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Abstract. In this paper, we employed numerical modeling to investigate the influence of crucial parame-
ters, namely electric field, confinement parabolicity, compositions, and structure parameters, on the electron
probability, impurity polarizability, diamagnetic susceptibility, and ionization energy of hydrogenic donor
impurities within a modified ∩-shaped potential. The Schrödinger equation is solved using the finite element
approach within the framework of the effective mass theory to analyze the resulting electronic properties.
Our results demonstrate a significant impact of these factors on both electrons and impurities, with the
ability to fine-tune these properties through parameter adjustments. These findings hold significant impli-
cations for the advancement of precise and efficient III-nitride-based optoelectronic devices, including solar
cells, photodetectors, and lasers.

1 Introduction

Due to their importance in the discovery of new phys-
ical properties, newly designed heterostructures such
as quantum wells (QWs) are of great interest for
the exploration of correlated electronic states in two-
dimensional systems [1]. The advance in both theo-
retical and experimental tools have make it possible
to growth nano-objects with different semiconductor
materials and shapes. However, a huge number of the-
oretical and experimental research have been reported
for GaAs and related ternary alloys thin-layered het-
erostructures [2–6] due to its well-known and spectac-
ular structural, chemical and physical feathers such as
a narrow band-gap of about 1.424 eV (at 300 K) and
high electron mobility 9000 cm2/(V s) (at 300 K). This
makes it a suitable semiconductor for such conventional
optoelectronic applications like MESFET transistors,
diode lasers, tunneling diodes, and photoelectric and
solar cells as well [7–10]. Unlike, wide band-gap (WBG)
semiconductor materials, especially nitride-based semi-
conductors such as GaN and InxGa1−xN (x is the
indium rate, which does not exceed 20% to avoid delo-
calization at the interfaces) offer interesting and an
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appropriate feathers [11, 12]. They allow smaller, faster,
more reliable power electronic components with higher
performance and efficiency than their counterpart’s sil-
icon and GaAs-based devices due to their fascinated
characteristics such as wide band-gap, relatively high
mobility and high break voltage as well [13–15]. These
abilities make them very attractive and competitive
materials to reduce weight, volume, and life-cycle costs
in a wide range of power and Terahertz applications.

In InGaN-based QWs, the transitions energies are in
the Terahertz range (1–5 THz) where many applica-
tions are envisaged such as detectors, cascade lasers,
negative differential resistance diodes (NDRD), plasma
wave FETs, and many other sources of this type of
radiation [16]. The electronic properties of these low-
dimensional systems have been intensively investigated.
They have been studied with various forms, shapes,
and geometries considering single and multiple QWs
heterostructures using different techniques and meth-
ods [17–21]. It has been proven that the compositions
and applied electrical field on a QW heterostructures
are powerful tools to tune electron quantum confine-
ment, its effective mass, spatial dimensions, dielectric
constants, and band gaps in such systems. These effects
allow us to manipulate and govern the device’s elec-
trical and optical properties for different applications
[22, 23]. Furthermore, the electronic transitions between
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the donor-impurity ground state and the conduction
intra-subband transitions in semiconductor QWs are
also affected by varying the size, compositions, impurity
position, and electric field effects [22, 23].

Recently, Maouhoubi et al. have investigated the
effects of pressure, temperature, conduction band non-
parabolicity, dielectric screening, and magnetic field on
the both diamagnetic susceptibility and ionizing energy
of a shallow donor impurity in a GaAs-based quantum
disk (QDisk) [24, 25]. Solaimani has reported a theo-
retical investigation of donor impurity-related diamag-
netic susceptibility and binding energy in quantum dots
with various geometries and potentials considering the
number of wells. He has found that spherical quantum
dot (QD) systems are much more tunable than cylin-
drical ones [28]. Moreover, Iqraoun et al. have theo-
retically studied the binding energy, the diamagnetic
response and the polarizability of a donor impurity in
a quantum dot based on hexagonal GaN where they
found that the Stark-shift binding energy, polarizabil-
ity, dipole moment, and diamagnetic susceptibility vary
greatly with electric field intensity [29]. Another work
related to the same teamwork by EL-Bakkari et al.
[29] where they have investigated the conduction band
non-parabolicity and polaron influences on the diamag-
netic susceptibility, binding energy, and polarizability
of a shallow donor impurity located in an AlGaN quan-
tum ring (QR). They have shown that the polariz-
ability increases (decreases) with the applied electric
field and it is nearly insensitive to the polaron effect
for the strong confinement. Ina addition, by adopting
the variational procedure, Morales et al. have examined
the effects of both electric field and hydrostatic pres-
sure on the donor-impurity-related polarizability and
photoionization cross section in AlGaAs double asym-
metric QWs are considering an electric field applied
along the growth direction. They have concluded that
the donor-impurity binding energy and polarizability
in the investigated system can be tuned with respect
to the applied external electric field and hydrostatic
pressure [30]. Earlier in 2021, we have reported the
effects of size, compositions, impurity’s position and
temperature on a shallow donor-impurity ionization
energy in double QWs system [31]. However, the pur-
pose of this paper is to examine the electron probability,
polarizability, diamagnetic susceptibility, and ioniza-
tion energy of an on-center hydrogenic donor impurity
in a modified InGaN- ∩-shaped quantum well (IPQW)
under the influences of the electric field, confinement
profile, and In-compositions. Our analysis method of
choice is the finite element analysis, which is known
for its accuracy and ability to incorporate boundary
conditions and interface correlations, making it supe-
rior to conventional approaches like the Ritz-variational
approach. The mesh grid and results were generated
and analyzed using Python.

2 Theory and models

In this study, we have considered a Hydrogen-like donor
impurity located at the center of ∩-shaped parabolic
quantum well (IPQW) made out of GaN/InGaN/GaN
heterostructure with a variable finite confinement
potential. The barriers have been made of GaN while
the well has been made of InGaN. The potential energy
experienced by the electrons within the well can be
approximated by a parabolic potential [32]. However,
in some cases, the conduction band edge in the well
can be lower than that in the surrounding material,
resulting in an inverted potential profile. In this case,
the potential energy well can be better described by an
inverted parabolic potential.

The analytical form of the Hamiltonian is expressed
in the presence of an electric field applied along the
growth direction within the framework of the effective
mass approach that describes particle (electron, hole)
motion near band extremes (wave vector, K ˜ 0) in
the presence of slow varying weak perturbations, such
as applied electric fields and without electron–phonon
interaction. Effective mass theory is a theoretical frame-
work used to describe the behavior of electrons in a
solid, in which electrons are treated as having an effec-
tive mass that depends on the properties of the solid.
This theory simplifies the complex interactions between
electrons and the atomic lattice in a solid and allows an
easier-to-understand description of electronic behavior
and properties, such as conductivity and optical prop-
erties. Effective mass is generally derived from the cur-
vature of energy bands in the solid and is generally
used to predict a wide range of electronic properties
and behaviors. It is given as follows [33]:

(1)

H = −
(

�
2

2
−→∇

)(
1

m∗ (x)
−→∇

)
+ Vc (α, z, x)

− e2

ε∗
r (x) |−→r − −→r 0| + eγ (z − z0) ,

where �,m∗, and ε∗
r are, respectively, the Planck con-

stant and the relative electron effective masses and
dielectric constants of the semiconductor (i.e., GaN,
InGaN). It is important to notice that we assume that
ε∗
r at the interfaces between GaN and InGaN materials

is given as the square root of the product of the two
dielectric constants of the two materials (

√
ε∗
b × ε∗

w).

|−→r − −→r 0| =
√

X2 + Y 2 + (Z − Z0)
2 denotes the elec-

tron–impurity distance knowing that the impurity is
located in the center of the system (i.e., L = L + l

2 ).
The symbols L and l are used to denote the thicknesses
of the barriers and well, while γ represents the strength
of the electric field. To gauge the impact of the electric
field on the system under investigation, we employed a
dimensionless parameter denoted by F. Specifically, in
this study, F denotes the effective electric field strength
was calculated as (F = eγa∗

R∗ ), where a∗ and R∗ are rel-
evant quantities. R∗ is the unit of energy and is known
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as the effective Rydberg; whereas, a∗ denotes the unit
of length and is known as the effective Bohr radius.
These quantities are given in the first paragraph of the
discussion section.

The Vc(α, z, x) is the ∩-shaped confinement parabolic
quantum well (IPQW), it is given analytically as fol-
lows. It describes a specific mathematical expression
that represents the potential energy of a confined sys-
tem. This potential energy is denoted by Vc, and it is a
function of three variables: α (a dimensionless parame-
ter), z (growth direction), and x (In-composition within
the well region). This function represents an ∩-shaped
confinement parabolic quantum well (IPQW), which is
a specific type of confinement potential commonly used
in quantum mechanics. The mathematical expression
for the Vc(α, z, x) function is given analytically, this
analytical form of the potential energy function is essen-
tial for solving quantum mechanical problems, such as
finding the wave functions and energy levels of particles
confined within the well and it is given as follows [34]:

Vc(α, z) =

⎧⎪⎪⎨
⎪⎪⎩

V0 For

{
z < L

z > L + l
V0
α2

(
1 − 4

l2

)[
z − L − l

2

]2
ForL ≤ z ≤ L + l

∞ Elsewhere

,

(2)

where α is a dimensionless parameter that modifies the
confinement potential profile (see Fig. 1), V0, which is
given as V0 = 0.7ΔEg with ΔEg = EGaN

g − EInGaN
g .

According to the equation provided, V0 will change
as α varies. Specifically, as α increases, V0 will decrease
for values of z between L and L + l due to the decreas-
ing term V0/α2 in the equation. The magnitude of this
decrease will depend on the term

(
1 − 4

l2

)[
z − L − l

2

]2
,

which is a function of z and the length scale l. For val-
ues of z outside the range of LtoL + l, V0 will remain
constant at infinity (see Fig. 1).

The energy difference indium content dependence is
given as follows (Vegard’s law),

EInGaN
g = xEInN

g + (1 − x)EGaN
g + 3.8(1 − x). (3)

Energy band gaps of both GaN and InN semiconduc-
tor materials are equal to 3.51 and 0.70 eV, respectively
[35].

Similarly, the effective masses and dielectric con-
stants indium content dependence are given as follows
[36],

ε∗
w,b =

{
ε∗
GaN + 6.4x, Inthewell

ε∗
GaN, Elsewhere

(4)

m∗
w,b =

{
0.1m∗

InN + 0.9m∗
GaN, Inthewell

m∗
GaN, Elsewhere

, (5)

where w and b denote the well and barriers, conse-
quently.

The electron effective mass is given as m∗
GaN =

0.20m0 and m∗
InN = 0.11m0 (where m0 denotes the

electron mass in vacuum) and the mean relative dielec-
tric constants of GaN and InN consequently are 9.8ε0
and 10.5ε0 (where ε0 is the permittivity of free space)
[31, 32].

The Schrodinger equation has been solved numeri-
cally using the finite element method by applying the
boundary conditions given below:

[
→
n

. →
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(
ψ

m∗
e,b

)]

b

=
[
→
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. →
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(
ψ

m∗
e,w

)]
w

. (6)

The first and the second derivatives wave functions
are given respectively by [38]:

∂2ψ(z)
∂z2

)
zk

=
ψk+1 − 2ψk + ψk−1

(zk+1 − zk)2
, (7)

∂ψ(z)
∂z

)
zk

=
ψk+1 − ψk

zk+1 − zk
. (8)

To solve the one-dimensional Schrödinger equation,
we used the finite element method (FEM), which is
a powerful tool to solve complex mathematical prob-
lems involving partial differential equations. FEM dis-
cretizes the problem domain into smaller and simpler
parts, allowing the use of matrix algebra to approxi-
mate the solution. Compared to other methods, such
as variational and perturbative methods, FEM typ-
ically provides more accurate solutions for problems
involving complex geometries or boundary conditions.
Indeed, FEM can handle material nonlinearities and
heterogeneities, and can provide high resolution solu-
tions for localized phenomena. Various software pack-
ages in Python, including SciPy, NumPy, matplotlib,
and Pylab, were utilized to analyze and interpret the
results. This study has made the assumption that the
focus is solely on the growth direction, specifically the
Z -axis. Furthermore, a one-dimensional solution of the
Schrodinger equation was utilized to characterize the
electron’s behavior within the systems. Thus, the mesh
grid of 3N + 1 points is considered for the studied sys-
tem with N = 50 points. Each layer discretized by var-
ious discretization step. For the barriers, the step is
hb = L/N ; while for the well’s regions, it is given as
hw = l/N . Therefore, for 0 < k < N , the mesh’s nodes
of single QW are given, respectively, as follows, left bar-
rier is zk = k ∗ hb, in the well region is zk = L + k ∗ hw

and in the right barrier is given as zk = L + l + k ∗ hb.

2.1 Electron presence probability (EPP)
within the well region

In this study, we also calculated the probability of the
electron inside the well in the absence of the impurity,
which had hardly ignored previously. This probability
is measured as the partial probability (within the well)
divided by the probability of the presence in the whole

123



78 Page 4 of 12 Eur. Phys. J. B (2023) 96 :78

Fig. 1 Schematic diagram
of the conduction band of a
single GaN/InGaN/GaN
quantum well with an
inverted modified potential
(∩-shaped) showing the
effect of the parameter α

system. Once the wave function ψ(z) is obtained, the
probability density |ψ(z)|2 at any position z within the
well can be calculated. The probability density (P ) rep-
resents the probability of finding the electron at a spe-
cific position. It is expressed as follows [39]:

P (z) = |ψ(z)|2. (9)

The total probability of finding the electron within
the quantum well (well region) is obtained by integrat-
ing the probability density over the well region:

Ptotal =
∫ 2L+l

0

|ψ1s(z)|2dz ∼= |< ψsystem
1s |ψsystem

1s > |2,
(10)

Ppartial =
∫ L+l

L

|ψ1s(z)|2dz ∼= |< ψQW
1s |ψQW

1s > |2,
(11)

EPP =
Ptotal

Ppartial
, (12)

where ψQW
1s and ψsystem

1s are, respectively, the ground-
state wave functions of the quantum well and the whole
system.

2.2 Impurity ground-state binding energy
of the system

Considering the correlation between electron and impu-
rity, the ground-state binding energy is given by the dif-
ference of the ground-state electron energy without the
impurity minus that in the presence of the impurity. It
is given analytically by the following expression [40]:

Eb = E0 − EI
0 , (13)

where H0 and HI represent the electron Hamiltonians
without and with the impurity, respectively, while ψ1s

denotes the ground-state electron wave function of the
system.

2.3 Diamagnetic susceptibility

In electromagnetism, the diamagnetic response is a
measure of how much a semiconductor material will
become polarized or magnetized under an external
applied electric or magnetic field.

Analytically, the diamagnetic susceptibility (χdia)
of the hydrogenic donor impurity confined in a
GaN/InxGa1−xN IPQW in atomic units, is given by
it is given as follows [41]:

χdia = − e2

6m∗
w(x)ε∗2

w (x)c2
< r2 >, (14)

where < r2 >= <ψ1s|z2|ψ1s>
<ψ1s|ψ1s> , while m∗

w and ε∗
w are the

electron effective mass and dielectric constant in the
well region (InGaN), subsequently.

2.4 Polarizability formalism

An atomic or molecular structure that does not have
a permanent dipole moment can acquire one under the
action of an electric field. The response capability of
a material to an electric field (

−→
E ), is expressed by the

polarization vector
−→
P . For a weak external applied elec-

tric field, the relationship between the applied electric
field and the polarization is linear; it is given analyti-
cally as follows:

−→
P = Ω

−→
E , (15)
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where Ω being the polarizability of a semiconductor
material. Therefore, the obtained wave function can
provide the impurity polarization in the investigated
system (IPQW), which is given by the following expres-
sion [30]:

Ω = − e
F

[< ψ1s|z|ψ1s>F �=0− < ψ1s|z|ψ1s>F=0].

(16)

3 Results and discussion

In this study, to simplify our calculations, we
adopted the atomic effective units. The effective
Rydberg is considered as a unit of energy while
the effective Bohr radius is considered as a unit
of length. The effective Bohr radius and Rydberg
are given, respectively, by a∗

b

(
= 4πε∗

b�
2

m∗
be2 ≈ 2.69nm

)
,

R∗
b

(
= m∗

be3

2(4πε∗
b�)2

≈ 27.60meV
)

for L = 1, l = 2, and
x = 0.1(10%). In the whole study, L and l denote
the barriers and well widths, respectively; while x
is the indium concentration within the well region
(InxGa1−xN). Before commencing the discussion of our
findings, it is important to notice that the quantum
confinement potential profile depends on the dimen-
sionless parameter α (see Eq. 2). As it can be seen from
Fig. 2a, for α = 10, the confinement potential is squared
(black solid line); however, with α = 1, it is tuned to an
inverted parabolic QW (red dotted line), which is quite
similar to a double semi-triangular QW system.

Figure 2 depicts the schematic band structure
and the lowest-state electron probability density with
respect to the growth direction without and with
applied electric field considering four different confine-
ment profiles in GaN/In0.2Ga0.8N/GaN ∩-shaped QW
(IPQW) without impurity. It is evident from panel (a)
that in the absence of and applied electric field and for
α = 10, both the confinement profile as well as the
electron probability densities are symmetric in the well
center. Moreover, regardless the electric field, the reduc-
tion of the parameter α increases the parabolicity of
the inverted well and then the electron becomes more
localized near the well edges due to the improvement
in the spatial confinement in the well center. Although,
with an applied electric field different to zero (F 
= 0),
both the confinement profile and the electron probabil-
ity densities have changed. Regardless of the parameter
α, it is clearly from panel (b) that the QW has been
distorted and the ground-state probability density of
electrons has become more localized in the left side of
the well, which is expected. Because the electric field
is applied along the direction of growth (positive direc-
tion), causing the elect to move in the opposite direction
(negative direction).

The ground-state electron probability density (EPD)
as a function of the z-axis with and on-center impu-
rity in IPQW taking into account the effects of poten-
tial profile (a), electric field strength (F ) (b), barriers
width (c), and In-compositions (d) has been presented
in Fig. 3. It is obvious from panels (a) and (d) that EPD
is localized around the well center where the impurity is
located. According to same panels, EPD increases with
increasing both α and x due to improvement in the
quantum confinement under the increase of the compo-
sitions while the electron–impurity distance falls with
respect to α, which improves the EPD. Whereas, panel
(b) shows that EPD diminished and shifted toward the
left side of the system with rising the applied electric
field intensity as it was expected. This is explained by
the fact that with increasing the electric field strength,
the ground-state electron wave function is moved from
the well center and then the electron–impurity distance
enhances, which makes the electron less bounded; and
therefore, the EPD can only drop. In addition, it can
one clearly seen from panel (c) that EPD improved and
moved with the displacement of the impurity in the sys-
tem. The shift is explained by the fact that with increas-
ing the barrier thickness (L), the impurity’s position
change. For example, the impurity initially is located
at the center of the system (i.e., L = L+l/2). However,
for L = l = 1, the impurity’s position becomes located
in L = 1.5a∗ while for L = 2l = 2, it becomes located
in L = 2.5a∗; though, the greater the barriers are, the
important the confinement become, which explains the
enhancement in the EPD of the system.

Figure 4, we plots the ground-state electron’s pres-
ence probability within the well region (EPP) ver-
sus the growth direction with and on-center impurity
in IPQW considering the influences of the potential
profile (a), electric field (b), barriers width (c), and
In-compositions (d). It is evident from all the pan-
els (a, b, c, d) that EPP is significantly influenced
by the QW’s size, potential shape, and compositions
as well. It increases smoothly with increasing the well
width, which is expected. Because, the wider the well
is, the important electron localization within the well
becomes. Moreover, it is improved with the augmenta-
tion of the parameter α (a), and with respect to the
vertical applied electric field (b), the compositions (d).
The improvement of the EPP under the increase of α
and x is explained by the increase of the spatial quan-
tum confinement while that caused by the electric field
is due to the improvement of the localization of the elec-
trons far from the impurity localized in the center of the
well with higher electric field strengths. Although, it is
noticed that the EPP is slightly reduced with increas-
ing barrier width, which is expected because it must be
opposed to the behavior of EPP with respect to the well
width. The physical reason is that the larger the bar-
riers are, the reduced the well becomes, and therefore,
the spatial confinement becomes considerably impor-
tant, which imposes the electron to tunnel through the
barrier (potential barrier) to the GaN material. Conse-
quently, its EPP within the well becomes weaker.
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Fig. 2 The variation of the
confinement potential and
the ground-state electron
probability density versus
the z -axis without (a) and
with (b) applied electric
field (F) considering various
confinement profiles in
GaN/In0.2Ga0.8N/GaN
∩-shaped QW

Fig. 3 Ground-state electron probability versus the growth direction with and on-center impurity in GaN/InGaN/GaN
∩-shaped QW considering four effects: potential profile (a), electric field (b), barriers width (c), and In-fraction (d)
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Fig. 4 Ground-state electron presence probability within the well region versus the well thickness with and on-center
impurity in GaN/InGaN/GaN ∩-shaped QW considering four effects: potential profile (a), electric field (b), barriers width
(c), and In-fraction (d)

Now, it is crucial to state out that the impact of the
above-mentioned parameters on both the electron EPD
and EPP considering and on-center impurity, will defi-
nitely affect the ionization energy related to this donor
impurity. Figure 5 depicts ground-state binding energy
according to the well thickness for an on-center impu-
rity in an IPQW considering the effects of potential
profile (a), electric field (b), barriers width (c), and
compositions (d). On the hand, it is obviously seen
from all panels (a, b, c, d) that the donor-impurity
binding energy (DIBE) drops quasi-exponentially with
respect to the well thickness, which is expected and
confirmed by many reported theoretical works in lit-
erature [36, 37]. On the other hand, it is noticed that
DIBE diminishes with increasing α,L andx, panels (a),
(c) and (d), respectively, due to the enhancement in
the electron–impurity distance. Because the increase
in α and x makes the electron less attached to the

impurity and then the DIBE should only drop. How-
ever, it is observed from panel (b) that DIBE enhanced
with respect to the vertical applied electric field (F )
due to the reduction in the Columbian interaction with
the increase ofF . Additionally, the effects of the elec-
tric field and confinement parabolicity are more pro-
nounced for wider QWs, panels (a, b); whereas, DIBE
seems to be insensitive to the compositions in thin
and thick QWs except for 0.25 < l < 1.5, panels (d).
This is due to the fact that in thin-layered QWs, the
spatial confinement becomes stronger which makes it
the most dominator effect in this region while for high
indium ratio, the electron becomes less linked to the
impurity, which explains the non-sensation of DIBE
in this region. Moreover, it is remarked that regard-
less the other parameters, the barriers impact on DIBE
is neglected in thick QWs withl > 1, panel (c). The
results plotted in this figure regarding the effects the
well/barriers widths and the compositions are in good
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Fig. 5 Ground-state impurity-related binding energy versus the well thickness with on-center impurity in GaN/InGaN/GaN
∩-shaped QW considering four effects: potential profile (a), electric field (b), barriers width (c), and In-fraction (d)

conformity with those reported by Belaid et al. in
Ref. [43]. However, the impact of electric field and the
parabolicity can be approved by the results reported by
Priester et al. [44] and Zhigang et al. [45], respectively.

In Fig. 6, we presented the variation of the ground-
state impurity-related diamagnetic response (χdia) with
respect to the well thickness of on-center impurity in
GaN/InGaN/GaN IPQW considering the impacts of
the potential profile (a), electric field (b), barriers width
(c), and compositions (d). Regardless all the effects,
it is noticed from all panels (a, b, c, d) that χdia

decreases as a function of the well thickness, which is
expected. Because the spatial confinement diminishes,
which leads to an improvement in the electron–impurity
distance. In addition, it is remarked that χdia enhanced
with all the considered parameters except the barrier
width effect. Panel (a) shows that χdia improved due
to reduction of the spatial quantum confinement with
increasing the parameter α, which causes the improve-
ment in the electron–impurity distance.

Furthermore, panel (b) demonstrates that the χdia

decreases quasi-linearly; whereas, with the incorpora-
tion of a vertical applied electric field, the χdia dropped
smoothly to reach a stable value for l > 1. It is also
noticeable that χdia becomes more sensitive to the
applied electric field in thick QWs than in thin ones.
This is because in thin-layered QWs, spatial confine-
ment dominates over the electric field effect. However,
panel (c) displays that χdia falls with increasing the bar-
rier’s width. This is due the fact that the greater the
barriers are, the thinner the well becomes, which leads
to the reduction in the electron–impurity distance. As
a result, χdia decreases. Though, from panel (d), it is
evident that χdia improved with increasing the indium
compositions in the well region (InxGa1−xN). Referred
to Eq. 13, this is explained by the fact that with adding
a small fraction of indium in the well, the electron effec-
tive mass and its relative dielectric constant diminish;
and therefore, the χdia can only drop. In addition, it
is observed that the effects of the barriers thickness as
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Fig. 6 Ground-state impurity-related diamagnetic susceptibility versus the well thickness with on-center impurity in
GaN/InGaN/GaN ∩-shaped QW considering four effects: potential profile (a), electric field (b), barriers width (c), and
In-fraction (d)

well as that of the compositions is distinct compared
to the other parameters. The results reported above
have quite similar with previously reported works for a
GaAs-based QD such as the work of Rezaei et al. [46]
and it show a remarkable agreement with them as well.

In Fig. 6, we illustrate the impurity-related polariz-
ability (IP) according to the well thickness with an on-
center impurity in IPQW for two different influences:
potential profile (a) and compositions (b). From the
two plotted panels, it is clearly seen that IP dimin-
ished smoothly versus the well thickness in thin-layered
QWs (l < 1), while it is dropped faster for thicker QWs
(l > 1). The effects of those parameters is less marked in
thin QWs because of the strong quantum confinement is
this area, which means that the response to an external
excitation such as electric field decreases with increas-
ing the well width. Because the wider the QW is, the
lower the spatial quantum confinement becomes and
then the sensation to an excitation becomes significant.
Furthermore, panel (a) shows that IP increases with
increasing the parameter α reduces the confinement
and therefore, IP can only improves. Although, panel
(b) demonstrates that IP augmented with increasing

the ratio of the indium in the well region. The reason
behind this behavior is that the more the indium frac-
tion is, the important the electric field influence on the
impurity becomes, which explains the improvement in
the impurity polarizability of the system. These results
are quite comparable with those reported by Morales
et al. [47] (Fig. 7).

4 Conclusions

To summarize, this article presents significant find-
ings regarding the simultaneous impact of the electric
field, potential parabolicity, compositions, and system
geometry on the electron presence probability, donor-
impurity-related binding energy, diamagnetic suscepti-
bility, and polarizability. The eigenvalues and eigen-
vectors were computed numerically by solving the
Schrodinger equation within the effective mass theory
using finite element analysis. These parameters were
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Fig. 7 Impurity-related polarizability versus the well thickness with an on-center impurity in ∩ GaN/InGaN/GaN-shaped
QW considering two effects: potential profile (a) and In-fraction (b)

found to have a significant impact on the physical prop-
erties studied. While there are no experimental stud-
ies similar to ours, we compared our theoretical results
with those estimated in the literature and found a good
level of agreement. The presented results make a signif-
icant contribution to the field of solid-state physics and
condensed matter by providing a detailed understand-
ing of the electronic properties of hydrogenic donor
impurities in III-nitride-based materials with modified
potential energy, which are essential for the develop-
ment of high-performance optoelectronic devices such
as solar cells, photodetectors, and lasers.
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