
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 1
0:

30
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Optical, magneti
aOptical Materials Research Group, Science

Lang University, Ho Chi Minh City, Vietnam
bFaculty of Applied Technology, School of T

Minh City, Vietnam
cDivision of Physics, School of Education, D

Vietnam
dInstitute of Research and Development, D

E-mail: nguyendinhhien2@duytan.edu.vn
eSchool of Engineering & Technology, Duy T

Cite this: Nanoscale Adv., 2024, 6,
6253

Received 22nd July 2024
Accepted 27th September 2024

DOI: 10.1039/d4na00598h

rsc.li/nanoscale-advances

© 2024 The Author(s). Published by
c, and transport properties of two-
dimensional III-nitride semiconductors (AlN, GaN,
and InN) due to acoustic phonon scattering

Ho Kim Dan, ab Pham Tuan Vinh c and Nguyen Dinh Hien *de

In this paper, the magneto-optical transport (MOT) properties of III-nitride Pöschl–Teller quantum well

(QW) semiconductors, including AlN, GaN, and InN, resulting from the acoustic phonon interaction are

thoroughly investigated and compared by applying the technique of operator projection. In particular,

a comparison is made between the Pöschl–Teller QW results and the square QW ones. The findings

demonstrate that the MOT properties of III-nitride QW semiconductors resulting from acoustic phonon

scattering are strongly influenced by the quantum system (QS) temperature, applied magnetic field, and

QW width. When the applied magnetic field and QS temperature increase, the absorbing FWHM in AlN,

GaN, and InN increases; on the other hand, it diminishes when the QW's width increases. The absorbing

FWHM in GaN is smaller and varies slower compared with AlN; inversely, it is larger and varies faster

compared with InN. In other words, the absorbing FWHM in AlN is the largest and the smallest in InN.

Compared to the square QW in AlN, GaN, and InN, the absorbing FWHMs in the Pöschl–Teller QW vary

more quickly and have greater values. The absorbing FWHMs resulting from the acoustic phonon

interaction in III-nitrides are strongly dependent on the nanostructure's geometric shape and

parameters. Our findings provide useful information for the development of electronic devices.
1 Introduction

Aluminum nitride (AlN), indium nitride (InN), and gallium
nitride (GaN), along with their associated alloys (their ternary
compounds), form a group of materials known as “III-nitrides”.
This special branch of the III–V compound semiconductors has
signicantly revolutionized the lighting industry, as a result of
the high brightness, exibility, and efficiency of short wave-
length III-nitride light emitting diodes (LEDs) and laser diodes
(LDs), enabling signicant cost and energy reductions (savings)
on a hitherto unheard scale. The capacity of III-nitride LEDs to
emit light efficiently and brightly in the blue to UV spectral
region is a signicant advancement in lighting. Without these
capabilities, producing white light LEDs would be very chal-
lenging.1 Since the blue LED's high brightness was rst
demonstrated, III-nitride semiconductors have had a remark-
able impact on the world. The growing use of LEDs to replace
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conventional lighting xtures like incandescent light-bulbs is
evidence of this. The III-nitride semiconductor group, including
AlN, GaN, and InN, is essential for enabling compact and highly
efficient great power applications. Three various crystal struc-
ture shapes can be formed by III nitride (AlN, GaN, and InN)
semiconductors. These include hexagonal wurtzite, zinc blende
and rock salt, and two cubic structures. The main focus of
research and industry is on the thermodynamically stable
wurtzite.2 Moreover, we introduce the important properties of
wurtzite III-nitride lattices as follows: III-nitride semi-
conductors with hexagonal lattices have been a focal point of
thorough investigations within the industrial and academic
realms owing to their superior structural stability even under
ambient conditions. Additionally, there has been a notable
resurgence of interest in the exploration of cubic III-nitrides,
particularly in the context of their potential applications in
LED technology.3 The III-nitride-based LEDs in the blue-to-
yellow region have been successfully commercialised, along
with the development of ultraviolet detectors and injection
lasers. These outcomes led to a shi in basic studies' focus on
semiconductors with a wide direct bandgap range, specically
to comprehend their optical characteristics.4 However, their
advantageous characteristics for the development of high-
frequency transistors, electronic power devices, and high
performance,5 as well as their better properties compared to
silicon-based materials, were quickly recognised. The attempts
to study the III-nitrides’ steady-state transport characteristics,
Nanoscale Adv., 2024, 6, 6253–6264 | 6253
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aimed at improving the determination of parameters of the
band structure and bulk material,6 are crucial for condently
establishing their value in electronic devices.7 The III-nitrides
can have two different types, depending on how the rst layer
is placed on the surface during growth. This happens because
there is no symmetry in the plane. The III-nitride (AlN, GaN, and
InN) semiconductors with a wurtzite crystal structure are
considered polar materials due to their intrinsic polarity,
meaning they possess spontaneous polarization even in the
absence of an external electric eld. The reason why III-nitrides
are so interesting for optoelectronic applications stems from
the ability to achieve a wide direct band-gap range through the
process of alloying. In addition, III-nitride materials have
garnered signicant interest for optoelectronic applications due
to their potential to absorb and emit light in infrared and
ultraviolet regions, and across the entire visible spectrum. The
III-nitrides' wide direct band-gap range is a crucial character-
istic of their use in photonic devices. This property enables
efficient photon absorption as well as photon emission without
requiring phonon interaction, which is critical for the perfor-
mance of these devices, as shown in ref. 1. However, several
early studies8 demonstrated that the III-nitrides' electronic
band structures play a crucial role in determining their optical
characteristics. The non-uniform arrangement of atoms in the
lattice leads to a perturbation of the periodic potential that acts
on the crystal's electrons as they deviate from their equilibrium
positions. This perturbation results in an energy associated
with the electron–phonon (e–p) interaction. Various types of
interactions exist, such as the Fröhlich interaction involving LO-
phonons, the interaction based on deformation potential with
both the optical phonons and the acoustic phonons, and the
interaction due to piezoelectric effects involving acoustic
phonons. These interactions occur because of the different ways
in which the vibrations of the lattice disturb the movements of
electrons. They greatly affect the III-nitride semiconductors'
optical and magnetic characteristics resulting from the ionic
properties of III-nitrides. It is known that a better under-
standing of electron–phonon interaction is crucial for opti-
mizing device functionality and performance. Therefore, we
perform a comparative study of the optical, transport, and
magnetic characteristics of two-dimensional III-nitride semi-
conductors due to acoustic phonon interaction, aimed at as
follows: understanding the contribution of acoustic phonons to
electron–phonon scattering mechanisms in III-nitride semi-
conductors which is signicant and cannot be ignored,
demonstrating that the magneto-optical properties of AlN, GaN,
and InN have considerable differences, providing scientic
insights that help orient the experimental efforts into device
design and fabrication and a better understanding of the
advantages of the operator projection method. The benets of
applying this approach are all quantum transition processes in
two-dimensional III-nitride (specically AlN, GaN, and InN)
semiconductors can be easily analysed; the nal analytical
formulae of the conductivity tensor (CT), absorbing power (AP),
and line-shape function of magneto-optical (MO) transitions are
obtained to be very obvious; the experimental measurements of
the absorbed spectrum width of the MO transitions are closely
6254 | Nanoscale Adv., 2024, 6, 6253–6264
related to the MOCT and its line-shape function. On the other
hand, the MO transitions are characterized as follows: elec-
tronic states undergo quantization in the low-dimensional III-
nitride heterostructures (specically AlN, GaN, and InN) when
a B (static magnetic eld) is present along the z-axis. At the same
time, if AlN, GaN, and InN QW semiconductors are exposed to
an electromagnetic wave, then for one, the electrons in these
low dimensional III-nitride heterostructures will cause MO
transport in which the most prevalent one is the cyclotron one
through absorbing an appropriate photon energy. On the other
hand, our focus, in this study, is on the AP of MO transitions
and the FWHMs. The reason behind this is that the absorbing
FWHM regarding the acoustic phonon scattering in low-
dimensional III-nitride heterostructures is highly sensitive to
the various mechanisms of electron scattering, wherefore, the
behavior of electrons in the above-III-nitride heterostructures is
heavily inuenced by scattering mechanisms. As a result,
researching MO transitions in two-dimensional III-nitride het-
erostructures is valuable for gaining insights into the electronic
structure in AlN, GaN, and InN semiconductors. In recent years,
the e–p interaction in Q2D III-nitride heterostructures has been
researched in several studies,8–13 where the authors have
demonstrated that the e–p interaction greatly affects the III-
nitride semiconductors' optical characteristics resulting from
the ionic properties of III-nitrides;8 the interaction intensities of
electron–propagating-phonons are augmented remarkably,
resulting from the strains in the GaN/AlGaN QW structures;9 the
acoustic phonon's spectrum is formed within four intervals in
AlN/GaN, where various features of the spectrum branches
appear, both depending on the nanostructure's geometric
parameters and its wave-number;10 in comparison to larger
frequency phonons, smaller frequency phonons in spherical
heterostructures of GaN/AlN contribute signicantly more to
the coupling function;11 the e–optical-p interaction in zinc
blende AlN, GaN, and InN reduces the surface-state energy, and
at surface-state levels, the e–surface-p interaction effect is
signicantly greater than that of the e–half space-p one;12

nally, the magnitude of hot electron energy loss rate in GaN is
the largest among GaN, GaAs, InAs, and InSb materials.13

However, in these studies, most of the optical, transport, and
magnetic characteristics of AlN, GaN, and InN, especially the
absorbing FWHMs resulting from acoustic phonon scattering,
are not taken into account in detail. Meanwhile, the FWHM is
a powerful tool for researching the band structures of solids and
electron scattering mechanisms in QW structures because its
remarkable sensitivity to the type of scattering truly enables
a profound understanding of carrier behavior.14 In addition, the
FWHM in nanostructures closely relates to fundamental issues
in optical transition physics, including many-body effects,
relaxation, disorder, etc., and is a crucial factor in enhancing the
performance of QW infrared photodetectors and quantum
cascade lasers.15–17 Moreover, the FWHM is also used in various
application elds, such as in the spectral width of light sources,
spectroscopy, imaging, pulse waveforms, and signal processing.
It describes the extent or width of a peak, distribution, or
feature. Specically, characterising the FWHM of features or
peaks in chromatography, optical spectroscopy, or imaging
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00598h


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 1
0:

30
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
systems helps to evaluate the quality and performance of the
imaging or measurement technique. The FWHM is also used to
measure a system's precision or resolution. A smaller FWHM
shows a more nely or sharper resolved peak; in contrast,
a larger FWHM denotes a blurrier resolved peak. Similarly, in
the medical eld, PET or MRI scanning, the FWHM is also
a measure of the image's resolution. In laser physics, one
usually uses the FWHM to determine the light source's spectral
width or laser beam width. Furthermore, the FWHM is one of
the key tools in signal processing as it gives us valuable insights
into the signal's time duration or spectral bandwidth. There-
fore, the FWHM is a powerful and effective analytical tool in
practical applications ranging from optics to material sciences;
it can offer a valuable understanding of signal characteristics
and material properties.

Moreover, the Pöschl–Teller QW heterostructure is a model
that has the great advantage of the conning potential's tunable
asymmetry. Therefore, it can be expected to yield promising
transport, optical, and magnetic characteristics. Consequently,
carrying out a further comparative investigation on the optical,
transport, and magnetic characteristics of III-nitride semi-
conductors based on Pöschl–Teller and square potential QWs
by using the operator projection method is necessary. The
following sections make up the current research's outline:
Section 2 explains the III-nitride Pöschl–Teller QW semi-
conductor model. Section 3 explains the acoustic phonon
scattering mechanism. The CT and AP of MO transition in III-
nitride Pöschl–Teller QW semiconductors, including AlN,
GaN, and InN, resulting from acoustic phonon scattering are
contained in Section 4. The concluding remarks are nally
found in Section 5.
Fig. 1 Illustration of possible electron scattering processes in a two-
dimensional system by (a) phonon absorption and (b) phonon emis-
sion. Where k is the electron wave vector and q is the phonon wave
vector.
2 III-Nitride Pöschl–Teller QW
semiconductor model

In this study, optical, magnetic, and transport characteristics of
two-dimensional III-nitride semiconductor (AlN, GaN, and InN)
structures based on Pöschl–Teller QWs resulting from acoustic
phonon scattering are thoroughly investigated. The Pöschl–
Teller QW features the following conned potential V(z):18–22

VðzÞ ¼ l2ħ2

2m*
e

�
aða� 1Þ
sin2ðlzÞ þ bðb� 1Þ

cos2ðlzÞ
�
; (1)

where a and b (a, b > 1) can be employed to modify the degree of
asymmetry of V(z). This remarkable feature is one of the many
benets the Pöschl–Teller QW offers. When a is equal to b, the
potential V(z) achieves awless symmetry. Moreover, in eqn (1),
l = p/(2LW) with LW is the QW thickness and m* the effective
mass. The following descriptions of the electron's eigenfunc-
tion ðFn;‘Þ and respective eigenvalue ðzn;‘Þ when along the z-axis
present a static magnetic eld:23–26

Fn;‘ ¼ Ly
�1=2Jnðx� x0ÞeikyyJ‘ðzÞ; (2)

where the system's harmonic oscillator function and z compo-
sition wave function in III-nitride Pöschl–Teller QW semi-
conductors are denoted by jn(x − x0) and j‘ðzÞ, respectively, in
© 2024 The Author(s). Published by the Royal Society of Chemistry
which x0 = −kyRC
2, with RC = (cħ/(jejB))1/2. In eqn (2), n = 0, 1, 2,

. is denoted as the Landau levels (LLs), and ‘ ¼ 0; 1; 2; . the
subband levels. Then, z-composition's wave function in III-
nitride Pöschl–Teller QW semiconductors takes the form of:20–22

J‘ðzÞ ¼ C‘sin
aðlzÞcosbðlzÞ � 2F 1

��‘;aþ bþ ‘;a

þ 1=2; sin2ðlzÞ�; (3)

where 2F1½ �‘;aþ bþ ‘;aþ 1=2; sin2ðlzÞ� and C‘ are denoted
as the hypergeometric function and normalization constant.
Finally, the respective eigenvalue, zn;‘, as

Xðn; ‘Þ ¼
�
nþ 1

2

�
ħuC þ l2ħ2

2m*
e

ðaþ bþ 2‘Þ2; (4)

where uC ¼ Bjej=m*
ec is denoted as the cyclotron frequency.
3 Acoustic phonon scattering
mechanism

The data in Fig. 1 illustrate the electron scattering by phonon (a)
absorption and (b) emission processes in a two-dimensional
system.

In this section, the matrix element of acoustic phonon
interaction by the 2D electron in III-nitride Pöschl–Teller QW
semiconductors, including AlN, GaN, and InN, takes the
form23,24,27–33

��	i��He�a-ph

��f 
��2 ¼ f2ħq
2Qrw

��Y‘i ;‘f ðqzÞ
��2��Jni ;nf ðqÞ��2

�d
�
kt

f ; kt
i � qt

�
; (5)

where Q is denoted as the system volume of III-nitride Pöschl–
Teller QW semiconductors, q the wave vector, w the sound
velocity in AlN, GaN, and InN, r the III-nitride mass density, and
f the deformation potential constant. The factor jJni,nf(q)j2 has
the following form:

��Jni ;nf ðqÞ��2 ¼ N2!e
�qqN1�N2

N1!

�
LN2

N1�N2ðqÞ�2 (6)

Here q = RC
2qt

2/2, and LN2

N1−N2(q) is the symbol of the Laguerre
polynomials, with the values of N1 and N2 determined by using
the formulae N1 = max(ni, nf) and N2 = min(ni, nf). Finally, the
Nanoscale Adv., 2024, 6, 6253–6264 | 6255
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factor Y‘i ;‘f ðqzÞ is denoted as the overlap integral and has the
following form

Y‘i ;‘f ðqzÞ ¼
ðLW=2

�LW=2

J‘iðzÞeiqzzJ‘f ðzÞdz: (7)

It is well known that in nanostructure semiconductors,
particularly at low temperatures, the scattering of carriers by
acoustic phonons becomes more signicant and can even
surpass the scattering of carriers by optical phonons. In this
work, we focus on the study of the magneto-optical transport
properties of III-nitride QW semiconductors (AlN, GaN, and
InN) due to acoustic phonon scattering at low temperatures.
4 Conductivity tensor and absorption
power of the magneto-optical
transition in III-nitride Pöschl–Teller
QW semiconductors resulting from
acoustic phonon scattering
4.1 Conductivity tensor of the magneto-optical transition in
III-nitride Pöschl–Teller QW semiconductors resulting from
acoustic phonon scattering

We present the MO conductivity tensor in III-nitride Pöschl–
Teller QW semiconductors, including AlN, GaN, and InN,
resulting from acoustic phonon scattering in this subsection. As
we know, electronic states undergo quantization in III-nitride
Pöschl–Teller QW semiconductors when a B (static magnetic
eld) is present along the z-axis. At the same time, if AlN, GaN,
and InN QW semiconductors are exposed to an electromagnetic
wave, then for one, the electrons in these III-nitride Pöschl–
Teller QW semiconductors will causeMO transport in which the
most prevalent one is the cyclotron one through absorbing an
appropriate photon energy. At that time, the MO conductivity
tensor in III-nitride Pöschl–Teller QW semiconductors, result-
ing from acoustic phonon scattering had the following
form:34–37

Gþ�ðuÞ ¼ iħ
ħu

lim
D/0þ

X
g

ðJgþÞ*TR

n
r0

h
ðħu� LÞ�1kþ; cgþcgþ1

io
;

(8)

with Jgþ ¼ �ie ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðng þ 1ÞħuC=m*

e

p
, k+ = kx + iky in which k+ is

denoted by the operators of current density, L by Liouville, and
cg/(cg

+) by Pöschl–Teller QW electron annihilation (creation). In
this work, the analytical method is employed, which is the
operator projection (OP) method. The denition of this method,
which is employed to further transform the MO conductivity
tensor formula (8) in III-nitride Pöschl–Teller QW semi-
conductors, including AlN, GaN, and InN, resulting from
acoustic phonon scattering, is as follows:

PgL ¼ hLig
hkþig

kþ; Qg ¼ 1� Pg; (9)

with the arbitrary operator, L, denoted by the following formula
hLig = TR{r0[L,cg

+cg+1]}. Aer completing systematic analytical
6256 | Nanoscale Adv., 2024, 6, 6253–6264
transformations, we get the MOCT formula in III-nitride
Pöschl–Teller QW semiconductors, including AlN, GaN, and
InN, resulting from acoustic phonon scattering as

Gþ�ðuÞ ¼ iħ
ħu

lim
D/0þ

X
g

ðJgþÞ*
D
ðħu� LÞ�1kþ

E
g
: (10)

In order to derive the ultimate formula for the MO conduc-
tivity tensor in III-nitride Pöschl–Teller QW semiconductors,
including AlN, GaN, and InN, resulting from acoustic phonon
scattering, we employ the AB identity (A− B)−1 = A−1 + A−1B(A−
B)−1 and the OP method in formula (9) intended for further
transformation of the factor, (ħ�u − L)−1k+, in formula (10). Aer
completing systematic analytical transformations, we get the
MOCT formula resulting from acoustic phonon scattering in III-
nitride Pöschl–Teller QW semiconductors (AlN, GaN, and InN)
as follows:

Gþ�ðuÞ ¼ i

ħu
lim
D/0þ

X
g

��Jgþ��2ðF gþ1 � F gÞ
u� uC � YgðuÞ ; (11)

with the Fermi distributions denoted by Fg and Fgþ1 and the
line-width function by YgðuÞ. Aer completing systematic
analytical transformations, we obtain the quantity YgðuÞ in
formula (11) for III-nitride Pöschl–Teller QW semiconductors,
including AlN, GaN, and InN, resulting from acoustic phonon
scattering, which takes the form

YgðuÞ ¼ 1

ħ½F gþ1ðXÞ � FgðXÞ�
X
z

X
q

��cg;zðqÞ
��2

�
"�

1þ nq
�
F gþ1ðXÞ½1� F zðXÞ�

ħuþ ħuq � Xgþ1;z

� nqF zðXÞ½1� Fgþ1ðXÞ�
ħuþ ħuq � Xgþ1;z

�
�
1þ nq

�
F zðXÞ½1� F gþ1ðXÞ�

ħu� ħuq � Xgþ1;z

þ nqFgþ1ðXÞ½1� F zðXÞ�
ħu� ħuq � Xgþ1;z

�

þ 1

ħ½Fgþ1ðXÞ � F gðXÞ�
X
z

X
q

��cz;gþ1ðqÞ
��2

�
�
1þ nq

�
F zðXÞ½1� F gðXÞ�

ħuþ ħuq � Xzg

� nqFgðXÞð1� F zðXÞÞ
ħuþ ħuq � Xzg

�
�
1þ nq

�
FgðXÞ½1� F zðXÞ�

ħu� ħuq � Xzg

þ nqF zðXÞ½1� F gðXÞ�
ħu� ħuq � Xzg

�
;

(12)

where nq = 1/[exp(ħuq/kBT) − 1] is denoted as the Planck
distribution function for acoustic phonons in III-nitride Pöschl–
Teller QW semiconductors, including AlN, GaN, and InN.
4.2 Absorption power of the magneto-optical transition in
III-nitride Pöschl–Teller QW semiconductors resulting from
acoustic phonon scattering

The electronic states undergo quantization in III-nitride
Pöschl–Teller QW semiconductors when a B is present
along the z-axis. When AlN, GaN, and InN QW semi-
conductors are exposed to an electromagnetic wave having F0
amplitude, the electron in III-nitride Pöschl–Teller QW
semiconductors causes MO transport. At that time, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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absorbing power of the MO transition in III-nitride Pöschl–
Teller QW semiconductors, resulting from acoustic phonon
scattering takes the form:37

P(u) = F0
2Re{G+−(u)}/2, (13)

where the factor Re{Y+−(u)} is denoted as the real part of the CT
of the MO transition in III-nitride Pöschl–Teller QW semi-
conductors, including AlN, GaN, and InN, resulting from
acoustic phonon scattering. By performing calculations that are
detailed and thorough to obtain Re{Y+−(u)}, the same as shown
in the author N. D. Hien's earlier studies,25 the nal formula of
the absorbing power of the MO transition in III-nitride Pöschl–
Teller QW semiconductors resulting from acoustic phonon
scattering is written as

PðuÞ ¼ F0
2

2ħu

X
g

��Jgþ��2½FgðXÞ � Fgþ1ðXÞ�KgðuÞ
ðu� uCÞ2 þ ½KgðuÞ�2

; (14)

where KgðuÞ for III-nitride Pöschl–Teller QW semiconductors
resulting from acoustic phonon scattering is given by

KgðuÞ ¼ p

½F gþ1ðXÞ � F gðXÞ�
X
z

X
q

��cg;zðqÞ
��2

� ½�1þ nq
�
Fgþ1ðXÞ½1� F zðXÞ� � nqF zðXÞ½1� F gþ1ðXÞ��

�
�d

�
ħuþ ħuq � Xgþ1;z

�
þ½nqF gþ1ðXÞ½1� F zðXÞ� �

�
1þ nq

�
F zðXÞ½1� Fgþ1ðXÞ�

�
� d

�
ħu� ħuq � Xgþ1;z

��
þ p

½Fgþ1ðXÞ � F gðXÞ�
X
z

X
q

��cgþ1;zðqÞ
��2

����
1þ nq

�
F zðXÞ½1� F gðXÞ� � nqF gðXÞ½1� F zðXÞ�

�
� d

�
ħuþ ħuq � Xzg

�
þ�

nqF zðXÞ½1� F gðXÞ� �
�
1þ nq

�
F gðXÞ½1� F zðXÞ�

�
�d

�
ħu� ħuq � Xzg

��
: (15)

For acoustic phonon scattering in III-nitride Pöschl–Teller
QW semiconductors, including AlN, GaN, and InN, we
apply the approximation as shown in ref. 38 and 39 that Nq z
(Nq + 1) z kBT/(ħuq). Here, kB is the Boltzmann constant, and
ħuq = ħwq. Simultaneously, utilizing the relationshipsX

z

//
X
‘

X
n

/; (16)

X
q

//
Q

4p2

ðN
0

qtdqt

ðN
�N

dqz/; (17)

and carrying out the following systematic and methodical
computations of the jcg,z(q)j2 and jcg+1,z(q)j2 matrix elements
for KgðuÞ of acoustic phonon scattering by the 2D electron in
III-nitride Pöschl–Teller QW semiconductors, including AlN,
GaN, and InN, we then obtain the nal formula of KgðuÞ as
follows:
© 2024 The Author(s). Published by the Royal Society of Chemistry
KgðuÞ ¼
X
n
0

X
‘
0

f2kBT

8prw2ħRC
2½F nþ1;‘ðXÞ � F n;‘ðXÞ�

�
nh

F nþ1;‘ðXÞ
h
1� F n

0
;‘
0 ðXÞ

i
� F n

0
;‘
0 ðXÞ½1� F nþ1;‘�

i
� dðX1Þ
þ
h
F nþ1;‘ðXÞ

h
1� F n

0
;‘
0
i
� F n

0
;‘
0 ðXÞ½1� F nþ1;‘�

i
� dðX1Þ
þ
h
F n

0
;‘
0 ðXÞ½1� F n;‘ðXÞ� � F n;‘ðXÞ

h
1� F n

0
;‘
0
ii

� dðX2Þ
þ
h
F n

0
;‘
0 ðXÞ½1� F n;‘� � fn;‘ðXÞ

h
1� F n

0
;‘
0 ðXÞ

ii
� dðX2Þg

� C0
4

l2

ðN
�N

����
ðp=2
0

expðiqzx=lÞ
�
sinax cosbx

� 2F 1

�
aþ b;aþ 1=2; sin2x

��2
dx

���2dqz;

(18)

where 0 # x # p/2, and the expressions of X1 and X2, take the
form

X1 ¼ ħu�
�
nþ 1� n

0
�
ħuC

�l2ħ2

2m*
e

�
ðaþ bþ 2‘Þ2 �

�
aþ bþ 2‘

0
�2
�
;

(19)

and

X2 ¼ ħu�
�
n
0 � n

�
ħuC

�l2ħ2

2m*
e

��
aþ bþ 2‘

0
�2

� ðaþ bþ 2‘Þ2
�
:

(20)

Moreover, in eqn (18), the Lorentzian widths40 are denoted by
Ln;n0 and Lnþ1;n0 used instead of the use of the d(X1) and d(X2)
Dirac delta functions as the following:

dðX1Þ ¼ 1

p

Ln;n
0

ðX1Þ2 þ
�
Ln;n

0
�2

; (21)

dðX2Þ ¼ 1

p

Lnþ1;n
0

ðX2Þ2 þ
�
Lnþ1;n

0
�2

: (22)

Aer completing systematic computations of the formula for
the Ln;n0 Lorentzian width due to acoustic phonon scattering by
the 2D electron in III-nitride Pöschl–Teller QW semiconductors,
including AlN, GaN, and InN, we obtain

�
Ln;n

0
�2

¼ f2kBT

8p2rw2RC
2

C0
4

l2

ðN
�N

dqzj
ðp=2
0

expðiqzx=lÞ

��
sinax cosb x �2F1

�
aþ b;aþ 1=2; sin2x

��2
dxj2:
(23)
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Table 1 III-Nitride semiconductor parameters, including InN, AlN, and
GaN, used in calculations:12,42

Parameters GaN AlN InN

m*
eð�m0Þ 0.22 0.29 0.045

r (g cm−3) 6.09 3.23 6.81
f (eV) 8.3 9.5 7.1
w (×105 cm s−1) 4.40 6.04 4.15
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Note that the integral over dqz, in eqn (18) and (23), resulting
from acoustic phonon scattering in III-nitride Pöschl–Teller QW
semiconductors, including AlN, GaN, and InN, will be thor-
oughly numerically evaluated. To achieve the outcomes of the
computer calculations and graphic representations by applying
the appropriate computational methodologies to the above
analytical computation results, reliable outcomes for the MOT
properties of III-nitride Pöschl–Teller QW semiconductors,
including AlN, GaN, and InN, resulting from acoustic phonon
scattering will be drawn in the following section.
5 Numerical results and discussion

The numerical calculations in this section are realized to
include (i) the absorption power in III-nitride Pöschl–Teller QW
semiconductors, including InN, AlN, and GaN resulting from
the acoustic phonon scattering at the various QS temperatures,
QW thicknesses, and magnetic elds versus the photon energy.
(ii) The absorbing FWHM dependencies in III-nitride Pöschl–
Teller QW semiconductors, including InN, AlN, and GaN
resulting from the acoustic phonon scattering at the various QS
temperatures, QW thicknesses, and magnetic elds. (iii)
Comparison of the absorbing power in III-nitride Pöschl–Teller
and square QW semiconductors, including InN, AlN, and GaN,
resulting from the acoustic phonon scattering. (iv) Comparison
of the absorbing FWHM dependencies in III-nitride Pöschl–
Teller and square QW semiconductors, including InN, AlN, and
GaN, resulting from the acoustic phonon scattering at the QS
temperature, QW thickness, and applied magnetic eld. The
specic results are displayed in the gures below:
Fig. 2 The profiles and wave functions of the Pöschl–Teller confined
potential at b = 2.6, LW = 12.65 nm, and a = 1.4, 1.8, 2.2, 2.6, 3.0, 3.4,
and 3.8.

6258 | Nanoscale Adv., 2024, 6, 6253–6264
Fig. 2 displays the data as the result of the proles and wave
functions of the Pöschl–Teller conned potential at b = 2.6 and
LW = 12.65 nm for seven values of a including a = 1.4, 1.8, 2.2,
2.6, 3.0, 3.4, and 3.8. This result indicates that the Pöschl–Teller
conned potential prole is fully symmetric at a = b = 2.6, and
on the other hand, asymmetric at a s b. This is similar to the
data in ref. 41. Simultaneously, the data also illustrate that the
prole is moved above when a > 2.6, and below when a < 2.6.
Our ndings are regarded as reasonable (Table 1).

Fig. 3 shows numerical result of the absorption power in III-
nitride Pöschl–Teller QW semiconductors, including InN, AlN,
and GaN, resulting from the acoustic phonon scattering at a QW
thickness of 5 nm, an applied magnetic eld of 5T, and a QS
temperature of 37 K, versus the photon energy, where
asymmetry-degree-adjusted parameters a = 3 and b = 2. The
colour curves, respectively, represent the InN, AlN, and GaN
materials in green, magenta, and red. We are able to see
evidently from the absorption spectrum that each III-nitride
Pöschl–Teller QW semiconductor, including InN, AlN, and
GaN, corresponds to one evident resonance peak. By utilising
computational techniques and the resonant phenomenon
condition, we determine that when a magnetic eld is present,
the two-dimensional conning electrons in InN, AlN, and GaN
absorb the corresponding 2.00 meV, 2.63 meV, and 12.87 meV
Fig. 3 Absorption power in III-nitride Pöschl–Teller QW semi-
conductors, including InN, AlN, and GaN, resulting from the acoustic
phonon scattering at a QW thickness of 5 nm, an applied magnetic
field of 5T, and a QS temperature of 37 K, versus the photon energy,
where asymmetry-degree-adjusted parameters a = 3 and b = 2. The
colour curves, respectively, represent the InN, AlN, and GaN materials
in green, magenta, and red.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Absorption power in III-nitride Pöschl–Teller QW semiconductors, including AlN, GaN, and InN, resulting from the acoustic phonon
scattering at the various QS temperatures for a QW thickness of 5 nm and an applied magnetic field of 5T, versus the photon energy, where
asymmetry-degree-adjusted parameters a = 3 and b = 2. The colour curves, respectively, represent the AlN, GaN, and InN materials in green,
magenta, and red. The solid, dotted, and dashed curves, respectively, represent the QS temperatures of 37 K, 17 K, and 7 K. (b) The absorbing
FWHM dependency in III-nitride Pöschl–Teller QW semiconductors, including AlN, GaN, and InN, resulting from the acoustic phonon scattering
on the QS temperature at the same parameter values as above.
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photon energies (ħu) to create the cyclotron resonance (CR)
transitions. Namely, the position of CR transition absorbing
peaks in III-nitride Pöschl–Teller QW semiconductors,
including InN, AlN, and GaN, resulting from the acoustic
phonon scattering satises resonant condition (n0 − n)ħuc = ħu
h 2.00 meV, (n0 − n)ħuc = ħuh 2.63 meV, and (n0 – n)ħuc = ħu
h 12.87 meV, respectively. In this calculation, transitions
between the n= 0 and n0 = 1, the lowest Landau levels are taken
into account. The CR absorbing transition of the electron in III-
nitride Pöschl–Teller QW semiconductors, including InN, AlN,
and GaN, resulting from acoustic phonon scattering is
described such that the two-dimensional conning electrons in
InN, AlN, and GaN absorb the corresponding 2.00 meV, 2.63
meV, and 12.87 meV photon energies, resulting from the
acoustic phonon scattering in order to create the cyclotron
resonance (CR) transitions from the n = 0 Landau level to the n0

= 1 Landau level.
In Fig. 4, the absorbing power in III-nitride Pöschl–Teller QW

semiconductors, including InN, AlN, and GaN, resulting from
the acoustic phonon scattering at the various QS temperatures
for a QW thickness of 5 nm and an applied magnetic eld of 5T,
versus the photon energy, is displayed. Note that in this
numerical calculation, asymmetry-degree-adjusted parameters
a = 3 and b = 2. The colour curves, respectively, represent the
InN, AlN, and GaN materials in green, magenta, and red. The
solid, dotted, and dashed curves, respectively, represent the QS
temperatures of 37 K, 17 K, and 7 K. The results in the gure
evidently demonstrate that the QS temperature has an evident
impact on the absorbing spectrum intensity. Contrary to this,
the inuence of these low temperatures on the resonant peak's
position is insignicant and can be neglected. The distribution
function, Fn;‘ðXÞ ¼ ½exp½ðXn;‘ � XFÞ=kBT � þ 1��1, of the electron
in III-nitride Pöschl–Teller QW semiconductors, including AlN,
GaN, and InN, is dependent on the QS temperature, which
provides an explanation for this feature of the absorbing
© 2024 The Author(s). Published by the Royal Society of Chemistry
spectrum intensity, resulting from the acoustic phonon scat-
tering. Namely, we are able to see evidently from expression
Fn;‘ðXÞ ¼ ½exp½ðXn;‘ � XFÞ=kBT� þ 1��1 that it is proportional to
e−1/T, wherefore, it has an evident change as the QS temperature
varies. This leads to the absorbing spectrum intensity in III-
nitride Pöschl–Teller QW semiconductors, including InN, AlN,
and GaN, resulting from the acoustic phonon scattering being
affected appreciably by the QS temperature. On the other hand,
the QS temperature completely has no impact on the absorbing
spectrum position in III-nitride Pöschl–Teller QW semi-
conductors, including InN, AlN, and GaN, resulting from
acoustic phonon scattering. This is easily understood by
observation of the following formulae (18)–(20), in which the QS
temperature is absent from the factors X1 and X2 regarding the
Dirac delta functions, namely d(X1) and d(X2). In addition,
another way to interpret this physical characteristic is that the
absorbing spectrum position in III-nitride Pöschl–Teller QW
semiconductors, including InN, AlN, and GaN, resulting from
acoustic phonon scattering, meets the requirement for the CR
phenomenon, nħuc + ħu = n0ħuc, where we are able to see
evidently from this expression that it is evidently unaffected by
the QS temperature. The results obtained in (Fig. 4b) are the
absorbing FWHM dependency in III-nitride Pöschl–Teller QW
semiconductors, including InN, AlN, and GaN, resulting from
the acoustic phonon scattering on the QS temperature at the
same parameter values as above. We are able to see evidently
from the gure that at low temperatures of quantum systems (T
< 150 K), the higher the QS temperature values are, the greater
the absorbing FWHM values will be, i.e., if the QS temperatures
in III-nitride Pöschl–Teller QW semiconductors, including InN,
AlN, and GaN, increase, then their absorbing FWHMs resulting
from the acoustic phonon scattering increase. This character-
istic of III-nitride semiconductors can be interpreted based on
the fact that the acoustic phonon scattering probabilities in III-
nitride Pöschl–Teller QW semiconductors, including InN, AlN,
Nanoscale Adv., 2024, 6, 6253–6264 | 6259
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and GaN are augmented evidently as the enhanced QS
temperatures. Our theoretical study outcomes will provide
further qualitative evidence to conrm the early experimental
ones in ref. 15 and 43–45. In particular, our ndings demon-
strate that the absorbing FWHM dependency on the QS
temperature in the GaN Pöschl–Teller QW semiconductor is
weaker than that in the AlN one, while stronger in the InN one.
Among InN, AlN, and GaN materials, the absorbing FWHMs in
AlN are the greatest and the fastest increasing; inversely, they
are the smallest and the slowest increasing in InN. Our ndings
offer valuable information for the advancement of electronic
devices.

Besides the impact of QS temperature on the MOTPs of III-
nitride Pöschl–Teller QW semiconductors, including AlN, InN,
and GaN, resulting from the acoustic phonon scattering as
analysed above, the impact of QW thickness on their MOTPs
was also thoroughly taken into account, and the outcomes ob-
tained are as follows: rstly, the absorbing power in III-nitride
Pöschl–Teller QW semiconductors, including AlN, InN, and
GaN, resulting from the acoustic phonon scattering at the
various QW thicknesses for an applied magnetic eld of 5 T and
a QS temperature of 37 K, versus the photon energy is demon-
strated in in Fig. 5a, where asymmetry-degree-adjusted param-
eters a = 3 and b = 2. The colour curves, respectively, represent
the AlN, GaN, and InN materials in green, magenta, and red.
The solid, dotted, and dashed curves, respectively, represent the
QW widths of 5 nm, 7 nm, and 9 nm. As can be seen from the
gure the QW thickness has an evident impact on the absorbing
spectrum intensity. Contrary to this, it completely has no
impact on the absorbing spectrum position in III-nitride
Pöschl–Teller QW semiconductors, including AlN, InN, and
GaN, resulting from acoustic phonon scattering. This feature
bears resemblance to the QS temperature case; however, the
interpretation for this characteristic is not completely similar to
that for the QS temperature case. Namely, the QW thickness
Fig. 5 (a) Absorption power in III-nitride Pöschl–Teller QW semiconduc
scattering at the various QW thicknesses for an applied magnetic field o
asymmetry-degree-adjusted parameters a = 3 and b = 2. The colour cu
magenta, and red. The solid, dotted, and dashed curves, respectively, repr
dependency in III-nitride Pöschl–Teller QW semiconductors, including A
QW thickness at the same parameter values as above.

6260 | Nanoscale Adv., 2024, 6, 6253–6264
completely has no impact on the absorbing spectrum position
in III-nitride Pöschl–Teller QW semiconductors, including AlN,
InN, and GaN, resulting from acoustic phonon scattering. This
is easily understood by the observation of the following
formulae of the CR condition, nħuc + ħu = n0ħuc, where we are
able to see evidently from this expression that it is evidently
unaffected by the QW thickness. Furthermore, this character-
istic is also easily understood by observation of the following
formulae of the electronic energies (19) and (20) and of the line-
width function in (18) for the Pöschl–Teller QW is that the X1

and X2 quantities related to d(X1) and d(X2) delta functions of
the Dirac are evident dependent on the QW thickness. This
leads to the absorbing spectrum intensity in III-nitride Pöschl–
Teller QW semiconductors, including AlN, GaN, and InN,
resulting from the acoustic phonon scattering being affected
evidently by the QW thickness. Secondly, an additional impor-
tant feature illustrated evidently in Fig. 5b is the absorbing
FWHM dependency in III-nitride Pöschl–Teller QW semi-
conductors, including AlN, InN, and GaN, resulting from the
acoustic phonon scattering on the QW thickness. Based on the
gure, it is clear that the greater the QW thickness values are,
the smaller the absorbing FWHM values will be, i.e., if the
thickness of III-nitride Pöschl–Teller QW semiconductors,
including AlN, InN, and GaN, increase, then their absorbing
FWHMs resulting from the acoustic phonon scattering
diminish. Our theoretical study outcomes will provide further
qualitative evidence to conrm the early experimental ones in
ref. 15, 44 and 46. The acoustic phonon scattering probabilities
in III-nitride Pöschl–Teller QW semiconductors, such as AlN,
InN, and GaN, are diminished evidently with augmented QW
thickness, which explains this property of III-nitride semi-
conductors. Further understanding of this characteristic also
suggests that an evident increment in the QW thickness (LW)
results in an appreciable decrement of the lowest sub-band
levels' energy separation, DX ¼ ½ðaþ bþ 2Þ2 � ðaþ bÞ2�p2ħ2=
tors, including AlN, InN, and GaN, resulting from the acoustic phonon
f 5T and a QS temperature of 37 K, versus the photon energy, where
rves, respectively, represent the AlN, GaN, and InN materials in green,
esent the QWwidths of 5 nm, 7 nm, and 9 nm. (b) The absorbing FWHM
lN, InN, and GaN, resulting from the acoustic phonon scattering on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ð8m*
eLW

2Þ; ð‘0 ¼ 1 and ‘ ¼ 0Þ. The result is that acoustic
phonon scattering probabilities in III-nitride Pöschl–Teller QW
semiconductors (AlN, GaN, and InN) are quickly reduced, and
hence the absorbing spectrum FWHMs, regarding acoustic
phonon scattering appreciably decrease. More specically, our
outcomes demonstrate that the absorbing FWHM dependency
on the QW thickness in the GaN Pöschl–Teller QW semi-
conductor is weaker in the AlN one, while stronger in the InN
one. Among AlN, InN, and GaN materials, the absorbing
FWHMs in AlN are the greatest and the fastest diminishing;
inversely, they are the smallest and the slowest diminishing in
InN. This characteristic of III-nitride Pöschl–Teller QW semi-
conductors is more evident when the QW thickness is suffi-
ciently low. To be more precise, this characteristic suggests that
in two-dimensional III-nitride materials, including AlN, InN,
and GaN, acoustic phonon scattering is more meaningful than
that in bulk III-nitride materials.

In this research, the external eld impact on the MOTPs of
III-nitride Pöschl–Teller QW semiconductors, including AlN,
InN, and GaN, resulting from acoustic phonon scattering, is
also thoroughly investigated. The following are the outcomes
obtained: rst, the absorbing power in III-nitride Pöschl–Teller
QW semiconductors, including AlN, GaN, and InN, resulting
from the acoustic phonon scattering at the various applied
magnetic elds for a QW thickness of 5 nm and a QS temper-
ature of 37 K, versus the photon energy is demonstrated in
Fig. 6a, where asymmetry-degree-adjusted parameters a= 3 and
b = 2. The colour curves, respectively, represent the AlN, GaN,
and InN materials in green, magenta, and red. The solid,
dotted, and dashed curves, respectively, represent the various
applied magnetic elds of 5 Tesla, 6 Tesla, and 7 Tesla. Aer
analysing the data in Fig. 6a, we can also draw the following
conclusions: different from the QW thickness and the QS
temperature, the applied magnetic eld not only has an evident
impact on the absorption spectrum intensity but also has an
appreciable impact on the absorption spectrum position in III-
nitride Pöschl–Teller QW semiconductors, including AlN, GaN,
and InN, resulting from acoustic phonon scattering. Specically
as follows, if there is an enhancement of the applied magnetic
eld, then the absorption spectrum position in III-nitride
Pöschl–Teller QW semiconductors, including AlN, GaN, and
InN, resulting from acoustic phonon scattering, is blue-shied.
Observing the following formulae makes it easy to understand
that this cause is a result of the CR condition. We can see clearly
from this expression that it is affected by the applied magnetic
eld (B): nħuc + ħu = n0ħuc in which uc ¼ jejB=ðm*

ecÞ. We
consider n = 0 and n0 = 1 in this calculation, wherefore the
formula of the photon energy is ħu ¼ ħuchħjejB=m*

ec. This
results in ħu being enhanced as B increases. So, if there is an
enhancement of the appliedmagnetic eld, then the absorption
spectrum position in III-nitride Pöschl–Teller QW semi-
conductors, including AlN, GaN, and InN, resulting from
acoustic phonon scattering, is blue-shied. More importantly,
analysis of the data in Fig. 6a leads us to the conclusion that
among III-nitride Pöschl–Teller QW semiconductors, including
AlN, GaN, and InN, the impact of the external eld on the
absorption spectrum position of the InN semiconductor,
© 2024 The Author(s). Published by the Royal Society of Chemistry
resulting from acoustic phonon scattering is the strongest. This
nding could provide useful data for optoelectronic device
manufacturing. Moreover, the external eld has an appreciable
impact on the absorption spectrum's intensity in III-nitride
Pöschl–Teller QW semiconductors, including AlN, GaN, and
InN, resulting from acoustic phonon scattering, i.e., it has an
appreciable change when varying the value of B. The cause of
this occurrence is because the acoustic phonon scattering
probability in III-nitride Pöschl–Teller QW semiconductors,
including AlN, GaN, and InN appreciably changes when varying
the value of B. The cyclotron radius expression Rc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ħ=ðeBÞp

can help us to be able to understand and clarify this. Another
important feature also illustrated evidently in Fig. 6b is the
absorbing FWHM dependency in III-nitride Pöschl–Teller QW
semiconductors, including AlN, GaN, and InN, resulting from
the acoustic phonon scattering on the magnetic eld. We can
also draw the following conclusions aer analysing the data in
Fig. 6b: (i) the absorbing FWHM in III-nitride Pöschl–Teller QW
semiconductors, including AlN, GaN, and InN, resulting from
the acoustic phonon scattering is a function of B; (ii) the greater
the magnetic eld values are, the greater the absorbing FWHM
values will be, i.e., if the applied magnetic eld in III-nitride
Pöschl–Teller QW semiconductors, including AlN, GaN, and
InN, increase, then their absorbing FWHMs resulting from the
acoustic phonon scattering, increase. The cause of this occur-
rence is because, the greater the B applied magnetic eld in III-
nitride Pöschl–Teller QW semiconductors, the smaller the two
dimensional electron cyclotron radius Rc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ħ=ðeBÞp

, the
stronger the connement intensity of a two dimensional elec-
tron, the bigger the acoustic phonon scattering probability, and
the greater the absorbing spectrum FWHM in III-nitride
Pöschl–Teller QW semiconductors, including AlN, GaN, and
InN will be. Our theoretical study outcomes will provide further
qualitative evidence to conrm the early experimental ones in
ref. 47 and 48. In addition, aer analysing the data in Fig. 6 b,
we can also draw the following conclusions: the absorbing
FWHM dependency on the applied magnetic eld in the GaN
Pöschl–Teller QW semiconductor is stronger in the InN one,
and weaker in the AlN one. Among III-nitride materials,
including AlN, GaN, and InN, the absorbing FWHMs in AlN are
the greatest and the fastest diminishing; inversely, they are the
smallest and the slowest diminishing in InN. These features are
similar to those in the cases of the QW thickness and QS
temperature. However, the characteristic of the magnetic eld
impact on the absorption spectrum position in III-nitride
Pöschl–Teller QW semiconductors, including AlN, GaN, and
InN, resulting from acoustic phonon scattering is very different
from the cases of the QS temperature and the QW thickness,
which have been mentioned above.

Especially in this research, the results obtained for III-nitride
Pöschl–Teller QW semiconductors are thoroughly compared
with those for III-nitride square QW ones. First, the data in
Fig. 7a are the result of the comparison of the absorbing power
in III-nitride Pöschl–Teller and square QW semiconductors,
including AlN, InN, and GaN, resulting from the acoustic
phonon scattering at a QW thickness of 5 nm, an applied
magnetic eld of 5 T, and a QS temperature of 37 K, versus the
Nanoscale Adv., 2024, 6, 6253–6264 | 6261
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Fig. 6 (a) Absorption power in III-nitride Pöschl–Teller QW semiconductors, including AlN, InN, and GaN, resulting from the acoustic phonon
scattering at the various applied magnetic fields for a QW thickness of 5 nm and a QS temperature of 37 K, versus the photon energy, where
asymmetry-degree-adjusted parameters a = 3 and b = 2. The colour curves, respectively, represent the AlN, GaN, and InN materials in green,
magenta, and red. The solid, dotted, and dashed curves, respectively, represent the various appliedmagnetic fields of 5 Tesla, 6 Tesla, and 7 Tesla.
(b) The absorbing FWHM dependency in III-nitride Pöschl–Teller QW semiconductors, including AlN, InN, and GaN, resulting from the acoustic
phonon scattering on the applied magnetic field at the same parameter values as above.

Fig. 7 (a) Comparison of the absorbing power in III-nitride Pöschl–Teller and square QW semiconductors, including AlN, GaN, and InN, resulting
from the acoustic phonon scattering at a QW thickness of 5 nm, an applied magnetic field of 5 T, and a QS temperature of 37 K, versus the photon
energy, where asymmetry-degree-adjusted parameters a= 3 and b= 2. The colour curves, respectively, represent the AlN, GaN, and InNmaterials in
green, magenta, and red. The solid and dashed curves, respectively, represent the Pöschl–Teller and square QWs. (b) Comparison of the absorbing
FWHM dependency in III-nitride Pöschl–Teller and square semiconductors, including AlN, GaN, and InN, resulting from the acoustic phonon
scattering on the QS temperature at the same parameter values as above. (c) Comparison of the absorbing FWHM dependency in III-nitride Pöschl–
Teller and square semiconductors, including AlN, GaN, and InN, resulting from the acoustic phonon scattering on the QW thickness at the same
parameter values as above. (d) Comparison of the absorbing FWHM dependency in III-nitride Pöschl–Teller and square semiconductors, including
AlN, GaN, and InN, resulting from the acoustic phonon scattering on the applied magnetic field at the same parameter values as above.
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Table 2 The summary of the influences of the temperature, thickness, external magnetic field, and confinement potential shape on the
characteristics of the resonance peak

Inuencing factor

Characteristics of the resonance peak

Position of the peak Intensity of the peak FWHM of the peak

Temperature Insignicant inuence Strong inuence Strong inuence
Thickness Insignicant inuence Strong inuence Strong inuence
Magnetic eld Strong inuence Strong inuence Strong inuence
Potential shape Insignicant inuence Strong inuence Strong inuence
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photon energy, where asymmetry-degree-adjusted parameters
a = 3 and b = 2. The colour curves, respectively, represent the
AlN, GaN, and InN materials in green, magenta, and red. The
solid and dashed curves, respectively, represent the Pöschl–
Teller and square QWs. As seen in Fig. 7a, there is an evident
difference in the absorption spectrum intensity between the
Pöschl–Teller and square QWs of III-nitride semiconductors,
including AlN, InN, and GaN, resulting from acoustic phonon
scattering. Secondly, the data in Fig. 7b–d are the results of the
comparisons of the absorbing FWHM dependencies in III-
nitride Pöschl–Teller and square semiconductors, including
AlN, InN, and GaN, resulting from the acoustic phonon scat-
tering on the QS temperature, the QW thickness, and the
applied magnetic eld, respectively. The results demonstrate
that the absorbing FWHMs resulting from the acoustic phonon
scattering in III-nitride materials (AlN, InN, and GaN) increase
with an increasing QS temperature and applied magnetic eld;
conversely, they diminish with an increasing QW thickness for
both the Pöschl–Teller and square semiconductors. Specically,
the results also prove that the absorbing FWHMs of III-nitride
materials (AlN, GaN, and InN) resulting from the acoustic
phonon scattering in Pöschl–Teller QW semiconductors always
have greater values and faster variation in comparison with
square QW semiconductors. Therefore, the absorbing FWHMs
of III-nitride semiconductors resulting from acoustic phonon
scattering are strongly dependent on the nanostructure's
geometric shape.

In summary, the temperature, thickness, and connement
potential shape strongly inuence the intensity and FWHM of
the resonance peak while they insignicantly inuence its
position. In particular, the external magnetic eld strongly
inuences the position, intensity, and FWHM of the resonance
peak. These inuences are immediately apparent in a compre-
hensive summary (Table 2) below.
6 Conclusions

In summary, applying the technique of operator projection, the
MOT properties of III-nitride Pöschl–Teller QW semi-
conductors, including AlN, GaN, and InN, resulting from the
acoustic phonons scattering are thoroughly investigated and
compared. In particular, a comparison is made between the
Pöschl–Teller QW results and the square QW ones. The
following are our research results: (i) for acoustic phonon
scattering, the QS temperature, applied magnetic eld, and QW
© 2024 The Author(s). Published by the Royal Society of Chemistry
width strongly affect the MOT properties of III-nitride Pöschl–
Teller QW semiconductors, including AlN, GaN, and InN. (ii)
When the applied magnetic eld and QS temperature increase,
the absorbing FWHM in AlN, GaN, and InN increases; on the
other hand, it diminishes when the QW width increases. (iii)
The absorbing FWHM dependency on the applied magnetic
eld and QS temperature, and QW width in GaN Pöschl–Teller
QW semiconductor is weaker in the AlN one, and stronger in the
InN one. (iv) Among AlN, GaN, and InNmaterials, the absorbing
FWHMs in AlN are the greatest and vary the fastest; inversely,
they are the smallest and vary the slowest in InN. The MOTPs of
III-nitride Pöschl–Teller QW semiconductors, including AlN,
InN, and GaN resulting from acoustic phonon scattering, are
more dominant than those of the square QW ones. Our ndings
offer valuable information for the advancement of electronic
devices.
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