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1. INTRODUCTION

Due to the having an immense potential for device applications, physical
properties of low-dimensional semiconductors are widely investigated by many
theoretical and experimental researchers. Low dimensional systems in which the
motion of the carriers is confined in one, two, and three dimensions are known
as quantum wells, quantum wires, and QDs or QADs, respectively [1-9]. Among
them QDs and QADs have attracted a great deal of attention on the ground of
having tremendous applications in technology [10-18]. Because of the recent
improvements in modern fabrication techniques, it is possible to grow these
structures with well-controlled dimensions and compositions [19]. The physical
properties of these systems can be controllable pursuant to aim by suitable
selection of the sample geometry, material parameters, confinement potential,
system size and applied external fields, which can generate new usages in
optoelectronic devices. The major purpose of the proper selection of the any
profile mentioned upper is to manipulate the electronic properties until reaching
the best reflect in the material atomic structure and providing the new
optoelectronic devices design. Hence, these systems have been greatly
researched under the external fields such as electric and magnetic fields and are
still being investigated [20-23]. Furthermore, these structures have uncommon
and interesting electronic and optical properties like the intersubband optical
transitions [24]. On the ground of having these electronic and optical properties,
a great number of theoretical studies on the linear and nonlinear optical
properties such as absorption coefficient of QD (QAD) nanostructures have
been placed in the literature [25-28]

In this work, we have investigated the effect of the magnetic field on the
spherical GaAs/Ga,_,Al As finite QDs and spherical Ga,_,Al,As/GaAs
finite QADs energy states theoretically and numerically in such a way that the
results are completely consistent. With the comparative view that we had for the
QD and QAD models, it was found that these two models have different
behavior against changing different parameters such as magnetic field, radius
size and confinement potential under the same conditions. They respond
differently even to changes in absorption coefficient and in some cases they
behave the exact opposite.

The outline of the present paper is as follows: In Sec.2. A brief theoretical
background of the systems is given. The numerical results and the
corresponding discussions are presented in Sec. 3. Eventually a brief summation
is made in sec.4.
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2. THEORETICAL FRAMEWORK

In the effective mass approximation, the Hamiltonian of an electron in the finite
spherical QD and QAD with donor impurity atom located at the center is
defined as [29]:
o P? A

where p is the electron momentum operator, m* is the electron effective mass, ¢
is the static dielectric constant, e is the absolute value of electron charge, r is the
electron vector-position with respect to the QD center. V. (r) is the finite
confinement potential, which are written as Eq. 2 and Eq. 3 for QD and QAD,

respectively:

Vo r<R,
veP(r) = {Vl R, <R<R, @)
00 otherwise
Vi r <R,
AD
VP (r) = {Vo R, <R<R, 3)
00 otherwise

Here R; and R, are the core and total radiuses of QD (QAD) and V, and V;
are the values of the potential energy barrier at the boundary of the GaAs sphere
and the Ga,_, Al As spherical layer (see fig.1) and are defined as follows:

VO = 0,

Vi = 0Qc1.247xeV )
where Q is the conduction band offset parameter and x is the Al concentration.

[ Gass
= Gay,ALAs

[ Gaas
A Gay_ AL As

Ry R, R

Fig. 1. Geometrical and potential energy scheme of QD and QAD models.
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Fig. 1 shows an overview of GaAs/Ga,_,Al,As QD and Ga,_,Al,As/GaAs
QAD with their potential characteristics where R; is the core radius, R, is the
total radius.

In the presence of the magnetic field the Hamiltonian is given by [30,31]:

1 e e?
H= p+—A V 5
Zm*(p+c ) Vel = | | ©
where the first term represents the kinetic energy term of the electron in the
influence of magnetic field and the vector potential A = é_B' x 7 is associated

with the z-axis magnetic field.

Using the effective Rydberg constant Ry*

4meh?
m*e?

321"2—2}&2 as the unit of the energy

as the unit of the length, Eq. 5

and the effective Bohr radius ag =
becomes:

2 1
H=-7?%—- - + Ve(r) +my + Z}/Zrzsinze (6)

2
where y = % , is the dimensionless parameter depending on magnetic field,
m is the magnetic momentum guantum number and 8 is considered as the angle
between r and z axis. The energy levels and their corresponding wave functions

can be calculated by solving the following eigenvalue equation:

Hpin (1,0, 9) = EnimPoim (1,6, 9) (7

where n, | are the principal and angular momentum quantum numbers.

Under the applied magnetic field and impurity atom in the systems, there will be
no exact solutions to Eq. 7. But according to the perturbation theory, Hamilton
in Eq. 6 is divided into two parts:

H=H+H! (8)

where H® is the unperturbed Hamiltonian of system and it is given by Eq. 9 in
which an exact solution can be assumed for it.

H® = —p2 —§+ Ve(r) €))

H' which is caused by the presence of an external magnetic field is the

perturbation Hamiltonian and it is defined as follows:

1
H' =my + Zyzrzsinze (10)

4 Journal of Optoelectronical Nanostructures. 2022; 7 (1): 1- 18



Rahimi et al. DOI: 10.30495/JOPN.2021.28784.1232

The eigenvalue equation for unperturbed Hamiltonian H° is defined as

HOYS, (. 8,0) = EQUS), (.6, ) (11)
Where the ¢nzm (1,0, @) is the normalized wave function of the electron (called

the base function) that can be separated into the radial and the angular parts as
follows

0O (7,6,0) = R (Y, (6, 0) (12)

where R (r) and Y;,,(0,¢) are the radial and the angular part of the
unperturbed electron wave function respectively. The radial part of the Eqg. 11
can be written as

d2R9 (r) 2dR(°)(r) [z(z+1) 2

(0)
V. — R (r 0 13
dr? r dr r? r ¢ (r) = (13)

the solution of above equation can be written in the terms of Whittaker functions
[32].

I(El_lM/1 l+1(§1) region with Vo = V;

14

R(O)(T) =N 4 &Tw /1 l+1(§2) region with V. =V, (14)

k 0 region withV, = o

Where o? = _4(Egl — Vl) a2 = —4EY & = a;r, A; = 2a;7'and N is the

normalization constant (for more details see [33,34].). The unknown coefficients

and energies are obtained by using the boundary conditions of the wave
functions and their derivatives at r = R.

In the following |1,0,0 > and |2,1,m > withm = —1,0, +1 are considered as
the energy wave function of Hamilton H° for the 1s and 2p states, respectively.
When HO is perturbed by the Hamiltonian H!, to the first order of the
perturbation theory, the 1s and 2p energies will be as follows:

1
E100 = Ef,o + 6)’2(7”2)1,0 (15)
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E1 V"‘ V2<7’ )21 m= -1

(o
|
Eyim = {E& + _V 2(r?), 1, m=0 (16)
I 1

\E21+7v+¢ 1/2(7”2>2 1, m=+1

Where E?, and E2,are the energies of 1s and 2p states in the absence of the
applied magnetic field and (r?), , = (1,0|r?|1,0) and (r?),, = (2,1|r%|2,1) are
the expectation values of 2 with respect to the spatial part of eigenstates.

As expected, the applied magnetic field removed the triple degeneracy of 2p
level and splits the 2p state into three sub-levels (2p,4, 2po and 2p_;). By
equating the energies of the three sub-levels in Eg. 16, it can be concluded that,
except for the value of y = 0, there is the certain value for vy, (see Eqg. 17), in
which the energy of the two sub-levels 2p, and 2p_; will be equal again and
this causes the new degeneracy in these two levels. However, the energy of
2p,1level will always be far from the other two levels and will never cross the
2p, and 2p_4levels and it does not create new degeneracy.
’Y )/C <T2>2'1 (17)
Another conclusion that can be drawn from Eqg. 16 is that the energy gap
between 2p,; and 2p_; is always equal to 2y, As shown in Eq. 18.

AE =Ep141—Ez1-1= (Eé),l + E-Il—l) - (Eg,l + Eil) =2y (18)
Furthermore Eqg. 7 can be solved by using of numerical methods such as finite-
difference method, too. The numerical values of 2p energies gaps and also the
y.-values are given in Table 1.

Having the 1s and 2p energies and the corresponding wave functions, it is
possible to obtain the optical properties associated with the transition between
these two levels. In particular, we are interested in the first-order, third-order
and total absorption coefficient.

Using density matrix approach and iterative procedure, under two-level system
approximation, the linear a®(w) and third-order nonlinear a® (w, )
absorption coefficients, in the systems in question are expressed by the
following equations [35,36]:

u thrz1|M21|2
(€9) — -
() a)\/; (Ez1 — hw)? + (hly)? (19)

and
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I 4o,hwly|M,q|*
3) N=— " ( ) v 211M32q
@@ D) \/; 2gon, ¢/ [(Eyp — hw)? + (Al,1)?]? 20)

Finally, the total absorption coefficient is calculated from the following
equation:

a(w,]) = a®(w) +a®(w,1) (21)

where M,; = |[(y,]ez|y,)] is the dipole matrix element for z-polarized incident
radiation, E,; = E, — E;is the energy difference between the initial and final

states, I',; = Ti in which T,; is the relaxing time between initial state and final
21

state. u, o, and n,. are the permeability, carrier density and refractive index of
the system respectively and I stands for the intensity of the incident field.

3. RESULTS AND DISCUSSION

As commented above, in this work the effects of magnetic field on electronic
spectra and absorption coefficient of GaAs/Ga,_,Al,As spherical QD and
Ga,_,Al,As/GaAs spherical QAD are investigated. The used parameters are
m* = 0.067my (m, is the free electron mass), € = 13.18¢y, a; = 10.4nm,
Ry* =5.2meV, Q. = 0.6, T,; = 0.2ps, g, = 3 X 10?2 and n,, = 3.2 [29,34]:

(a) QD o
2 25
o —x=03
|| | sl | ~77x=01
— =y =004 “mesan
Z )
< | — 1% |2 x=0.0!
; & 15} |
? 3
= : |
HIJ uﬂ 10
m 1 »
] 5 |
st
| o B g et
0 1 2 3 4 0 - . : 4
: ¥

Fig. 2. Variation of 1s energy as a function of vy, for four different values of x, with
R, = 2aj and R, = 4aj,.
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Fig. 2 illustrate the 1s energy level changes due to the changes in the magnetic
field for QD and QAD models for four different values of (x =
0.3,0.1,0.04 and 0.01). According to the behavior of the curves in Fig. 2, we
find that increasing the magnetic field increases the energy in both models for
all x values. In addition, the graphs clearly show that, as expected, the amount
of energy is directly proportional to the value of parameter x, the concentration
of aluminum, which regulates the height of the potential barrier and x reduction
reduces energy in both models. However, the rate of this energy reduction is
very different in QD and QAD models.

TABLE 1
Variations of 2p energies for QD and QAD as function of y and y,. values with

Y

0] 2571|257 12571 ] 0 ]6.116 0] 1.6493 1 1.649 | 1.649 | O ] 1.15
3 13 3 0 3 3 11

1118941273 |]3.894 |2 |6.184 1] 2.3536 | 2.509 | 4353 | 2 |1.17
7 39 7 6 7 6 36

2] 1.822]|3.21 15822 |4 ]6.396 2] 6.1029 | 4994 | 10.10 | 4 J1.24
4 10 4 2 0 29 23

3] 2.236 | 3.97 ]18.236 | 6 | 6.767 3] 12.132 | 8.848 | 18.13 | 6 ]| 1.35
0 10 0 6 2 5 22 15

412974 1496 |10.97 |8 | 7.319 4] 19.942 | 13.79 | 2794 | 8 | 1.47
4 57 44 7 2 15 22 68

(Energies are presented in Ry™*)

Table 1 and Table 2 show the changes in 2p energies and the values of y, in the
range of changes 0 <y < 4 which are obtained by our numerical calculations
for x = 0.3 and x = 0.04, respectively. As can be seen the results are quite
consistent with the theoretical achievements found in the theory sections. These
two Tables show that, as predicted in Eqg. 18, we have for both models: AE =

Ez141 —Ezq1,-1 =2y,
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TABLE 2
Variations of 2p energies for QD and QAD as function of y and y, values with
R, =2ay, R, = 4a; and x = 0.04.

y12p_11 2pg | 2p.4 |AE) v, Yy 12p_11 2po | 2p.q JAE) V.
0179517951795 Jo [4.46 0 J1181]1181f1181 Jo [1.281
5 5 5 60 6 6 6 6
1]1228]2015]3228 |2 |461 1 |1682]1947]3682 |2 [1.332
8 6 8 89 5 0 5 5
211392]2636]5392 |4 |5.03 2 | 445914.063]18459 |4 |1.516
9 9 9 69 5 1 5 8
3]2023]|3571]8.023 |6 [5.67 3 J7187]6.979|13.18 |6 [1.985
7 1 7 18 0 8 70 1
4]2892) 4721|1089 |8 |6.50 4 |8537|6.676]1653 |8 |3.605
5 7 25 79 3 9 73 8

(Energies are presented in Ry™*)

(a) QD (b) QAD
12 30

251

-
o

L
N
o

-
o

x
2p-Energy (Ry*)
a

2p-Energy (Ry*)
(=]

0 0
0 1 2 3 4 0 1 2 3 4
Y Y
Fig. 3. Variation of 2p energies as a function of y with R; = 2a, R, = 4aj and x =
0.3.
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0 . 0
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Fig. 4. Variation of 2p energies as a function of y with R; = 2a§, R, = 4ag and x =

0.04.

In Fig. 3 and Fig. 4 the 2p energy states for (a) QD and (b) QAD as a function
of y with constant values of core radius R, = 2a; and total radius R, = 4a, for
x = 0.3 and x = 0.04, are depicted respectively. It can be observed, in the case
of 2p level, as expected, the applied magnetic field causes this level to split into
three sub-levels (2p_4,2po,2p4+1 ) and the triple degeneracy of this level is
completely removed. The interesting and remarkable point about the separation
of 2p levels under the applied magnetic field is that for the certain values of y in
Fig. 3(b) and Fig. 4(b) the 2p_, and 2p, curves cross each other. These
intersection points indicate the new degeneracies in the presence of the magnetic
field. We had predicted these new degeneracies in the presence of the magnetic
field for 2p level in the theoretical part, (Sec. 2), and the numerical values of our
prediction for y, are given in Table 1 and Table 2 for x = 0.3 and x = 0.04,
respectively. It can be seen in Table 1 that when 0 <y < 4 then for QD model
6.1160 < y, <7.3197 and for QAD model 1.1511 < y, < 1.4768. As one can
see in QD model, the y. range is not in y range, hence the 2p curves of this
model do not intersect each other and 2p energy states will not become
degenerate again in QD model. But in QAD model, the y. range is completely
in y range, and this causes the 2p_; and 2p, curves to intersect at a point
between y = 1.1115 and y = 1.4768, and create a new degeneracy. As the
value of x decreases from 0.3 to 0.04 in Fig. 4, the number of intersection points
increases to two points in QAD model, but QD curves remain without any
intersection point. In this case, Table 2 shows that when 0 <y < 4 then for QD

10 Journal of Optoelectronical Nanostructures. 2022; 7 (1): 1- 18
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model 4.4660 < y. <6.5079 and for QAD model 1.2816 <y, < 3.6058. And
again, it is observed that due to the lack of overlap of y and y. ranges in QD
model, new degeneracy will not appeared, but due to the overlap in y and
ycranges in QAD model, in the range predicted in Table 2, there are two
degeneracies between 2p, and 2p_, levels. Furthermore, by comparing Figs. 3
and 4, It is found that x reduction, reduces 2p energy levels in both models.

% 10° (a) QD % 10° (b) QAD
16 15
'_"'\ 14 '_‘»-\
& 8 1
N N
S ks
= S 05
£ s &
0 0
o o
S 6 o
£ £ 0
2 4 =
N N i
3 S b
2 2 @ 050
2 2L
- f
1
2 " " " " K " M " "
10 20 30 40 50 10 20 30 40 50
Photon energy (mev) Photon energy (mev)

Fig. 5. The linear, nonlinear and total absorption coefficient as a function of incident
photon energy in the presence and absence of the applied magnetic field with
[ = 200MW /m? R, = 1.5a3, R, = 3a} ,x=0.3.

The changes in the linear, nonlinear and total 1s — 2p, absorption coefficient as
a function of incident photon energy for two values of y (0and2) are
noticeable in Fig. 5 (a) QD and (b) QAD. Fig. 5 shows that the presence of a
magnetic field reduces the absorption coefficients in both models. Furthermore,
carefully in Fig. 5, the following differences are understood between QD and
QAD models: i) the QD model has an almost symmetric total absorption
coefficient curve while Fig. 2 (b) shows no symmetry in QAD total absorption
coefficient curve. ii) For the same value of intensity, QAD model has a more
significant nonlinear absorption coefficient diagram than QD model. Therefore
according to the Eq. 19 to Eq. 21 it can be concluded that the total absorption
coefficient in QAD model is much more sensitive to intensity changes than QD
model. iii) The changes in the applied magnetic field in the displacement of the
absorption coefficient curves in QAD model are much stronger than in QD
model, and QAD model clearly responds more severe to the magnetic field.
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. 6. Variation of total absorption coefficient as a function of incident photon energy

for different values of y with I = 300MW /m? for the QD and I = 30MW/
m?for the QAD and R, = 1.5a, R, = 3aj x=0.3.
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. Variation of total absorption coefficient as a function of incident photon energy
for different values of y with I = 300MW /m? for the QD and I = 30MW/
m?for the QAD and R, = 1.5a, R, = 3aj x=0.03.

Fig. 6 and Fig. 7 the variation of total absorption coefficient are plotted under
the same conditions with only one difference. In Fig. 6, the concentration of
aluminum, which regulates the height of the potential barrier, is selected x= 0. 3,
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while in Fig. 7 this value is reduced to 0.03. In order to investigate the effect of
magnetic field on the 1s — 2p, total absorption coefficient of (a) QD with I =
300MW /m? and (b) QAD withI = 30MW /m?, the changes in the total
absorption coefficient are plotted with respect to changes in the incident photon
energy for five different y values in Fig. 6 and Fig. 7. For the reasons stated in
the descriptions of Fig. 5, the magnitude of the intensity as well as the range of
the magnetic field in Fig. 6,7(a) and Fig. 6,7(b) have been chosen differently.
These Figures clearly show that increasing the magnetic field reduces the
absorption coefficient in both models and in QD model the peaks shift to greater
incident photon energy. The reasons for these behaviors are that as the y
increases, the energy difference between the two electron states increases and
the overlap of wave functions and as a result the total absorption coefficient has
decreased. Furthermore, in QD model, increasing the energy difference between
the initial and final energy levels by increasing the y, has caused the peaks of
the absorption coefficient shift towards greater incident photon energy.

Closer look at Fig. 6 and 7 can give the conclusion that with decreasing the
concentration of aluminum, the sensitivity to the magnetic field has increased
(decreased) in QD (QAD) model. Comparison of Fig. 6(a) and Fig. 7(a) shows
that when x decreases from 0.3 to 0.03, the absorption coefficient peaks have
larger shifts towards the greater photon energy in QD model and this shows that
with decreasing x, the sensitivity of this model to magnetic field has increased.
But in QAD model when x decreases from 0.3 to 0.03, the rate of absorption
coefficient changes with the changes of the magnetic field, decreases and this
indicates that the sensitivity of QAD model has decreased.

4. CONCLUSION

In this paper, the effects of the magnetic field onls — 2p, absorption
coefficient and also on 1s and 2p energy levels of spherical GaAs/Ga,_, Al As
finite QD and spherical Ga,_,Al,As/GaAs finite QAD with hydrogenic
impurity have been investigated. The wave functions and energies of an electron
in these spherical systems, have been studied. Our results in the framework of
the effective mass approximation show that there are some critical values y. for
the magnetic field in which the energy levels of 2p, and 2p_; become
degenerate again in the QAD. This phenomenon which was anticipated in our
theoretical methods can be seen from our numerical calculations too.
Furthermore, the 1s — 2p, absorption coefficients of the QD and the QAD have
different operation relative to the incident photon energies for different values of

Y-
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