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Abstract In this paper, we theoretically investigated the influence of externally applied fields such as high-frequency non-resonant
intense laser fields, static electric and magnetic fields, as well as structure parameters, on the interband transitions and exciton
binding energy of a GaAs quantum well with Razavy confinement potential. To perform numerical calculations, the ground state
electron and heavy hole subband energy levels of the structure and the envelope wave functions corresponding to these states were
calculated using a variational method within the framework of the effective mass and parabolic band approaches. After obtaining
the numerical values, the band transitions of the structure, the exciton binding energy, the dipole moment matrix elements, and the
transition energy between the ground state electron and heavy hole subband energies of the structure were evaluated in detail. The
results show that the Razavy potential profile turns into a single QW structure for particular dimensionless structure parameters and
the peak position of the interband transition coefficient shifts toward red (lower energy) with the increase in the structure parameters
and electric field strength, while it shifts toward the blue (higher energy) with the increase in the intensity of the intense laser field
and magnetic field. We believe that these numerical results will be useful in the design and production of next-generation electronic
and optoelectronic devices.

1 Introduction

Recent development in semiconductor structures such as quantum wells (QWSs), quantum dots, and quantum-well wires have caught
huge attention for designing and fabricating low- dimensional semiconductor devices. In the design of new generation optoelectronic
devices connected to semiconductor structures, it is necessary to choose the structure parameters correctly by considering many
factors such as the confinement potential geometry, doped layers, and structure dimensions. In addition to these structural parameters,
the interaction of the examined system with applied external perturbations such as electric field, magnetic field, hydrostatic pressure,
temperature, and non-resonant intense laser field (ILF) should also be considered. All these factors have a critical role in tuning
the optical and electronic properties of the structure [1-13]. It is expected that the application of an external field, i.e., electric field
(or magnetic field), modifies the potential profile and the corresponding wavefunctions are relocated toward to edge (or center) of
the structure. This modification produces a reasonable change in the subband energy levels, the transition energies, and the optical
absorption coefficient of the structure. Theoretical and experimental studies have been performed by considering the effect of the
influence of external fields [14-24]. Dakhlaoui et al. [25] explored the red and blue shifts of the total optical absorption coefficients
(TOAC) in double GaAs heterostructures. Optical properties of hyperbolic QW exposed to the electric and magnetic field were
reported by Ungan et al. [26]. Hien et al. [27] discussed the magneto-optical properties, which were affected by the applied external
fields.

In addition to the applied external fields, the doping technique is another concept in semiconductor processing [28-36]. The
doping method is practical to adjust the optical and electronic properties of the structure. For example, the § doping technique is
done by inserting thin layer silicon atoms in GaAs-based structures. Moreover, the silicon layer doping introduces a triangular QW,
and this doping layer affects the spread of the wavefunctions [37-40]. The experimental and theoretical research explored the effect
of doping on the total optical absorption coefficients (TOAC) in the semiconductor quantum nanostructures [41-45]. Gaggero-Sager
et al. [46] investigated the temperature effect on the energy levels in a single doped QW. Dhafer et al. [25] explored that the inserted
doping layer improves the amplitude of the optical gain that is critical for fiber optical communications [47]. Razavy [48] explored
the quantum theory of molecules described by considering the motion of a particle taking the effects of two force fields. After
that exploration, these types of potentials are called Razavy potentials [49, 50]. The effect of an intense laser field on the TOAC
coefficient was studied in Ref. [51].
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Quantum wires (QWRs) are another type of heterostructures, in which electrons are confined in the transverse plane, i.e., therefore
they can move in one dimension. For this reason, the energy levels of such structures present a discrete spectrum. QWRs have been
studied for more than four decades [52-54]. As the above references, these kinds of low dimensional structures find broad applications
in semiconductor devices such as transistors and efficient solar cells [55]. For this reason, improvement in the electronic and optical
properties is a must for developing highly efficient structures. To achieve this aim, there are several studies have been conducted
recently [56-58].

From the above-mentioned references, the nonlinear optical properties of QWs structures were based on the electronic state
transitions. Exciton effects in QW structures are other parameters that have crucial importance in tuning nonlinear optical properties.
The excitonic transitions are important for determining the optical properties of the heterostructure [37-39] and provide valuable
information about the quality of the heterostructure [40]. These exciton effects in the QW structure introduce a noticeable boost in
the optical absorption coefficients and refractive index changes. Therefore, an investigation of the excitonic effects on the nonlinear
optical properties of the structure would be interesting.

As known, the variation of structure parameters and applied external fields modify the respective electron and heavy hole subband
energy levels and their corresponding wave functions which directly affect the electronic and optical properties of GaAs QW with
Razavy confining potential. To reach this aim, in this study, the influence of structure parameters and applied external fields on the
interband transitions and exciton binding energy in GaAs QW with Razavy confinement potential are investigated in detail for the
first time. The obtained numerical results for exciton binding energy and interband transition coefficients are presented for different
structural parameters and different magnitudes of externally applied electric, magnetic, and non-resonant ILF.

This paper is organized as follows: Sect. 2 gives theoretical background. The discussion and numerical solutions are given in
Sect. 3. Finally, the conclusion is presented in Sect. 4.

2 Theory

In the present work, we consider a GaAs QW structure with Razavy potential grown along the z-direction. The schematic repre-
sentation of the structure is shown in Fig. 1 We aim to examine the effect of externally applied fields and structural parameters on
the exciton binding energy and exciton absorption coefficient of this structure. For this purpose, the static electric field (F = F7)
along the z-axis, and a static magnetic field (B = BX) along the x-axis and a non-resonant high-frequency intense laser field with
polarization parallel to the z-axis were applied to the structure. Moreover, the quantum wells with different confining potentials were
obtained by changing the structural parameters such as A and M of the system.

The Hamiltonian for the electron—hole pair in GaAs QW with Razavy potential in the presence of only the static electric and the
magnetic field is given by
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where the mass of the electron (hole) is m.(4), and e, the elementary charge, €, dielectric constant, and ¢, speed of light are universal
constants. The electron (hole) momentum operator is Po), A = (0, —Bz, 0) is the vector potential of the static magnetic field,
F is the strength of the applied static electric field, r.) is the electron (hole) position. In the absence of non-resonant ILF, the
confinement potential profile of electrons (holes) in the z-direction (Vg (z.(x))) is given by the following expression [51]
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where Voe () is the conduction (valance) band offset, A and M are the dimensionless structure parameters, and 7 is the QW width.

R = (mere + mprp)/(m, + my) is the center of mass coordinate, and r = (r, — rp,) is the relative coordinate. For the constant
motion of the center of mass, the Hamiltonian of the system using the cylindrical coordinates (x = pcos¢, y = psing, z = z) as

follows [59].
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Fig. 1 Schematic representation
of GaAs Razavy quantum well
system in the absence of external
perturbations
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where p is the reduced mass, u = memyp /(me + my), p = \/(xe —xp)*+ (Ye — yh)2 is the relative distance between the electron
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the selected trial wave function in Eq. (6).
The non-resonant intense laser field on the structure distorts the confinement potential. After the ILF is applied to the structure,
the new-formed confinement potential is called “dressed” confinement potential [S1].
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to the confinement potential, the ILF also affects the Coulomb potential. The new-formed Coulomb potential is written as [60]
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The trial wave function for the electron—hole system is chosen as

here @ is the non-resonant laser frequency, cg = is the laser dressing parameter, Ag is the laser field strength. In addition
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B(p, . zer 2 £ ) = Nz () exp| — %“L(in;h) , ©)

where N is the normalization constant, £ and « are the variational parameters, ¥ (z.) and v (z;,) represent the motions of the electron
and hole in the z-axis.
Using Eq. 6, the time-independent Schrodinger equation for the excitonic structure is expressed as
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where E is the total energy of the system.
Using a variational method, the exciton binding energy is obtained as

Ep = E;, + E, —min (Y |H|Y) 3)
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where E, (E1.) and E, (E1;) are the electron and hole first subband energies, respectively.
The general expression for the optical absorption coefficient in the compact-density matrix approach is given by [61, 62]
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where w is the angular frequency of the incident photon, p is the permeability, oy, is the electron density in the structure, A is reduced
Planck’s constant, M2 = v; (ze)lez|¥ f(zp), and ' = % is the inverse of interband relaxation time.

3 Results and discussion

In this section, we present our results of numerical simulations on GaAs QW with Razavy potential. We firstly obtained the effects
of structure parameters (A, M, and 1) and the applied external static electric field (F), magnetic field (B), and a non-resonant ILF
(ap) on the exciton binding energy, the off-diagonal electric dipole moment matrix elements, and the interband transition energy of
the structure. Then, we investigated the effect of these external fields and structural parameters on the optical absorption coefficient
of the system. The numerical simulation is performed in three consecutive steps; (i) the single parabolic band and effective-mass
approaches are applied to obtain the energy eigenvalues and eigenfunctions of ground state electron and heavy hole, (ii) the variational
calculation technique was used to compute the exciton binding energy and (iii) the optical interband absorption coefficients are
calculated by using the compact-density matrix approach. The physical constant used for the numerical calculation are follows
[63]: Vo€ =228 meV, Vo' = 176 meV, m, = 0.067mg, my, = 0.45mq, (my is the free electron mass), o, = 3 x 1022 rextm =3,
h=1.056 x 1073 Js EZYS = 1424 textmeV, e = 1.602 x 1079 C, g9 = 8.854 x 10712, n, =3.2,80 = 12.58, . =47 x 1077
Hm™ ', 1, =0.14 ps, I =0.1 MWem™2,

Figure 1 is the demonstration of GaAs Razavy QW for an electron wave function in the conduction band and a hole in the valance
band. Figure 2 compares the potential profiles at different structure parameters. In Fig. 2a, the structure parameters M sets to 3. The
potential profile is double QW having reasonable barrier width at the middle for A = 1. For A = 2, the potential profile barrier width
decreases. When A sets to 3, the potential profile turns into a single QW structure. Figure 2b, at constant A = 2, the bottom of the
potential well moves upward for M = 1. For this reason, the wave function moves toward upper energy. At M = 2, the potential
shape turns into a single QW structure. Finally, M = 3, the potential shape turns into a double QW structure. It is brought out that
the quantum-well system evolves from the single quantum well to the double quantum well depending on the Razavy potential
parameters.

The exciton binding energy as a function of QW width at different dimensionless parameters is given in Fig. 3. At constant M =
3, when the A = 1, the potential barrier between two QW is large (see Fig. 2a). When the A increases to A = 2, the barrier between
two QW decreases. There is a change over from a double quantum well to a single quantum well. When the A = 3 the potential
profile turns into a single QW structure. Figure 3a, the increment of parameter QW width () for constant A = 1 and M = 3 results
in a change of electron energy levels of an electron occupied in the potential profile. For A = 1 and M = 3, the electron feels a
double QW structure. The increment of 7 results in the increment of the exciton binding energy difference. A = 2 and M = 3, the
structure approaches the single QW structure having small barrier width, and the exciton binding energy starts decreasing with the
increment of n (QW width). A = M = 3, the structure has a flat well shape with an infinite potential barrier of a single QW. The
increment of the potential width leads to the decrement of the exciton binding energy [42]. Figure 3b presents the variation of the
exciton binding energy as a function of 7 at different M parameters for a constant, A = 2. The exciton binding energy decreases with
the change of the dimensionless M parameters. The potential profile shape changes into double or single QW in which the exciton
binding energy is affected. The electron wavefunction is vertically shifted for M = 1. It implies that the wavefunctions move toward
higher energies. When M and A are equal to 2, the potential structure shifts to the origin position, and the potential width increases.
When M = 3>A, the coupling of two potential wells increases, resulting in the double QW [29].

The applied external fields of the electric field, magnetic field, and intense laser field modify the shape of the potential well. The
bottom of the QW potential is tilted (+ z-direction) with the applied electric field, while the valance band is tilted in the opposite
direction (+ z-direction). This potential distortion shifts the electron wavefunction in the conduction band and the heavy hole in the
valance band in opposite directions. The confined electron and heavy hole drift in different directions. As a result, the electron and
heavy hole interaction probability decreases which leads to the decrement of the exciton binding energy as shown in Fig. 4a-b. On
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the other hand, the exciton binding energy does not linearly vary with the applied ILF as seen in Fig. 4c. At o = 0, the binding
energy decreases with the increment of potential width. When « is turned on, the width of the potential well narrows. Interaction of
the electron and the heavy hole is more reasonable, and the exciton binding energy increases [43]. Then, the exciton binding energy
decreases with the increment of the n parameter.

Interband transition energy between the electron in the conduction band and the heavy hole in the valance band is controlled
with the structure parameters and the applied external fields. Figure 5a shows that the interband transition energy decreases with
the increment of dimensionless A parameters. The dipole moment matrix element like a normal distribution initially increases and
decreases with the increment of A. Figure 5b gives interband transition energy as a function of the M parameter. Energy difference
decreases with the increment of M parameters, and the dipole moment matrix elements increase with M.

Figure 6 presents the interband energy transition as a function of applied external fields. Interband transition energy is found to
change as functions of applied external electric fields. Figure 6a displays that the potential profile is modified with the applied electric
field. The interband energy difference and the dipole moment matrix element decrease with the electric field. Figure 6b exhibits the
variation of the energy transition and dipole moment matrix element as a function of the applied magnetic field. The magnetic field
gives parabolic effects on the QW structure and the interband transition energy increases while the dipole moment matrix element
decreases [44]. In Fig. 6¢, the intense laser field is turned on. The width of the potential well reduces and the interband transition
energy increases as a function of the applied /ILF due to the shift of the conduction band toward the larger values of energy with the
influence of ILF.
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Figure 7 contains the results for total optical absorption coefficients (TOAC) related to the interband transition between the ground
state electron and heavy hole for different dimensionless parameters (a) A and (b) M. The resonant peak of TOAC is obtained as a
function of incident photon energy for different A parameters as shown in Fig. 7a. The TOAC peak position shifts to a lower energy
region with the increment of A. The potential shape turns from double QW to single QW with the increment of A parameters. The
energy difference between the ground state electron and heavy hole decreases with the increment of A. The amplitude of the TOAC
peak increases first and then decreases with the increment of A. This variation of the TOAC peak is explained by the behavior of the
interband transition energies as shown in Fig. 5a. Figure 7b exhibits the change of the TOAC resonant peak at different M parameters.
The increment of M results in the decrement of the interband transition energy. There is a sharp decrease in the interband transition
energy for M = 1 — 2. Then M = 2 — 3, the interband transition energy slightly changes. Such an internal energy variation leads
to a redshift of the TOAC resonant peaks. The dipole moment matrix elements mainly affect the amplitude of the resonant TOAC
peaks.
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Fig. 7 Total optical absorption
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Figure 8 exhibits TOAC coefficients as a function of incident photon energy for three different applied external fields. An
increment of the applied electric field results in the redshift of the TOAC peak positions as shown in Fig. 8a. The amplitude of the
peaks decreases with the increment of the applied external field. The variation of the interband transition energy and the dipole
moment matrix elements is seen in Fig. 6a. In Fig. 8b, the applied magnetic field moves toward the higher energy region of the TOAC
peak. The amplitude of the peak slightly changes with the applied magnetic field. The applied magnetic field brings a parabolic
effect on the structure. The interband transition energy and the dipole moment matrix element variation are given in Fig. 6b. When
the ILF is turned on, the TOAC peak shifts to higher energies (blue shift) as shown in Fig. 8c. The ILF narrows the potential width.
The ground and the first excited state energy difference increases with the applied ILF [45]. The effects of the ILF on the interband
transition energy and the dipole moment matrix elements are demonstrated in Fig. 6¢. The changes in the optical properties occur
owing to the increase in spacing energy between the energy levels. The performed numerical results are useful to determine the
effects of the structural parameters and the applied external fields on the TOACsS of the Razavy QW structure.

4 Conclusion

In this study, we have performed a numerical simulation to obtain the effect of the quantum-well parameters and the applied
external fields on the total optical absorption coefficients. The ground state electron and heavy hole interband electronic transition
of GaAs quantum well having Razavy confinement potential shape and electronic wavefunctions have been calculated using the
diagonalization method. The obtained numerical results demonstrate that the Razavy potential profile turns into a single quantum-well
structure for particular dimensionless structure parameters, using Razavy potential parameters, the quantum-well system evolves
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from the double quantum well to a single quantum well and the resonant peak position is sensitive to the structure parameters and
the applied external fields. The variation of these physical quantities shifts resonant peaks toward lower and higher energies as well
as the relative change in their amplitudes. The control of these parameters tunes the optical and electronic properties of the GaAs
quantum well with Razavy confinement potential.
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