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In this paper, we have considered the electronic and optical properties of GaAs/AlxGa1-xAs quantum well for 
different quantum barrier heights (QB). Under effective mass approximation, the finite element method is used 
to simulate wavefunctions and corresponding energy eigenvalues for two different quantum barrier heights in 
the absence of external fields. We have shown that except for the ground state, the first and second excited 
energy states have shifted up with increased QB heights which results in slight blue shifts in transition energies. 
It is shown that QB heights have no effect on the refractive index change of the (1-2) transition but the refractive 
index change of the (2-3) transition is decreasing with higher QB heights. In addition, it is seen that QB has a 
negligible effect on in absorption properties of both (1-2) and (2-3) transition but the intensity of the (2-3) 
transition is 2.5 times higher than (1-2) transition that makes (2-3) transition more suitable for any device 
application to have more efficient devices. 
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Giriş 

IR emitting/absorbing devices have been studied 
extensively since the discovery of the potential use of IR 
radiation in many industrial, army and medical 
applications. Especially, semiconductor-based IR devices 
have been used a lot in the military, medical, and 
industrial fields in the last couple of decades (Wang, 
Slivken et al. 2021). One of the infrared devices used in 
this field is infrared sensors due to their frequent usage in 
night vision, tracking, and missile guidance (Harrer, 
Schwarz et al. 2016). Today infrared sensors have been 
taken up room in many fields such as health and 
communication due to the decrease in production costs 
(Vitiello, Scalari et al. 2015). Mercury-based materials are 
mostly used in infrared sensors, but working with this 
material group brings difficulties at the point of 

production (Hanna, Eich et al. 2016). In addition, infrared 
light sources are very rare and the intensity of infrared 
light have not been enough to be used in device till now. 
As an alternative to these materials, infrared sensors 
designed with GaAs/AlGaAs quantum wells have become 
popular optoelectronic materials in recent years to 
overcome these difficulties for infrared 
emitting/absorbing devices. GaAs/AlGaAs material group 
is not used only in infrared sensors, they are also used in 
infrared semiconductor lasers, and LEDs designed with 
quantum wells are among the common optoelectronic 
devices. In infrared semiconductor laser structures, which 
are widely used today, structures consisting of 
GaAs/AlGaAs multiple quantum wells are often used. 
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Quantum well structures are devices that operate based 
on transitions between minibands (Alaydin, Ozturk et al. 
2017). The structure is created by selecting the appropriate 
well width and barrier height according to the region to be 
studied. In this way, it is possible to emit/detect infrared 
radiation with a certain wavelength. The reason why 
GaAs/AlGaAs is widely used in Quantum well structures is 
the excellent lattice compatibility between GaAs and AlAs, 
the direct bandgap of GaAs, and the relatively easy growth 
of these materials (Jiang, Xiao et al. 2018). The effects of 
external effects such as electric field, magnetic field, 
temperature, pressure, laser field on the optical and 
electronic properties of quantum wells are among 
important research topics (Karabulut et al., 2007; Karki et 
al., 2011; Ozturk, 2017; Alaydin, 2020; Durmuslar et al., 
2021). Karabulut et al. (2007) studied the effect of laser field 
on the linear and nonlinear intersubband optical 
absorptions in an asymmetric rectangular quantum well 
(Karabulut, 2010). Yıldırım et al. analyzed the effect of 
Pöschl–Teller potential on nonlinear optical properties 
(Yıldırım and Tomak, 2005). Effects of temperature and 
hydrostatic pressure were shown for GaAs/InxGa1-
xAs/GaAs square quantum well by Baser et al. (Baser et al., 
2016). Alaydin showed the effects of quantum well 
thickness, quantum well barrier height and electric field for 
quantum cascade laser applications (Alaydin, 2020). 

In this study, we have considered energy band structures 
of long-infrared emitting/absorbing GaAs/AlxGa1-xAs single 
quantum well heterojunction structure dependent on the 
quantum barrier height (QB) for quantum cascade 
laser/detector applications. Wavefunctions and 
corresponding energy eigenvalues were obtained by solving 
Schrödinger Equation using effective mass approximation. 
The finite element method was used to obtain solutions. 
Three bounded energy states were obtained and the 
probability density of wavefunctions, transitions energies, 
and dipole matrix elements was first calculated. Then, the 
changes in optical properties such as refractive index and 

absorption coefficient depending on the quantum barrier 
height were investigated to be used in long-infrared devices. 

 
Theory and Method 

 
The finite element method is one of the methods to 

find out the wave functions (WFs). Then corresponding 
energy levels (ELs) under effective mass approximation 
are simulated. Time-independent Hamiltonian of the 
GaAs/AlxGa1-xAs quantum well for different barrier heights 
is given in Equation (1) in matrix formalism, 

 

H=-
ћ2

2m*
 

d2

dz2
+

e2 B2 z2

2 m*c2
+e F z+ V(z)  (1) 

 
where the second-order differential is defined as 

Equation (2). 
where m∗ describes the effective mass of the electron 

it is taken as 0.067 m0 due to lattice matching between 
GaAs and AlxGa1-xAs (m0 is the free electron mass). In 
equation 1, e is the electron charge, Nz is the length of the 
matrix to define the total quantum region, F is the electric 
field in the growth direction, B is the magnetic field 
applied perpendicular to the growth direction, and V(z) is 
the confinement potential. The quantum well is 15 nm 
thick and it is surrounded by the AlxGa1-xAs quantum 
barrier. V0 is the band discontinuity and it is taken as 0.6. 
Quantum barrier height is taken as V0 =290 meV for x =
0.45 (V0 =228 meV for x = 0.3,  ) [1, 2].  

The diagonalization method is used to calculate 
Equation (1). Energy levels are obtained and then their 
corresponding electron wavefunctions (WFs), linear 
absorption coefficients (LACs), third-order nonlinear 
absorption coefficients (NACs), and total absorption 
coefficients (TACs) are simulated for intersubband (ISB) 
transitions for the three ELs. The density matrix approach 
as given in Equation (3) is used. 
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The LRICs, NRICs, and TRICs can be formulated as (3), respectively. 
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Intersubband dipole moment matrix elements (DMMEs) are defined by 
 

Mif= ∫ Ψf
*  z Ψi dz ,        (i,f=1, 2, 3, 4)          (9) 
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Here, δif = Mff − Mii is the intrasubband DMMEs, I is 
the optical light intensity, ω is the angular frequency of 
the incident photon, (Eif = Ef − Ei = ℏ ωif), Ef and 
Ei represent the quantized ELs for the last and first states, 
ℰ0 is the vacuum permittivity, ℰr is the real part of the 
permittivity, 𝜇 is the magnetic permeability, nr is the 
refractive index,  σv is the carrier density. 

 
Result and Discussion 

 
We have theoretically investigated the electronic and 

optical features for the (1-2) and (2-3) transitions in the 
square quantum well dependent on the QB (electric (F) 
and magnetic (B) fields are not included.  In this study, we 
have taken σv = 4 × 1016cm−3, T = 1 ⁄ Γ = 0.14 ps [3-
5] and I is 0.2 MW/cm2. In Figure 1, band arrangement is 
shown. It has been seen that QB height has minor effect 
on the eigenvalue of the ground energy state. In addition, 
localization and its shape are also not affected. It is 
calculated that transition energies (1-2) and (2-3) are 
50 meV and 79 meV which are in THz region. When QB 
height is increased to 290 meV, there are slight increase in 
transition energies that are respectively 52 meV and 
84 meV. These values are in THz region and also suitable 
for semiconductor devices working in THz region.  

Refractive index change of the (1-2) and (2-3) 
transitions are given in Figure 2. LACs, NACs and TACs are 
plotted for different QB heights. It is seen that linear 
refrative index change is stronger than perturpative 
nonlinear refractive index change under current band 
arrangenements and parameters for both QB heights. 
There is a negligible change in the refractive index change 
of the (1-2) transition dependent on the QB heights. 
However, TAC of the (2-3) transition is higher for the lower 
QB height owing to the stronger NAC of the higher QB 
height. We can say that QB height results in higher 
perturbative effect for (2-3) transition. 

Figure 3 depicts the absorption properties square QW 
dependent on the different QB heights. The same as the 
refractive index change absorption coefficients of the (1-
2) transition is not affected from QB height due to same 
dipole moment matrix elements. As described in equation 
5 and 6, absorption coefficient is function of the dipole 
moment matrix elements and incident intensity. Non-
changing behavior of the ground state wavefunctions and 
slightly varying first excited state are the defining factor. 
Absorption coefficients of the (2-3) transitions are 2.5 
times higher than (1-2) transition that indicates more 
efficient device operation if designed for (2-3). However, 
slight change observed in refractive index change is not 
observable for the different QB barrier height. 

 
Conclusion 

 
As a conclusion, we have studied the electro-optical 

properties of GaAs/AlxGa1-xAs square quantum well for 
different QB heights. The first three bounded energy 
levels for (1-2) and (2-3) intrasubband transitions are 
considered. Ground state energy is not affected by the 

variation of the QB height. However, energy eigenvalues 
are shifting up with QB height for excited state and blue 
shift is observed in transition energies. We have observed 
that refractive index of the (1-2) transition is independent 
from the QB height but refractive index of the (2-3) 
transition is varying with QB height. Refractive index 
change is in the same order for the (1-2) and (2-3) 
transition. Calculated absorption coefficients show that 
(2-3) transition is more effective than (1-2) transition. Any 
device design based on (2-3) transition will be more 
efficient than (1-2) due to higher overlap of the PDWs. 
Lastly, we think that the current study can contribute 
design and research of QW semiconductor devices such as 
photodetectors, lasers, semiconductor saturable 
absorbers by showing the way how design optical 
properties. 

 

 

Figure 1. PDWs of first three energy states in the 
conduction band of QW structure in the for different 

quantum well barrier heights  

 

  

  

Figure 2. Absorption coeffients of the (1-2) and (2-3) 
transitions for different square quantum well barrier 

heights 
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Figure 3. Absorption coeffients of the (1-2) and (2-3) 
transitions for different square quantum well barrier 

heights. 
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