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A B S T R A C T   

This computational investigation delves into the electronic and optical attributes of InGaN/GaN 
nanostructures subjected to both harmonic and anharmonic confinement potentials, coupled with 
the influence of a nonresonant intense laser field (ILF). The theoretical framework incorporates 
higher-order anharmonic terms, specifically quartic and sextic terms. The solutions to the 
Schrödinger equation have been computed employing the finite element method and the effective 
mass theory. Moreover, linear and third-order nonlinear optical absorption coefficients are 
derived via a density matrix expansion. Our analysis reveals the feasibility of manipulating 
electronic and optical properties by adjusting confinement potential parameters, system attri
butes, and laser field intensity. In addition, the ILF induces remarkable modifications, charac
terized by reduced resonance peak amplitudes and a blue shift in absorption coefficients. 
Intriguingly, regardless of potential harmonicity, the impact of incident electromagnetic intensity 
is notably more pronounced in the absence of the ILF. These findings hold significant promise for 
advancing theoretical predictions, providing valuable insights into the intricate interplay between 
confinement potentials, laser fields, and their effects on electronic and optical behaviors within 
nanostructures.   

1. Introduction 

Recent advances in the nonlinear optical properties of semiconductor low dimensional systems have shown great promise for a 
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wide range of applications, including optical communication, biomedical imaging and therapy, biophotonic sensing, microfabrication, 
and optical limiting [1–5]. One of these promising nanostructures is InGaN-based quantum structures, which are a blend of Indium, 
Gallium, and Nitride, and are pivotal in modern applications. These materials possess tunable properties due to the controlled inclusion 
of indium. Their optical and electronic attributes make them crucial for devices such as LEDs, lasers, and photodetectors, offering high 
efficiency and superior light emission. Beyond lighting, InGaN quantum structures also play a significant role in emerging technologies 
like quantum information processing [4–7]. InGaN/GaN heterostructures have been intensively investigated during the last few years 
due to their interesting and unique properties, such as high electron mobility, wide bandgap, strong emission in the visible spectrum, 
and strong polarization effects, making them highly attractive for a wide range of applications in optoelectronics, power electronics, 
and solid-state lighting [5,8–13]. Cubic group-III nitrides are promising arsenic-free contenders for next-gen electronic and opto
electronic applications, but realizing a complete composition range has been challenging due to a miscibility gap. Researchers have 
been to overcome this challenge by fabricating cubic InGaN films on template substrates using PAMBE and closing the miscibility gap. 
X-ray diffraction and scanning transmission electron microscopy reveal the composition, phase purity, strain, and CuPt-type ordering 
of the films. The emission energies range from 3.24 to 0.69 eV with a quadratic bowing parameter of 2.4 eV [14]. 

Their properties can be tuned by the potential energy behavior. However, the potential of a harmonic oscillator (HO) is a widely 
used model in quantum mechanics to depict the vibrations of a molecule in the immediate vicinity of a stable equilibrium point. 
Additionally, it is one of the few particular quantum systems that have exact, analytical solutions. Incorporating anharmonic oscillator 
potentials (AHO) into the HO potential is to certainly improve the description of molecular vibrations within semiconductor nano
structures. The AHO potential characterizes an oscillator that deviates from simple harmonic motion due to the non-linear relationship 
between the restoring force and displacement. By incorporating higher-order anharmonic terms, like cubic, quartic, and sextic terms, 
into the potential, the accuracy of the harmonic oscillator (HO) approximation is enhanced, especially for large displacements from the 
equilibrium position. Studies on the influence of intense laser field (ILF) on the optical properties of the HOs and single and double 
AHOs concerned, among others, quantum tunneling [15], which could provide a deeper understanding of quantum tunneling time. It 
can also be beneficial for molecular spectroscopy [16] and nonlinear optics, providing information on the nonlinear optical properties 
of these oscillators, with potential applications in optical communications [17] and laser technology [18]. Moreover, it is relevant to 
diverse fields of materials science, where it could help in the deep understanding of the electronic and optical properties of materials. 
This may find potential applications in various areas such as optoelectronics [19], photonics [20], solar cell research [21], as well as 
quantum control, which may have potential applications in quantum computing and quantum information [8–10]. Research on 
anharmonic carbon nanotubes (CNTs) explores deviations from ideal harmonic behavior, leading to complex mechanical, thermal, and 
optical properties. Recent studies focus on thermal conductivity, phonon transport, and mechanical responses, offering insights for 
nanoelectronics and energy storage applications. Anharmonic CNTs hold promise for tailoring properties, advancing nanotechnology 
[25–27]. 

In 2013, Landi and Oliveira demonstrated that heat can be transported along a chain of particles that interact through a combi
nation of quartic and harmonic potentials and are connected to heat reservoirs at each end [28]. They found that adding 
energy-conserving noise to the system causes the heat to obey Fourier’s law. In turn, Fletcher’s theoretical work [29] concludes that 
the term “anharmonic” is appropriate for describing classical oscillators, like metal bars, that exhibit non-harmonic vibrational spectra, 
even at small vibrations. Both the repulsive harmonic oscillator and its extended version, which includes an additional linear 
anharmonicity term, have been subject to examination using both exact and perturbative techniques [30–32]. Panek and coworkers 
have conducted [33] a theoretical investigation on vibrational configuration interaction, exploring both harmonic and anharmonic 
coupling. They employed the matrix diagonalization technique to compare the perturbative solution, computed up to the second order, 
with the exact solution for systems in coherent and Schrödinger cat states. They also proposed an algorithm that can be used to localize 
normal modes in specific subsets. This method limits errors caused by harmonic couplings and maximizes the localization of the 
normal modes. In their interesting work, they embedded an interaction potential with quadratic and quartic terms within an infinite 
square well potential of the appropriate width. They used its sine eigenfunctions as the basis functions for their diagonalization matrix 
method in their work. 

Unlike the harmonic oscillator, the anharmonic oscillator is a truly delicate problem that cannot be solved analytically. As a result, 
both perturbative and nonperturbative effects have been thoroughly examined [34–39]. The anharmonic oscillator potentials with 
sextic, octic, and other terms have also been extensively studied [25–29]. This work demonstrates the convergence of the perturbation 
series and explains why the standard perturbation theory is not effective for anharmonic oscillators. It also suggests a correct limit for 
both large and small anharmonicities. Furthermore, this study investigates the electronic and optical properties of the HO and single 
and double AHOs, including higher-order anharmonic terms such as quartic and sextic, under the influence of non-resonant intense 
laser fields (ILF). ILF plays a pivotal role in scientific research by facilitating precise control and manipulation of physical and chemical 
processes, with profound implications in fields such as ultrafast spectroscopy, materials science, quantum technology, atomic and 
molecular physics, plasma physics, medical and biological applications, materials processing, and advanced imaging. Numerous 
studies have extensively documented the effects of intense laser fields (ILF) on optical and electronic properties in the scientific 
literature [45–52,57–63]. 

Our study introduces novel aspects of confinement potential, incorporating both harmonic and anharmonic terms, including up to 
the sextic power. This innovation accurately represents particle behavior in quantum heterostructures, with anharmonic potentials 
capturing essential physical properties like energy spectra, nonlinearity effects, quantum tunneling, and temperature dependencies. 
Integration of higher-order terms (quartic and sextic) enhances precision in describing energy levels and eigenstates. Furthermore, our 
research leverages the pivotal role of intense laser fields, enabling precise control of physical and chemical processes. It has far- 
reaching implications in fields like ultrafast spectroscopy, materials science, quantum technology, atomic and molecular physics, 
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plasma physics, medical and biological applications, materials processing, and advanced imaging. The extensive documentation of 
intense laser fields’ effects on optical and electronic properties in scientific literature underpins our study. Our unique combination of 
these elements offers a comprehensive exploration of confined particle dynamics within quantum heterostructures under the influence 
of intense laser fields, with a continued commitment to advancing precision in our research. 

2. Theory 

In this study, we consider a GaN/In0.1Ga0.9N/GaN nanostructure (quantum well), where the well is made out of InGaN, while GaN 
represents the barrier semiconductor material. In the effective mass approximation, the Hamiltonian for a confined electron in the 
investigated system is given by 

H= −
ℏ2

2 ∇
̅→

(
1

m∗
e

)

∇
̅→

+ Vc(z) (1) 

The above equation has been solved within the framework of the effective mass and parabolic band approximation. The effective 
mass modifies the electron’s behavior in crystalline materials, simplifying equations for studying semiconductors and charge transport. 
Parabolic band approximation simplifies energy bands near the extrema, aiding the analysis of electronic behavior in materials. 

In the above equation, the electron’s effective mass is denoted by m∗, while Vc(z) represents the confinement potential that includes 
harmonic and anharmonic potentials along the growth direction (Z-axis) for different terms (double, quartic, and sextic). The func
tional form of this confinement potential before the application of ILF is as follows [53]: 

Vc(z)=V0

[

β1

(z
k

)2
+ β2

(z
k

)4
+ β3

(z
k

)6
]

, (2)  

β1,β2,β2and k are dimensionless parameters while V0 denotes the depth of the quantum well, k is a parameter related to its width, and 
the coupling parameter β1, which also affects the well width, is known as the coupling parameter. As β1 increases, the well becomes 
narrower. The confinement potential can take the form of a single or double AHO potential, depending on the values of the parameters 
β2 and β3. 

In this study, we aim to investigate the effect of intense laser fields on the optical properties of InGaN/GaN heterostructures 
regardless of the size of both the well and barriers. Therefore, we have fixed the design of our system with arbitrary lengths and 
adjusted the values of β1, β2, β2 and k to shift from a Harmonic to an Anharmonic potential. So that, when β1 ∕= 0 and β2 = β3 = 0, the 
potential is called HO potential. If, however β1 ∕= 0 (with a negative value), β3 ∕= 0 and β2 = 0, the potential becomes a simple sextic 
AHO potential. Besides, if β1 ∕= 0, β2 ∕= 0 (with a positive value), and β3 = 0, the potential becomes a simple quartic AHO potential. 

The laser radiation, which is non-resonant and monochromatic, is aligned parallel to the growth direction (Z) with a frequency Ω. 
Based on the method proposed in Ref. [54], when intense THz laser radiation is applied, the potential described in Eq. (2) takes the 
form known as “dressed-laser” potential, given as follows [32–34]: 

〈V(z,α0)〉=
Ω
2π

∫ 2π
Ω

0
V(z+ α0 sin(Ωt))dt, (3)  

where the laser-dressing intensity parameter, α0, is defined as eF0/m∗Ω, with F0 denoting the strength of the laser field and e - the 
electron charge. Additional information on the equations presented for dressed potentials and the non-perturbative method appeals to 
Kramers–Henneberger translation transformation for describing atomic behavior under intense high-frequency ILF. 

In optical physics, three distinct terms describe different aspects of optical absorption. The Linear Optical Absorption Coefficient 
(LOAC) measures how a material absorbs light linearly concerning its intensity, providing information about its transparency and 
absorption characteristics under low-intensity illumination. On the other hand, the Non-linear Optical Absorption Coefficient (NLOAC) 
considers the non-linear absorption of light at higher intensities, where the response is more complex due to multiple photons 
interacting with the material simultaneously and it depends on the incident electromagnetic intensity. NLOAC accounts for the non- 
linear behavior of materials under intense illumination. Lastly, the Total Optical Absorption Coefficient (TOAC) combines both the 
linear and non-linear absorption processes, providing a comprehensive measurement of a material’s total absorption behavior across 
different light intensities. After obtaining the energies and corresponding wave functions, the linear, nonlinear, and total optical 
absorption coefficients for transitions between any two electronic states are calculated using perturbation expansion and density 
matrix methods [36–38]: 

α(1)(ω)=ℏω
̅̅̅̅̅̅̅̅̅μ
ε∗r ε0

√ Γif
⃒
⃒Mfi|

2σν
(
Efi − ℏω

)2
+
(
ℏΓif

)2 , (4)  

α(3)(ω, I)= −

̅̅̅̅μ
ε∗r

√ (
I

2n∗
r ε0c

) 4Γif
⃒
⃒Mfi

⃒
⃒4σνℏω

[(
Efi − ℏω

)2
+
(
ℏΓif

)2
]2 ×

[

1 −

⃒
⃒Mff − Mii

⃒
⃒2

|2Mff |
2

(
Efi − hω

)2
−
(
ℏΓif

)2
+2Efi

(
Efi − hω

)

E2
fi −

(
ℏΓif

)2

]

, (5)  

α(TOAC)(ω, I)=α(1)(ω) + α(3)(ω, I), (6) 
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In the above equations, ε∗r = n∗2
r ε0 represents the real part of permittivity, σν is the carrier density, ΔEfi denotes the energy difference 

between two different electronic states (f-final, i-initial), while Mfi is the dipole matrix element between allowed eigenvalues for 
incident radiation polarized in the Z− axis. Besides, Γfi denotes the relaxation rate, c is the speed of light in free space, and I represents 
the intensity of the incident photon beam that leads to intersubband optical transitions. It should be noted that Mff and Mii are equal to 
zero due to the even symmetry of the confinement potentials. 

3. Results and discussion 

The numerical calculations have been carried out using the following parameters appropriate for GaN/In0.1Ga0.9N nanostructures, 
proposed in our previous works [38–40]. For GaN (InN): m∗

GaN,InN= 0.20m0(0.11m0) (where m0 is the free electron mass), 
ε∗GaN,InN

r = 9.6ε0 (10.5ε0), and EgGaN,InN = 3, 410 (720) meV. For l= 2L= 2a∗ and x= 0.1 (10%): EInGaN
g = 2,797meV,ΔEg= 613.4meV 

(energy difference between barrier and well materials) and V0 = 429.1 meV. Besides, σν= 2×1024m− 3, n∗
r =

̅̅̅̅̅̅̅̅̅̅̅
ε∗r /ε0

√
,Γ12= 1∕τ12 =

(0.5 ps)− 1 and I= 0.4 MW/cm2. In our calculations, we use effective units, where the effective Rydberg is adopted as the unit of energy, 
and the effective Bohr radius is taken as the unit of length. The effective Bohr radius and Rydberg are defined as follows: a∗

b =

4πε∗bℏ2

m∗
be2 ≈ 2.55 nm and R∗

b =
m∗

be3

2(4πε∗bℏ)2
≈ 0.0291 eV, where ε∗b and m∗

b are the relative permittivity and electron effective-mass of the barrier 

semiconductor (GaN). 

Fig. 1. Confinement potential profile and the ground state probability density of an electron confined in both AHO (a,b,c,d) and HO (e, f) potential 
as a function of the growth direction parameters: the effects of the “dressed-laser” intensity (α0) and β1, β2, β3 and k parameters. 
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These parameters together with the laser intensity are then used to study their effects on the LOAC, NLOAC, and TOAC. In the 
absence of the ILF (α0 = 0), Fig. 1a and 1b show the AHO potential and the squared wave function (electron probability distribution) 
for the first energy level with the most relevant energy value (ground state energy) for k= 1 and β1= − 1 as a function of Z-direction 
(growth direction) coordinates for β2∕= 0 and β3∕= 0, respectively. Both figures indicate a slight change in the ground state energy, 

Fig. 2. Variation of the electron transition energy [left panels (a, b, c)] and the square of dipole matrix element [right panels (d, e, f)] as a function 
of α0,β1, β2, β3, and k.. 
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electron probability distribution, and width (depth) of the AHO potential, shifting toward higher energies owing to the β2 and β3 
effects. However, in the presence of ILF (α0∕= 0), Fig. 1c‒f demonstrate that both the width and depth of the HO potential can be 
changed by varying either the ILF or k, owing to the variation of the degree of AHO harmonicity. Furthermore, as shown in Fig. 1c, the 
presence of an ILF can transform the AHO potential into an HO potential by reducing its proper depth. It is also noted that both the 
width and depth of the AHO potential can be decreased by increasing the ILF and the parameters β2 and β3, while increasing the 
parameter k leads to improvement (reduction) of the HO width and depth depending on the values of the other parameters (Fig. 1d and 
1f). Overall, it is found that the width, depth, and harmonicity of this potential can be driven suitably with an appropriate choice of the 
above-discussed parameters including the ILF. In the absence of ILF (α0 = 0), the changes in the energy difference (electronic transition 
energy) and its corresponding square dipole matrix element of an AHO potential versus the values of β2 and β3 parameters for k= 1 are 
given in Fig. 2a and b, respectively. It is noticed that the transition energy (E21) increases with the increase of both parameters β2 and 
β3, while this improvement is more marked and faster under the effect of β2. This is due to the fact that in the absence of ILF, the 
increase in β2 has an important impact on the both width and depth of AHO potential, compared to β3. The augmentation in β2 reduces 
the well width and also its depth; therefore, the transition energy can only increase within the system. However, it is observed that the 
square of the dipole matrix element (M2

21) that gives the oscillation strength between the considered electron states (|1s> →|2p > ) 
show an opposite behavior. The M2

21 drops in a monotonic way concerning both β2 and β3 parameters, while the effect of β3 is more 
pronounced than that of β2. This is because the interaction between the allowed states is greater by reducing the values of β3 parameter 
compared to β2, due to the enhancement in both well width and depth, respectively. In addition, we displayed in Fig. 2b and 2e the 
same physical parameters (E21,M2

21) of a HO potential as a function of the k parameter in the presence of the ILF. Regarding the ILF, it is 
obvious that the variation of E21 together with k parameter exhibits two behaviors (regimes). It first diminishes rapidly to reach a 
minimum around k ∼ 1.2, then it begins to increase smoothly, to remain practically constant for k ≥ 3, so E21 is increased by about 
10meV together with k :∼ 1.2 →3. This occurs because, with the increase of k in this range, the spatial confinement improves, and as a 
result, the transition energy increases. Moreover, it is observed that this quantity (E21) augments quasi-linearly with increasing the ILF 
intensity, especially for k ≤ 2. It becomes, however, less sensitive to ILF for larger values of k, k ≥ 2. When the value of k exceeds 2, the 
spatial quantum confinement is amplified, leading to an electron wave function that becomes less sensitive to ILF intensity. 

However, it is obvious from the same figures that regardless of the ILF, M2
21 falls almost exponentially until it reaches a stable value 

for large values, k ≥ 3, due to the reduction in the overlapping between the involved electronic states as a result of increasing 
parameter k. Additionally, the incorporation of ILF leads to a decrease in M2

21; this drop is more marked for values of k smaller than 2 
due to the weaker spatial confinement in this region. Furthermore, we plotted the same above-discussed physical quantities (E21,M2

21) 
of an AHO potential as a function of k parameter and that of the ILF in Fig. 2c and 2f, respectively. It is observed that the transition 
energy decreases concerning both k and ILF strength, respectively. These behaviors are more pronounced for values around 1≤ k ≤ 3, 
which is due to the higher spatial confinement (stronger confinement regime) for values of k in this range, compared to higher values. 
It is expected that in this region, the more k increases the stronger the confinement will become, and the electron will gain more energy 
until it will be able to escape from the well to the barrier material. Therefore, it will become more localized within the barrier, and as a 
result, its energy will decrease. 

Thus, it can be seen from the last panel of the same figure (Fig. 1f) that as the parameter k increases, the electron wave functions 

Fig. 3. The variation of OACs of the electron confined in the HO potential as a function of the incident photon energy for different values of the ILF 
intensity (α0= 0.1;0.2;0.3) with k= 1 for two cases of β1: (a) β1= − 1 and (b) β1 = + 1. 
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become more localized, which reduces their overlap and in turn, the dipole matrix element. This is because spatial confinement 
dominates the influence of ILF, leading to a stable value of the dipole matrix element. On the other hand, when k is close to 1, the 
electron wave functions are less confined and display a greater overlap, leading to a minimum in the dipole matrix element. Addi
tionally, when ILF approaches zero, the electron wave functions become less localized and the dipole matrix element increases. Now, to 
discuss the influence of those parameters on the OACs of both HO and AHO, it is also crucial to mention that E21 and M2

21 are two 
competitive parameters that govern the behavior of the resonance peaks’ position, as well as their amplitudes associated with OACs 
under various excitations. In addition, according to Eqs. (4 − 6), the maximum of resonance peaks (OACs related) occurs at an energy 

ℏω = [E2
21 + (ℏΓ21)

2
]
1/2

, while its associated intensity is proportional to the quantity [E2
21 + (ℏΓ21)

2
]
1/2

/ℏΓ21. Under the assumption 
that E21 ≫ ℏΓ21, the energy position of the OACs peak is given by ℏω ≈ E21 + ℏΓ21. To deeply understand the effect of the ILF and other 
considered parameters on the position and/or amplitude of the OACs resonance peaks, we plot in Fig. 3a and 3b the variation of OACs 
of the electron confined in HO potential as a function of the incident photon energy, for different values of the ILF strength with k= 1 
and β1 = ±1. It is evident that both the amplitude and position of the resonance peaks are affected by the application of ILF. When β1 
has a negative value (3a), the augmentation of the ILF leads to a decrease in the amplitude of the resonance peaks and a blueshift of 
their positions, while for a negative value of the parameter β1 (3b), the opposite behavior can be observed concerning ILF. 

This is the result of an increase in the electron transition energy and a decrease in the overlap of states involved as the ILF intensity 
increases. This behavior can be reversed by changing the value of β1 from negative to positive. In the first case ( − β1), a blueshift of the 
resonance peaks of about 3 meV was obtained, whereas in the second case (+ β1), a significant redshift of about 10meV was observed. 
Furthermore, it is noticed that the resonance peaks shifted towards higher energy values by about 40 meV and their amplitudes are 
almost eight times greater owing to the improvement in the overlap between the electronic wave functions. Fig. 4a‒d illustrate the 
change in OACs-related resonance peaks, associated with an electron confined in AHO potential versus the incident photon energy, 
taking into account the effects of ILF and β2 and β3 parameters for two different values of β1 with k= 1. It can be seen from these panels 
that the OACs resonance peaks are considerably affected by the applied ILF and considered investigated parameters. Regardless of the 
ILF intensity (4a,4b), the resonance peaks have been blue-shifted according to values of both β2 and β3 with a slight increase in their 
amplitudes, which is due to the increase in both electron transition energy and strength of the interaction between the electron wave 
functions of the studied states. This impact is substantially more marked in the case of the β2 parameter, compared to β3, which can be 
explained by the same reason as in the case of E21 and M2

21. Moreover, a similar behavior has been observed in the presence of ILF (4c,
4d); it is noticed that this behavior is more pronounced in the case of positive β2(4c) compared to the case of negative β1(4d). In 
addition, with rinsing the ILF intensity, α0: 0 →0.3, the resonance peaks undergo a shift towards higher energy values, of about 4 meV 
in the case of negative β1, and 13 meV in the opposite case. To examine the influence of the k parameter on the OACs resonance peaks, 
we presented in Fig. 5a and 5b the variation of OACs of an electron confined in AHO potential as a function of the incident photon 
energy for three different values of k in the absence and presence of ILF, α0 = 0,0.2. As a preliminary observation, it can be seen that 

Fig. 4. The variation of OACs of an electron confined in AHO potential as a function of the incident photon energy for different values of β1, β2, and 
β3 and ILF (α0) parameters, with k= 1. (a) and (b) investigate the impact of β2, while (c) and (d) explore the influence of ILF. 
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changes in the value of the dimensionless k parameter have a marked effect on both the location and height of the resonant peaks of the 
system’s OACs. This influence is slightly lower in the presence of ILF (5b), compared to the case without ILF (5a). Overall, it has been 
observed that the resonance peaks have shifted to a lower energy range with a significant increase in their amplitudes as the k 
parameter increased. In the absence of ILF, a redshift of about 6 meV is observed. In contrast, the shift is slightly smaller in the presence 
of ILF. Additionally, the amplitude of OACs is slightly lower in the presence than in the absence of ILF. 

To better understand the influence of the ILF and of the key parameters, that determine the harmonicity of the potential, on the 
amplitude of the total optical absorption coefficient, we have presented two figures (6a and 6b). In Fig. 6a, the variation of the 
maximum of TOAC for an electron confined in the AHO potential is shown as a function of β3 on the X-axis and β2 on the Y-axis. 
Similarly, in Fig. 6b, the change in the amplitude of TOAC is depicted as a function of α0 (ILF intensity) on the X-axis and k parameter 
on the Y-axis, with a fixed photon energy of ℏω= 350meV. 

It can be inferred from the last figures that all the considered parameters have a remarkable impact on the behavior of the TOAC 
amplitude. It increases together with increasing both β2 and β3, which confirms the results discussed above, and especially, it exhibits a 
maximum value for β2 = β3= 1. This is a result of the increased anharmonicity of the AHO potential, determined by the increase of the 
above-mentioned parameters. However, it is important to note that the maximum value of the TOAC decreases as the overlapping 
between the two considered electronic states reduces with increasing ILF intensity. The behavior of the TOAC is characterized by two 
regimes concerning the k parameter. This is attributed to the fact that as k increases, both the depth and width of the AHO potential 
decrease, along with the square dipole matrix element. However, for higher values of the k− parameter, the square dipole matrix 
element starts to increase again. Fig. 7a and b shows the variation of total OAC of an electron confined in HO and AHO potentials as a 
function of the incident photon energy for three different values of the incident electromagnetic intensity (I), in the presence and 
absence of the ILF. As can be inferred from these figures, the incident electromagnetic intensity has a significant impact on the TOAC in 
both cases, with and without ILF, particularly on the maximum of its resonance peak. It is clearly seen that the increase in I reduces the 
intensity of TOAC and leads to the appearance of two peaks for high electromagnetic intensities, up to 20W/m2. Furthermore, it has 
been observed that the effect of the incident electromagnetic intensity is more noticeable in the absence than in the presence of the ILF. 
It is remarked that by including the ILF (α0: 0 → 0.5) in HO potential (7a), the TOAC shifted by about 8 meV, from almost 322 to 
330meV. However, a slight blueshift of the TOAC-related resonance peak associated with a significant increase in its amplitude has 
been observed in the case of AHO potential (7b). This is due to the enhancement in the dipole matrix element in the AHO potential 
compared to the HO one. Our results show a remarkable agreement with previous theoretical studies regarding the effect of ILF on the 
optical properties in the case of both HO and AHO potentials [30,33,35]. The comparison between GaN/InGaN/GaN and GaAs/AlGaAs 
semiconductor structures reveals similarities in quantum confinement and tailorability using external excitations such as laser field, 
but differences in material composition, absorption profiles, and applications. GaN typically has a band gap ranging from approxi
mately 3.4 to 3.6 eV, while InGaN alloys can span a wide range of band gaps depending on the indium composition. For example, InN 
has a band gap of approximately 0.6–0.7 eV. On the other hand, GaAs have a band gap of around 1.4 eV. The AlGaAs material has a 
tunable band gap depending on the aluminum composition. The distinct band gap values result in variations in the wavelengths of light 
absorbed by these materials. GaN-based materials, with a larger band gap, tend to absorb shorter wavelength light (e.g., in the blue or 

Fig. 5. The variation of OACs of an electron confined in AHO potential as a function of the incident photon energy for different values of k 
parameter, without and with ILF. (a) Explores the influence of k in the absence of ILF (α0 = 0), while (b) analyzes the impact of k with ILF (α0 ∕= 0). 
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ultraviolet region), while GaAs-based materials, with a smaller band gap, absorb longer wavelength light (e.g., in the infrared region). 
Understanding these distinct optical properties enables researchers and engineers to optimize device performance and functionality for 
specific applications, such as LEDs, laser diodes, photodetectors, high-speed electronics, and telecommunications devices. This opti
mization fosters advancements in communication technology, sensing, and solid-state lighting. Overall, the study’s findings provide 
valuable guidance for designing innovative optoelectronic devices with improved characteristics to meet specific requirements. 

4. Conclusions 

In this study, we investigated the electronic and optical properties of InGaN/GaN nanostructures with harmonic and anharmonic 
potentials under the effects of an intense laser field (ILF). We used a theoretical approach to analyze the beam quality parameters, 

Fig. 6. The evolution of TOAC amplitude for the electron confined in the AHO potential as a function of β3 (X − axis) and β2 (Y − axis) (a), and as a 
function of ILF intensity [α0 (X − axis)] and k (Y − axis) (b), with a fixed photon energy, ℏω= 350 meV.. 

Fig. 7. The variation of total OAC of an electron confined in both HO (a) and AHO (b) potentials as a function of the incident photon energy for 
different values of the incident electromagnetic intensity (I = 1, 10, 20 W/m2) with β1= − 1 and k= 1 in the absence of ILF (α0= 0) and in the 
presence of ILF (α0 = 0.5): (a) for β2= 0 while (b) for β2 ∕= 0. 
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including spatial intensity distribution. Our results showed that the electronic and optical properties can be tailored to fit specific 
responses by adjusting structural parameters and applying laser intensity. We also found that the incident electromagnetic intensity 
has a more noticeable effect in the absence of the ILF. This causes a decrease in the amplitude of the resonance peaks of the optical 
absorption coefficients and a displacement towards a higher energy range. Our study provides valuable insights into the electronic and 
optical properties of the investigated system. This knowledge can be used to design advanced optoelectronic devices with improved 
performance, such as high-power laser diodes, lasers for nonlinear optics, solar cells, and optical sensors. 
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