICs are expressed analytically as

AnD(w) oMy Eij — ho
n ~ T2nZe , 2 )2 (16)
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and
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Table 1 Some of the material CdSe ZnTe The used values
parameters used in the
calculations [38, 46] Electron effective mass (mq) m¥ =0.13 m¥ =0.15 m* = /mim¥ =0.139
Refractive index ngp =25 ny =2.68 ny = /niny =2.59
Fig. 1 SMKP as a function of r for 1.0 —o0 1.0 = 1.0 m
. . =0. —q=0. —r.= L
various values of a @, b ¢ and ¢ re =005 (a) — 10 (b) . (C)
a=0.1 1 q=11 1 r,=20
q=10 a=0.05 —
=15 r,=15 “:10‘35
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where, ¢ represents the speed of light in vacuum. In this context, the total RIC is given as
An(w, 1) AnD(w) . AR (w, I)

ny ny ny

(18)

3 Results and discussion

In this section, we compute and plot the OACs and RICs of a spherical CdSe/ZnTe CSQD with SMKP. Some of the material
parameters used in our calculations are listed in Table 1. We take the dissociation energy as D, = 1220meV [38, 44, 45]. Other
parameters are as follows: oy = 3 x 10%2m ™3, 7;; = 0.25ps.

In order to display the effect of the potential parameters («, gandr,) on the SMKP, we plot in Fig. 1 the variation of the shape of
SMKP versus the distance r for various values of screening parameter « (a), control parameter g (b) and equilibrium bond length 7,
(c). It can be verified that for smaller values of the distance r, the V (r) becomes independent of variation of the parameters o and
g, and which is only affected by the variation of r, parameter in these regions. Also, we can see from the figure that the SMKP has
a local minimum. Furthermore, the minimum point of the potential shifts to higher values of » with r,, whereas it shifts slightly to
the lower values of r with the increase of « or ¢, which indicates that the parameter r, controls the minimum position of the SKMP
more than the parameters « and g. On the other hand, we remark that an increase in the parameters « and ¢ or a decrease in the r,
parameter and for higher values of r (edge right side of V (r)), the potential well moves to higher energies. It caused by the fact that
the area of localization of the electron in the QD is increases (decreases) by the r, (both parameters « and ¢). This figure indicate
clearly that the effect of variation of these parameters could be significant in describing optical transition in the CdSe/ZnT e CSQD.

Before studying the linear and nonlinear optical properties in the Cd Se/ZnT e CSQD, we shall examine the effect of the potential
parameters (o, gandr,) on the quantities controlling this optical response. Such quantities are the ground (1s), first excited state (1 p),
difference energy (AE), electric dipole moment matrix element (M;;) and the two functions €2; and 2 (see Eqs. 12-13). Then,
Fig. 2a—c displays the variations in ground, first excited state and difference energy AE as a functions of the potential parameters
(o, gandre). The results are given in every figure by changing one parameter and keeping the others fixed. In all cases, it can be seen
that the values of the ground state level are lower than those the first excited one, owing to the strong confinement of the wavefunction
of the latter. Moreover, we can notice that the increment in the parameters « and ¢ introduces an increases of the energy levels and
the AE. This is due to the fact that the increment of & and g parameters offers a more confinement effect. On the other hand, the
energy between the 1s and 1p states diminished as r, increases, as it is shown in panel (c) of Fig. 2, which gives a weakening in
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Fig. 2 The ground-1s, first excited 200 200 200
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confinement of the electron in the core/shell and this is in agreement with the behavior of the SMKP in Fig. 1c. These results can
be explained by the fact that the two lowest subband energy levels get closer (farther) to each other, consequently the A E decreases
with r, (increases with « and ¢g). Note that the energy levels and A E are more sensitive to the variation of the r, parameter and
consequently will be reflected in the OAC peak location, as will be discussed below.

In Fig. 3a—c, the electric dipole moment matrix element M;; and the two functions (€21, 22) are presented for the similar
configuration as Fig. 2. According to Egs. (14-15), it is evident that the change of the factor €21(£2;) affects the peak amplitude
of the linear (nonlinear) OACs. The observation shows that there is no important change in the £2; with the parameters « and ¢,
whereas there is a slight diminution of this function with r,. Additionally, the increase of « and g parameters (r, parameter) reduces
(enhances) the function 2. In addition, the augmentation in confinement of the electron by the increases in the parameters o and
g brings about a reduction in the dipole matrix element M;; as observed in panels (a) and (b) of Fig. 3. On the other hand, the
re parameter has an opposite effect. Indeed, the matrix element M;; increase with . which gives an augmentation of the spatial
overlap of the corresponding envelope wavefunction. Also we can see that for the fixed parameters at ¢ = 1.0 and @ = 0.05, the
value of dipole matrix element is greater for higher r, values (Fig. 3c). These found numerical results (Figs. 2 and 3) are the basis
for the physical description for the maxima and minima and energy position of resonant peaks of linear, nonlinear and total OACs
and RICs.

The variation of the linear (dashed), nonlinear (dotted), and total (solid) OACs for the 1s — 1p transition versus incident photon
energy hw are drawn in Fig. 4a—c for various values of a, ¢ and r, respectively with optical intensity I = 400M W /m?. When
the incident photon energy hw equals the difference energy A E, the third-order nonlinear OAC has a minimum, while the total and
the linear OACs present a maximum. Also, the total OAC is very dependent on the decreasing and increasing of the nonlinear and
linear OACs and it is always lesser than the linear OAC. In Fig. 4a, while the parameters ¢ and r, are keeping constant (¢ = 1.0 and
re = 1.5), the value of the parameter « is changed as 0.01, 0.05 and 0.1. It can be observed that the amplitude of linear OAC is almost
constant with the variation of the parameter . Whereas, when we look at the peak amplitude of the nonlinear optical absorption,
as the parameter « increase, the amplitude of the peak decreases slightly. With the effect of this decrease, the peak amplitude of the
total OAC increases with the increasing of the parameter «. These results are related to the functions €21 and €2 given in Fig. 3a.
Furthermore, the peaks of nonlinear, linear as well as total OACs shift slightly to the higher energies (blue shift) with the increasing
of parameter «. This fact can be explained by the increasing energy difference between 1s and 1 p states caused by the increasing
of the « as seen from Fig. 2a. In addition, we observe in Fig. 4b the same behavior of variation peaks of OACs under the variation
of parameter ¢. In Fig. 4c, while the parameters « and ¢ are keeping constant (¢ = 1.0 and & = 0.05), the value of the parameter
re is changed as 1.0, 1.5 and 2.0. It can be found that the peak magnitude of the total OAC decreases as the parameter r, increases.
This result is related to the variation of the functions €21 and €2, as before mentioned. Additionally, the position of the resonant
peak shows a redshift as the parameter r, increases, which is completely agree with the dependence of parameter r, on the transition
energy reported in Fig. 2c. The physical reason for this feature is that as parameter r, increases, the energy difference between the
first two lower-lying energy levels decreases.

We have plotted in Fig. 5 the variation of linear (dashed), nonlinear (dotted) and total (solid) RICs for the 1s — 1p transition as
a function of photon energy hw for various values of «(a), q (b) and r, (c). The conditions used for Fig. 4 are the same as in this
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Fig. 3 Values of M;;, Q1 and Q; 5 5 5
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figure. One may clearly notice that the growing of « and g (r,) leads to a variation of the minima and maxima of peaks position of
the RICs shifting to the highers (lower) energies with reduction (augmentation) of the magnitude of the resonant peaks. In addition,
the parameter r, has a significant effect on the position of the resonant peak compared to the influence of the parameters ¢ and «.
This behavior can be explicated by the energy difference A E, as can be seen in Fig. 2. Looking at Eqs. 16 and 17, it can be seen that
the peak amplitude of linear (nonlinear) RIC:s is directly proportional to the square (fourth order) of M;;, and thus the amplitude
changes with the changing parameters are consistent with the change of M;; given in Fig. 3. The results of the analysis found in this
figure are well-matched with Fig. 4.

Finally, in Fig. 6a—b we have depicted the total OAC and RIC as a function of photon energy for seven different values of incident
optical intensities I, respectively, with the following fixed parameters a = 0.05, ¢ = 1.0 and r, = 1.5. From Egs. (9)-(18), we
note that the linear OAC and RIC do not depend on the /, while the nonlinear OAC and RIC depend linearly on the incident optical
intensities. Because of this, we have observed clearly that the amplitude of the total OAC and RIC decrease with an increase in the
incident optical intensity, due to the negative contribution of the nonlinear term. Thus, to get a great variation of the refractive index
and optical absorption, a relatively feebler / should be adopted. Furthermore, when I reaches a critical value, two peaks are observed
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in the total OAC (bleaching). These outcomes are in agreement with investigation in Ref [47], related to an electron in a spherical
QD. Note that the position of the resonance peak of total OAC is not affected by the variation of /. This finding is in agreement
with the works in Refs. [48—50]. In addition, by varying the /, the peak position of the total RIC changes slightly. Therefore, our
numerical investigations would help readers understand the effects of varying the incident optical intensity and modified Kratzer
potential on the linear and nonlinear optical properties of CdSe/ZnTe CSQDs.

4 Conclusion

Summarizing, we have calculated the difference energy (AE) between the ground (1s) and the first excited state (1p), dipole
transition matrix element, linear, nonlinear and total optical absorption coefficients and refractive index changes for CdSe/ZnTe
core/shell quantum dots with Screened Modified Kratzer potential. From our numerical results it is found that the examined quantities
are modified by the parameters of Screened Modified Kratzer potential (o, gandr,) as well as the incident optical intensity (/). The
results found display the following: increasing the parameters o and ¢ in the Screened Modified Kratzer potential or decreasing
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the parameter r,, the total optical absorption coefficient and refractive index change shift to higher photon energies (blue shift).
The parameter r, has a remarkable effect on the position of the resonant peak compared to the influence of the parameters g and
«. The amplitude of total optical absorption coefficient and refractive index change decrease with an increase in / and the position
of the resonance peak of optical absorption coefficient is not affected by the variation of the incident optical intensity. Lastly, we
hope that the present investigation will give to a better understanding linear and nonlinear optical properties of core/shell and other
nanostructures.

Data availability statement This manuscript has associated data in a data repository. [Authors’ comment: Data will be made available on request.]
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