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Semiconductor-emitting/absorbing infrared devices are in the common interest of the scientific and industrial 
community due to their broad application in these fields. GaAs/AlGaAs based devices are one of the most studied 
semiconductor heterostructures. In this study, I have aimed to design GaAs/AlGaAs quantum well (QW) 
semiconductor heterostructures to emit/absorb in the long-infrared region and studied the optical properties. 
To do that, I have designed a quadruple QW, which is composed of GaAs/Al0.44Ga0.56As QW and quantum barriers 
(QB). I have solved the time-independent Schrödinger equation using the finite element method-based matlab 
code under effective mass approximation. The wave functions and corresponding energy eigenvalues are 
obtained for varied electric field (EF) intensities. I have shown that our design can operate up to 80 𝑘𝑉/𝑐𝑚, 
which is the limit for first bounded energy eigenstates. It is observed that 𝐸32 transition provides long-infrared 
emission/absorption corresponding to the 0.12 − 0.14 𝑒𝑉 transition energy and it is constant with increased EF 
intensity. In addition, it is seen that the overlap of the wave functions is increasing with EF intensity which 
enhances radiative transition in the structure. I have calculated the linear absorption coefficient and refractive 
index change. I have observed that the absorption coefficient of 𝐸32 transition is increasing with EF intensity 
while 𝐸31 is decreasing and 𝐸21 is constant. As a last, I have shown that EF intensity has a minor effect on 
refractive index change.  
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Introduction 

Infrared light sources have been given attention in 
industry, health, and military applications due to the long-
range transmission and high coherence of the 
electromagnetic source in the last couple of decades [1]. 
The infrared sensors have found space in target tracking, 
missile guiding, and night vision [2]. In addition, the 
infrared sensors are also widely used in 
telecommunication and health applications with a lower 
cost of production [3]. One of the most used infrared light 
sources is mercury-based materials but difficulties in 
production make working with these materials reluctant 
[4]. Beyond the Mercury-based materials, infrared light 
sources are rare, and the device performances are not the 
best till now. Because of that, low-dimensional GaAs-
based materials are an option, and multi-quantum well 
structures have become very attractive for infrared 
devices. These material groups not only offer an option for 
the infrared sensor, but it has also made it possible to 
produce a device that emits infrared light. Due to the 
superior performances of the light emitting property of 
the GaAs-based materials, GaAs/AlGaAs multiple 
quantum wells have been widely used as the infrared laser 
source. 

The electron transitions, in the quantum wells, 
between the bands and minibands emit/absorb infrared 
light [5]. For wider material selection, intra-band 

transition, which uses the space within the band, is used, 
unlike inter-band transition. An extensive study of 
intraband infrared transitions has been done by Hao. [6]. 
The wavelength of the device is set by tuning the quantum 
well width and barrier thicknesses. In these light sources, 
GaAs and AlGaAs materials are frequently used due to 
negligible lattice constant difference which makes 
wavelength control of the device easier. Furthermore, the 
relatively easier growth of the GaAs materials than other 
materials is another advantage of these materials [7].  

Beyond the advantage of the material property, the 
reaction of the GaAs-based low-dimensional structures to 
the external fields has shown superior performance. 
These structures are mostly used as a light sources and are 
mostly electrical pumped so that there is no any external 
light source to trigger nonlinear properties. In addition to 
this, importance of electric filed is shown up here as a 
pump source. The electric field, magnetic field, 
temperature, pressure, and laser field have been applied 
to the GaAs-based quantum wells. In these studies, optical 
and electronic properties have been studied by many 
researchers [8-12]. In the study conducted by Öztürk, 
linear optical properties of GaAs/AlGaAs OWs were 
calculated depending on the applied electric field, and 
changes were observed in the potential profile shape, 
energy levels and dipole moments. This has shown that 
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the variation of resonance peaks suitable for optical 
modulators and infrared optical device applications can 
be achieved smoothly by changing the electric field [13].In 
addition; the effect of the laser field on the optical 
properties of the asymmetric quantum well has been 
analyzed [14]. Pöschl–Teller potential has been studied to 
analyze nonlinear optical properties [15]. The effect of the 
temperature and hydrostatic pressure on the optical and 
electronic properties has been studied by Öztürk [16]. The 
effects of the quantum well and barrier thicknesses have 
been investigated by Alaydin [17]. The electric and 
magnetic field effects applied to the QW structure with 
increasing well widths were shown by Altun [18]. 

In this report, I have considered energy band 
structures of long-infrared emitting/absorbing 
GaAs/AlxGa1-xAs quadruple quantum well heterojunction 
structures under varying EF for quantum cascade 
laser/detector applications.  The wave functions and the 
corresponding energy eigenvalues have been obtained by 
solving the Schrödinger equation using effective mass 
approximation. The finite element method is used to 
obtain solutions. The EF intensity has been applied 
through positive growth direction and the intensity of the 
EF changes from 0 − 80 𝑘𝑉/𝑐𝑚 to analyze the optical 
properties of the structure under real device operation 
conditions. The three bounded energy states are obtained 
and the probability density of wave functions (PDW), 
transitions energies, and dipole moment matrix elements 
(DMME) are first calculated. Then, the changes in the 
linear refractive indices and absorption coefficients 
depending on the EF are investigated to be used in long-
infrared devices. 

Materials and Methods 

In this research, GaAs/Al0.44Ga0.56As quadruple 
quantum well heterojunction grown in z-direction is 
studied. QW structure is designed to obtain long-infrared 
transition between subbands. The details of the 
calculation methods are very well known in the literature 
and given by the references Altun, [18], Alaydin [19]. The 

EF is set perpendicular to the growth surface as  𝐹⃗ =  𝐹𝑧̂. 
Hamiltonian with an external field (electric field) is defined 
as [17]; 

𝐻 =  −
ħ2

2𝑚∗

𝑑2

𝑑𝑧2 + 𝑉(𝑧) + 𝑒𝐹𝑧                                      (1)               

In equation (1), 𝑚∗ describes the effective mass of the 
electron in GaAs and in this research, it is taken as 
𝑚∗ =  0.067𝑚0 (𝑚0 is the free electron mass), 𝑒 is the 
electron charge and 𝑉(𝑧) is the confinement potential. 
For GaAs/Al0.44Ga0.56As system conduction band offset is 
taken as 0.6 and potential discontinuity 𝑉(𝑧) is 448 meV. 
V(z) potential height is the same as the reference [20]. 
Where the second-order differential is defined as; 
 
𝑑2

𝑑𝑧2 = [−2 𝑑𝑖𝑎𝑔(𝑜𝑛𝑒𝑠(1, 𝑁)) + 𝑑𝑖𝑎𝑔(𝑜𝑛𝑒𝑠(1, 𝑁 −

1), −1) + 𝑑𝑖𝑎𝑔(𝑜𝑛𝑒𝑠(1, 𝑁 − 1), 1)]
2
                        (2) 

 N is the length of the matrix to define the total quantum 
region. After obtaining the energy levels and wave 
functions, linear absorption coefficient is calculated as 
follows [21]: 

𝛽(𝑤) = 𝑤√
µ

𝜀𝑟

|𝑀𝑖𝑗|
2

𝜎𝑣ħГ𝑖𝑗

(𝛥𝐸𝑖𝑗−ħ𝑤)2+(ħГ𝑖𝑗)2     (3) 

where 𝑤 is the angular frequency, Г𝑖𝑗  is the 

intersubband relaxation time, µ is the magnetic 
permeability, 𝜀𝑟 is the real part of the electrical 
permittivity,  𝜎𝑣 is the carrier number, ħ is the reduced 
Planck constant and 𝛥𝐸𝑖𝑗  is the energy difference 

between final and initial energy levels of the electron. 𝑀𝑖𝑗  

is the dipole matrix element and it is defined as [22]; 

𝑀𝑖𝑗 = ∫ 𝜓𝑗(𝑧)∗ |𝑒| 𝑧 𝜓𝑖(𝑧)  𝑑𝑧                            (4) 

The linear refractive index change is expressed as [23]: 

𝛥𝑛(𝑤)

𝑛𝑟
=

|𝑀𝑖𝑗|
2

𝜎𝑣

2𝑛𝑟
2𝜀0

[
𝛥𝐸𝑖𝑗−ħ𝑤

(𝛥𝐸𝑖𝑗−ħ𝑤)2+(ħГ𝑖𝑗)2]          (5) 

Results and discussion 

In this study, I analyze GaAs/AlxGa1-xAs quadruple QW 
structures to have long-infrared emission/absorption. To 
reach long-infrared wavelength (THz region), aluminum 
concentration is set to 0.44, which is the border of direct 
to indirect bandgap transition and Al0.45Ga0.55As has a 
direct bandgap [20]. The potential barrier height of the 
QW is calculated as V0 =  448 𝑚𝑒𝑉 and the thickness of 
the layer sequence of quadruple QW heterostructures is 
as follows 8-2.2-1.2-2-1-4-2.3-1.2-8 nm (QB are shown 
bold). The effective mass approximation is used to solve 
the  Schrödinger equation using the finite element 
method (FEM) and the parameters used in this study are 
𝜇 =  4π 𝑥10−7 𝐻/𝑚, σ =  1x1022 𝑐𝑚−3, 𝜏21 = 0.3 𝑝𝑠, 

𝜏32 = 2.8 𝑝𝑠, and 𝜏31 = 4 𝑝𝑠, Г𝑖𝑗  =  
1

𝜏𝑖𝑗
 and 𝑛𝑟 =

3.3254.  
In the calculations, I have seen that there are only 

three bounded states and I have considered carrier 
transitions in these states as shown in Figure 1. 

 

Figure 1. PDW of quadruple QW structure in the 
absence of EF. 
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In the case of zero EF, the ground state is mostly 
localized in the third (from left to right) QW. While the first 
excited state is mostly localized in the first QW, its 
localization has been distributed up to the end of the 
second QW. Apart from the ground and first excited state 
the second excited state's localization has been 
distributed between the first, second, and fourth QWs. As 
seen in Figure 1, energy eigenvalues of the ground, first 
excited, and second excited states are as follows 
119 𝑚𝑒𝑉, 211 𝑚𝑒𝑉, and 333 𝑚𝑒𝑉.  The transition 
energies show that long-infrared absorption/emission is 
obtained from the 𝐸32 transition as desired and the 𝐸21 
transition has higher energy than the phonon vibrations 
of GaAs (0.026 𝑒𝑉), which is crucial for heat dissipation via 
phonon vibration in long infrared devices. 

Figure 2 shows the PDW of the quadruple QW 
structure under varying EF intensities. I have obtained the 
wave functions and corresponding energy eigenvalues for 
every 5 𝑘𝑉/𝑐𝑚 up to 80 𝑘𝑉/𝑐𝑚. To prevent confusion 
and for the sake of simplicity, we do not present every plot 
for different EF intensities. With the effect of EF, all three 
energy states are shifted up to higher energies. 
Localization of the ground state has also started to show 
up in the first and second QWs. The localization of the first 
excited state in the second QW is inversely proportional 
to EF intensity however, localization in the third QW is 
independent of the EF intensity. When the second excited 
state is localized in the fourth QW in the case of zero EF, it 
is mostly localized in the first and second QWs after the 
applied EF. In another study by Altun, wave functions and 
energy eigenvalues were shown for different electric 
fields applied to GaAs/AlGaAs QWs with periodically 
increasing well width. [18]. 

In the design, there has been no localization in the 
fourth QW in the case of EF but I have used the fourth QW 
to tune transition energies changing the QW thickness. 
According to the probability density functions and energy 
eigenvalues, 80 𝑘𝑉/𝑐𝑚 is the highest EF intensity. 
Electron leakage has started over this value and after a bit 
more increase, the second excited state has higher eigen 
energy than barrier height, which causes stopping device 
operation. Here I conclude that 80 𝑘𝑉/𝑐𝑚 is the highest 
EF, which can be applied to the device under 
consideration. 

Even though there is a slight increase in 𝐸32 transition 
energy, the dipole matrix moment corresponding to the 
𝑀32 is constant and independent from EF intensity as 
shown in Figure 3. This means the design shows stable 
operation over changing EF. Also, 𝑀32 is the most 
probable transition in the design till the highest EF 
intensity. 𝐸21 transition energy is inverse linearly 
proportional with EF intensity however dipole matrix 
element 𝑀21 is linearly proportional to EF intensity. Even 
with a decrease in 𝐸21, it is higher than the phonon 
vibration energies of GaAs, which is the desired behavior 
for quantum cascade laser/detector applications. As a 
last, 𝐸31 transition is inversely proportional to EF intensity 
and 𝑀31 is decreasing at higher EF intensities, which 
supports radiative transition through 𝐸32. 

 

 

 

 

Figure 2. PDW of quadruple QW structure under 
varying EF intensities (a) 𝐹 =  40 𝑘𝑉/𝑐𝑚, (b) 
𝐹 =  60 𝑘𝑉/𝑐𝑚,  (c) 𝐹 =  80 𝑘𝑉/𝑐𝑚. 
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Figure 3. Transition energies and corresponding DMMEs. 

In this part of the study, I have studied the effect of varying EF 
on absorption coefficients. In Figure 4 a-d, absorption coefficients 
for different EF intensities (0, 40, 60, and 80 𝑘𝑉/𝑐𝑚) and 
maximum values for each EF intensities are given. I have seen that 
the absorption coefficient of 𝐸21 and 𝐸31 transitions are factors 
approximately 38 and 3 lower than 𝐸32 when EF intensity is zero 
(Figure 4 a). When the EF is applied (Figure 4 a-d), the absorption 
coefficient of 𝐸21 is not changing over varying EF intensities. In 
total, 𝐸32 has shown an increasing trend while 𝐸31 is in a 
decreasing trend over EF change. This means quadruple QW 
structure absorbs/emits more photons under applied EF and 

decreases in 𝐸31 is an indicator of lower heat in the structure due 
to less absorption/emission. At the same time, the absorption 
coefficient of 𝐸21 transition is independent of the EF intensity as 
given in Figure 4d. This indicates that there is a constant heating 
effect owing to the phonon vibrations, which is independent of 
the increased EF and is the desired behavior for device 
applications. In addition, in Figure 4-d, the y-axis where the "peak 
of absorption coefficient" values are given is in the range of 0-9000 
cm-1. Since the change of E21 is approximately in the range of 
180-220 cm-1, small differences in the change on this scale cannot 
be seen very clearly. 

 
 

 
 

Figure 4. Absorption coefficients for F=0, F=40, F=60 and F=80 kV/cm of a) E21, b) E31, c) E32 transitions and  
d) maxima of absorption coefficients versus EF intensity. 
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In this section of the study, I have analyzed the effect 
of the varying EF on refractive index change. In Figure 5 a-
d, refractive index change for different EF intensities (0, 
40, 60, and 80 𝑘𝑉/𝑐𝑚) and maximum values for each 
change dependent on the EF intensities are given in Figure 
5 d. The change in refractive index is inversely 
proportional to the EF intensity. Therefore, as seen in 
Figure 5 b, with the increase in EF intensity, the refractive 
index decreased due to dipole moments. I have observed 
that the linear refractive index change of 𝐸32 is 

independent of EF intensity. This is especially crucial for 
laser applications otherwise change in refractive index can 
cause a problem with waveguide and cladding layers. 
However, there is an incremental change in the refractive 
index of 𝐸21, we attribute this to a decrease in transition 
energies and dipole matrix moment as shown in Figure 3. 
In addition, there is an incremental increase in refractive 
index change of 𝐸12, this is also related to the barely 
increasing dipole matrix moment of 𝐸12 with increasing EF 
intensity.                   

  

  

Figure 5. Linear refractive index change for F=0, F=40, F=60, and F=80 kV/cm of a) E21, b) E31, c) E32 

transitions, and d) maxima of linear refractive index change versus EF intensity. 

Conclusion  

In the present article, I have summarized the results as 
follows. I have designed a quadruple QW structure to be 
used in long infrared devices, which emit/absorb under 
varying EF. To do this I have solved the Schrödinger 
equation using the finite element method under effective 
mass approximation. I have  I have seen that long infrared 
emission/absorption can be obtained via 𝐸32 transition, 
which is between 120 − 140 𝑚𝑒𝑉. The transition energy 
is pretty much the same with changing EF intensities. It is 
observed that the overlap of the second excited state and 
first excited state is increasing with EF intensity due to 
increased localization of the second excited state in the 

first and second QWs. Another important parameter is the 
transition energy between the ground state and the first 
excited state, it is higher than the phonon vibration energy 
of GaAs. This is crucial for devices, which is operating using 
intraband transitions such as quantum cascade 
laser/detector. Linear absorption coefficients 
corresponding to the 𝐸21 and 𝐸31 transitions are factors 
10 and 2 lower than 𝐸32 when EF intensity is zero. 
However, 𝐸32 has shown an increasing trend while 𝐸31 is 
in a decreasing trend over EF change while 𝐸21 is constant. 
This means there is more absorption/emission of photons 
via 𝐸32 transition. Lastly, EF intensity has a minor effect on 
the refractive index change, which is in total desired for 
semiconductor applications during the device design. 
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Here I show that in the quadruple QW design, a change in 
EF intensity does not affect the device operations. Here, I 
conclude that the results I have obtained show novelty in 
the literature and are especially important for device 
designs in long infrared regions. 
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