
Article

Not peer-reviewed version

Position-dependent effective

mass and asymmetry effects on

the electronic and optical

properties of quantum wells with

improved Rosen-Morse potential

Esin Kasapoglu 

*

 , Melike Yücel , Carlos Duque

Posted Date: 2 August 2023

doi: 10.20944/preprints202308.0084.v1

Keywords: improved Rosen-Morse potential; quantum well; position-dependent effective mas

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/2168885
https://sciprofiles.com/profile/2166834
https://sciprofiles.com/profile/1534384


Article

Position-Dependent Effective Mass and
Asymmetry Effects on the Electronic and Optical
Properties of Quantum Wells with Improved
Rosen-Morse Potential

Esin Kasapoglu 1,* , Melike Behiye Yücel 2 and Carlos A. Duque 3

1 Department of Physics, Faculty of Science, Sivas Cumhuriyet University, 58140 Sivas, Türkiye
2 Department of Physics, Faculty of Science, Akdeniz University, 07058 Antalya, Türkiye;

myucel@akdeniz.edu.tr
3 Grupo de Materia Condensada-UdeA, Instituto de Física, Facultad de Ciencias Exactas y Naturales,

Universidad de Antioquia UdeA, Calle 70 No. 52-21, Medellín 050010, Colombia;

carlos.duque1@udea.edu.co

* Correspondence: ekasap@cumhuriyet.edu.tr

Abstract: In this study, we investigated, for the first time, the effects of the spatially varying effective

mass, asymmetry parameter, and well width on the electronic and optical properties of the quantum

well which has an improved Rosen-Morse potential. Calculations are made within the framework of

the effective mass and parabolic band approximations. We have used the diagonalization method

by choosing a wave function based on the trigonometric orthonormal functions to find eigenvalues

and eigenfunctions of the electron confined within the improved Rosen-Morse potential. Our results

show that the position-dependence mass, asymmetry, and confinement parameters cause significant

changes in the electronic and optical properties of the structure we focus on since these effects

create a significant increase in electron energies and a blue shift in the absorption spectrum. The

increase in energy levels enables the development of optoelectronic devices that can operate at wider

wavelengths and absorb higher energy photons. This offers potential advancements in fields such as

optical communication, imaging technology, and solar cells.

Keywords: improved Rosen-Morse potential; quantum well; position-dependent effective mas

1. Introduction

Constructing a universal empirical potential energy function for diatomic and/or polyatomic

molecules holds significant importance. The fitting quality between the function and experimental

data improves with an increased number of parameters in the analytical potential energy function.

To illustrate, Morse proposed the first simple empirical analytical potential function in 1929 [1],

which found utility in studying transition frequencies and intensities in diatomic and polyatomic

molecules [2]. Several potential-energy functions, namely the Manning-Rosen, Schiöberg, Tietz, and

Rosen-Morse potential functions, have been derived for diatomic molecules by explicitly incorporating

the dissociation energy and equilibrium bond length as parameters [3–5].

The improved Rosen-Morse potential (IRMP) or exponential Rosen-Morse potential has

independent fitting parameters for experimental data more than the trigonometric Rosen-Morse

potential. Quantum well potentials are often used in combination with other materials to create

heterostructures. By stacking different layers of materials with varying bandgaps and compositions,

researchers can create quantum wells with different geometries. These heterostructures can provide

additional degrees of freedom to control the electronic properties, enabling the design of advanced

devices like high-electron-mobility transistors (HEMTs) and quantum cascade lasers. The significance

of quantum well potentials with different geometries lies in their ability to manipulate electron

energies, confinement effects, quantum tunneling, optical properties, and the creation of complex

heterostructures.

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 August 2023                   doi:10.20944/preprints202308.0084.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://orcid.org/0000-0002-0893-9210
https://orcid.org/0000-0001-7778-9378
https://orcid.org/0000-0003-3382-2783
https://doi.org/10.20944/preprints202308.0084.v1
http://creativecommons.org/licenses/by/4.0/


2 of 10

By tailoring the geometry, researchers can engineer the desired electronic and optical

characteristics for various applications in semiconductor devices and quantum technologies.

Low-dimensional semiconductor heterostructures, in which position dependent mass (PDM) or

spatially variable mass effects are taken into account, are of interest to researchers because of their

importance in many branches of physics, especially in the study of electronic and optical properties of

semiconductors [6–13]. The improved Rosen-Morse potential (IRMP) which can also call exponential

RMP serves as a reliable model for describing the interaction between particles in various physical

systems. By including more appropriate parameters, it provides a more flexible framework than

trigonometric RM potential to accurately represent experimental data.

This study capitalizes on these advantages to explore the behavior of electrons in a quantum

well, where the effective mass varies spatially. As known, understanding the electronic properties of

confined electrons is crucial for developing advanced electronic devices and optoelectronic applications.

Although there are a limited number of studies on the optical properties of quantum wells and quantum

dots with trigonometric RM potential under external fields and without PDM [14–16], we have not

found any studies on the optical properties of quantum well (QW) with IRM potential. Therefore, in

this study, which we thought had never been studied except for the calculation of rotational-vibration

energies of some diatomic molecules, we investigated, for the first time, the electronic and optical

properties of an electron with a spatially varying effective mass, confined in a QW which has IRM

(IRMQW) potential.

This work is arranged as follows: the theoretical framework is presented in Section 2, the results

and discussion are outlined in Section 3, and the conclusions are given in Section 4.

2. Theoretical framework

In the effective mass approximation, Hamiltonian for the electron is given by

H = −
h̄2

2
∇ ·

(

1

m(z)
∇

)

+ V(z) , (1)

where m(z) is the position-dependent effective mass of the electron, and it is as defined below

m(z) = m∗sech2
(πz

d

)

, (2)

where d-parameter describes the effective length of position dependence mass (PDM) distribution,

and m∗ = 0.067m0 is the effective mass at z = 0 (m0 is the free electron mass). At sufficiently large

d-values, the variable mass approaches the value of electron mass in the bulk material of interest, and

the uniform behavior, stability, and spatial extension of the effective mass also increase. V(z) is the

IRMQW potential, and its functional form is given as follows [17]

V(z) = V0

(

1 −
ez0/k + 1

ez/k + 1

)2

, (3)

where V0 is the depth of the quantum well, k-parameter is related to the well width. As z0 increases,

the minimum point of the potential shifts and barrier height on the right side slowly decreases, while

the left side becomes sharper and rises to infinity. So, we defined the z0 as an asymmetry parameter

since it causes the IRMQW to turn into an asymmetrical structure. It should also be noted that using

the IRMQW used in the literature to obtain the molecular energy spectrum of diatomic molecules, has

been modified by us to investigate the electronic and optical properties of an electron confined within

this potential.

Immediately after the energies and related wave functions are acquired, for transitions between

any two electronic states, the linear and non-linear absorption coefficients are found by using the

perturbation expansion and the density matrix methods. Using the relevant approaches mentioned
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before, expressions of the linear, third-order nonlinear, and total absorption coefficients (ACs) for the

optical transitions are found, respectively, as follows [18–21].

β(1)(ω) =

√

µ0

εr

∣

∣Mij

∣

∣

2
σvηωΓij

(Eij − ηω)2 + (ηΓij)2
, (4)

β(3)(ω, I) = −2

√

µ0

εr

(

I

ε0nrc

)

∣

∣Mij

∣

∣

2
σvηωΓij

(Eij − ηω)2 + (ηΓij)2

(

1 −

∣

∣Mjj − Mii

∣

∣

2

∣

∣2Mij

∣

∣

2

(Eij − ηω)2 − (ηΓij)
2 + Eij(Eij − ηω)

E2
ij + (ηΓij)2

)

, (5)

and

β(ω) = β(1)(ω) + β(3)(ω) , (6)

where εr = n2
r ε0 is the real part of the permittivity, σv is the carrier density in the system, µ0 is the

vacuum permeability, Eij = Ej − Ei is the energy difference between two impurity states, Mij =
∣

∣

〈

ψi |ez|ψj

〉∣

∣, (i, j = 1, 2) is the transition matrix element between the eigenstates ψi and ψj for incident

radiation polarized in the z-direction, Γij(= 1/Tij) is the relaxation rate, Tij is the inverse relaxation

time, c is the speed of the light in free space, and I is the intensity of incident photon with the

ω-angular frequency that leads to the intersubband optical transitions. It should be noted that diagonal

(non-diagonal) matrix elements are zero (different zero) Mii = Mjj = 0,(Mij 6= 0) in the symmetric

case for z0 = 0.

3. Results and Discussion

The parameter values in our numerical calculations are ε0 = 12.58 µ0 = 4π × 10−7Hm−1, σv =

3.0 × 1022m−3, and I = 5.0 × 108W/m2. These parameters suit GaAs/GaAlAs heterostructures [6].

The changes in the shape of IRM type QW according to the z0-asymmetry parameter as a function

of the z-coordinate are given in Figure 1. When the parameter-z0 is zero, the structure has a symmetrical

character; if z0 is nonzero, it becomes an asymmetrical character; the parameter-z0 also has a dominant

effect on geometric confinement.
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Figure 1. For k = 0.15 and different z0-values, quantum well with the improved Rosen-Morse

confinement potential, and squared wave function corresponding to the ground state of the electron

localized in this well.

The variations of the energies corresponding to the first three levels of a confined electron within

the IRMQW as a function of z0-parameter in the absence and presence of position dependence mass for

k = 15nm and k = 25nm values are given in Figure 2a,b. In the absence and presence of PDM, energies

are an increasing function of z0-parameter. As explained above, the energies also increase since the
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increase in the z0-parameter causes an increase in the geometric confinement. As seen in Equation

(2), for small values of z0-parameter, the PDM of the electron is lower than that of the constant mass

(CM), i.e., (m(z) < m∗), and so the energy values of the electron get larger the energy levels are always

inversely proportional to the electron mass. However, for larger values of d-parameter, the energy

values of the electron also approach to results of CM, since m(z) approaches m∗-value. Furthermore,

the electron with the E3-energy becomes unbound at z0 ≥ 10nm due to the increase in energies by the

combined effects of the PDM and z0-parameter. The increase in the k-width parameter weakens the

geometric confinement. Therefore, the energies decrease, and the electron withE3-energy becomes

bound in the well at the same z0 value for large d.
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Figure 2. The variation of the energies corresponding to the first three energy levels of confined electron

within the improved Rosen-Morse confinement potential as a function of z0-parameter in the absence

and presence of position dependence mass:K = 15nm (a), and K = 25nm (b). Solid lines are for electron

with constant mass (CM), dashed lines are for position dependence mass (PDM).

The variations of the energy differences between some energy levels of interest as a function

of z0-parameter for the values of k = 15nm and k = 25nm are given in Figure 3a,b. As a natural

consequence of the increase in energies as a function of z0, the energy differences between the two

levels indicated at the inset of the figures also increase.
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Figure 3. The variation of the energy differences between some energy levels of interest as a function

of z0-parameter: K = 15nm(a), and K = 25nm (b).

Figure 4a,b show the variation of total absorption coefficients for a transition that is called the (1-2)

between the ground and first excited states of an electron confined within the quantum well with the

improved Rosen-Morse confinement potential as a function of the incident photon energy for different

z0-values for k = 15nm and k = 25nm respectively.

First of all, it should be noted that for z0 = 0, the IRMQW is symmetrical, and the (1-3) transition

between the ground state and the second excited level is forbidden, other than that for all z0-values, all

transitions are allowed since the structure is asymmetrical. Due to the delocalization of the electron that

has E3-energy by the spatially varying mass and asymmetry effects, the (1-3) transition is not shown in

the figures. The amplitude of the absorption peak corresponding to this transition is already very small

due to the transition matrix element. For k = 15nm, the total absorption peak positions corresponding

to the (1-2) transition shift towards the blue with increasing z0-values. The peak positions shift first to

blue with the effect of PDM, and for larger d-values, towards the peak positions corresponding to the

results of the CM case, that is, to the red. For the CM case, the bleaching effect is observed in absorption

peaks due to the increasing importance of the nonlinear contribution; the contribution of the nonlinear

absorption coefficient decreases with increasing z0-value. In the case of PDM, the bleaching effect

disappears, indicating that the nonlinear optical coefficient is negligible compared to the linear one. For
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k = 25nm, all peaks shift to the red with decreasing magnitudes, and the contribution of the nonlinear

term is bigger compared to the k = 15nm.
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Figure 4. The variation of total absorption coefficients for a transition that is called the (1-2) between

the ground and first excited states of an electron confined within the quantum well with the improved

Rosen-Morse confinement potential as a function of the incident photon energy with intensity I =

5.0 × 108W/m2 for different z0-values: k = 15nm (a), and k = 25nm (b).

Figure 5a,b have the same regulation as in Figure 4a,b, but the results given are for the (2-3)

transition. It should be noted that the incident photon intensity for all the transitions in the Figures 4

and 5 is I = 5.0 × 108W/m2. The bleaching effect is quite pronounced in the total absorption peaks

corresponding to the (2-3) transition since the nonlinear term is greater than that of the linear term,

and absorption peaks localize in lower photon energies than the (1-2) transition. Furthermore, the

total absorption peaks for the (2-3) transition are not observed since the electron with the E3-energy

unbound within the IRMQW for d = 30nm.
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Figure 5. The variation of total absorption coefficients for a transition that is called the (2-3) between

the first and second excited states of an electron confined within the quantum well with the improved

Rosen-Morse confinement potential as a function of the incident photon energy for different z0-values:

k = 15nm (a), and k = 25nm (b).

As known, in linear absorption, the absorption properties of the material are independent of

the light intensity. When the nonlinear absorption coefficient, which depends on the intensity of the

incident light, is much larger than the linear absorption coefficient, the material exhibits a significantly

stronger light absorption at high intensities compared to low intensities. This phenomenon is often

observed in nonlinear optics. The material may exhibit strong absorption or even saturation effects at

higher light intensities, leading to a higher light attenuation rate. This behavior can be exploited in

applications such as optical limiting, optical switching, and nonlinear imaging, where controlling the

intensity-dependent absorption is crucial. It’s worth noting that the specific mechanisms behind

nonlinear absorption can vary depending on the material and the physical processes involved.

Common examples include two-photon absorption, multiphoton absorption, and saturable absorption,

each having different dependencies on the light intensity.

It is also well known that when the energy difference between any two states is sufficiently small,

and the optical intensity which leads to the intersubband optical transitions is sufficiently high, the

bleaching effect is observed. It is already known that the bleaching effect disappears using a smaller

optic intensity than the one used here when the energy difference between the two energy levels
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is small. To see this, we added the new figures using a lower intensity for the photon, causing the

intersubband transitions. Figure 6a,b have the same regulation as in Figure 4a,b, but the results are for

the photon intensity I = 1.0 × 108W/m2 , and include only the (1-2) transition. There is already no

bleaching effect in the presence of PDM. Still, as can be seen from the figures, when lower light intensity

is used, the amplitude of all total ACs increases as the contribution of the third-order nonlinear term is

reduced. Thus the bleaching effect observed in ACs without PDM is disappeared.
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Figure 6. The variation of total absorption coefficients for a transition that is called the (1-2) between

the ground and first excited states of an electron confined within the quantum well with the improved

Rosen-Morse confinement potential as a function of the incident photon energy with intensity I =

5.0 × 108W/m2 for different z0-values: k = 15nm (a), and k = 25nm (b).

4. Conclusions

In this work, for the first time, the position-dependent effective mass, structure, and asymmetry

parameter effects on the electronic and optical properties of an electron confined in both symmetric and

asymmetric quantum wells that have improved an exponential Rosen-Morse potential are investigated.

The position-dependent effective mass, asymmetry, and confinement parameters significantly increase

electron energies, energy differences between the confined electron states, and a blue shift in the

absorption spectrum. These results enable the development of optoelectronic devices that can operate

at wider wavelengths and absorb higher energy photons. In the presence of the position-dependent
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mass, the bleaching effect disappears, which is observed in the case of constant mass. This behavior

can be exploited in applications such as optical limiting, optical switching, and nonlinear imaging,

where controlling the intensity-dependent absorption is crucial.
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