170 (2022) 207371

Contents lists available at ScienceDirect

Micro and Nanostructures

pssir >
ELSEVIER journal homepage: www.journals.elsevier.com/micro-and-nanostructures i mtersody

Check for

Nonlinear optical characteristics of thermodynamic effects- and
electric field-triggered Mathieu quantum dot

M.K. Bahar ', P. Baser

Department of Physics, Faculty of Science, Sivas Cumhuriyet University, 58140, Sivas, Turkey

ARTICLE INFO ABSTRACT

Keywords: In this work, the total refractive index (TRICs) and total absorption coefficients (TACs) of a
Total rEfraCtlYe lndex_. spherical quantum dot with the Mathieu potential encompassement, generated by using
Total absorption coefficients In,Ga;_,As/GaAs heterostructure, and including hydrogenic impurity in its center, under the

Mathieu quantum dot
Hydrogenic impurity
Hydrostatic pressure
External electric field

influence of the temperature, hydrostatic pressure and external electric field are investigated. The
compact density matrix formalism and the iterative method are employed to compute the
nonlinear optical features. The relevant eigenvalue equation of the Mathieu quantum dot (MQD)
is solved by constructing a tridiagonal matrix formalism, within the effective mass approach. As
well as the response of TRICs and TACs to external parameters, the alterations concerning
structure parameters such as doping concentration and restriction width are also examined. To
the best of our knowledge, the external influences and structural parameters on the optical
specifications of MQD containing the central impurity are theoretically taken into consideration,
for the first time, in the present work. Determining the optimality of optical properties arising
from structural and external parameter changes is crucial in terms of providing a theoretical basis
for the experimental production and practical use of MQD.

1. Introduction

In paralel with the development of well-experienced and current crystal growth techniques, the manufacturation of low-
dimensional structures that constrain the movement of carriers is possible [1,2]. Quantum dots are still of great interest theoreti-
cally and experimentally, as they display outstanding results in terms of optical and electronic properties compared to other
low-dimensional systems [3]. Moreover, these structures are very advantageous in optoelectronic technology as they have a very wide
and tunable absorption spectrum ranging from the ultraviolet to the visible spectrum wavelength. Therefore, the devices including
quantum dot are effectively utilized in many areas such as medical and military imaging [4], various electronic and optoelectronic
applications [5-9]. Quantum dots can be evaluated as artificial atoms, and their geometrical modifications enables to readily tune the
band gap of system. Absorption and radiation features can be determined by size or by size-independent considering material
structure, for the alloy semiconductor In,Ga; _,As/GaAs quantum dots [10]. One of the most striking features of quantum dots is their
adjustability geometrically. Determining the form of the encompassing potential is essential in formulating any theory of quantum
dots. Some experimental studies suggest that the optimal quantum dot profiles to encompass electrons should be of the well-like [11].
Because of this experimental prediction, this work focuses on the quantum dot profile, which exhibits a well-type, that is, a
parabolic-type encompassement. The Mathieu potential provides such a motivation. Also, the Mathieu potential has both depth (V)
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and width parameter (7). In this way, the results arising from the width and depth of the quantum dot to be produced experimentally
are examined theoretically in a more realistic way and presented to the use of experimental researchers. Moreover, such a quantum dot
can be easily produced by advanced experimental techniques [12]. The Mathieu potential is a periodically recurring potential for
wider spatial boundaries, which is an important model for possible applications of multiple quantum nanostructures. On the other
hand, there are exact analytical solutions of the Mathieu potential, and thanks to these solutions, the statistical properties of the
Mathieu quantum dot can also be examined. In fact, relativistic solutions for the Mathieu potential have also been explored. The
Mathieu potential is an important potential in the materials physics area. All these realities provide a strong motivation for us to
consider the quantum dot (MQD) modeled by the Mathieu potential. The optical properties of MQD which has aforementioned
important advantages provide a different motivation factor due to their importance, and it is realized by us, for the first time, to the
best of our knowledge. Many researches have been performed on parabolic quantum dots [13-17]. In this study, we investigate the
nonlinear optical properties of MQD, including a hydrogenic impurity in its center, formed by In,Ga; _,As/GaAs, which in turn has
never been considered before, to the best of our knowledge. The Mathieu potential is taken into consideration in the literature to be
able to elucidate the physical properties of solid-state materials and in their surface state calculations. Some studies have performed
photoemission computations for the free electron by regarding the Mathieu potential [18]. In this manner, it is shown that the exact
solutions of the one-dimensional Schrodinger equation involving the Mathieu potential are given by combined Heun functions [19]. In
addition, in some theoretical studies, considering the Dirac equation involving scalar and vector potentials, the relativistic wave
equation with Mathieu potential is solved within the spin symmetry [20].

In this work, the preference of In,Ga; _,As/GaAs heterostructure is because this structure allows remarkable electronic, optical and
optoelectronical applications. In,Ga; _,As has the essential function in a photodetector application with high-speed and high-
sensitivity, which makes it important for fiber optic telecommunications [21]. Only lattice-matched low-dimensional hetero-
structures or ones including pseudomorphic strain-layer, on suitable substrate, by employing conventional semiconductors (GaA-
1As/GaAs) preferred in laser applications, can be obtained. Therefore, the limited wavelengths in these structures preclude further
advanced heterostructure designs [22]. Whereas, heterostructures obtained by using InGaAs have a wider wavelength range than
lattice-matched semiconductors, and if there is strain in these structures, modification of the energy band structure reduces greatly the
current densities [22]. The band gap energy of In,Ga; _,As (for x=0.47) at room temperature is 0.75 eV, which is advantageous for
fiberoptic communication. Also, the low effective mass of In,Gaj_As results in high mobility. Device efficiency increases as high
mobility reduces series resistance. Mobility and band gap can be changed depending on the In concentration in InGaAs, which is very
useful for tuning the respective device performances [23]. In summary, In,Ga;_,As are semiconductors that provide important
application possibilities for photodetectors, lasers, photovoltaics and transistors [24-26]. The above-mentioned advantages of
In,Ga; _,As were sufficiently focused in considering the In,Ga;_,As/GaAs heterostructure in this work. These materials have many
essential microelectronic applications such as high speed electron mobility transistors [27-30]. External factors such as the pressure
and temperature exerted on semiconductors are substantial thermodynamic variables that provide an operational argument for tuning
and optimizing their electronic and optical properties. Some special specifications such as hole energies, can be tuned systematically
without the need to modificate the sample, thanks to the applied hydrostatic pressure, provided that structural phase transformations
do not occur. The pressure and temperature alter the confinement effects of the particles and the energy gap of the material. It is seen
that while the energy gap of the material increases as the pressure effect increases, it decreases as the temperature increases. For
example, at room temperature, when increasing from P = 5 GPa to P = 15 GPa, the energy gap E,(Ing.15Gag.75As) increases from E; =
1.80eV to E; = 2.99eV. Whereas, when the temperature is increased from T = OK to T = 300K in the case of P = 0 GPa, E(Ing ;5.
Gag.75As) decreases from E; = 1.28eV to E; = 1.21eV. The pressure and temperature, because of these remarkable changes, modify the
optical and electronic features of the material. There are many experimental and theoretical investigations probing the influences of
the pressure and temperature on the electronic-optical features of III-V semiconductor compounds [31-36]. In order to design and
optimize many optoelectronic devices exploiting these semiconductors and set the appropriate band gap, it is crucial to determine the
operational character of the band gap change depending on pressure and temperature. The impression of factors such as the hydro-
static pressure and temperature in consideration of nonlinear optical properties of low-dimensional systems is particular. In the
GaAs-Gaj_,AlAs asymmetric double quantum well, the change of nonlinear optical absorption and nonlinear optical rectifications
with hydrostatic pressure as well as applied electric and magnetic fields have been examined, and it has been presented that nonlinear
optical absorption can be altered depending on the pressure [37]. Also, it has been analyzed how to change the linear, nonlinear and
total optical features of the AlGaAs/GaAs semi-parabolic quantum well in the presence of the temperature, hydrostatic pressure, and
external magnetic field, and it has been observed that the TRIC amplitudes monotonically decrease as a result of increasing in the
hydrostatic pressure [38]. In Ref. [38], it has also been determined that TRICs are strongly dependent on the temperature T. Because,
the resonant peaks enhance and shift towards higher energy spectrum as the temperature increases. As expected, there are blatant
results of the temperature and pressure effect on TACs. When the temperature is increased as T = OK, T = 200K and T = 400K, while it
is observed that the TACs amplitudes also rise, the changing as P = 0 kbar, P = 50 kbar and P = 100 kbar in the pressure leads to a
reducing in TACs amplitudes [38]. The pressure and temperature affect other nonlinear optical features such as second-third harmonic
generations (SHG-THG) and nonlinear optical rectification (NOR) as well as TACs and TRICs. When the influences of the magnetic
field, hydrostatic pressure and temperature on the NOR and SHG in an asymmetric Gaussian quantum well are examined theoretically,
it is confirmed that the hydrostatic pressure and temperature redshift the SHG resonant peaks, and the NOR resonant peaks decrease
with increasing hydrostatic pressure and temperature [39]. In the SHG analysis of GaAs/Ga;_,Al,As asymmetric double
semi-parabolic quantum well, it has been shown that while the resonant peaks shift to blue as the temperature increases, they shift to
red because of increasing pressure [40].

Impurity states in low-dimensional systems have marked effects in semiconductor physics due to their spectacular modification
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impacts on the electronic and optical properties of the system. These properties provide a very practical application in optoelectronic
devices technology because they become tunable the radiation and conduction properties of the material. In addition to the impurity
states, the energy spectrum of the systems can be changed significantly though the external electric field applied on the system. Many
theoretical studies have been carried out to review the electric field effect on quantum dots with and without hydrogen impurities
[41-44]. The motivation for such studies is that the electric field elicits the well-known quantum confinement Stark effect in the
literature, which is characterized by a much more vivid redshift than the electron-hole binding energy. Both experimental and
theoretical investigations that consider the results of the applied electric field on the encompassed carriers show that two substantial
situations can arise simultaneously: One of them is the redshift of the excitonic absorption, and the another is the expansion that occurs
in the quantum constrained Stark effect. As expected, when an electric field is applied, band bending occurs, creating an inclined band
structure that changes blatantly the localization probability. Thus, the electron subband energy level reduces and the hole subband
energy level escalates, which leads to a red shift of the excitonic absorption. The another effect is the increment in the energy of the
electron-hole pair, and also the decrement in the Coulomb interaction between them, due to the mobility of electron and hole in
contrary directions resulting from this bending, as result of the polarization of the exciton, which causes to a blue shift. Both of these
observed effects are urgent consequences of the electric field applied to the structure. In a nutshell, the aforementioned single particle
confinement and related interaction produce the anomalous excitonic Stark shift [45]. Tuning the subband transition is very important
to control the optical behavior under the electric field, and therefore many studies have been done to analyze the impact of the electric
field on the optical features of the system [46-48]. It has been shown that TRICs and TACs are significantly affected due to the applied
electric field on the bound state localizations. In this context, it has been shown that for a given quantum dot size and incident photon
intensity, the interband optical nonlinearity can be properly tuned by acting an external electric field [47]. In some studies, it has been
observed that optical absorption increases with augmenting electric field in the case of impurity in the center of the quantum dot [48].
In studies investigating parallel and vertical electric field effects on SiGe prolate and oblate quantum dots, the redshifted nonlinear
optical properties due to increasing electric field have been confirmed [49].

In our work, the remarkable influences of external electric field, hydrostatic pressure and temperature on the electronic and optical
features of MQD with the centrally located impurity-containing have been determined. In this context, the present work provides
important data for studies on new device designs thanks to determination of the functional F, P and T range, and these external
variables can be employed as alternatives to each other in applications. The Mathieu potential, as mentioned before, is used to depict
the physical properties of condensed materials, in surface state calculations, and the crystal potential from that the initial state wave
function for the surface state is obtained [50]. Due to the possibility of experimentally generating this potential in a well-like structure
within the magnification restriction, the determined theoretical results may be striking for practical applications. In this work, the
effects of external parameters such as hydrostatic pressure, temperature and electric field as well as structural parameters and
centrally-located hydrogenic impurity on electronic energies, TRICs and TACs are investigated. The results show that TRICs and TACs
are sensitive to quantum dot’s spatial restrictions and confinement. In this sensitivity, the external and structural parameters can be
evaluated as alternatives to each other in consideration of situations such as resonant shifting and optimality. Also, the diversity of the
variable number is crucial for device designs, and then with this motivation, the MQD’s TRICs and TACs have been probed.

The article is promoted as follows: In Section II, the theoretical model considered in the study is elucidated. In Section III, the
findings and comments are represented. In Section IV, the important results highlight.

2. Theoretical model

For a hydrogenic impurity at the center of MQD in the presence of the external electric field, hydrostatic pressure, and temperature,
the Hamiltonian is furnished by

nv? Ze*
H=——"~ _ 05(0) — —— 1
s, T V(1) leléreos(0) — oy m
with
-1
m*(P,T) = |1+ E} 2 + : m 2
T P\ET(P,T) " ET(P,T)+0.341 o

where my is the free electron mass, ¢(P, T) is the static dielectric constant as function of the pressure and temperature [53], stating as

12.74exp( — 1.67 x 1072P)exp (9.4 x 107 (T — 75.6)), if 7 < 200K

(P, T) =
b, T) {]3.186xp(—1.73><10’2P)exp(20.4>< 107(T — 300)), if T > 200K. @

Also, for GaAs(InGaAs), E; (P, T) including E5(P,T) = 7.51eV is the energy gap as function of the pressure and temperature, in units of
eV, and in the following form:

E{(P,T)=E+aP —pT*(T +¢) ", 0)

where, being a = 10.8 x 1072 eV/GPa(a = 7.7 x 10”2 eV/GPa) the pressure coefficient, f = 5.405 x 10™%eV/K (8 = 4.19 x 10~*eV/K)
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and ¢ = 204K (¢ = 271K) temperature coefficients, respectively, for GaAs (and InAs), Eg = 1.52eV(E§ = 0.42eV) is the energy gap
when P = 0 GPa and T = OK [53,54]. Eg(P, T) may be stated for Ga,In; »As depending on x (In-concentration), P and T as follows [54]:

EGS(P,T) = ES(P,T) + [EW*(P,T) = EM(P,T)|x — 0.475x(1 ~ ). ®)

MQD depth (V) is given as function of the pressure and temperature in the following form [55,56]:

ES(P,T) — ES"(P, T 7, if r2Re(P
Vo(P7T)—{(g(’) CIEPLT)) X 0.7, i r>Ran(P) ©
0, if r < Ryo(P).

The quantum dot radius (Rg4o(P)) should be modified due to the hydrostatic pressure as follows [57];

Ru(P) = R(0)(1 — 3(Sy; +2812)P)"") @
with

Ci = (8.34+43.56x)10,

C = (4.54+038x)10, ®)

S = (Ciu+C)/((Ciy —Ci)(Ciy +2C12) ),

S = —Cp/((Cii — C)(Cry +2Cp)).

In Eq. (1), ¢ is the external electric field strength, 0 is the angle between the electric field vector and radial distance vector. Vgol(r) is
MQD potential, expressing as

Vior(r) = Vo(P,T) (xin2 (nr) — cos(nr)) 9
with the potential depth parameter V), the potential width parameter 5. Since the angular solutions of the wave equation Hy(r, 6, ¢) =

Ey(r, 0, @) of the system are well-known as the spherical harmonics Y7'(0,¢), it can be suggested as y/(r,0,9) = R(r)Y}(0,¢). Then,
considering R(r) = P(r)r’l, the radial Schrodinger equation is written in the following form:

d*P(r) [2m*(P,T)
dr? "’

(E = Vo (r,P, T, ) |P(r) =0 (10

with

Ze* n i+

11
4meoe(P, T)r * 2m*(P,T) r? (11)

Veff(r=P7 T»é) = Vdol(r) + \e\r’jr -

The Eq. (11) is solved though tridiagonal matrix method [58]. For detail, please refer [58].
The linear and nonlinear susceptibilities are procured though the density-matrix approach, they are expressed in closed analytical
form as follows [59].

o,|Ms|?
() — M5 12
o @) = e — iy (12)
21712
@ o [Ms] ’El 4|M, P
eof () = E — ho — il > 2 77
i~ hw —ihly | (E; — hw)” + (ATy) (13)

(My — M)’
(Eq — inl'y) (Ep — ho» — ihTy)

with o, (the carrier density), E; (the initial (i) and final (f) energy state), My (being f, i the final and initial state, respectively, the dipole
matrix elements ensured using M = < f |7|i >), T = 1/7 is the relaxation rate for i, f states, o is the incident photon energy, E is the
electromagnetic field amplitude. Also, in computations of My, the following property of the spherical harmonics is taken into
consideration [60],

COSaY[,,,((‘), (/}) = Qf—l,me—l.m(gy (f)) + Qf,me+l.m(61 (IJ)7 (14)
where
1/2
| 1) -
Qn = 1571120 +3) (15)
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Considering Eq. (14) and Eq. (15), it is found that [60].

<n'fm | rcosd | ntm >= (Qro1mby ;. + Qrmby /H)]:,fnr/ s (16)
where

, Raor (P)
1., :/(; 0uweQ, prdr. 17)

The dipole matrix elements are procured though Eq. (16) by regarding A £ = +1. The linear and the third-order nonlinear RICs are
expressed as [59].

A (@) o, |MgI E; — ho
n - 2n2ey (E hw)’ 20’ (18)
r r fi — 60) + (hl“,f)
Ao, 1) pe| Mgl 0,1
" o [ (B — ho)” + ()]
VA% 19
480 o) it = =M g 0
(En)” + (hTy)

s [(B0) (B — ) — (r)7] = (41 (2(E7) — ha) } .

where 4, c, and I are, respectively, the system permeability, the light speed in vacuum, and the incident optical intensity. The TRIC is
presented by adding the linear and nonlinear contributions [59]:

An(w,])  An"Y(w) N An® (w, 1)

(20)
n, n, n,
The linear and the third-order nonlinear ACs are expressed as
Mx B bhri
a(w) = w\/E %7 1)
& (Ep — hw)” + (Aly)
w1 |M;|'o,1T My — M’
€r \ €EoN,C -
E; — ho)” + (AT, &
[(Br = ho)" + ()] )
2 2
y (Ep — hoo)” — (ALy)" + 2(E) (En — ha’))
2 2 -
(Er)” + (nTy)
The TAC is represented by adding the linear and nonlinear contributions [59]:
a(,1) = aV (o) + a®(w,1). (23)

For detail, please refer [59,61]. It is important to note that the selection rules A # = +1(m = 0) are taken into consideration in the
present work. In addition, some parameter values are considered as mggas = 0.067mg (mg is mass of the free electron), Rgo(P = 0) =
6ay, €Gaas = 13.18, n, = 3.2 and 7 = 0.2 ps. In this case, the effective Rydberg energy and Bohr radius are computed as R; =~ 5.28 meV

and ap = 103.7 A, respectively [51,52].

(a)The Effective Potential

| (x0.0045¢V)

(b)The Effective Potential (x0.0045eV)
e

Fig. 1. The effective potential profile of the MQD system with x = 0.15, = 0.35/ap, P = 3 GPa and F = 1 kV/cm, (a) as function of the radial
distance (r(ap)) and temperature (T(K)), (b) as function of the radial distance (r(ap)) and hydrostatic pressure (P(GPa))). Note:/ = 1 and m = 0.
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3. Result and discussions

The influences of the structure parameters such as the Mathieu potential width parameter (1) and In — concentration (x) as well as
the external effects such as the hydrostatic pressure, temperature and electric field on TRICs and TACs of In,Ga;_xAs/GaAs spherical
MQD are also taken into account. In this manner, the influences of different five parameters in the effective potential are probed. In
Fig. 1, the profiles of the effective potential, including the MQD encompassement potential, are presented as function of the potential
parameters and the radial distance (r). Panel — a in Fig. 1 is for the temperature (T), panel — b is for the hydrostatic pressure (P). In
Fig. 2, the quantum dot potential is shown as function of radial distance, and with which panel — a, panel — b, panel — c are,
respectively, for the potential depth (Vj), MQD width (#), and electric field strength ¢. In Fig. 3a and c, the optical intensity effect on the
TRICs of MQD, respectively, asI = 0.05 x 10!, 0.2 x 10'%and 0.3 x 10'°W/m?, and the effect of electron density as 6, = 4 x 10%, 6 x
1023 and 8 x 10%®m ™3 are introduced for the incident photon energy. In Fig. 3b and d, the optical intensity effect on the TACs of MQD,
respectively, as I = 0.05 x 10 0.1 x 10'° and 0.2 x 10'°W/m?, and the effect of electron density as 6, = 4 X 10%, 6 x 10%3, and 8 x
10%m~2 are represented for the incident photon energy. In Fig. 3a, the TRICs resonant amplitudes decrease due to the increment in
nonlinear contribution based on the increasing optical intensity. Further increase in optical intensity, where I = 0.3 x 10'°W/m?,
elicits unstable the TRICs character as it causes structural distortions in the quantum dot. Therefore, it can be said that the upper limit
of the incoming optical density for the TRICs under the relevant conditions is around I = 0.3 x 101°W/m?2. As expected in Fig. 3b, it is
monitored that the TACs resonant amplitudes decrease prominently because of the enhancement of I. Structural instabilities observed
for I = 0.3 x 10'°W/m? in the TRICs characteristic are emerged for I = 0.2 x 10'°W/m? in consideration of the TACs. Thus, it can be
said that for the TRICs and TACs, under the respective conditions, unstable states resulting from structural deterioration occur at
different I — values. These results, caused by the structural distortions observed in the properties of the TRICs and TACs, allow us to
determine the maximum and optimal I for TRICs and TACs. In Fig. 3c and d, it is seen that the TRICs and TACs resonant peaks increase
as the electron density increases, which is an expected case.

In Fig. 4, the TRICs and TACs characteristics are furnished for some temperature values as a function of the incident photon energy.
The augmentation of the temperature has a slight impact on encompassement effects, and due to this slight effect, the bound state
localizations hardly alter, as can be seen in Fig. 1a. This slight response is also reflected on the energy gaps between the subbands, and
matrix elements. In this case, as can be seen in Fig. 4, it can be noted that the temperature change does not have remarkable effects on
the TRICs and TACs characters.

In Fig. 5a and b, respectively, the TRICs and TACs of MQD are shown for some hydrostatic pressure valuesas P=0, 3,9, 15 GPa, as a
function of the incident photon energy. The TRICs and TACs are impressed markedly from the change in hydrostatic pressure. As seen
in Fig. 5a and b, the resonant frequency of TRICs and TACs shifts to lower range as hydrostatic pressure increases. As seen in Fig. 1b, the
strength of the confinement effect increases dependently to enhancing the pressure, which causes to reduce the energy differences
between the subbands of the MQD (See Fig. 5a, b insets). However, both the TRICs and TACs amplitudes decrease due to the reduction
in matrix elements resulting from increasing the hydrostatic pressure (See Fig. 5a, b insets).

In Fig. 6a and b, the TRICs and TACs of MQD versus four different values of In — concentration are presented for the incident photon
energy. Increasing x, hence increasing potential depth (See Fig. 2a), causes a blueshifted the TRICs and TACs resonant frequencies (See
Fig. 6). Because the increase in the potential depth as well as the narrowing of the potential width causes an increment in the energy
gap between localizations, as can be seen in the insets of Fig. 6. The TRICs amplitudes decrease with increasing potential depth, due to
matrix elements decrease as x increases, as shown in Fig. 6a inset. As seen in Fig. 6b, the augmentation of In — concentration enhances
the TACs amplitudes, in contrast to the behavior of the TRICs amplitudes. Although the augment of In — concentration reduces the
matrix elements, the increase in the TACs amplitudes emerges from the mathematical prepotency between linear-nonlinear contri-
bution that makes up the TACs.

Fig. 7a and b shows the TRICs and TACs characteristics as a function of some values of the parameter # for the incident photon
energy. Since the enhancement of # increases the encompassement effect (See Fig. 2b), the difference between the subband energies
increases, as can be seen from the energy gap change in the insets given in Fig. 7, and thus blatant blueshifted resonant frequencies
occur. Also, in Fig. 7a, it is seen that the TRICs amplitudes decrease as a result of decreasing matrix elements due to increasing 5 (See

(a)The Effective Potential(x0.0045eV) (b)The Effective Potential(x0.0045eV) (c)The Effective Potential(x0.0045eV)

4 5° ;
lay) 5 6 40 o ay) 5 6 0 'd\

Fig. 2. The effective potential profile of the MQD system, (a) as function of the radial distance (r(ap)) and potential depth (Vo) when = 0.35/ao, T
= 300K, P = 3 GPa and F = 1 kV/cm, (b) as function of the radial distance (r(ao)) and potential width (n(ay 1))) when x = 0.15, T = 300K, P = 3 GPa
and F = 1 kV/cm, (c) as function of the radial distance (r(ap)) and external electric field (F(kV/cm)) when x = 0.15, n = 0.35/ay, T = 300K, P = 3
GPa. Note: =1 and m = 0.
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(a) (c)
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Fig. 3. For the MQD system with x = 0.15, 7 = 0.35/ap, T = 300K, P = 3 GPa and F = 1 kV/cm, (a) the TRICs for I = 0.05 — 0.2-0.3 x 10'°W/m?
when ¢, = 6 x 102®m™3, (b) the same of (a) but the TACs for I = 0.05 — 0.1-0.2 x 10'°W/m?2, (c) the TRICs for 6, = 4-6-8 x 10*>m > when I = 0.1
x 10'°W/m?, (d) the same of (c) but the TACs.

(a) (b)
2.00

154

23.91
23.81

-==- T=50K 1.759

AE(meV)

1.01 1.50 4

051 1.25

Anfn,

0.0 A

a(x108)/m
-
o
o
y

0.75 4

-0.51
0.50

~1.04

260 0.25 4
T(K
-15 T 19 T

T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Photon Energy (meV) Photon Energy (meV)
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Fig. 7a inset). It is great to mention that the blue-shifting considerations in the TRICs are also true in the TACs. However, the behavior
of resonant amplitudes for the TACs as a result of increasing this parameter is the opposite of that for the TRICs. As seen in Fig. 7b,
increasing the 5 parameter considerably escalates the TACs amplitudes. The reason for this is the precedence of the linear and
nonlinear contribution to each other to form the absorption coefficients.

In Fig. 8a and b, the TRICs and TACs are presented for some external electric field values as a function of the incident photon
energy. As seen in Fig. 8a, increasing & creates blueshifted resonant frequencies in terms of both the TRICs and TACs. Because, as it is
clearly seen in Fig. 2c, when the electric field is acted in the growth direction, the trapping effect of the electron enhances, that is, the
increasing electric field boosts the repulsion of the potential. As a more repulsive potential, as here, creates bound state localizations
with greater energy gaps, an explicit blueshift occurs at the resonant frequencies of the TRICs and TACs This is clearly seen in Fig. 8a
inset that presents the energy difference change depending on the electric field. Similarly, the TRICs amplitudes decrease due to the
decrement in matrix elements as the external electric field strength increases (See Fig. 8a and its inset). The TACs have a similar
character to the TRICs, due to altering electric field strength, except for the amplitudes. The behavior of the TACs resonant amplitudes
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is contrary character that of the TRICs, depending to the increment in electric field strength. As seen in Fig. 8b, the enhancement of the
parameter ¢ dramatically increases the TACs amplitudes. This is due to the predominance of the linear and nonlinear contributions of
the absorption coefficients to each other, similar to the results of the other parameters.

The optical properties of the MQD have been also studied without the effect of the hydrogenic impurity atom at its center. It has
been observed that the effective potential of the system changes very faintly in the absence of hydrogen impurity. For more detail,
when the bound state energy levels are also probed, the hydrogenic impurity effect is again found to be very feeble, as expected.
Therefore, it cannot be said that the hydrogenic impurity has an observable effect on optical properties in consideration of this
quantum dot structure, and under related conditions. However, if impurities with larger atomic number can be employed instead of the
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hydrogenic impurity, measurable quantities may result, which case is an expected case, because the Coulomb potential of the
hydrogenic impurity is faint compared to other effects that make up the effective potential.

4. Conclusion

In this study, the TRICs and TACs of the MQD generated by the In,Ga;_,As/GaAs heterostructure, including the effects of the
temperature, hydrostatic pressure, external electric field, and a centrally located donor impurity, have been theoretically probed. As
well as the analysis of external parameters, it has been investigated that how to affect optical specifications structural parameters as In-
concentration and MQD width. The notable results can be outlined as follows: i)The temperature has a slight weak influence on the
TRICs and TACs. Because the response of the subband energies to temperature is too weak to be ignored. Therefore, the temperature is
not an operational argument in optical sense either. ii)A decrement, resulting from augmenting hydrostatic pressure, in the TRICs and
TACs amplitudes, and a redshift in relevant resonant frequencies are observed. The increment of the parameters x, #, and ¢ are al-
ternatives to each other in terms of their blue-shifting effects on the resonant frequencies. However, these parameters are also
alternative to each other in terms of the TRICs and TACs amplitudes. In this manner, the hydrostatic pressure effect should be
considered as a different external effect in terms of its effect on both the amplitude and resonant frequencies of the TRICs and TACs. iii)
Increasing the optical intensity within special restrictions does not create instability in the system. Under the physical conditions in the
present work, the optimal operating range of MQD for optical intensity has been determined, which is a notable gain for application
studies. Here it should be pointed out that the ranges of all parameters in the work for optimal operations have been determined, and
they are also achievable experimentally. This case has been very motivating for us in the sense that the present work overlaps with the
implementation researches. As the MQD is a periodically repeating potential when considering a wider spatial limits, it can also be
evaluated in the possible applications of multiple quantum wells, which is a remarkable point on the functionality of the MQD.
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