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Abstract In this paper, we have designed Al,In,Ga;_,_,As/Al,Ga,In|_,_,,As quantum well structure having absorption at the
telecom band of 1.55 wm. Interband absorption coefficients have been calculated under applied electric and magnetic fields. First,
electronic band structure and corresponding energy states for electrons, heavy holes and light holes in the conduction and valance
bands have been obtained by solving the one-dimensional time-independent Schrodinger equation. The effects of the electric and
magnetic fields on the electron energy levels have been investigated using the finite element method under the effective mass
approximation. The magnetic field, which bends band edges, has no major effect on the localization of the electronic states. On
the other hand, the electric field causes the localization of all electronic states in different quantum wells. It has been observed that
many interband transitions are possible without applied electric and magnetic fields. Absorption occurs from heavy (light) holes
to electron states. This causes uncontrolled (undirected) absorption of photon energy between the energy levels. When the electric
field is applied, it significantly affects the absorption coefficient and the absorption coefficient values of e; —hhj, e;—hhy, e;—hh3,
ex—lhy, ex—1lh3, e3—hhy and ez —1h; cross out due to very sharp decrease in the dipole moment matrix elements but e; —hhy, e; —Ih;
and e3—[h3 transitions have emerged and become very strong at 20 kV/cm electric field intensity. The magnetic field causes a
negligible small decrease in the optical absorption coefficient. The e; —hhy transition vanishes due to zero dipole moment matrix
elements. As compared to the electric field, the magnetic field is not usable for single-wavelength absorption.

1 Introduction

Since the invention of light-emitting semiconductor devices, lasers and light-emitting diodes (LED) have been studied extensively.
However, obtaining these devices at desired qualities requires a very broad knowledge of theoretical design, epitaxial crystal growth
process and fabrication. Computational tools have enabled theoretical designs. At the same time, superior performances of the
epitaxial crystal growth techniques, such as molecular beam epitaxy and metalorganic chemical vapor deposition, have made it
possible to obtain very low defect density crystals. In addition, the development of fabrication tools for metallization, etching and
photolithography systems has opened a way to build very precise submicron nanoscale devices that low-dimensional devices have
been produced.

In the literature, the state-of-the-art performances have been shown for wavelengths from deep ultraviolet (DUV) to the THz
region. Tian et al. [1] investigated the interaction and interband transition between various active sites for AlGaN-based deep-
ultraviolet LED. They reported that transverse electric polarized DUV light can be obtained using very thin quantum wells (QWs),
and the emission wavelength can be tuned down further by increasing the AIN composition in very thin quantum barriers for
DUV LEDs. Ghods et al. [2] has shown enhancement in electrical and optical properties of the GaN blue light-emitting diodes.
They have used density functional theory to describe the effect of native point defects in their study. Piprek et al. [3] published a
study about GaN-based bipolar cascade lasers; they focused on self-consistent numerical simulation and optimization parameters.
Symmetric and asymmetric broad-area laser designs both theoretically and experimentally were investigated for the power loss paths
for 808 nm single-emitter lasers by Lan et al. [4]. Alaydin et al. [5] studied interband transitions dependent on indium concentration
in Gaj_,In,As/GaAs asymmetric triple quantum wells. Parasitic flux suppression was theoretically analyzed by Zubov et al. [6] for
GaAs-based laser diode emitting at 980 nm. While emission mechanism of the single mode vertical external-cavity surface-emitting
lasers around 1030 nm was deeply analyzed by Waldburger et al. [7], Mangold et al. [8] showed design guidelines of the mode-locked
integrated external-cavity surface-emitting lasers. Theoretical calculations regarding the cavity length and reflectivity of the facets
were performed and verified using a measurement series by Hoppe et al. [9] for GaSb-based digital distributed feedback filter laser
diodes. Yang et al. [10] investigated InAs-Based Interband Cascade Lasers (ICLs), where InAs-based ICLs with low threshold current
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density were demonstrated for the first time at wavelengths longer than 6 um. Moreover, ICLs have continuous-wave (cw) operation
at room temperature. Mid-Infrared quantum cascade laser frequency combs have been both experimentally and theoretically studied
by Kapsalidis et al. [11]. In the end, THz quantum cascade laser frequency combs based on planarized waveguides were investigated
by Senica et al. [12]. According to the studies in the literature, the electromagnetic spectrum for light-emitting and absorbing devices
has comprehensively considered.

As mentioned above in the literature studies, there are not much theoretical research for semiconductors operating at telecom wave-
lengths (around 1.55 wm). In this work, we numerically solved the Schrodinger equation for the Al InyGaj —,—yAs/Al;Ga,,Iny ;.\, As
triple quantum well (TQW) for 1.55 pwm without applying an external fields. Then, we applied both the electric and magnetic fields
separately to the quantum wells. Finally, we have investigated the effect of the external fields on the absorption coefficient changes.
The numerical simulations for 1.55 wm with or without the applied external fields reveal the novelty of our paper. The paper is
organized as follows: in Sect. 1, we have described the method and parameters used in the calculations. In Sect. 2, results and
discussions are given. We then finish the paper with a conclusion.

2 Theory

The energy states and corresponding wavefunctions for electrons (ES), heavy holes (HHS) and light holes (LHS) in
Al InyGa;__yAs/Al,Ga,In;_,_,,As TQW are obtained by solving the Schrédinger equation under the effective mass approach.
Al;InyGa;__yAs and Al,Ga,In_;,,As quantum barrier and well materials are chosen as lattice match to InP to exclude strain
effect on the heavy and light holes otherwise heavy and light hole energy states are shifting up and down dependent on the strain type
[13, 14]. The time-independent Hamiltonian of the quantum well region under the electric and magnetic fields is given in Eq. (1) as
described in [15-17].
hZ d2 62 BZ Z2

H= _%TH+ Dy V(z) +ezF; (€))
where 7 is the reduced Plank constant, m™* is the effective mass of the electron, V (z) is the potential, e is the elemental charge, F
indicates the electric field applied parallel to the growth direction (z direction) of the electron and B is the magnetic field intensity
applied perpendicular to the growth direction. After deriving the energy states and corresponding wave functions, the linear and
third-order interband absorption coefficients, obtained from the compact density matrix formalism, are calculated as follows [18]:
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where w represents the angular frequency and I';; is the relaxation time for interband transitions, | represents the magnetic
permeability, €, is the real part of the electrical permittivity and o, is the electron density. The transition energy between the excited
and ground energy state of the electron is defined as AE;;. M;; represents the transition dipole element and is given as [19]:

My = |(v; @zl @) @

3 Results and discussion

The parameters used in our calculations are as follows: 0.07927 my is the electron effective mass for InP (my is free electron mass),
0.409 my is the heavy hole effective mass for InP, 0.0902 my is the light hole effective mass for InP, L,, = 100 A is the width of
the quantum well, L, = 20 A is the barrier width and potential heights are V., = 510meV and V,, = 201meV. Potential height is
calculated by using the Vegard’s law, and parameters are taken from reference [20]. Refractive index, susceptibility, the transition

time of carriers and frequency are taken as n, = 3.2510, u = 4w x 10_7Hr1171 ,T12 =0.14ps, I'12 = ﬁ In TQW heterojunction,
the electron states (ES) are split into three energy states (quasi-triple) as shown in Fig. 1. The potential heights are the same since
the indium concentrations are equal. The first three bounded conduction band energy states in the absence of applied electric field
and for varying electric field intensities as F' = 20kV /cm and F = 40kV /cm, respectively.

The distribution of probability density of wavefunctions (PDW) within the wells is separated. Ground state PDW is mostly found

in the second quantum well (QW) but it is also distributed in the first and third QW. When an electric field is applied to the quantum
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wells, the wells are tilted proportional to electric field intensity (EFI). The ES of the e; state moves to the first QW to reach minimum
energy, and the energy eigenvalue shifts up for F = 20kV /cm. As the EFI increases more, there are no changes in the localization of
e, only the energy eigenvalue shifts up a little bit for F' = 40kV /cm. The second excited state behaves almost the same as the ground
state. However, the first excited state e, has localized in the first and third QW even for narrow quantum barrier (QB) height in case
of zero EFI. This indicates only possible interband transition from e; can happen from the first and third QWs. When the electric
field is applied (F = 20kV /cm), localization of the e solely happens in the second QW, which only allows interband transition
through the second QW. Further increase in EFI (F = 40kV/cm) results in a higher e, eigenvalue, localization is not affected by
EFL. e3 localizes the same as the e; without applied EFI but when EFI 20 kV/cm is applied, e3 localizes in the third QW, and energy
eigenvalue shifts up to higher than other energy states due to higher kinetic energy. Higher EFI does not affect the localization of
the e3 but enhances energy eigenvalue. In the end, the electric field causes localization of each energy state in different QWs; this
indicates zero overlap and intraband transition in between subbands which promote the possibility of the interband transition. In
Table 1, energy eigenvalues are given for F = 0kV/cm, F = 20kV/cm and F = 40kV /cm for ES, respectively.

Figure 2 shows the first three bounded conduction band energy states in the absence of an applied magnetic field and for B = 10T
and B = 15T, respectively. When the magnetic field is applied, the barriers are bent proportionally with magnetic field intensity
(MFI). At first, localization of the e; state distributes in all QWs; then, it moves to the second QW for B = 10 T. When the MFI
increases further, the localization of e; does not change. The energy eigenvalues for B =10 T and B = 15 T are the same as shown
in Table 2. When the magnetic field is applied (B = 10 T), the localization of e> occurs at the first and third QWs. The energy
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Table 2 Energy states for E(eV) (F = 0kV/cm, B=10T) e1 =0.033 ey = 0.049 e3 = 0.049
fis;igje‘f;d B = 15T, E(eV) (F =0kV/ecm, B=15T) e; = 0.034 ey = 0.068 e3 = 0.069
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Table 3 Energy states for HHS E(eV) (F =0kV/ecm, B=0T) hh; = 0.007 hhy = 0.007 hh3 = 0.007

F =0kV/cm, F = 20kV/cm and . . . o o

F — 40KV /em, respectively E(eV) (F =20 kV/em, B=0T) hh; = 0.016 hhy = 0.038 hhz = 0.040
E(eV) (F =40kV/cm, B=0T) hhy = 0.024 hhy = 0.049 hhz = 0.072

eigenvalue and distribution of the e, state are completely matching with the e3 state as shown in Fig. 2 because of that it is not
observable in Fig. 2. The eigenvalues are as given in Table 2. The degeneracy that occurs between e; and e3 states is due to the high
quantum barrier and effective mass. Further increase in MFI (B = 15 T) results in a higher e; eigenvalue (Table 2) but it does not
affect the localization so that it matches as in the case of 10 T. e3 localizes the same as e; without applying MFI, but when MFI
10 T is applied e3 localizes in the first and third QWs. The energy eigenvalue shifts higher than other energy states due to the higher
kinetic energy. Higher MFI does not affect the localization of e3 but increases the energy eigenvalue. In Table 2, energy eigenvalues
are given for B = 10T and B = 15T, respectively.

Figure 3 shows the valance band and corresponding energy states for heavy hole states (HHS) for varying electric field
intensities,F = 0kV/cm, F = 20kV/cm and, F = 40kV/cm, respectively. The ground state PDW is mostly located in the
second QW, but it is also distributed in the first and third QWs. When an electric field is applied to quantum wells, the wells are
tilted proportionally to the EFI. The localization of the hh; state moves to the third QW, and the energy eigenvalue shifts down
for F = 20 kV/cm. As the EFI increases further, the localization of hh; shifts slightly to the right, and the energy eigenvalue for
F =40 kV/cm shifts slightly down a bit more. The first excited heavy hole (hh,) state localizes in the first and third QW even for
the narrow quantum barrier (QB) height in the zero EFI state. This indicates that only possible cross-band transition from hh; can
occur from the first and third QWs. When the electric field is applied (F = 20 kV/cm), the localization of hh; takes place only
in the third QW, allowing interband transition from the last QW only. In addition, branching is observed for hhy which results in
partial non-localization in the third QW. Further increase in EFI (F = 40 kV/cm) results in a lower hh; eigenvalue and localization
is unaffected by the EFI. hh3 (second excited heavy hole state) localizes the same as hh; without applying EFI, but when applying
EFI 20 kV/cm, hh3 fully localizes in the second QW. Its energy eigenvalue shifts to deeper energy states. Higher EFI has no effect
on the localization of hh3 except for a slight shift to the right in the QW region but increases its energy eigenvalue. In Table 3, energy
eigenvalues are given for F = 0kV/cm, F = 20kV/cm and F = 40kV /cm for HHS, respectively. It is seen that there is a strong
degeneracy for the energy eigenvalues of the heavy holes originating due to heavy effective mass values.

Figure 4 shows the valance band and energy state for HHS in the absence of a magnetic field and applying the B = 10T and
B = 15T magnetic fields, respectively. When a magnetic field is applied to QW, the wells are bent proportionally with the MFI. The
applied magnetic field for B = 10 T, the hh; state moves to the second QW. As the MFI increases further, there is no change in the
localization of hhy. hhy for B = 10 T and hh; for B = 15 T overlap exactly at the same eigenvalue. The first excited (hh;) localizes
in the first and third QW in the zero MFI state. This indicates that only possible cross-band transition from hh; can occur to the
first and third QWs (beneath the hh3 in Fig. 4). When the magnetic field is applied (B = 10 T), the localization of hh; occurs at the
first and third QWs, resulting in a lower hh; eigenvalue. Further increase in MFI (B = 15 T) results in a higher hh, eigenvalue, and
localization is unaffected by MFI. hh3 localizes the same as hh; without applying MFI. However, hhj is localized in the first and
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third QWs when MFI 10 T is applied. The energy eigenvalue shifts to higher values. Also, for B = 10 T, hh3 and hh, localize on
top of each other. Higher MFI does not affect the localization of hh3 but increases its energy eigenvalue. Also, for B = 15 T, hhj
and hhy were localized on top of each other. In Table 4, energy eigenvalues are given for B = 10T and B = 10T HHS, respectively.

Figure 5 shows the valance band energy states for light hole states (LHS) in the absence of an electric field and applying an
electric field F = 20kV/cm and F = 40kV/cm, respectively. The [h; state moves to the third QW, and the energy eigenvalue
shifts down for F' = 20 kV/cm. As the EFI increases further, there is no change in the localization of /i1, only the energy eigenvalue
shifts slightly down for F = 40 kV/cm. The second excited /A, state behaves almost the same as the ground state. However, the first
excited state [ localizes in the first and third QW in the case of the zero EFI. When the electric field is applied (F = 20 kV/cm),
the localization of lh; takes place only in the second QW, allowing interband transition only from the second QW. Further increase
in EFI (F = 40 kV/cm) results in a lower lh, eigenvalue; localization is unaffected by EFI. [h3 localizes in all wells just like Ih;
without applying EFI, but when EFI is applied 20 kV/cm /h3 completely exists in the first QW, and its energy eigenvalue shifts to
deeper. The higher EFI shifts the localization of lh3 completely to the third QW and decreases the energy eigenvalue. In Table 5,
energy eigenvalues are given for F = OkV/cm, F = 20kV/cm and F = 40kV /cm, respectively.

Figure 6 shows the valance band energy states for the LHS in the absence of a magnetic field and applying the B = 10T and
B = 15T magnetic fields, respectively. The lh; state moves to the second QW, and the energy eigenvalue shifts down for B=10T.
As the EFI increases further, there is no change in the localization of lhj, only the energy eigenvalue shifts slightly down for B =
15 T. The second excited state behaves almost the same as the ground state. However, the first excited state lh, is localized in the
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Table 5 Energy states for LHS E(eV) (F = 0kV/cm, B=0T) 1h; = 0.0204 lhy = 0.024 lh3 = 0.028
F = 0kV/cm, F = 20kV/cm and -~ _ -~ _ o
F = 40KV /e, respectively E(eV) (F =20kV/em,B=0T) lh; = 0.034 lhy = 0.058 lh3 = 0.082
E(eV) (F =40 kV/cm, B=0T) lh; = 0.043 lhy = 0.090 lhy =0.115
Fig. 6 Energy states for valance _I’Fa::n;;;"d . .2?::";15;;;0' .......... II;I:";Z 1B;Tn)d
band and LHS for B = 0T, — oo, thy
B = 10T and B = 15T, th, Ih, Ih,
respectively —Ih, cechy Ih,
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Table 6 Energy states for LHS E(eV) (F = 0kV/cm, B=10T) lh; = 0.024 lhy = 0.038 lhy = 0.040
B = 10T and B = 15T,
E(eV) (F =0kV/em, B=15T) lh; = 0.025 lhy = 0.054 lhz = 0.056

respectively

first and third QW in the zero EFI state. When the magnetic field (B = 10 T) is applied, there is no change in the localization of
lhy, resulting in a higher lh; eigenvalue. Further increase in MFI (B = 15 T) results in a higher lh; eigenvalue and localization is
unaffected by MFL. lh3 localizes in all wells just like /71 without applying MFIL, but when MFI 10 T is applied lh3 is again localized
in all QWs but less pronounced in the second QW. The higher MFI slightly decreases the localization in the second QW and the
energy eigenvalue goes to a deeper value. In Table 6, energy eigenvalues are given for B = 10T and B = 15T for LHS, respectively.

M j represents the dipole moment matrix elements (DMME), Table 7. In semiconductors, interband optical absorption has a shape
derived directly from the state density and is proportional to the overlap integral of the conduction and valence bands wavefunctions.
As given in Table 7, many transitions have low DMME values, which means that the absorption of photons is not possible in these
transitions. Figure 7 shows the absorption coefficients (AC) of the transition from the conduction band ES to the HHS and LHS
energy states for zero electric field and for 20 kV/cm, 40 kV/cm but only nonzero absorptions are shown.

The absorption coefficient and energy values of the transition from conduction band ES to HHS and LHS are different from each
other. This result is due to the fact that the different effective mass values used in the calculations. Because of this, the HHS and
LHS have different localizations in QW, which causes different transitions. Electric field significantly affects the optical absorption
spectra in quantum wells and changes optical absorption significantly. When the EFI increases, the AC values of el —hh2, e2—hhl,
e2—hh3, e2-1h1, e2—1h3, e3—hh2 and e3—1h2 transitions drop down to 0 due to very sharp decrease in the DMME. At the same
time, AC of the e1—hh1, el—1lh1 and e3—1h3 transitions have emerged and become very strong at 20 kV/cm electric field intensity.
As the EFI increases further, the quantum well is tilted more and all energy states are displaced a bit more resulting in the extinction
of the el—1h2 and e3—1h3 transition. ACs of the el—hhl and el—1lh1 have become stronger. This result is especially good for a
single, powerful and coherent transition, which is very important in laser applications.

Figure 8 shows the ACs of the transition from the conduction band ES to the HHS and LHS when a 10 T and 15 T magnetic
field is applied as expected. The bending of quantum barriers increases with increasing MFI resulting in the relocalization of the
eigenstates. As can be seen from the figure, the increase in MFI caused a small decrease in the absorption coefficient values. The
e1—hh; transition vanishes due to zero DMME, and blueshift occurs. As compared to the electric field, the magnetic field is not
usable for single-wavelength absorption.

@ Springer



Eur. Phys. J. Plus (2023) 138:121 Page 70f 9 121
Tab!e 7 Mj; Yalues at differ.ent Electric Field Intensity (kV/cm), Magnetic Field Intensity (7') and M;; (nm)
applied electric and magnetic
fields F=0,B=0 F=20,B=0 F=40,B=0 F=0,B=10 F=0,B=15
e;—hh; =5.6E—6 ej—hh; =123 ej—hh; =125 e;—hh; = 1.3E—11 e;—hh; = 14E—11
e;—hhy =8.2 e;—hhy =0.3 e1—hhy = 1.06 e;—hhy = 1.56 e1—hhy =0.79
e;—hhy =3.8E—13 e]—hh3 =0.09 e;—hh3 =0.05 e1—hh3 = 1.6E-9 e;—hhy =34E—11
e;—lh; =3.3E-11 e;—lh; =12.05 e;j—lh; =12.38 e;—lh; = 1.0E—12 ej—lh; =0
e1—lhp =8.31 e;—lhp =1.63 e1—lhp =1.07 e;—lhp =1.85 e1—lhp =1.24
e;—lhy =4.9E—11 e;—lh3 =0.29 e;—lhz =1.33 e;—lhy = 1.L6E—11 e;—lhy =2.5E—11
ep—hh; = 8.42 ep—hh; =0.88 ep—hh; =0.68 ep—hh; = 0.65 ep—hh; =0.42
ep—hhy =5.1E—11 er—hhy = 0.52 er—hhy = 0.60 ep—hhy = 1.3E—8 ep—hhy = 1.5E-9
ep—hh3y = 8.49 ep—hhy = 0.42 ep—hhy =0.92 ep—hh3 = 11.70 ep—hhy = 11.41
er—lh; = 8.00 er—lh; = 0.66 er—lh; =042 er—lh; =3.18 er—lh; = 1.84
ey—lhy =5.5E—11 ey—lhy =0.32 ep—lhy =0.73 ey—lhy =4.3E—10 ey—lhy =4.8E—10
ey—lhz = 8.86 ey—lhz =1.01 ep—lhz = 1.05 ep—lhy =11.17 ep—lhz =11.06
e3—hh; = 1.6E—15 e3—hh; =0.06 e3—hh; =0.80 e3—hh; =2.5E—11 e3—hh; =3.0E—11
e3—hhy = 8.69 e3—hhy =0.08 e3—hhy = 1.70 e3—hhy = 11.64 e3—hhy = 11.43
e3—hhy =4.3E—13 e3—hh3 = 0.06 e3—hh3y =0.16 e3—hhy = 1.3E—8 e3—hh3 = 1.3E-9
e3—lh; =3.7E—11 e3—lh; =0 e3—lh; =0.44 e3—lh; = 1.3E—-10 e3—lh; = 1.3E-10
e3—lhy =8.44 e3—lhy =1.28 e3—lhy = 1.11 e3—lhy = 11.30 e3—lhy =10.81
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Fig. 7 Absorption coefficients for a F = 0kV/cm, B = 0T, b F = 20kV/cm, B = 0T and ¢ F = 40kV/cm, B = 0T

4 Conclusion

In conclusion, we have investigated the absorption properties of the Al,In,Ga|_,_yAs /Al,GayIn;_,_,, As quantum well for telecom
wavelengths. Energy wavefunctions and corresponding energy eigenvalues have been calculated using the finite element method
under effective mass approximation. External fields, electric and magnetic fields, have been applied to study their effect on the
transition energy and probability of density wavefunctions. It has been observed that many interband transitions are possible at F' =
0 and B = 0, and absorption happens from heavy (light) holes to electron states. This causes uncontrolled absorption; however, only
e;—hh; and e; —lh; are possible when the electric field is applied. This results in single-wavelength absorption which is desired for
coherent light emission such as lasers. In addition, EFI increases the absorption coefficient. When the magnetic field is applied, AC
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Fig. 8 Absorption coefficients for a F = 0kV/cm, B = 10T and b F = 0kV/cm, B = 15T

is almost unchanged and multiple absorption occur which is not desired for device application. Finally, the current study could find

usage to design optoelectronic devices by controlling optical properties.
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