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A B S T R A C T   

Defects and impurities within semiconductor materials pose significant challenges. This investigation scrutinizes 
the response of a single dopant donor impurity located in nanostructured semiconductors, specifically quantum 
wells subjected to both harmonic and inharmonic confinement potentials. The primary focus of this inquiry 
centers on the analysis of binding energy, electron probability distribution, and diamagnetic susceptibility in 
connection with both the ground (1s) and excited (2p) electron states. Utilizing advanced computational tech-
niques, specifically the Finite Elements Method (FEM) implemented through Python code, this study unveils a 
marked alteration in the interaction between electrons and impurities when exposed to external fields. Signifi-
cantly, the characteristics of the confinement potential exert a substantial influence on the explored physical 
parameters. This research significantly advances our understanding of the interaction between impurities and 
intense fields, offering valuable insights into solid-state phenomena within low-dimensional systems. Conse-
quently, it contributes to the design and fabrication of next-generation applications in the field of quantum well 
systems, encompassing areas such as lighting, detection, information processing, sensing, and energy conversion.   

1. Introduction 

The exploration of binding energies, impurity states and the 
responsiveness of nanostructured semiconductors to excitations, 
particularly their susceptibility within quantum wells has proven to be a 
fascinating pursuit in the large field of quantum physics [1,2]. These 
extraordinary structures, which are made up of incredibly thin layers 
with specific electrical characteristics, have proven to be an ideal setting 
for studying how matter behaves at the nanoscale. In this paper, we 
investigate the substantial impacts of both harmonic and inharmonic 
potentials on the ground and the first excited-state binding energies of 
single dopant donor-impurities emerging in quantum wells. We also 
reveal the fascinating interaction between these impurities and the dy-
namic interferences of strong electric and laser fields, which boosts the 

system complexity and opens up possibilities for emergent phenomena. 
The unique characteristics of quantum wells, with their confined elec-
tronic states and discrete energy levels, allow for the meticulous study of 
impurity behavior u [3]. 

III-nitride semiconductors, such as InN, GaN, and InGaN, stand at the 
forefront when it comes to fully leveraging the potential of quantum 
wells, offering numerous advantages [4]. These exceptional materials 
exhibit wide band-gaps, exceptional crystalline quality, and significant 
electron and hole mobility. Electron mobilities can reach several thou-
sand cm2/Vs, while hole mobilities typically range from tens to hun-
dreds of cm2/Vs. GaN, with its wider bandgap of approximately 3.4 eV, 
facilitates efficient light emission across the ultraviolet and visible 
spectrum. In contrast, InN boasts a smaller bandgap of about 0.7–0.9 eV 
[5]. These enticing properties of III-nitride semiconductors make their 
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quantum wells an attractive platform for groundbreaking optoelectronic 
devices, high-power lasers, solid-state lighting applications, and the 
exploration of impurity behavior [6]. 

The ground and first excited-state binding energies of single doping 
donor-impurities play a pivotal role as crucial indicators of stability and 
provide invaluable insights into the fundamental mechanisms governing 
these systems [7,8]. In the intricate world of quantum wells (QWs) and 
quantum dots (QDs), unraveling the complex dynamics heavily relies on 
understanding the intricate interplay between impurities and the po-
tential landscape they inhabit that affect their electronic and optical 
properties [9–21]. In a QW, the confinement of electrons gives rise to 
harmonic potentials (HP) which behave like a harmonic oscillator, 
resulting in altered electrical characteristics and the emergence of 
quantized energy levels. 

The introduction of inharmonic potentials (IHP) disrupts this ideal-
ized scenario, leading to complex energy landscapes and opening the 
door to intriguing phenomena [22]. The interaction between harmonic 
and inharmonic potentials within quantum wells offers a rich avenue to 
explore new behaviors and phenomena in these systems. When studying 
impurity donors in low-dimensional systems, such as QWs and QDs, 
researchers have mainly directed their attention to the ground state 
properties of these nanostructures [11–14]. While the ground state of-
fers fundamental insight into electronic stability and structure, less 
emphasis has been placed on studying excited states in these analyses. 
Excited states, characterized by the promotion of electrons to higher 
energy levels, possess the potential to significantly influence the optical 
and electrical characteristics of QWs and QDs [23]. 

To better understand the behavior and dynamics of impurity donors 
within these nanostructures, we have to explore the excited states as 
well. This exploration will provide essential information needed for the 
design and optimization of highly efficient optoelectronic devices in the 
future. Furthermore, when a nano-crystal is exposed to intense laser and 
electric fields, the attractive forces within the quantum wells are further 
amplified. Application of an intense laser field helps stimulate non- 
equilibrium dynamics in the quantum well, giving rise to a host of 
phenomena including excitations, tunneling and even electron transfer 
between impurity states. Simultaneously, the presence of an electric 
field exerts a control on the binding energies and leads to changes in the 
behavior of the impurities in new ways [16–22,24]. Furthermore, 
extensive investigations have been conducted on the diamagnetic sus-
ceptibility of multiple nanostructured III-V (III–N)-based semi-
conductors with different geometries and potential shapes, including 
quantum wells, quantum dots, and quantum disks, under various in-
fluences and effects [23,25–29]. 

By combining the effects of these powerful external fields, we unlock 
the potential to explore a rich landscape of quantum phenomena and 
manipulate the behavior of impurities within the quantum well system. 
This paper delves into the examination of binding energies in quantum 
wells, specifically focusing on the ground and excited-state binding 
energies of single dopant donor-impurity. Through meticulous analysis 
and theoretical investigations, our aim is to shed light on the impact of 
both harmonic and inharmonic potentials on these binding energies. 
Additionally, we explore the responsiveness of InGaN based nano-
structured semiconductors to excitations, particularly their susceptibil-
ity. Furthermore, we uncover the intricate interplay between these 
impurities and the captivating effects induced by intense laser and 
electric fields, which create an intriguing environment ripe for new 
discoveries. The numerical results presented in this paper have been 
obtained using the finite elements method, which is considered a 
powerful method compared to conventional frequently used methods 
such as vibrational and disruptive methods. The findings are analyzed 
and visualized utilizing Python libraries such as SciPy, NumPy, and 
Matplotlib. 

2. Theory 

In this study, we considered a single dopant donor impurity located 
at the center of a GaN/In₀.₁ Ga₀.₉N/GaN nanostructure, quantum well 
(QW), which is defined as Z0 = L + l/2 with L represents the barrier’s 
width while l denotes the well thickness, as shown in Fig. 1. The QW is 
made out of two different materials with distinct band gaps to confine 
the particles (electrons, holes). GaN was used as the material for the 
barriers, while InGaN served as the material for the well region. Within 
the framework of the effective mass theory, the Hamiltonian for an 
electron confined in a quantum well (QW) considering electron- 
impurity Colombian interaction and the electric field influence in one- 
dimensional can be expressed as follows: 

H = −
ℏ2

2 ∇
→
(

1
m∗

e

)

∇
→

+Vc(z) −
e2

ε∗
⃒
⃒
⃒ r→− r→0

⃒
⃒
⃒
+ eξ(Z − Z0) (1)  

ℏ, m∗
e and ε∗ represent the Planck constant, electron effective mass, and 

the relative dielectric constant-related to the employed semiconductors, 

respectively. The electron-impurity distance is given as 
⃒
⃒
⃒
⃒ r→− r→0

⃒
⃒
⃒
⃒ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Z − Z0)
2
+ Y2 + X2

√

, to simplify our calculations, we utilized a 1D- 
QW system; therefore, Y = X = 1. ξ denotes the applied electric field. 
The electron is confined in only one dimension, which is along the 
growth direction, Z-axis. Vc illustrates the confinement potential energy. 
In our calculations, we have taken some simplification on the electron 
wave functions by assuming X = 1 and Y = 1, effectively reducing the 3D 
problem to 1D, we wish to emphasize the physical rationale behind this 
choice. In many semiconductor nanostructures, such as quantum wells, 
the electron wavefunctions are strongly confined in one dimension due 
to quantum confinement effects. This confinement can significantly 
reduce the spread of the wavefunctions in the lateral (X and Y) di-
rections, making the assumption of X = 1 and Y = 1 reasonable under 
certain conditions. Furthermore, this simplification aligns with the 
physical concept of quasi-1D systems, where the electron motion is 
predominantly along one direction (Z-direction) while being restricted 
in the other dimensions (X and Y). 

The harmonic and Inharmonic potentials can be obtained from the 
following expression by adjusting its parameters, β1, β2, β3, and k 
[30–35]. 

Vc(z)=V0

[

β1

(z
k

)2
+ β2

(z
k

)4
+ β3

(z
k

)6
]

(2) 

The initial depth of the QW is given by V0, the well width is related to 
the parameters, β1, β2, β3, and k. The Harmonic potential (HP) can be 
obtained for β1 = 0.4, β2 = β3 = 0.1 and k = 1 while the Inharmonic 
potential (IHP) is obtained with β1 = − 1, β2 = 1, β3 = 0.1 and k = 1. 
Furthermore, as β1 increases, the well becomes narrower. The confine-
ment potential can tuned to a single or double IHP depending on the 
values of the parameters β2 and β3. 

The presence of impurities renders the Schrödinger equation un-
solvable through analytical methods. As a solution, the Finite Elements 
Method (FEM) is employed, utilizing a one-dimensional mesh (calcula-
tion grid) consisting of 3N + 1 points, with N set to 50. This approach 
provides accurate results for the ground state and low-lying excited 
states of simple quantum systems, such as the harmonic oscillator or the 
particle in a box. However, for more complex systems or higher excited 
states, the precision of the FEM solution may decrease due to the 
requirement of a finer mesh and higher-order basis functions. The ac-
curacy of this method depends on the complexity of the problem, the 
selection of numerical parameters, and the availability of computational 
resources. Importantly, to obtain the energy levels and their corre-
sponding wave functions, the one-dimensional Schrödinger equation 
along the z-axis is numerically solved, taking into account the following 
boundary conditions [36–38]: 
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[

→
n
.→
∇

(
ψ

m∗
e,b

)]

b

=

[

→
n
.→
∇

(
ψ

m∗
e,w

)]

w

(3) 

The system under study utilizes a mesh grid composed of 3 N + 1 
points. Each layer within the system is discretized with different step 
sizes. For the barriers, the step size is denoted as hb =

L
N , while for the 

regions within the well, it is represented as hw = l
N. Consequently, for 

values of k ranging from 0 to N, the corresponding mesh nodes for a 
single quantum well can be determined as follows: the left barrier is 
located at zj = k ∗ hb, the well region is situated at zj = L+ k ∗ hw , and 
the right barrier is positioned at zj = L+ l+ k ∗ hb. By employing the 
FEM, the first and second derivative wave functions are calculated [39]: 

∂2ψ(z)
∂z2

)

zk

=
ψk+1 − 2ψk + ψk− 1

(zk+1 − zk)
2 (4)  

∂ψ(z)
∂z

)

zk

=
ψk+1 − ψk

zk+1 − zk
(5) 

Suppose that hb = zk+1 − zk, the equation (4) becomes as follows: 
(

− ℏ2

2 m∗
e,b

)[
ψk− 1 − 2ψk + ψk+1

(hb)
2

]

+

⎡

⎣Vc

−
e2

ε∗
⃒
⃒
⃒ r→− r→0

⃒
⃒
⃒
+ eξ(Z − Z0)

⎤

⎦ ψk =E ψk (6) 

Assuming that Ω = − ℏ2

2 m∗hb
2 and δ = − e2

ε∗
⃒
⃒
⃒ r→− r→0

⃒
⃒
⃒
+ eξ(Z − Z0), the same 

equation above becomes as follows: 

Ω
[

ψk− 1 +ψk+1 +

(
Vc + δ

Ω
− 2
)

ψk

]

=E ψk (7)  

in the barriers region, the matrix that provides the energy levels and 
corresponding wave functions in this particular region (barrier region) 
can then be written as follows: 

MLeft,right
Barrier =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

0 0 0 0 0 0
Ω (Vc + δ − 2Ω) Ω 0 0 0
0 Ω (Vc + δ − 2Ω) Ω 0 0
0 0 0 0 ⋱ ⋮
0 0 0 0 0 ⋯
0 0 0 0 0 0

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

(8)  

In the well region, the potential is zero (V0 = 0). Thus, the matrix can be 
written as follows: 

MMiddle
well =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

0 0 0 0 0 0
Ω (δ − 2Ω) Ω 0 0 0
0 Ω (δ − 2Ω) Ω 0 0
0 0 0 0 ⋱ ⋮
0 0 0 0 0 ⋯
0 0 0 0 0 0

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

(9) 

The system’s matrix is obtained by the sum of the matrix of different 
regions. 

MSystem
Nanostructure = MLeft,right

Barrier + MMiddle
well (10)  

2.1. Intense laser field effect (ILF) 

The effect of intense laser field (ILF) on the investigated system can 
be examined through the potential energy. According to the approach 
suggested by Lima et al. [28], a laser beam of single-color light, which 

Fig. 1. Representation of the variation of electron probability densities for the 1s and 2p states of a GaN/InGaN quantum well (QW) with harmonic and inharmonic 
potentials, highlighting the impact of intense laser and electric fields. The potential profiles and corresponding ground-state wave functions are depicted by the red 
solid line (α₀ = 0) for a harmonic potential and the blue solid line (α₀ = 0.5) for an inharmonic potential. The second excited-state wave functions are represented by 
the dotted red line (α₀ = 0) under a harmonic potential and the dotted blue line (α₀ = 0.5) under an inharmonic potential. 
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does not induce resonance, is directed parallel to the z-axis, the growth 
direction. This laser beam has a frequency of ω. Through the process 
described in Refs. [29,40,41], the intense terahertz (THz) laser alters the 
potential term, leading to the formation of a "dressed-laser" potential. 
The modified potential is derived by integrating Equation (6) over a 
single period of the laser field. The new form of potential is expressed as 
follows: 

〈V(z,α0)〉=
δ

2π

∫ 2π
δ

0
V(z+α0 sin(δt))dt, (11) 

Further details regarding the equations pertaining to dressed po-
tentials and the non-perturbative approach utilizing the Kramers- 
Henneberger translation transformation to describe atomic behavior in 
the presence of intense high-frequency ILFs can be found in the Refs. 
[42]. The laser-dressing intensity parameter, denoted as α0, is defined as 
eF0
m∗δ, where F0 represents the magnitude of the laser field and e denotes 
the charge of an electron. 

2.2. Electron probability density (PED) 

The probability of locating the particle, specifically an electron, 
within the well region, can be determined by calculating the ratio of the 
probability of finding it within the well to the probability of finding it in 
the entire system. The analytical expression is provided as follows [43, 
44]: 

P= 100 ×

∫ QW
.

|Ψ|
2dz

∫ System
.

|Ψ|
2dz

(12)  

P= 100 ×
| < ψQw

n

⃒
⃒ψQw

n > |
2

| < ψsystem
n

⃒
⃒ψsystem

n > |
2 (13)  

Where ψQW
n and ψ system

n are respectively the wave functions correspond-
ing to the electron within well region and the whole system, conse-
quently. n is an integer (n = 1,2,3,…) that indicates the energy level (i. 
e., electron state). Nevertheless, in this study, we are gripped only to the 
ground (n = 1) and first-excited (n= 2) electronic states. 

2.3. 1s, 2p-states-related binding energy (BE) 

The binding energy of the lowest (first-excited) states can be deter-
mined by taking into account the correlation between electrons and 
impurities in the system. It is calculated by subtracting the electron 
energy of the 1s and 2p states in the absence of the impurity (without 
impurity) from the corresponding energies in the presence of the im-
purity. This relationship can be expressed analytically as follows [24]: 

En
BE =En

0 − En,Imp
0 (14)  

En
BE =

< ψn|H0|ψn >

< ψn|ψn >
−
< ψn|HI |ψn >

< ψn|ψn >
(15)  

where H0 and HI represent the electron Hamiltonians without and with 
the impurity, respectively. Whereas, ψn designates the 1s and 2p elec-
tron wave functions corresponding to n = 1 and n = 2 of the entire 
system. 

2.4. Diamagnetic susceptibility 

In the field of electromagnetism, the diamagnetic response quantifies 
the degree to which a semiconductor material becomes polarized or 
magnetized when subjected to an external electric, magnetic or laser 
field. Specifically, for a hydrogenic donor-impurity confined in a GaN/ 
InGaN/GaN QW, the diamagnetic susceptibility (χdia) is analytically 
expressed in atomic units as follows [45–47]: 

χdia = −
e2

6m∗
w(x)ε∗2

w (x)c2 < Z2 > (16)  

where < Z2 >=
<ψn|Z2|ψn>

<ψn |ψn>
while m∗

w and ε∗w are the electron effective 
mass and relative dielectric constant in the materials that forms the well 
region, subsequently. 

3. Results and discussion 

Throughout the study, we maintained a constant value of indium 
composition (x = 0.1), which represents 10% of the total fraction in the 
ternary alloy (InₓGa₁₋ₓN). We selected this value because fabricating 
high-quality thin films (heterostructures) based on InGaN/GaN with 
higher indium (In) composition (x > 0.2) becomes challenging due to 
the localization issues that arise at the interfaces between the well and 
barrier semiconductor materials. For a fixed indium composition value 
of x = 0.1, a bowing parameter, b = 3.8, and an offset parameter, Q =

0.7, the physical ingredients that are used to compute numerically the 
investigated electronic properties are given as follows: The highest of 
the potential barrier is V0 = 429.1 meV, the difference of energy be-
tween the barrier and the well materials is given by ΔEg = 613 meV with 
ΔEg = EGaN

g − EInGaN
g . The calculations are scaled using effective units: 

the effective Bohr radius, a∗
GaN(a∗

b) = 2.55 nm, is used as the length unit, 
and the effective Rydberg, R∗

GaN(R∗
b) = 29 meV, is used as the energy 

unit. The rest of physical parameters of the materials used in this study 
are listed within the Table 1. These ingredients are the same as those 
utilized in our previous researches [48–50]. In this study, F indicates the 
effective applied electric field strength and it is given by F =

eξa∗GaN
R∗

GaN
.. 

Fig. 1 illustrates the variation of the electronic probability densities 
(EPDs) for the 1s and 2p states along the growth direction of a GaN/ 
InGaN/GaN QW. The QW is subject to harmonic and inharmonic po-
tentials. The figure examines the effects of intense laser field (ILF) and 
electric field (F) on EPDs inside the investigated system. It is evident that 
both the ILF and electric field have a significant impact on the EPDs of 
the system. Regardless of the applied electric field, increasing the ILF, 
α0 : 0→0.5, tunes the harmonic potentials, leading to a reduction in the 
confining region of the quantum well (panels (a, b)). As a result, the 
EPDs related to the 1s and 2p states become more localized inside the 
well region, and their energy levels show a significant improvement. 

Additionally, panels (c, d) demonstrate that in the presence of an ILF 
of the same intensity, the laser has caused deformation of the initial 
harmonic potential (IHP), transforming it into a quasi-harmonic po-
tential. It is evident that when the ILF intensity is non-zero, the EPDs 
associated with the 1s and 2p states become more localized towards the 
center within the well region, and their energy levels exhibit a signifi-
cantly enhanced behavior. This is due to the improvement in the 
quantum confinenmt under the influence of the ILF. However, it is 
observed that the introduction of an applied electric field has a signifi-
cant impact on both the HP and the IHP, consequently affecting the 
EPDs. It is demonstrated that as the electric field intensity (F) increases 
from 0 to 0.1, both the HP and IHP undergo deformation. As a result, the 
EPDs become silighly localized within the left-side region of the well 
compared to the righ-side of the well. This phenomenon can be 
explained by the fact that the electric field compels the charges to move 
in the opposite direction of the applied electric field, which is applied 

Table 1 
Distinctive features of InN, GaN, and their ternary alloy InGaN semiconductor 
materials [51].  

Parameters GaN InN InGaN 

Band gap at T = 300K,Eg(eV) 3.41 0.7 2.797 
Electron effective mass (m0) 0.20 0.11 0.17 
Dielectric constant (ε0) 9.6 10.5 10.24  
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from the structure’s origin (Z = 0). These results are essential for 
interpreting the binding energy and diamagnetic susceptibility of a 
mobile donor impurity initially located at the center of the studied 
system, quantum well (QW). 

Fig. 2 illustrates the changes in electron presence probabilities 
(EPPs) corresponding to the 1s and 2p states within the QW as a function 
of the intense laser field. The QW is modeled using both harmonic and 
inharmonic potentials, including the impact of an applied electric field 
on these EPPs. Panel (a) show the influence of eletric field on the ground 
state-related PEPD in the HP. It reveals that the presence electron 
probability density (PEPD) associated with the 1s state in a harmonic 
potential (HP) increases proportionally with the strength of the intense 
laser field (ILF). As the ILF strength increases, the PEPD becomes more 
pronounced. Additionally, it is observed that increasing the applied 
electric field also enhances the PEPD. This can be attributed to the fact 
that with increasing ILF intensity, the electron wave function becomes 
more localized within the well region, leading to a notable increase in its 
PEPD. Similarly, under an intense electric field, the PEPD is further 
improved because a stronger electric field results in even greater local-
ization of the electron wave function within the well region. Therefore, 
the PEPD can only increase in this case. 

Similarly, in panel (b), plots the influence of eletric field on the 
ground state-related PEPD in the IHP. It demonstartes that the PEPD 
increases accordingly with the ILF intensity and reaches a saturation 
regime for higher ILF values (ILF >0.8). This can be attributed to the 
reduction in the IHP harmonicity and the reduction in spatial confine-
ment, which provide a higher probability for an electron to be localized 
inside the well region compared to the barrier regions. Moreover, it is 
observed that the PEPD is improved as the intensity of the applied 
electric field increases, especially in the range of the lower values of the 
ILF intensities (ILF <0.5). This behavior is related to the fact that the 
electron ground state related-PEPD becomes less sensitive to an applied 
external electric field in the case of higher ILF intensities. 

A similar behavior is observed in panel (b), except that in this panel, 

the influence of the applied electric field is more pronounced in the 
higher range of ILF. This can be explained by the fact that in this range of 
ILF, the PEPD associated with the first-excited state of the electron be-
comes more sensitive to an applied electric field compared to lower ILF 
intensities. Moreover, panel (c) illustrates the effect of appllied eletric 
field on the first-excited state-related PEPD in the HP. It reveals that the 
PEPD-related 2p-state in HP remains constant for all values of ILF below 
approximately 0.5, and then drops dramatically. This behavior is asso-
ciated to the insensitivity of the PEPD-related 2p-state in HP to the 
induced ILF intensity in this range. Additionally, regardless of the ILF 
intensity, the PEPD-related 2p-state in HP improves under an applied 
electric field. This improvement can be explained by the fact that the 
applied electric field dominates and affects the PEPD-related 2p-state, 
enhancing it in the case of HP. Furthermore, panel (d) depicts the 
impact of appllied eletric field on the first-excited state-related PEPD in 
the IHP. It is clear that the PEPD-related 2p-state improves with an in-
crease in the applied ILF until it reachs a stable regime. Furthermore, its 
enhancement is more pronounced with higher intensities of the applied 
electric field. This effect becomes particularly prominent with higher ILF 
values in comparison to lower ones. This can be attributed to the fact 
that an increase in the applied electric field enhances the charge dis-
tribution within the well, subsequently leading to an improvement in the 
PEPD-related 2p-state. 

Fig. 3 shows the variation in the binding energy (BE) of the donor 
impurity related to 1s and 2p electronic states in response to simulta-
neous variations of the electric and laser fields. The 3D plot (panesl: a,b, 
c,d) highlights the differences between the Harmonic and Inharmonic 
potential scenarios. 

Panel (a) illustrates the variation in the 1s-related BE within HP 
versus to electric field (x-axis) and ILF (y-axis). It is shown that both 
fields have a significant impact on the BE. The BE of this latest system 
increases smoothly with the applied electric field due to the reduction in 
the electron-impurity distance, leading to an improvement in the 
Coulomb interaction. As a result, the binding energy can only increase. 

Fig. 2. Variation of the electron probability-related 1s and 2p states inside the QW versus the intense laser field with Harmonic and Inharmonic potentials: Effect of 
the applied electric field. 
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In contrast, the same panel shows that the BE decreases with increasing 
ILF intensity. This can be explained by the fact that as the ILF intensity 
increases, the electron-impurity separation also increases, leading to a 
decrease in the electron’s BE in this situation. In this case, the estimated 
highest value of the electron BE is approximately 0.52 meV, while the 
lowest value is around 0.46 meV, resulting in a shift of approximately 
0.06 meV. 

Panel (b) plots the variation in the BE of the electron related to the 2p 
state within the harmonic potential (HP) as a function of the applied 
electric field strength (x-axis) and ILF intensity (y-axis). It is evident 
from this panel that both fields have a remarkable effect on the BE of the 
electron. The impact of the ILF intensity is more pronounced compared 
to that induced by an externally applied electric field. The BE shows a 
slight increase under the applied electric field, while a rapid improve-
ment is observed with increasing ILF intensity. The physical reason 
behind this behavior is that within the HP, the intensity of the ILF 
dominates over the applied electric field strength. As a result, the BE 
related to the 2p-state is more affected by the applied electric field 
compared to the ILF. In this scenario, the BE has reached a maximum 
value estimated at 4.2 meV and a minimum value of around 3.6 meV, 
resulting in a significant shift of approximately 0.6 meV. Now, let’s 
examine the behavior of the electron’s binding energy (BE) considering 
an inharmonic potential (IHP). 

Panel (c) illustrates the variation in the BE related to the 1s-state 
within the IHP with respect to an applied electric field (x-axis) and ILF 
(y-axis). It is evident that both fields have a significant impact on the 
binding energy (BE), with the ILF exerting a particularly noticeable ef-
fect. It can be observed from this panel that the BE increases slightly 
with the applied electric field, while it undergoes a drastic decrease with 
increasing ILF intensity. In this potential, the increase in the ILF restricts 
the electron within the potential, making it less sensitive to an applied 
electric field. However, the increase in ILF intensity reduces the width of 
the potential, leading to enhanced spatial confinement. This confine-
ment forces the electron to spread towards the barriers material, thereby 

reducing the electron-impurity distance. Consequently, the reduction in 
the electron-impurity distance results in a decrease in its BE. In this 
scenario, the electron’s BE reached a maximum value of approximately 
0.8 meV and a minimum value of around 0.4 meV, resulting in a shift 
estimated to be approximately 0.4 meV. 

Considering the same inharmonic potential (IHP), panel (d) displays 
the variation in the binding energy (BE) of the electron related to the 2p- 
state as a function of the applied electric field strength (x-axis) and ILF 
intensity (y-axis). It is evident from this panel that the BE of the electron 
related to the 2p state is significantly affected by both the applied 
electric field and ILF. The BE is reduced under both fields, but the 
decrease is more pronounced under the ILF compared to the impact of 
the applied electric field. This decrease in the BE is attributed to the 
improvement in the electron-impurity distance under both fields, lead-
ing to a reduction in the Coulomb interaction between the electron and 
the impurity. In this type of potential, the applied electric field attracts 
the electron away from the impurity, increasing their separation dis-
tance. Additionally, the ILF forces the electron to move towards the 
edges of the system, further enhancing the distance between the electron 
and the impurity. As a result, the binding energy can only diminish. In 
this case, the electron’s BE reached a maximum value of approximately 
2.65 meV and a minimum value of around 2.50 meV, resulting in a shift 
estimated to be approximately 0.15 meV. The positioning of impurities 
within the system plays a critical role in determining the electron 
binding energy (BE) of the studied system. To explore this influence, we 
examine the variation of binding energy related to 1s and 2p states- 
associated donor impurity as a function of impurity location within 
the system. 

Fig. 4 showcases this variation, considering both the Harmonic (HP) 
and Inharmonic (IHP) potentials. It is well noticed from panel (a,b) that 
the impurity position within the system has a remarkable impact on the 
electron’s BE related to both 1s and 2p states with the two investigated 
potentials. Regardless the potentials and without the applied electric 
field and ILF intensity, the BE related to the 1s and 2p states is lowest 

Fig. 3. The variation of 1s and 2p-states-related donor-impurity binding energy versus applied electric field (x-axis) and intense laser field (y-axis) considering 
Harmonic and Inharmonic potentials. 
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around the center of the structure, while it is highest near the edges of 
the system. This phenomenon can be explained by the fact that as the 
electron approaches the center of the system, the Coulomb interaction 
becomes more significant due to the reduced electron-impurity distance. 
Consequently, the BE becomes more pronounced in these areas of space. 
However, the slight decrease in the BE observed at the center of the 
nanostructure. This can be attributed to the fact that as the electron 
occupies the central region of the system, its energy increases. Conse-
quently, the electron has a tendency to escape from the well region and 
move towards the barrier materials. As a result, the Coulomb interaction 
between the electron and the impurity diminishes due to the improved 
separation of their distance. This leads to a slight reduction in the BE. 
Furthermore, it is crucial to note that for all impurity positions, the BE 
associated with both 1s and 2p states is higher in the case of an IHP 
compared to the HP. This observation suggests that the probability of 

removing the electron from the impurity is reduced with an IHP in 
contrast to an HP. In the absence of any excitation, the electron is 
compelled to stay near the impurity, leading to an elevation in its BE. 
After having thoroughly discussed the binding energy (BE) associated 
with a single donor impurity in GaN/InGaN nanostructures, we will now 
explore the diamagnetic susceptibility (DS) pertaining to this donor 
impurity within the same investigated system. This physical parameter 
quantifies the capacity of the donor impurity to generate a response 
when subjected to external excitations, such as electric or intense laser 
fields. It provides insight into the degree to which the donor impurity 
either resists or reacts to these excitations. 

Fig. 5 illustrates the impact of electric and intense laser fields on the 
changes in DS associated with the 1s and 2p orbitals of donor impurity 
emerged at the center of the system. The panels (a, b, c, d) represent this 
variation for two distinct potential profiles, namely IHP and HP. 

Panel (a) reveals a gradual rise in the DS related to 1s-orbital with a 
HP as the intense laser field (ILF) increases, whereas a notable surge 
occurs with an elevation in the applied electric field. This behavior can 
be associated to the growing influence of the system’s response to 
external excitation as the ILF intensity strengthens. Furthermore, the 
enhancement in electric field strength amplifies this responsiveness even 
further. For high ILF intensities (ILF > 0.5), the observed amplification 
was diminished. 

Panel (b) displays the change in DS associated with the 1s-orbital, 
taking into account an IHP versus the ILF for three distinct values of 
the applied electric field. It is evident that the DS exhibits a similar 
pattern of increase with increasing ILF intensities, as observed in the HP. 
In addition, the DS experiences a jump to higher values with the 
improvement of electric field strength. Although, this enhancement is 
less prominent for higher ILF intensities. This is due to the fact that as the 
ILF intensity increases, the system’s response becomes less sensitive to 
an external electric field, thereby reducing its impact. 

Panel (c) showcases the variation of the DS associated with the 2s- 
orbital in the presence of an HP, considering different intensities of 
the applied electric field. The DS exhibits changes as a function of the ILF 
for each applied electric field intensity. The observed behavior in panel 

Fig. 4. The variation of 1s and 2p-states-related donor-impurity binding energy 
versus the impurity-location within the system: Effects of the Harmonic and 
Inharmonic potentials are considered. 

Fig. 5. The variation of 1s and 2p-states-related donor-impurity diamagnetic susceptibility versus applied intense laser field considering Harmonic and Inharmonic 
potentials: Effects of applied electric field. 
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(c) reveals that the DS remains relatively constant for weaker ILF in-
tensities. However, for higher ILF intensities (ILF > 0.6), the DS ex-
periences a significant increase/decrease, depending on the strength of 
the applied electric field. The panel indicates that for electric field in-
tensities below 0.2 (F < 0.2), there is a rapid decrease in the DS. This 
suggests that the system’s responsiveness to an excitation weakens at 
lower electric field intensities. However, for intensities higher than 0.2 
(F > 0.2), the DS is enhanced, indicating an increased system respon-
siveness to the applied electric field. In panel (d), the evolution of the DS 
linked with the 2s-orbital is depicted within an IHP. The DS is examined 
for various intensities of the applied electric field, providing insight into 
the impact of the electric field on the system’s DS response. The panel 
demonstrates that the DS presents two distinct behaviors. For lower ILF 
intensities, the system’s DS remains relatively constant in panel (d). 
However, as the ILF intensity increases and reaches a critical value, the 
DS starts to decrease. This drop is particularly notable for lower values of 
the applied electric field (F < 0.1). Moreover, it is important to notice 
that the DS is not affected by the applied electric field for a critical values 
of the ILF around 0.45 (ILF ≈ 0.45). At this critical point, the system 
becomes less sensitive to the applied electric field, resulting in a reversal 
of the behavior of the DS. Interestingly, the DS exhibits higher values for 
lower electric field intensities, but as the ILF intensity increases, it be-
comes lower for weaker values of the applied electric field. 

Comparing our findings, particularly the donor-impurity binding 
energy (BE) and its related diamagnetic susceptibility (DS) associated 
with the ground and first excited states (1s and 2p hybridization), with 
experimental and theoretical results, proved challenging due to the 
specific choice of the investigated system and its unique geometrical and 
physical properties. Furthermore, the influence of the electric field and 
intense laser field (ILF), which are rarely considered in similar studies, 
further complicated the comparison. The distinct characteristics of the 
system and the incorporation of these fields presented limitations in 
directly aligning our findings with existing research. Nonetheless, this 
study provides valuable insights that contribute to improving our un-
derstanding of these parameters, thereby advancing both theoretical and 
experimental aspects of the field. 

4. Conclusions 

This research delves into the challenges presented by impurities in 
semiconductors and explores the profound impact of intense laser and 
electric fields on the binding energy (BE) and diamagnetic susceptibility 
(DS) of single dopant donor impurities within quantum wells (QWs), 
considering both harmonic potential (HP) and inharmonic potential 
(IHP). With a specific focus on the 1s and 2p electron states, the study 
elucidates the influence of external intense fields on both BE and DS, 
revealing remarkable shifts when transitioning from HP to IHP. 
Furthermore, it underscores the significant impact of external fields on 
electron-impurity correlations and the probability distributions within 
the quantum well (QW), offering comprehensive insights into the 
behavior of nanostructured semiconductors under high-intensity con-
ditions. Consequently, it reveals the diverse potential applications of 
InGaN/GaN quantum well systems, spanning LEDs, laser diodes, solar 
cells, optical sensors, high-frequency electronics, UV photodetectors, 
biomedical imaging, greenhouse lighting, quantum cascade lasers, 
quantum computing, and solid-state lighting. 
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