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Abstract

In the current study, linear, nonlinear and total relative refractive index changes of a single
shallow hydrogenic donor atom confined in semiconductor core/shell/shell quantum dot
heterostructure are investigated in detail by compact density matrix formalism. For this
purpose, the energy eigenvalues and the corresponding wave functions are calculated by
diagonalization method in the effective mass approximation. Then, intersubband 1s — 1p and
1p — 1d donor transition energies are calculated. In the study, the effects of core/shell sizes,
donor position and depth of confinement potential are analyzed. The numerical results show
that the linear and nonlinear refractive index changes undergo significant changes.

1. Introduction

It is accepted that the progress of electronic and opto-
electronic devices depends on understanding the basic
chemical and physical properties of low-dimensional
structures (LDSs). In these LDSs, the geometric
confinement limits the movement of charge carriers in
space and it causes major changes in electrical and
optical properties due to the occurrence of discrete
electronic energy distribution. Therefore, in recent
years, intensive research activities have been
conducted around the world on the behavior of matter
at nanoscale. Although various devices have been
devoted to nanoscale particles, the properties of
controlled nanoscale materials such as light emitting
diodes, photo detectors and quantum dot (QD) single
photon source are still the biggest problem of
scientists.

Due to the recent development of semiconductor
nanoelectronics, it has become possible to reduce
dimensionality from bulk semiconductors to zero-
dimensional semiconductor nanostructures (QDs).
These nanostructures are very important because their
charge carrier motion is confined in three directions,
and therefore efficient control of the physical
properties of these structures becomes possible. Proper
adjustment of the physical properties of QDs is
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advantageous because of their potential applications in
the development of semiconductor optoelectronic
devices. For this reason, some optical properties of
semiconductor QDs such as dipole transition [1,2],
oscillator strength [3,4], photoionization cross-sections
[5], optical absorption coefficients (OACs) [6,7] and
refractive index changes (RICs) [3,8] have attracted the
attention of researchers in experimental and theoretical
studies in recent years.

Since the electronic and optical properties in a QD are
affected by the impurity, the physical properties related
to impurity have been investigated using different
methods such as variational approximation [5], tight-
binding model [9], perturbation theory [10] and
diagonalization method [6]. Some studies have
revealed that it is possible to realize a single dopant
scheme in QDs [11-13]. This enables the production of
various optoelectronic devices.

Moreover, it should be noted that in the presence of the
donor atom, calculating energy levels and wave
functions is a difficult task that requires theoretical
effort. In this case, it is very difficult to find analytical
solutions. To overcome this difficulty, the calculation
of the electronic state in the presence of donor atom
will be done by the diagonalization method. It is hoped
that this will allow a more detailed description of the
impurity states in the structures under study.
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In theoretical studies, it is common to use spherical
shaped QDs, and many researchers have focused on the
optical properties of this type of structure [3,6,14-16].
Thanks to the rapid development of material growth
techniques such as molecular beam epitaxy, metal-
organic chemical vapor deposition and electron
lithography and the advancement of chemical
production processes, various dimensional new
generation quantum nanostructures that allow
electrons to be confined in these nanostructures have
been produced, one of which is the coated spherical
QDs called core/shell/shell QDs (CSSQDs) [17,18].
These structures consist of two semiconductors with
different band gaps. They are spatially arranged in such
a way that the larger bandwidth core acting as a
substrate is covered by a smaller bandwidth spherical
shells. The originality of these structures is that their
physical properties can be adjusted in a controlled
manner, leading to changes in energy levels. Therefore,
it is important to study the electronic and optical
properties of CSSQDs.

Previously, some studies on RICs of donor atom in
spherical core/shell QDs have been published. The
relative RICs as well as the OACs in the GaAs/AlAs
core/shell QD were calculated by M'zerd et al [19],
considering the effects of presence of the donor atom
and the donor position, as well as the interaction with
the LO-phonon. Taking into account the effects of
structure parameters, magnetic field and dielectric
mismatch, Feddi et al [20] investigated the OACs and
relative RICs for the 1s — 1p transition of a single
dopant confined in AlAs/GaAs/SiO, core/shell QDs.
Linear and nonlinear intersubband OACs and RICs in
GaAs/AlGaAs core/shell spherical QDs were
theoretically investigated by Zhang et al [21] for te
cases with and without impurity at the center. The
effect of pressure on the binding energy and the linear
and nonlinear OACs and RICs associated with the
intersubband transition of a dopant in an AlAs/GaAs
spherical core/shell QD, were studied by El Haouari et
al [22].

However, there is no study in the literature on RICs
caused by 1s - 1p and 1p — 1d single dopant
transitions in the CSSQDs. Therefore, in the current
theoretical study, the effect of the impurity position
and confinement potential on the linear, nonlinear and
total RICs of a single impurity atom in a CSSQD is
numerically analyzed and discussed using density
matrix formalism. As a result of this research, it has
been shown that the RICs in CSSQD are strictly
dependent on its geometric parameters and donor
position.

2. Materials and Methods

2.1. Electron-impurity Hamiltonian and wave
function

Since the optical behavior of nanoscale
semiconductors is related to the electronic properties
of the structure, the energy behavior of the confined
donor must first be examined.

Consider a hydrogen-like shallow donor impurity
located anywhere in the core region of a CSSQD
nanocrystal ~with a spherically symmetrical
GaAs(core)/Aly, Gay_y As(inner shell)/
Aly,Gay_y,As(outer shell) design, where x; (x;) is
the aluminum concentration in the inner (outer) shell.
GaAs core material with radius a, is covered with
Aly Gay_x As shell, which has a wider band gap.
Aly Gaq_, As inner shell material with thickness T =
a, — a, is covered with Al, Ga,_,, As shell which has
a wider band gap (x, > x;). In order to protect the
nanostructure from contamination of the external
environment, it is assumed that the structure is covered
with a glass matrix. In the effective mass
approximation, the Hamiltonian which describes the
energy behavior of a single electron bound to the donor
confined in such a system with a finite depth potential
in the region 0 < r < a4, can be expressed as,

hZ

2m*
where the first term is the kinetic energy operator of
the electron, 7 is the reduced Planck constant, m* is the
conduction band effective mass of the electron in the
GaAs-core region, and V2 is Laplacian in spherical
coordinates.

H=——V2+V({)+V, )

The second term in Equation (1) represents the
confinement potential. Due to the band gap difference
between Gads (E; = 1.424eV) and Al,Ga,_,As
(Eg = 1.424 + 1.247x eV) [23], it is thought that the
probability density will mostly be limited within the
core region and the charge carriers will be confined
within Gads. It is a good approximation that the
dielectric material outside the structure is considered to
have an infinite potential barrier, and in this case it is
possible to write the confinement potential in the form

0, r<a
Vi, ag =r<a,
V5, a, <r<aj’
0, T = a3

V(r) = )

where V;, = 0.6 (1247x, ,) meV is the conduction
band offset between AlGaAs and GaAs.
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The third term in Equation (1) shows the Coulomb
potential energy between donor impurity and electron
and it has the form

Ze?

Ve =—gimar 3
where Z = 0 (Z = 1) corresponds to the case
without (with) a hydrogenic donor impurity in the
system, e is the charge of electron, ¢ is the dielectric
constant, |7 — 7| is the electron-impurity distance, 7
(7y) is the radial position of the electron (ionized
donor) with respect to the center of the spherical QD.
It is assumed that the ionized donor is placed along the
z-axis. In terms of spherical harmonics 1/|7 — 74| term
is given by [10]

;m = 2y z,%fu (") Zo=—p Yiiw (6, 0)Yir, (60, D),

|7F-7
(4)
where Y, ,, (6, ¢) are spherical harmonics, 6 and ¢ (64

and ¢,) are the polar angles of the electron (impurity
atom) and f,, (1) is

1 /(r\#
—(—) , T <71y

ful) =17 4, . (5)
() rzm
At this point, in order to simplify numerical

calculations, reduced units are used, defining Ryd* =

m*e*

: n2 .
7 as energy unit and a3 = —— as length unit.

With these units, the Hamiltonian becomes in the form
H=-V2+V(r)-

4 * *
22 By fu () Bl Vi (6, 0)Yiy (60, ba). - (6)

The solution of the Schrédinger equation
HYpym (1,0, ) = Enim@Pnm(r,0,¢) is sought to
determine the allowed energy levels and wave
functions of the system, where, E,;,, is the electron
energy eigenvalue for certain quantum numbers (n is
the principal quantum number, [ is the orbital quantum
number, and m is the magnetic quantum number) and
Yam (1,0, ¢) is the wavefunction corresponding to
this energy. The orbital quantum number ! = 0,1,2, ...
is marked by the usual notation s,p,d,... The
diagonalization method will be used to solve this
Schrédinger equation. For this purpose, the single
electron wavefunctions of the infinite QD will be taken
as the basis function:

lpnlm (T', 0' ¢) = Z] anll)r(l(;%m(r, 9! ¢)1 (7)

where Cn, are the expansion coefficients and
wfl(])_%m(r, 0, ¢) are the total wave functions describing

the motion of the electron without the impurity atom.

It should be remembered that the exact solutions for an
electron in an infinite radial potential are [6]

Yt (,0,8) = Ry (1Y, (6, ), ®)

where the radial Wavefunction—R,(S) (r) is given as
Nji(kmr), 7 < as
0, r=as

RO = ©

where N is the normalization constant, k,,; is the nth
root of the spherical Bessel function-j; and a; (a; >>
a,) is the radius of the infinite spherical QD.

2.2. Linear, nonlinear and total RICs of the system

In a monochromatic electromagnetic field with a
frequency w, the probability of transition between
states i and j is called as the oscillator strength-P;;
given by the Fermi golden rule and it is expressed in
the form [22]

Pij =2hiz5ij|Mij|21 (10)
where, E;; = E; — E; is the energy difference, while
M;; is the dipole moment matrix element of the
transition between the i and j states. The oscillator
strength is highly dependent on the overlap of wave
functions and the energy difference between states and
thus it gives an idea of the dominant color of the

emitted light.

Expressions of RICs can be obtained by density matrix
approximation. Analytical expressions of linear and
third order nonlinear sensitivities for a two-level
guantum system are given in the forms

2

W, N — _ osIMijl
Xw ((l)) - EO(Eij—flw—ilei]')’ (11)
and
D (w) = osho|My| |2 4|my[* _

w EO(Eij_hw_ihrij) (El-j—hw)2+(h1“ij)2

|M-Ml*

(Ei]-—ihl“ij)(Eij—hw—thij) ! (12)

where gy is the electron density in the system, g, is the
dielectric constant of the vacuum, w is the angular
frequency of light interacting with QD, hw is the
incident photon energy, Al;; is Lorentzian line width,
I;; = 1/ T;; is the non-diagonal damping term known
as the relaxation ratio between the final and initial
states, and it is defined as the inverse of the relaxation
time-Tl’j.

The sensitivity y(w) is associated with the RIC in the
form
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Mn(w) _
ny

X(w)] (13)

Using Equations (11) and (12), linear and third order
nonlinear RICs are obtained analytically in the form

MmO 1 og(Ey—hw)|My)”

14
ny 27’13-80 (Eij_hw)z‘l'(flrij)Z, ( )
and
An® (w,D) _ _uclas|Ml-j|4 Ejj—hw [ B
ny ngeo [(Eij—flw)2+(h['ij)2]2
Mj-My|” Ef Eu<hw+(j )>—2(le11) ]I
i (15)

4|My [ G+ (hrij) ]

respectively, where | = 2fsonrc|]§|2 is the intensity of
the linearly polarized electromagnetic field and p
indicates the magnetic susceptibility of the material.
Thus, the total RIC is given as

An(w,]) A (w) n An® (w,D
n,  ny ny

(16)

Assuming that electromagnetic radiation is linearly
polarized along the z-axis, the dipole moment matrix
element is defined in a single electron system.by

M;; = e(yy|r cos 6 [p;),

where, ¥; and 1; are wave functions of the initial and
final states, respectively. In order for the dipole
transition moment to be different from zero, the
selection rules Al=+1 and Am =0 must be
provided. Here, only the intersubband transitions
between the m = 0 states of the CSSQD will be
considered.

(7

3. Results and Discussion

In this section, the effects of geometric confinement
and change in donor position on RICs will be discussed

according to the spherical CSSQD nanostructure
model outlined above. The values of the material input
parameters taken into account are presented as follows:
e = 13.18, m* = 0.067m0 (my = 9.10956 %
10731 kg is the mass of the free electron), I =
400 MW /m?, o, = 1x102m3, T;; =0.14ps,
n, = 3.2, ag = 10.42 nm, Ryd* = 5.23 meV.

In Figure 1, the variation of linear, nonlinear and total
RICs associated with 1s—-1p and 1p - 1d
transitions is plotted as a function of photon energy for
different core/shell sizes. The single donor is assumed
to be located at the center of QD. As can be seen from
the figure, the linear RICs increase with the photon
energy and they reach a maximum value. Also, as can
be seen from Equations 14 and 15, RICs are zero when
hw = E;;. When the core radius increases, the peaks
of the RICs show a visible redshift (Figure 1 (a)). In
addition, it is found that the increase in the peak
amplitudes of the RICs is also associated with the
increase in core size. Because the increase in the size
of the core causes a decrease in the transition energy
and an increase in the square of the non-diagonal
electric dipole moment. It should also be noted that,
due to the negative nonlinear term, the total RICs peaks
get weaker compared to the linear response. The
theoretical results reveal that the RICs associated with
the 1p — 1d transition have a significant decrease in
the peak amplitudes with the increase in shell
thickness, while the RICs associated with the 1s — 1p
transition are not affected by the shell thickness (Figure
1 (b)). Increasing shell thickness does not affect well-
localized 1s and 1p electrons in the core region, while
1d-level electron with greater energy than
confinement potential-V; is localized in a larger region.
In addition, it can be said that the nonlinear RICs are
almost too weak. On the other hand, it is found that the
peak positions of the RICs associated with the 1p —
1d transition shift to red by increasing the shell
thickness, but that the peak positions of the RICs
associated with the 1s — 1p transition are not affected
by this increase.
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Figure 1. The variation of linear (dashed), third order nonlinear (dotted) and total (solid) RICs of 1s - 1p and 1p — 1d
donor transitions for various core/shell sizes as a function of incident photon energy. The values are for x; = 0.1 and x, =

0.4.

In order to examine the effect of the intra-core position
of the impurity atom on the on linear, nonlinear, and
total RICs against the incident photon energy for the
three important positions of the impurity are presented
in Figure 2. For the 1s — 1p transition, the peak
amplitudes of the RICs increase as the impurity moves
from the QD center to the core/shell boundary. The
reason for this change is that as the impurity moves
from the QD center to the core/shell boundary, the
dipole matrix element increases as a result of better
overlap of the wave functions of the respective states.
However, due to the convergence of the 1s and 1p
energy states, the peak positions of the RICs show a
redshift as the impurity moves away from the QD

center. Moreover, since the peak amplitudes of
nonlinear RICs are very small compared to linear ones,
the peak amplitudes of total RICs show an equivalent
variation to linear ones. The same is true for the 1p —
1d transition. However, as the impurity moves away
from the QD center, the peak positions of the RICs for
the 1p — 1d transition shifts slightly towards blue and
then red. This is because as the donor atom moves
away from the QD center, the energy difference
between the 1p and 1d states first increases and then
decreases. Also, the peak amplitudes of the RICs
increase due to the larger dipole matrix element at the
core/shell boundary.
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Figure 2. (a) Linear, (b) nonlinear and (c) total RICs related to 1s — 1p and 1p — 1d donor transitions against incident
photon energy for a; = T, = 10 nm and three impurity position values. The values are for x;, = 0.1 and x, = 0.4.

Finally, RICs as a function of photon energy for
different x; concentrations are presented in Figure 3.
The figure shows that increasing x; concentration
shifts the peak positions of RICs to blue. This is
because the transition energy increases due to the
quantum size effect with increasing x; concentration.

In addition, it is found that the peak amplitudes of RICs
monotonously  decrease  with  increasing  x;
concentration. This is because the coincidence of the
wave functions of the states of interest decreases as the
X, concentration increases.
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Figure 3. Linear (dotted), third-order nonlinear (dashed) and total (solid) RICs associated with 1s —» 1p and 1p - 1d
central donor transitions as a function of photon energy for various x, concentrations.

In conclusion, in the current theoretical study, the
linear, nonlinear and total RICs of a single donor
impurity atom confined within the spherical

6

GaAs(core)/Aly, Gay_y As(inner shell)/
Aly,Gay_y,As(outer shell) type CSSQD are
extensively investigated, taking into account the

99



Al / Cumhuriyet Sci. J., 42(3) (2021) 694-701

effects of core/shell sizes, donor position and depth of
confinement potential. The results obtained show the
following: The increase in core size increases the peak
amplitudes of the RICs and shifts the peak positions to
red. While the increase in shell thickness is not affect
the peak amplitudes and peak positions of RICs related
to the 1s — 1p transition, it decreases the peak
amplitudes of the RICs related to the 1p — 1d
transition and shifts the peak positions to red. As the
impurity moves from the QD center towards the
core/shell boundary, the peak amplitudes of the RICs
of the 1s — 1p transition increase and the peak
positions shift to red. For the 1p — 1d transition, as
the impurity moves away from the QD center, the peak
positions of the RICs shift to blue and then to red, and
the peak amplitudes first decrease and then increase.
Increasing x; concentration leads to a deeper
confinement potential, and as a result, the peak
amplitudes of the RICs decrease while the peak
positions shift to blue. As a result, the theoretical
results obtained here may contribute to experimental
studies and offer a good model for practical
applications such as optoelectronic devices and optical
communication.
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