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Optical phonon confinement significantly lowers
the hot electron energy loss rate in lll-nitride
(InN, GaN, and AIN) and GaAs nanoscale structures

*bc

Huynh Thi Phuong Thuy® and Nguyen Dinh Hien

This investigation presents a detailed comparative analysis of the energy loss rate (ELR) in the Ill-nitride (InN,
AIN, and GaN) and GaAs quantum well (QW) heterostructures of hot electrons because of confined and bulk
optical phonon (OP) scattering based on the electronic temperature model. This analysis is conducted
because of the impact of a quantizing magnetic field and utilizes the framework of OP confinement
proposed by Huang and Zhu. The following results are what we have obtained: firstly, the explicit
expression of the average ELR in the llI-nitride (InN, AIN, and GaN) and GaAs QW heterostructures of hot
electrons because of confined OP interaction. Secondly, the graphs describe the dependencies of the
ELR in the InN, GaN, and AIN, and GaAs QW heterostructures of hot electrons on the quantizing
magnetic field, two-dimensional electronic concentration, temperature of the two-dimensional
electrons, and QW heterostructure width for both the aforementioned OP types. Thirdly, the
comparative graphs of the above dependencies between the InN, AN, and GaN, and GaAs material QW
heterostructures in all three cases of OPs, including bulk, confinement, and both bulk and confinement
are presented. Finally, the various contributions from individual phonon modes to the ELR in the IlI-
nitride (INN, AIN, and GaN) and GaAs QW heterostructures of hot electrons are analyzed. Our research
offers insightful knowledge that will support the development and manufacturing of optoelectronic

rsc.li/nanoscale-advances devices.

1 Introduction

Research on the hot electron ELR in low-dimensional systems
has recently gained much interest."® These investigations have
offered a perspective on the thermal interactions between
phonons and electrons in such low-dimensional systems. It is
widely recognized that the energy transfer capabilities of hot
electrons have valuable applications in various devices,
including calorimeters and detectors, and induce a photo-
response in materials with a monolayer structure.® Further-
more, cooling hot electrons is an essential and fundamental
aspect of contemporary optoelectronic devices. Consequently, it
is essential to comprehend how hot electrons are transported in
low-dimensional systems. The energy loss rate in low dimen-
sional systems refers to the rate at which an excited electron
loses its energy through various relaxation processes. In low-
dimensional systems, where charge carriers are confined in
one, two, or three dimensions, the energy loss rate is crucial for
understanding the dynamics of carriers, particularly in opto-
electronic devices like lasers, photodetectors, and light-emitting
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diodes.' Understanding the mechanisms underlying energy
loss is crucial for technological reasons because the majority of
semiconductor devices function in high-field environments. In
an electric field that is strong, the temperature of the electron
gas rises above the surrounding lattice temperature. The
emission of various phonon types, depending on the tempera-
ture region, results in the electron and lattice reaching equi-
librium. Therefore, the investigation of the hot electron ELR (or
cooling power) can be utilised as a probe to further study the
electron interacting mechanisms with phonons. Additionally,
this interaction determines the magnetoconductivity, dynamics
of nonequilibrium electrophonon systems, electrons' high-field
saturation velocity and low-field mobility at room temperature,
and a variety of other phenomena in semiconductor nano-
structures, which in turn determine the properties of ultra-
small, high-speed devices.® III-V semiconductors have some
great optical and electrical features. They have a direct band
gap, which means they can efficiently release energy as light,
and they also offer low effective mass and high electron
mobility, making them useful for various applications."* As
a result, in the last few years, III-V compound nanostructures
have garnered immense attention because of their promising
applications in areas such as waveguide devices, photo-
detection, photovoltaics, and biosensing. This unique category
of III-V nanostructures has profoundly transformed the
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lighting sector due to the high brightness, versatility, and laser
diodes (LDs), leading to unprecedented levels of cost and energy
savings."*™ Specifically, the operational wavelengths of
different devices made from IIl-nitride semiconductors cover
the near-infrared to deep-ultraviolet spectrum, as the bandgap
can be tuned between 0.7 eV and 6.2 eV."> The broad direct
band-gap range of Ill-nitrides is an essential feature for their
photonic device applications. This trait allows for effective
photon emission and absorption without needing phonon
interaction, which is vital for the functionality of these devices,
as demonstrated by C. X. Ren.'® In the last decade, nitride-based
semiconductor heterostructures have captured significant
attention due to their exciting potential in various cutting-edge
fields. From spintronics and high-temperature microwave
devices to high-power electronics and optoelectronics, these
materials are paving the way for innovations that could trans-
form technology as we know it.”” Achieving optimal device
performance requires a comprehensive understanding of basic
electron characteristics as well as a thorough investigation of
electron-phonon interaction processes. This knowledge is
critical to advancing our capabilities in this field. A deeper
comprehension of the interaction of e-p is offered by the hot-
electron ELR, as opposed to conventional mobility research.
The II-nitride semiconductors, including materials like indium
nitride (InN), aluminum nitride (AIN), and gallium nitride
(GaN), are important components in the technology that powers
light-emitting gadgets like LEDs and lasers. The ability of LEDs
with III-nitride materials to emit light effectively and intensely
in the blue to UV spectral range represents a breakthrough in
technology for lighting. Without these qualities, creating LEDs
with white light would be quite difficult.® InN, GaN, and AIN,
and their respective alloys constitute a category of materials
referred to as IlI-nitrides. This III-nitride semiconductor group
is crucial for facilitating compact and efficient high-power
applications. These materials help produce light in both the
ultraviolet spectrum and visible range, which is useful for
various applications. Additionally, they are becoming more
popular in power electronics and advanced types of transistors,
known as transistors with high-electron-mobility, which are
essential for efficient electronic devices."®?® Transition metal
dopants in GaN and AIN are being explored for their potential
applications in spintronics and as spin qubits in quantum
information technology. Their unique electronic and magnetic
properties may enable advancements in both fields, facilitating
the development of novel devices that leverage spin degrees of
freedom for enhanced performance and functionalities.* In
addition, the II-nitrides (InN, GaN, and AIN) continue to
emerge as leading contenders for advanced semiconductor
device applications. Ongoing advancements in material quality
have facilitated the development of various nitride-based
devices, including high-efficiency lasers and transistors with
high-performance,” showcasing their potential in next-
generation electronic and optoelectronic systems.” To effec-
tively analyze and enhance these devices' design, it is essential
to have a comprehensive understanding of electronic transport
mechanisms within such materials. To date, investigations have
predominantly concentrated on steady-state electronic
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transport phenomena. Specifically, the velocity-field character-
istics of GaN under steady-state conditions have been thor-
oughly analyzed. In devices with larger dimensions, steady-state
electronic transport primarily governs the transport mecha-
nism. Conversely, for smaller-scale devices, it is crucial to also
account for transient electron transport effects when assessing
overall device performance. Furthermore, Ruch showed that,
for GaAs and Si, the average transient electronic velocity can
significantly surpass the steady-state drift velocity when optimal
electric field conditions are applied.** Gallium arsenide (GaAs)
nanostructures are increasingly being utilized across various
applications within the fields of optoelectronics and semi-
conductor technology. Their integration is notable in advanced
technologies such as thermoelectric devices, tunnel field-effect
transistors, solar cells, biosensing platforms, and light-
emitting diodes. The unique electronic and optical properties
of GaAs at the nanoscale enable enhanced performance and
efficiency in these critical applications.”>*® Several studies have
explored hot electron ELR in nanostructures under quantized
magnetic fields within the existing literature.*”*” Nonetheless,
these studies primarily concentrate on the GaAs material, and
they have not thoroughly examined the effects of surface elec-
tronic concentration and the thickness of nanoscale structures
on hot electron ELR. In particular, confined OP impaction on
hot electron ELR compared with the bulk one has not yet been
taken into account in these studies. Meanwhile, interactions
between electrons and phonons in semiconductor nano-
structures influence the acoustic characteristic and mechanical
characteristic of such quantum-structures as well as the ultra-
sensitive detectors’ performance limits. The eigenstates of
phonons in these nanoscale structures undergo significant
modifications due to quantum size effects, leading to substan-
tial alterations in electron transport characteristics compared to
bulk materials. Consequently, taking into account the OP
confinement is crucial for elucidating electron transport
mechanisms within such nanoscale structures.”® Conversely,
the majority of the theories discussed up to this point have
overlooked the concept of phonon confinement, addressing the
effects of confinement only in specific instances. As is well
known, transitions of electrons aided by OPs are crucial in
innovative intersubband lasers that function at mid-infrared
wavelengths, as the rates of these transitions are crucial for
developing and maintaining population inversion necessary for
device functionality. These lasers feature narrow nanoscale
structures requiring thicknesses as thin as 3 nm to 5 nm. In
these configurations, electronic transitions between sub-bands
driven by interactions between OPs and electrons serve as the
primary relaxation mechanism when the energy difference
between the lasing states approaches one unit or an integer
multiple of the energy of longitudinal optical (LO) phonon of
the bulk semiconductors.® Attaining effective phonon
confinement and quantization of the spectrum is crucial for
regulating phonon transport, such as in phonon engineering,
which could pave the way for applications in nanoscale
devices.** Some advancements have been made in this area,
leading to reports on the production and analysis of free-
standing, or almost free-standing, quantum dots, wires, and
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wells. It is widely recognized that quantum wells alter the
configuration and energies of modes of OPs. The existence of
heterointerfaces leads to LO-phonon confinement and also
results in localized phonons at the interfaces. As a result,
applying the bulk Frohlich Hamiltonian might produce incor-
rect estimations of electronic transition rates in these laser
structures.” The interaction between confined-LO-phonons and
electrons in QW heterostructures has been investigated through
utilising dielectric continuum models as well as models of
microscopic lattice dynamics. Among the distinct macroscopic
continuum models frequently used in the literature, one relates
to the free ionic slab's slab-modes, while the other pertains to
the modeled layered structure's guided modes. These models
vary in how they establish boundary conditions for phonons’
electrostatic potential or their vibrational amplitudes at the
interfaces. As is well known, Huang and Zhu have recently
introduced a straightforward model of lattice dynamics to
characterize confined OPs in quantum-wells and have provided
analytical approximations for this model's outcomes.** Among
the various OP confinement models, the estimates derived from
the Huang and Zhu model align closely with experimental
findings.>**** On the other hand, the importance of incorpo-
rating the effects of OP confinement in the quantum wells for
the quantum-cascade lasers’ active region, which are quantita-
tively designed, has been clearly shown by Mikhail V. Kisin
et al.*®* Therefore, based on the above reasons, a study of the hot-
electron ELR in IM-nitride-based semiconductor hetero-
structures, taking into account the confinement of LO-phonons
by applying the Huang and Zhu model, is very necessary. As
a result, our findings in this investigation are expected to offer
valuable insights into the nanoscale realm for optoelectronic
device development, since III-nitride-based QW hetero-
structures (InN, GaN, and AIN) and GaAs are commonly utilized
in the fabrication of optoelectronic devices.

This investigation presents a comparative analysis of the hot-
electron ELR resulting from the scattering of confined and bulk
OPs with electrons in the InN, GaN, and AIN (III-nitride) and
GaAs quantum well heterostructures. This analysis is conducted
because of the impact of a quantizing magnetic field and
utilises the framework of electronic temperature. Section 2
describes the theoretical framework, including OP and electron
confinement models in quantum wells and the model of elec-
tronic temperature. Section 3 presents analytical calculation
outcomes, focusing on the Hamiltonian of the confined OP-
electron interaction in the QW heterostructure semi-
conductors and the average ELR in the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructures of hot electrons due to
OP confinement. Section 4 provides numerical findings and
a discussion. Ultimately, Section 5 outlines the conclusions.

2 Basic theoretical models
2.1 Quantum-well OP confinement model

Regarding the confinement model of OPs, according to the
dielectric continuum approach, which was employed by
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Huang and Zhu, two physicists, OPs must be regarded as
being confined in a semiconductor heterostructure when the
scalar potentials of these OPs disappear at the material
interfaces. In this case, both of the boundary conditions,
which are the lattice dynamics and electromagnetic condi-
tions, are together satisfied by the confinement model of OPs.
Following that, along the QW semiconductor hetero-
structure's growth direction, the confined OP's scalar poten-
tial, ‘7:?,(1]0) (z), takes the following form under the proposal of
Huang and Zhu.*»*”
For even (E) modes of OPs confinement:

For odd (O) modes of OPs confinement:
. TC'I’/ ¢ )
f?n(z) = sm( Tw z) + L

Ly~

In this case, the quantity ¥, represents solutions that are
expressed as tan(¥,m/2) = ¥,mt/2, with ¥, and ¢, satisfying
the conditions ¢ —1<¥,</¢ and ¢, = —2sin(¥,m/2), respec-
tively. Here, n is signified via (—) for the confined OP even
modes and via (+) for the confined OP odd modes, and simul-
taneously, ¢ signifies the confined OP's quantum-number along
the z-axis.

(=357, )

2.2 Quantum-well electron confinement model

To study the hot-electron energy-loss rate induced by OP
confinement in a Ill-nitride-based semiconductor hetero-
structure, we consider a IlI-nitride QW with the system's z-
direction where the magnetic field B is located, and carriers are
free to travel in the (x, y)-plane. Additionally, the matching
eigenvalue, =, ;, and eigenfunction, x, , of the QW electron are
the following:***!

X (X, 9,2) = 1/\/Lydy(x — xo)exp (ik,y) 4:(z), (3)
B, = (n+ 12)hwg + j°Ey, (4)

in the two formulas, the cyclotron frequency and radius are
expressed as wp = Ble|/(m.c) and R = {hc/(|e|B)}1/2, respec-
tively. The levels of Landau (LLs) are denoted by n = 0, 1, 2,--,
while the levels of the electric sub-band are denoted by j =1, 2,
3, ---. Furthermore, 4,(x — Xo) (xo = —R°k,) is the harmonic
oscillator function, in which k, and L, are the wave vector and
normalization length in the y-axis. Besides, the energy in the III-
nitride-based QW heterostructure with the well-width Ly at the
lowest electric sub-band is Z, = (74)*/(2Lw>m, ). Here, the QW
heterostructure with confinement potential U(z) has the form
U(z) = 0 when |z| < Lw/2 and U(z) = © when |z| > Lyw/2.***>** In
such a case, the wave-function, A(z), of an electron in the III-
nitride-based QW heterostructure's z-axis is expressed as

Ai(z) = /2/Lwsin(jrz/ Ly + j/2). (5)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 Model of electronic temperature

To investigate the OP confinement influence on the ELR in the
II-nitride-based QW semiconductor heterostructure of hot-
electrons, we utilize the model of electronic temperature.®®
Here, the electronic temperature, which is denoted by T, in this
model is higher than the lattice temperature, which is denoted
by Ty, and it is determined via the Fermi-Dirac distribution
function. In such a case, the average ELR of hot-electrons in the
III-nitride-based QW semiconductor heterostructure is denoted
by Q and has the following form:**#*

@r-s! <dt> . ZZZhww"” o Puu % ()
L n=% q
where the factor NV, q,.q./ 0t takes the form®
"” x ZEZPW (&7, T)[1 — F(e;, T)]
- )

_Pab.nj]:(giv TC) [1 - f(€f7 Te)}

Ineqn (6) and (7), Ne, Ng, ¢, and hwr o4 signify the number of
electrons in the IIl-nitride-based QW semiconductor hetero-
structure, Bose distribution function, and energy of the confined
OPwith q = (q, ;) being the wave-vector. The scattering rate of
the electron is confined in the IlI-nitride-based QW semi-
conductor heterostructure conditioned by confined OP emission,
which is denoted by Per, ", or confined OP absorption, which is
denoted by P.m. ™. The Fermi-Dirac distribution functions are
denoted by F(&;,T.) and F(&, T.) corresponding to an elec-
tron's initial, i, and final, f, states at temperature T.. In such
a case, the scattering rate of the electron confined in the III-
nitride-based QW semiconductor heterostructure is determined
by the Fermi golden rule as follows:®
H )|

5 0(er — & £ hwo™),

(®)

where Hgp. Eph signifies the Hamiltonian of confined OPs inter-
acting with electrons in the Ill-nitride quantum well hetero-
structures. The confined OP energy, /w071, is determined by
the following expression:

Pemjap " (i—f) = 271:’< ‘

hopo!? = h\/(w(ﬂo)2 - g (QHZ + qﬁ), ©)

Table 1 The calculations utilized physical parameters of Ill-nitride
(InN, AIN, and GaN) and GaAs materials*®-5¢

Parameters GaN AIN InN GaAs
mi(xmo) 0.22 0.48 0.11 0.067
fiwyo (meV) 91.83 113.02 68.0 36.25
Ss 9.20 8.50 15.3 13.18
Soo 5.35 4.77 8.4 10.89
g(ms™ 6560 9060 6240 4730
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where 8 and wo are the velocity parameters in InN, GaN, and
AIN, and GaAs quantum well heterostructures and bulk LO-
phonon frequency, respectively. Simultaneously, their values
are presented in Table 1.

3 Analytical calculation results

3.1 Confined OP-electron interaction in the IlI-nitride
quantum-well heterostructures

In this investigation, we utilize the model of the electronic
temperature to examine the impact of OP confinement on the
ELR of hot electrons in the IlI-nitride-based QW semiconductor
heterostructures. Therefore, we concentrate on calculating how
the ELR depends on the quantum-well width, quantizing
magnetic field in II-nitride semiconductor materials, electronic
concentration and temperature, and different contributions of
confined OP modes to the ELR of hot electrons. On the other
hand, to clarify the impact of OP confinement on the ELR of hot
electrons in this III-nitride QW heterostructure, the studied
results due to confined OPs have to be compared carefully with
bulk OPs. Very recently, we have reported a detailed study of the
ELR of quantum-well hot electrons conditioned by bulk OPs in
zinc and cadmium compound materials.** Thus, we do not re-
present in the present work the Hamiltonian of bulk OP inter-
action and corresponding analytical calculation outcomes for
bulk OP, only representing numerical calculation outcomes for
a novel material (III-nitride semiconductor) in the bulk OP case.
In particular, in this research, confined OP modes are carefully
calculated. As is well known, in QWs, the spatial confinement of
atoms restricts the phonon modes compared to bulk materials.
This leads to modifications in the phonon dispersion relations
and the density of states. The confined OPs in QWs exhibit
discrete energy levels and reduced phase space for scattering,
compared to the continuum of modes in bulk materials. In such
a case, the Hamiltonian of the confined-OP-electron interaction
by the electron according to the Frohlich interaction is the
following:*3*56

Feont. _ (g 47‘Ce‘2ha)Lo‘1H ’1f>

el-oph —

DSo> e, (a)

n=+ (q

XFE;O) (2) [an‘z (‘M) +ay, (41\\ )] ’

here, ¢* = ¢, ' — ¢!, where ¢.., ¢, and ¢, respectively denote
the dielectric constants in the optical, static, and vacuum
regimes. In this context, we define the confined OP annihilation
operator as a,, ¢ (qH) and the corresponding confined OP creation
operator as a (—qH) Here, q; = (¢, q,) represents the confined
OP wave vector in the in-plane direction, while r; = (x, y) denotes
the position vector in the same plane. Additionally, the quanti-
ties iwro?'%, O, and e have been respectively assigned to the
longitudinal optical (LO) phonon's energy, system volume, and
electronic charge. The expression .7-'2770) (z) signifies the scalar
potential associated with the OP mode. Simultaneously, IT;,(q;)
signifies the Fourier coefficient that reflects electron interaction
with the confined OP mode, defined by the scalar potential

ff(n )( ) in eqn (1) and (2).

<o

50

(10)
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In addition, the Fourier coefficient, I1;,(qy), in formula (10)
for confined OP-confined-electron interaction in the IlI-nitride
QW heterostructure, is expressed as

E(O
Hl,il )<‘1H) =

> (dFFO)
<o (F13E) + (d dz

-1/2

(11)

Then, we continued to execute detailed calculations to eval-
uate this Fourier coefficient as follows:

We set
2 Lw /2
E(0) _ _~ 2 E(O)
m© (q,) = I LW/ a’(Fiy()) dz (12)
and
2
2 (2 (dFEY(2)
e = 7J Iy B I P 13
> (ﬂlu) Lw )0 & z (13)

Inserting eqn (1) into eqn (12) and (13), for the case of the
confined OP even modes (¢ =2, 4, 6,---) in II-nitride QW
heterostructures, we have

Lw/2

Hf(flu) = % JiLW/2 f]\f(fgn(z))zdz

i Lo oot (3) 2vmen() ]
= — cos”[— ) —2(=1)""cos({— ) + (-1)" |dz
Lw )y Ly =) Ly =

1+ cos —MTCZ
2g)° JLW/Z Ly o2 (ZWZ) ‘
=4 W (1) Peos( —= ) + (—1) | dz
Lw )1 3 (-1) Tw (-1)
24\\2 Ly Ly . i2Lw . [l ‘
= L . —4(1)"PVsin (=) + (-1)'L
o |2 +2£Wsm(€n) (-1) I sin 3 + (-1)'Lw
=3¢’
(14)
and
Lo/ dFE ()}
I} <61H) = ij ( ""(Z)) dz
LW —Lw/2 dZ
2.2 (Lw/2 -
= 2 1'!3: J sin? (ETC )dz
Lw’ )y Ly (15)
P (w2 2z
:—3[ {l—cos( )}dz
Lw’ ) 1y Ly
P? Ly . P
=T {Lw - %sm(éw)] Tk

By using the results in eqn (14) and (15), and utilizing the
relationship between eqn (11)-(13), we finally obtain Hﬁn(qu) for
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the case of n =
expression:

(-) and ¢=2, 4, 6,

i, () =[5 (q)) + 115 () A

12
= [3a2+e7 /L]

as the following
(16)

Inserting eqn (2) into eqn (12) and (13), for the case of the
confined OP odd modes (¢ = 3, 5, 7, --+), we have IT1{(g)), which
takes the form:

Lw/2

e (qu) = % J,pr q)’ <7:2,,(Z))2dz

2002 (L2 T W, /w, 2,2
. sin® ( mz) + 2sm( mz) g + o 22 } dz
L W LW Lw

Lw )1y L Lw
22 (™2 111 (2'1147:2) 20, . (’I/ﬂcz) ,222]
= — = — =Cos + —zsin| — + —|dz,
Ly )iyp2 2 Ly Ly Ly Ly*
2 2 rLw/2 '1 1 0, /2 2
— ﬂ N _Cos(ﬂ> +¢[ Zz dZ:|7
Ly —Ly/2 2 2 Ly Lw
2 2 rLw/2
—i—ﬂ J @zsin (lpmz) dz.
Ly —Lw/2 Ly Ly

(17)

To continue calculating the integral above, we use the value of
the following integral:*”

. sin(b cos(b
Jysm(by)dy: b(zy) oy b( )

(18)

to evaluate the third term of the integral in eqn (24), which takes

the form
lII[TEZ
/ d-
( Ly > -

and simultaneously use the conditions of the quantities ¥, and
¢, given by the following equations:

Ly /2
I= J %zsin (19)

—Ly/2 Lw

¢, = 2sin(¥,m/2) (20)
and
tan(¥,m/2) = W /2, (21)
simultaneously, applying eqn (20) and (21), we have
cos(¥mt/2) = —¢,/(TW,). (22)

Following the systematic calculations, we were able to obtain

the following result:
sin(mW) = ¢,/ (mW)). (23)

Using the results in eqn (18), (22), and (23) for eqn (24), we
finally obtain

1 1
() =21+ 00 (5 2z |

(24)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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I L (wmz> 21, (lpmz) &,
— 5 COS COS —

+

2
2} dz

Lw ) 1yp | Lw Ly Ly’ Ly Ly
M 1 + 2111[1'[72
2 Ly /2 w[z 2 COos LW . 2TCIP[¢£ o (W@TCZ) . ¢[ . (25)
_ = —|dz
Lw ) pyp | Lw’ 2 Ly’ Ly Ly’
1 (2 (win? Wil 2W mz\ AT, Wz
= — ”-25 ”-; os( fTC)+ T é(mcos( ﬂi)+ o7 }dz
Lw ) 1yp | Lw Lyw Ly Ly Ly Ly’
_ 11’427172 - ¢12
= I .
The expression of IT, (qH) is calculated as follows: T2(+) =1+¢> [1/6 _ 1/(1_:2,1,[2)} (30)
From the results in eqn (24) and (25), and using eqn and
(11)~(13), we finally obtain II7, (¢) for the case of n = (+) and T (31)

=357,
Iy, ((JH) = [H? (w) +I9 ((Ju)]il/z
= {quz{l +¢f(é— 7-52111/[2

Following the systematic calculations by using the results in
eqn (16) and (26), we were able to obtain the following general
result:

as follows:

Wl — b2 -1/2
ey
Ly

(26)

for odd confined OP modes (¢ = 3, 5, 7,--+) in III-nitride based
QW semiconductor heterostructures. This result will be used to
calculate the average ELR of hot electrons in III-nitride-based
QW semiconductor heterostructures because of confined-OP
interaction, as shown below.

3.2 Average ELR in the IlI-nitride quantum-well
heterostructures of hot-electrons because of OP confinement

By using the expressions which are given in the model of elec-
tronic temperature and the Hamiltonian of the confined-OP-
electron interaction as mentioned above and the following
systematic calculations, we were able to determine that the
average ELR in IIl-nitride-based QW semiconductor hetero-
structures of hot-electrons because of confined-OPs has the
following form:

/(@ + oo™, )]

(32)

2% g ’%’M‘E(O)H: ’Hm (!M) i (qu> )qu}

Here, ¥ = hiwo?? /kg and g, = (g, qy)- N and e denote the
electronic concentration and charge, respectively, while N Q.
denotes the Bose distribution function. The quantity |, (g, )|*

E(O) q” =1 / \/ g2+ oEO) / Lo, (27)
here, the factors r},f:?(f) and UZ(—) are given by
T, =3 (28)
¢ 4ez(th0q“‘q’)2N%qe ( 1 1){ (0 19> }
Qi = 3 —— —)expl=— =) -1
LwN R G <0 T[ Te
D2 S (En T,
/,/ '
I
X
Z T I 4 4(hwe — hopo)
Xé[(jlz sz) o + <n, - n) hwe — tho’f”"“]
and
vy = £ (29)
for even confined OP modes (¢ =2, 4, 6,---), and
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Rz!exp[ —(%ql)z/Z} [(iﬁqlf/Z} X% Now, from expression (36), we consider the following two
(g0 = cases for {#2 and ¢ = 2:
' X! For the case of {#2, using (36), we obtain
2
x ooy 2] (33) £, = (1), (37)
with the Laguerre polynomials expressed as £y “[(g.)*/2]
and ®; = max(n, n); conversely, X, = min(n, n). The overlap For the case of ¢ = 2, we have
integral, §; 7", is expressed as L
: : 2 (b 2 .
L/ §mE = - { - (—1)”2 + cos (?)} sin’ <ZC—Z + g) dz
TR0 = J X (@) FO(2)n(z)dz. (34) W Lw/2 v v
! ~Lw/2 ' 2 (2T 21z Tz
= — 1+ cos (—) ] cos? (—) dz,
Lw ) 1yp | Lw Ly
We now perform the evaluation of eqn (34) for intrasubband 12T ez )
transitions (1 — 1) by utilizing the proposal of Huang and Zhu, =7- 1+ cos (—A)] { (L_) + 1} dz
. . w Ly L W W
as is shown in (1) and (2).
i i (v 2z 2
Inserting eqn (1) and (5) into eqn (34), fo? th.e case of the _ b 1+ 2c0s (22 4 cos? (272 |d-.
confined OP even modes ({=2, 4, 6, ---) in intrasubband Ly )1y L Lw Lw
transitions, we have (38)

, 2 (w2 TZ T 4174
¢n,E .2 02
= — sin“[ —+ =) [cos[ — | — (-1 dz
Cl'l Ly JfLW/Z (LW 2)|: ( W) ( ) :|
2 Lw /2 H[ TZ 4174 )2
= — cos” | — | |cos —(—1 /}dz
Ly ) 1y <LW> [ (LW) )
1 Lw/2 2TCZ éTCZ /2
= — 1+ cos|{— cos|— ) —(~1 '/]dz
Ly 7Lw/2|: <LW>H (LW> )

I enz> . 27z Iz 27z
= — cos| —=) — (=1)** + cos (—) cos (—) — Cos (—) -1 //2} dz.
Lw ) 1yp { (Lw D) Ly Ly Ly 1)

Then, we continued to carry out some additional development
steps; we have

(35)

o 7o) 2 (5 s o
= i{%%m(%ﬁ) —(-)"Lw +% {(z _’L_“ZI)WZSin((K +22)“) +5 fvz)WZSin((z _26)“)} - %":zsin(n)(_l)w} (36)
= i {%Zsm (%W) — (1)L +% [(z i\z)n%in((z +22)“> +3 fvz)wzsin((z ’2’3)“)} }

We then proceeded to execute a few more development steps;
we have

1 (w2 27z 1 4z 27z
(=2nE __ -
Cia = I J—Lw/z {1 + cos <_Lw) + 3 {1 + cos (_Lw)} + cos (—Lw>dz] ,

(39)
L 1 L L

= — 3 ¥sinmt + Ly + = | Ly + =—~sin(2w) | + —~sinm § = §
0 27 T 2

Ly 2
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Finally, combining the results in the cases of ¢ = 2 and {+#2, we
obtain

, 3
£, = (1) (802 — 1) + S605,

(=246,
2 b b b

(40)

Inserting eqn (2) and (5) into eqn (34), for the case of the
confined OP odd modes (¢{=3, 5, 7,---) in intrasubband
transitions, we have

00
L™ =

2 [Ewi2 )
= — J {ﬂz + sin<
Lz —Lw/2 LW

1 Lw /2
= — J {ﬂz + sin(
Lw ) 1y | Lw

1 (hv2 .
= — J [ﬂz + sm(
Lw ) 1y [ Lw

After that, we proceeded to perform a few more transform steps;
we have

(0
C " =

1
Lw

b
Ly?

Based on the findings, we were able to determine that the
intrasubband transition is solely caused by the confined OP
even modes.

In addition, in eqn (32) of the average ELR of hot-electrons in
III-nitride-based QW semiconductor heterostructures due to

2 2
confined OPs the integral [;” )Hm(qu)‘ pn,n' (g1 )’ dg, hastobe

calculated in detail. Following the systematic calculations, we
were able to obtain the following results:

J: ‘H"‘ﬂ <‘1H>’2|Jn‘n/ (¢0)[dg, = 1

n!

2 ([t .
— J {ﬂz + s1n(
Ly ~Lw/2 Ly

M(%%ﬁ/@%mﬁfﬁﬁﬁ/@

View Article Online
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electron ELR, we need to solve the two following works: firstly,
we make the numerical comparative computations between III-
nitride QW heterostructures (InN, GaN, and AIN) for both the
bulk and confined OP types by using analytical outcomes ob-
tained in Subsection 3. Secondly, we plot the graphs to show the
hot-electron energy-loss rate dependence on the confined OP
modes, quantising magnetic field, two-dimensional electronic
concentration, temperature of the two-dimensional electron,
and QW width for both the aforementioned OP types. In

Yymz\ | . ,f(mz T\
Tw )}sm (Lw—i- 2)d4
(TTZ s TZ

cos” | — |dz
W )] (LW>
Y,z 21tz
Tw )} {1 +cos(ﬁ)]dz
¥omz + cos
Lw

% sin ¥orz + cos 2z ﬂz dz
Lw Lw Lw ) Lw |

particular, to add interest to this research, semiconductor GaAs
is also taken into account and compared with III-nitride QW
heterostructures, including InN, GaN, and AIN.

Lw/2 Wtz R 1 2+¥,)r W, -2)rm 21z &,
sin 4+ —z+ - |sin(———z | +sin|———z || +cos(— | —z pdz,
J—LW/Z{ ( Ly ) Ly 2{ ( Lw ) ( Ly ﬂ (LW) W }

Lw/2 Lw/2
J ZCOS (%) dz = ¢ J zd {sin (27:2)} dz =0.
“Lw/2 Ly 2nLw J 1y Ly

4 Numerical results and discussion

In Section 4, through the utilization of analytical results
acquired in Section 3, we make the numerical comparative
computations related to the average ELR of hot electrons in the
InN, GaN, and AIN (III-nitride) and GaAs QW heterostructures
due to interactions between confined and bulk OPs with
confined electrons. The calculations utilized the physical
parameters of InN, GaN, and AIN (IlI-nitride) QW hetero-
structures, along with GaAs QW heterostructure, as shown in

q)dg

3q)> + (¢re/Lw)’ (43)

- %exp (=) [ L) | Zres | (0m)? [/ (2102)).

To demonstrate that in IIl-nitride-based semiconductor
heterostructures, OP confinement dramatically lowers the hot-

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1. These numerical comparative computations include (i)
numerical computations and plotting the comparative graphs
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to show the hot-electron ELR dependence on the 2D electronic
concentration, temperature of the 2D electron, quantizing
magnetic field, and QW width in InN, GaN, and AIN (III-nitride)
and GaAs QW heterostructures for both the aforementioned OP
types to clarify the significant dissimilarity between III-nitride
and GaAs semiconductors and between confined and bulk
phonons; (ii) numerical calculations and plotting the compar-
ative graphs to show the hot-electron ELR dependence on the
temperature of the 2D electron and QW-width in InN, GaN, and
AIN, and GaAs QW heterostructures at different confined OP
modes (m = 2, 4, 6, 8, 10) to clarify the significant dissimilarity
between these confined OP modes in both III-nitride and GaAs
QW heterostructures. The detailed outcomes are shown in the
following figures.

In Fig. 1, the ELR in the III-nitride and GaAs QW hetero-
structure of hot electrons because of confined and bulk OP
interactions is shown. Specifically, the hot electron ELR is
compared between confined and bulk OPs and between InN,
GaN, and AIN (IlI-nitride) and GaAs materials in a QW hetero-
structure versus the quantizing magnetic field B. In this calcu-
lation, the confined OP mode m = 2, width of QW Ly, = 5 nm,
lattice and electron temperatures Ty = 4.2 K and 7. = 300 K,

and electronic concentration #n. = 10°® m 2 are used.
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Comprehending the nature of energy transport of hot electrons
in I-nitride QW heterostructures is essential. One of the key
methods for transferring energy from hot electrons in such
heterostructures is by dissipating their energy to phonons. It is
widely acknowledged that when a two-dimensional (2D) elec-
tron in the InN, GaN, and AIN (IlI-nitride) and GaAs QW
heterostructure is exposed to a quantizing magnetic field, the
transition from one Landau level to another occurs by
appropriate-energy phonon absorption (emission). A key factor
in understanding the cooling process of hot electrons in the III-
nitride and GaAs QW heterostructure is the ELR, which typically
indicates how quickly electrons lose energy through phonon
emission. In the current computation, the maxima in the
graphs are associated with the electrons’ resonant relaxation in
the III-nitride QW heterostructures, such as GaN, AIN, and InN,
along with the GaAs QW heterostructure between various inter-
Landau levels facilitated through confined OP emission. They
happen  when  Anwg=wio?? (An=1, 2,3,--:) or
Anle|B/(m;c) = wo?%, the resonance conditions, are satisfied.
In this process of magneto-phonon resonance (MPR), the
energy difference between the starting and ending states,
corresponds to the phonon mode's energy. The corresponding
relaxation time in the II-nitride QW heterostructures will

1000 - b) ]
AIN material
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5 . Confined optical phonon
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Fig.1 Hot electron ELR compared between confined and bulk OPs and between InN, GaN, and AIN (lll-nitride) and GaAs materials, as illustrated
in (a—d), respectively; in a QW heterostructure versus the quantizing magnetic field B. In this calculation, the confined OP mode m = 2, width of
QW Ly = 5 nm, lattice and electron temperatures T, = 4.2 K and T, = 300 K, and electronic concentration n, = 10'® m~2 are used. The red and
purple colours for GaN refer to bulk and confined OPs, the blue and orange colours for AIN refer to bulk and confined OPs, the green and brown
colours for InN refer to bulk and confined OPs, and the magenta and black colours for GaAs refer to bulk and confined OPs, respectively.
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decrease, resulting in an increased scattering rate of hetero-
structures. This will manifest as the MPR peaks in the energy
loss rate curve when graphed against the magnetic field B. Fig. 1
shows that for the InN, GaN, and AIN (III-nitride) and GaAs QW
heterostructure materials, each material has 10 MPR peaks.
Specifically, the MPR peaks on the B-dependent ELR graphs in
the AIN, GaN, and InN (II-nitride), along with the GaAs material
of the QW heterostructure corresponding to An = 1, occur at the
quantizing magnetic field, B = 242.61 T, 120.32 T, and 76.49 T,
along with 20.96 T, respectively for both confined and bulk OPs.
Similarly, corresponding to An = 2 are the MPR peaks on the B-
dependent ELR graphs in the materials: AIN, GaN, and InN (III-
nitride), along with GaAs material at B of 121.30 T, 60.16 T, and
38.25 T, along with 10.48 T, respectively for both confined and
bulk OPs, followed by An = 3 and so on to that at An = 10. The
obtained findings in Fig. 1 demonstrated that the strengths of
the magneto-phonon oscillation (MPO) amplitudes in InN,
GaN, and AIN (IlI-nitride) and GaAs QW heterostructure mate-
rials rise as the magnetic field intensifies for both confined and
bulk OPs. At a stronger magnetic-field, the resonant peaks have
a higher MPO amplitude and are wider. The primary cause of
this is because of the diminishment of the magnetic length,
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R = \/hc/(Ble|), with the stronger magnetic field.* On the other
hand, taking into account the outcomes in Fig. 1, we found that
the resonant peak values of the electron ELR in the quantizing
magnetic field dependence of AIN, GaN, and InN (III-nitride)
and GaAs QW heterostructures corresponding to An = 1 ob-
tained for confined OPs are 18.50%, 12.65%, and 9.38%; and
3.57% of those received for bulk OPs in the AIN, GaN, and InN
(II-nitride); and material GaAs, respectively. Similarly, the
resonant peak values of the electron ELR in the B-dependence of
AIN, GaN, and InN, and GaAs QW heterostructures corre-
sponding to An = 2 obtained for confined OPs are 20.05%,
13.33%, and 9.98%; and 3.46% of those received for bulk OPs in
the AIN, GaN, and InN (IlI-nitride); and material GaAs, respec-
tively, followed by An = 3 and so on. Our findings prove that the
ELR in the GaAs material QW heterostructure of hot electrons is
the smallest, followed by the InN and GaN material QW
heterostructures, while it is the largest for the AIN material QW
heterostructures in both the confinement and bulk OP inter-
action cases. On the other hand, the outcomes also suggest that
the ELR's resonant peak values in InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructures of hot electrons in the
confinement OP interaction case are always much smaller than
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Fig.2 Hotelectron ELR compared between confined and bulk OPs and between InN, GaN, and AIN (llI-nitride) and GaAs materials, as illustrated
in (a—d), respectively; in a QW heterostructure versus the electronic temperature. In this calculation, the confined OP mode m = 2, width of QW
Lw =5 nm, temperatures of lattice T, = 4.2 K, and electronic concentration n. = 10*® m~2 are used. Dashed red and solid red curves for GaN refer
to bulk and confined OPs, dashed blue and solid blue curves for AlN refer to bulk and confined OPs, dashed green and solid green curves for InN
refer to bulk and confined OPs, and dashed magenta and solid magenta curves for GaAs refer to bulk and confined OPs, respectively.
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those in the bulk OP interaction case. The outcomes in this
work demonstrate that the OP confinement dramatically lowers
the ELR in InN, GaN, and AIN (IlI-nitride) and GaAs QW
heterostructures of hot electrons compared to bulk OPs. The
substantial difference in the resonant peak values of the elec-
tron ELR in InN, GaN, and AIN (II-nitride) and GaAs QW
heterostructure materials can be ascribed to the spectrum of OP
energy in each material, which satisfies Anwg = w7, the
resonance condition. Namely, the frequency of electronic scat-
tering is influenced by the energy levels of each OP mode. When
a certain magnetic field is introduced, the energy of a particular
OP mode aligns precisely for transitions among Landau levels,
leading to a peak in the response. In particular, the spectrum of
confined OP energy depends on the velocity parameter § in each
material, as shown in eqn (9). Hence, it is interesting to study
the discrepancies in the energy relaxation rate in the InN, GaN,
and AIN (III-nitride) and GaAs QW heterostructure materials of
the electrons in these different materials. In addition, according
to our findings, the resonant peak values of the electron ELR in
the B dependence of InN, GaN, and AIN (III-nitride) and GaAs
QW heterostructure materials corresponding to any An values
obtained for confined OPs are always smaller than those
received for bulk OPs. This discrepancy in the resonant peak
values of the electron ELR of confined OP compared to bulk OP
can be ascribed to the following four reasons: firstly, the limited
number of optical confined modes that take part in the relax-
ation process. Secondly, the interaction between confined OPs
and 2D electrons diminishes as the confined OP mode number
rises because of a discrepancy between the energies of the
confined OP modes and the separation of energy levels. Thirdly,
the substantial reduction in the ELR of the III-nitride and GaAs
QW heterostructure materials observed in the case of confined
OPs compared to bulk OPs is ascribed to the change in electron-
confined OP interaction strength, as well as in electron-
confined OP scattering probability compared to bulk OP.
Fourthly, the phonon system's dimensional reduction is man-
ifested as a significant impairment in the electronic cooling
mechanism.*”®

Fig. 2 is the ELR's numerical results in the II-nitride and
GaAs QW heterostructure of hot electrons in the electronic
temperature dependency, where two confined and bulk OP
cases are illustrated. In detail, the hot electron ELR is compared
between confined and bulk OPs and between InN, GaN, and AIN
(OI-nitride) and GaAs materials in a QW heterostructure versus
the electronic temperature. In this calculation, the confined OP
mode m = 2, width of QW Ly = 5 nm, temperatures of lattice
T, = 4.2 K, and electronic concentration 7. = 10'® m 2 are used.
Our findings in the figure specifically indicated that the ELRs in
the II-nitride and GaAs QW heterostructure materials of hot
electrons in both the confinement and bulk OP interaction
cases increase with rising electronic temperature. At higher
electronic temperatures, these incremental rates are faster. This
can be ascribed to the fact that higher electronic temperatures
allow electrons in the IlI-nitride and GaAs QW heterostructures
to interact with a considerable amount of OP modes. In
particular, in this calculation, our findings prove that the ELRs
in both the IlI-nitride and GaAs QW heterostructure materials

6630 | Nanoscale Adv., 2025, 7, 6620-6639

View Article Online

Paper

of hot electrons in the confinement OP interaction case varied
more slowly, and they had lower values in the bulk OP inter-
action case. The causes of this are as follows: (i) the limited
number of OP confined modes that take part in the relaxation
process; (ii) the interaction between confined OPs and 2D
electrons diminishes as the confined OP mode number rises
because of a discrepancy between the energies of the confined
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Fig. 3 The comparisons of hot electron ELR made between bulk (a)
and confined (b) OPs and between InN, GaN, and AN (llI-nitride) and
GaAs materials in a QW heterostructure versus the electronic
temperature. The comparison of bulk with confined phonons for all
four materials is presented in (c). In this calculation, the confined OP
mode m =2, width of QW Ly, = 5 nm, temperature of lattice T, = 4.2 K,
and electronic concentration ne = 10*® m~2 are used. The dashed and
solid lines refer to bulk and confined OPs; the blue, red, green, and
magenta colours refer to AIN, GaN, InN, and GaAs, respectively.
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OP modes and the separation of energy levels; (iii) the
substantial reduction in the InN, GaN, AIN, and GaAs QW
heterostructure materials observed in the case of confined OPs
compared to bulk OPs is ascribed to the modification in the
spectrum of confined OP-energy involved in the confined
electron-confined OP interaction; (iv) the phonon system's
dimensional reduction is manifested as a significant impair-
ment in the electronic cooling mechanism. On the other hand,
the figure additionally shows that there is a substantial differ-
ence in the resonant peak values of the electron ELR of InN,
GaN, and AIN, and GaAs materials in the electronic temperature
dependency. This feature will be more explicitly shown and
discussed specifically in Fig. 3 for both cases of the confined
and bulk OPs.

Two confined and bulk OP cases are shown in Fig. 3, which
shows the numerical results of the ELR in the IlI-nitride and
GaAs QW heterostructures of hot electrons in the electronic
temperature dependency. In more detail, we provided the
comparative results between the four (InN, GaN, AIN, and GaAs)
materials for bulk OPs in Fig. 3(a), for confined OPs in Fig. 3(b),
and for both comparison of confined and bulk OPs in Fig. 3(c).
In this calculation, the confined OP mode m = 2, width of QW
Lw = 5 nm, temperature of lattice 7, = 4.2 K, and electronic
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concentration 7, = 10"® m~? are used. Our results in the figure
explicitly showed that the ELRs in the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructure materials of hot elec-
trons in both the confined (Fig. 3(b)) and bulk (Fig. 3(a)) OP
interaction cases increase with rising electronic temperature.
For both the confined and bulk OP interaction cases, at higher
electronic temperatures, these incremental rates are faster in all
the InN, GaN, AIN, and GaAs QW heterostructure materials. In
addition, our findings obtained also indicate that the electronic
temperature dependency of the ELR in the II-nitride QW
heterostructure is stronger than that in the GaAs material QW
heterostructure for both the confinement and bulk OP inter-
action cases. Specifically, the ELRs in the InN, GaN, and AIN (III-
nitride) QW heterostructures of hot electrons varied more
rapidly, and they had higher values compared to the GaAs QW
heterostructure for both the confinement (shown in Fig. 3(b))
and bulk (shown in Fig. 3(a)) OP interaction cases. On the other
hand, in a comparison between the InN, GaN, and AIN (III-
nitride) QW heterostructures, according to the obtained
outcome in the figure, the ELR in the AIN material hetero-
structure of hot electrons varied the fastest and had the highest
value; however, that for the InN material heterostructure varied
the slowest and had the lowest value, i.e., the ELR's electronic
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Fig.4 Hotelectron ELR compared between confined and bulk OPs and between InN, GaN, and AN (llI-nitride) and GaAs materials, as illustrated
in (a—d), respectively; in a QW heterostructure versus the electronic concentration. In this calculation, the confined OP mode m = 2, width of QW
Lw =5 nm, and lattice and electron temperatures T, = 4.2 K and T, = 300 K are used. Dashed red and solid red curves for GaN refer to bulk and
confined OPs, dashed blue and solid blue curves for AlN refer to bulk and confined OPs, dashed green and solid green curves for InN refer to bulk
and confined OPs, and dashed magenta and solid magenta curves for GaAs refer to bulk and confined OPs, respectively.
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temperature dependency of hot electrons in the AIN material
heterostructure is the strongest; by contrast, that for the InN
material heterostructure is the weakest for both the confine-
ment and bulk OP interaction cases. Hence, it is interesting to
study the discrepancies in the energy relaxation rate in the InN,
GaN, and AIN, and GaAs QW heterostructure materials of the
electrons in these different materials. Insights gained from
these discoveries could significantly contribute to the
advancement of optoelectronic device fabrication. Further-
more, to elucidate the influence of confined OPs on the ELR in
the III-nitride and GaAs QW heterostructures compared to bulk
OPs, we provided the comparative findings in Fig. 3(c). It was
shown by the data that the OP confinement significantly
reduces the ELR in the InN, GaN, and AIN (IIl-nitride) and GaAs
QW heterostructure materials of hot electrons, i.e., the ELRs in
the II-nitride and GaAs QW heterostructure materials of hot
electrons in the confinement OP interaction case varied more
slowly and had lower values than the bulk OP interaction case.
In particular, we were able to see that among these four QW
heterostructure materials (InN, GaN, AIN, and GaAs), the ELR in
the GaAs material QW heterostructure of hot electrons is the
smallest; in the AIN material QW heterostructure, it is the
largest. In addition to the study of the electronic temperature
dependency of the ELR, the quantum-well width and electronic
concentration dependencies are also examined in detail, and
their results are shown in the figures below.

The numerical computation outcomes of the ELR in the III-
nitride and GaAs QW heterostructure of hot electrons in the
electronic concentration dependency are shown in Fig. 4, which
illustrates two confined and bulk OP cases. Here, the hot elec-
tron ELR is compared between confined and bulk OPs and
between InN, GaN, and AIN (III-nitride) and GaAs materials in
a QW heterostructure versus the electronic concentration. In
this calculation, the confined OP mode m = 2, width of QW Ly,
=5 nm, and lattice and electron temperatures 7, = 4.2 Kand 7,
= 300 K are used. As the figure illustrates, with rising surface
concentrations, the ELRs in InN, GaN, AIN, and GaAs material
QW heterostructures of hot electrons in the confinement and
bulk OP interaction cases reduce visibly. In particular, in this
calculation, our findings also prove that the ELRs in both the
InN, GaN, and AIN (III-nitride) and GaAs QW heterostructure
materials of hot electrons in the confined OP interaction case
varied more slowly, and they had lower values in the bulk OP
interaction case. This feature is due to the limited number of
optical confined modes that take part in the relaxation process.
Moreover, the interaction between confined OPs and 2D elec-
trons diminishes as the confined OP mode number rises
because of a discrepancy between the energies of the confined
OP modes and the separation of energy levels. Besides, the
substantial reduction in the InN, GaN, AIN, and GaAs QW
heterostructure materials observed in the case of confined OPs
compared to bulk OPs is ascribed to the modification in the
spectrum of confined OP-energy involved in the confined
electron-confined OP interaction. In addition, the phonon
system's dimensional reduction is manifested as a significant
impairment in the electronic cooling mechanism. Concur-
rently, at higher surface concentrations, the differences in the
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value and the variation of the ELRs between the confinement
and bulk OP interaction cases are small and insignificant in all
InN, GaN, AIN, and GaAs material QW heterostructures.
However, the dependency of the ELR in the InN, GaN, AIN, and
GaAs QW heterostructures on the surface concentration is very
different in both the confinement and bulk OP interaction
cases, as explicitly shown and discussed specifically in Fig. 5
below.
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Fig. 5 Comparison of hot electron ELR between confined and bulk
OPs and between InN, GaN, and AN (lll-nitride) and GaAs materials, as
illustrated in (a—c), respectively; in a QW heterostructure versus the
electronic concentration. In this calculation, the confined OP mode m
= 2, width of QW Ly = 5 nm, and lattice and electron temperatures
T, = 4.2 Kand T, = 300 K are used. The dashed and solid lines refer to
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to AN, GaN, InN, and GaAs, respectively.
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Fig. 5 is the detailed comparative result of hot electron ELR
between confined and bulk OPs and between InN, GaN, and AIN
(II-nitride) and GaAs materials in a QW heterostructure versus
the electronic concentration. In this calculation, the confined
OP mode m = 2, width of QW Ly = 5 nm, and lattice and
electron temperatures Ty = 4.2 Kand T. = 300 K are used. Here,
the comparative results between the four (AIN, GaN, InN, and
GaAs) materials for bulk OPs are shown in Fig. 5(a), for confined
OPs in Fig. 5(b), and for both confined and bulk OPs in Fig. 5(c).
Our findings in the figure prove that the ELRs in the InN, GaN,
and AIN (III-nitride) and GaAs QW heterostructure materials of
hot electrons in both the confined (Fig. 5(b)) and bulk (Fig. 5(a))
OP interaction cases diminished with rising surface concen-
trations. In all the AIN, GaN, InN, and GaAs QW heterostructure
materials, these diminishable rates are faster at lower surface
concentrations for both the confinement and bulk OP interac-
tion cases. Furthermore, for both the confinement and bulk OP
interaction cases, our results also show that the surface

concentration dependency of the ELR in the GaAs QW hetero-
structure is weaker than that in the III-nitride QW hetero-
structures. Namely, the ELRs in the GaAs QW heterostructure of
hot electrons varied more slowly, and they had lower values
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compared to the InN, GaN, and AIN (II-nitride) QW hetero-
structures for both the confinement (shown in Fig. 5(b)) and
bulk (shown in Fig. 5(a)) OP interaction cases. In the present
study, it is fascinating to study the discrepancies in the energy
relaxation rate in the InN, GaN, and AIN, and GaAs QW
heterostructure materials of the electron in these various

materials. Specifically, in a comparison between the InN, GaN,
and AIN (II-nitride) QW heterostructures, according to the ob-
tained outcome in the figure, the ELR in the AIN material
heterostructure of hot electrons varied the fastest and had the
highest value; however, that for the InN material hetero-
structure varied the slowest and had the lowest value, i.e., the
ELR's surface concentration dependency of hot electrons in the
AIN material heterostructure is the strongest; by contrast, that
for the InN material heterostructure is the weakest for both the
confinement and bulk OP interaction cases. Therefore, the
knowledge gathered from these findings may greatly aid the
development of optoelectronic devices. Additionally, we pre-
sented the comparative results in Fig. 5(c) to clarify the impact
of confined OPs on the ELR in the II-nitride and GaAs QW
heterostructures compared to bulk OPs. According to the figure,
our findings prove that the ELR in the GaAs material QW
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Fig. 6 Hot electron ELR compared between confined and bulk OPs and between InN, GaN, and AIN (llI-nitride) and GaAs materials, as illustrated
in (a—d), respectively; in a QW heterostructure versus the width of QW. In this calculation, the confined OP mode m = 2, lattice and electron
temperatures T; = 4.2 K and T, = 300 K, and electronic concentration n, = 10% m~2 are used. Dashed red and solid red curves for GaN refer to
bulk and confined OPs, dashed blue and solid blue curves for AIN refer to bulk and confined OPs, dashed green and solid green curves for InN
refer to bulk and confined OPs, and dashed magenta and solid magenta curves for GaAs refer to bulk and confined OPs, respectively.
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heterostructure of hot electrons is the smallest, followed by that
in the InN, and GaN material QW heterostructures, while it is
the largest for the AIN material QW heterostructures in both the
confinement and bulk OP interaction cases. The data proved
that the OP confinement dramatically lowers the ELR in both
the InN, GaN, and AIN (II-nitride) and GaAs QW hetero-
structure materials of hot electrons, ie., comparing the
confinement OP interaction case to the bulk OP interaction
case, the ELRs in the III-nitride and GaAs QW heterostructure
materials of hot electrons varied more slowly and had lower
values. Therefore, our findings proved that the OP confinement
greatly affects the ELRs in the InN, GaN, and AIN (III-nitride)
and GaAs QW heterostructure materials of hot electrons.
Specifically, it significantly reduces the ELR in InN, GaN, and
AIN (IlI-nitride) and GaAs QW heterostructure materials of hot
electrons compared to bulk OPs. More importantly, the impact
of the quantum-well width on the ELRs in the III-nitride and
GaAs QW heterostructure materials of hot electrons in this
study, taking into account the OP confinement, is also shown in
Fig. 6 and 7 below.

The numerical results of the ELR in the III-nitride and GaAs
QW heterostructure of hot electrons in the quantum-well width
dependency are provided in Fig. 6, which shows two confined
and bulk OP cases. Specifically, the hot electron ELR is
compared between confined and bulk OPs and between InN,
GaN, and AIN (III-nitride) and GaAs materials in a QW hetero-
structure versus the width of QW. In this calculation, the
confined OP mode m = 2, lattice and electron temperatures
T, = 4.2 K and T. = 300 K, and electronic concentration n. =
10'® m~? are used. The graph implies that the ELR in the InN,
GaN, and AIN (III-nitride) and GaAs QW heterostructures of hot
electrons in both the confinement and bulk OP interaction
cases is a function of the QW heterostructure width. Addition-
ally, our data suggest that the ELR in the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructures of hot electrons is highly
dependent on these heterostructure material properties;
nevertheless, this dependence is negligible when the quantum-
well heterostructure width is larger than 40 nm. This is shown
explicitly in the figure by the different values of the ELR in
different QW heterostructure materials, such as InN, GaN, AIN,
and GaAs. At the same time, the graph also implies that when
the quantum-well heterostructure width is larger than 40 nm,
the influence of OP confinement on the ELR in the III-nitride
and GaAs QW heterostructures of hot electrons is negligible
and can be disregarded. Conversely, however, when the
quantum-well heterostructure width is sufficiently small
(smaller than 20 nm), the features of the ELR, including the
variation and value of the electron ELR, are strongly dependent
on material properties of the InN, GaN, and AIN (III-nitride) and
GaAs QW heterostructures; concurrently, the OP confinement
greatly affects the ELR in the III-nitride and GaAs QW hetero-
structures of hot electrons, i.e., it significantly reduces the ELR
in these QW heterostructure materials of hot electrons
compared to bulk OPs. Hence, when the size of the InN, GaN,
and AIN (IlI-nitride) and GaAs QW heterostructure materials is

decreased, their chemical and physical characteristics
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drastically change, leading to properties because of the effect of
their quantum size.

Fig. 7 displays two confined and bulk OP cases of the ELR
numerical results in the III-nitride and GaAs QW hetero-
structure of hot electrons in the quantum-well width depen-
dency. In particular, the comparison of hot electron ELRs
between confined and bulk OPs and between InN, GaN, and AIN
(II-nitride) and GaAs materials in a QW heterostructure versus
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Fig. 7 Comparison of hot electron ELR between confined and bulk
OPs and between InN, GaN, and AN (lll-nitride) and GaAs materials, as
illustrated in (a—c), respectively; in a QW heterostructure versus the
width of QW. In this calculation, the confined OP mode m = 2, lattice
and electron temperatures T, = 4.2 K and T, = 300 K, and electronic
concentration ne = 10'® m~2 are used. The dashed and solid lines refer
to bulk and confined OPs; the blue, red, green, and magenta colours
refer to AIN, GaN, InN, and GaAs, respectively.
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the width of QW is made in detail. In this calculation, the
confined OP mode m = 2, lattice and electron temperatures
T, = 4.2 K and T. = 300 K, and electronic concentration n. =
10" m™? are used. In greater detail, the comparative results
between the four (AIN, GaN, InN, and GaAs) materials for bulk
OPs are shown in Fig. 7(a), for confined OPs in Fig. 7(b), and for
both confined and bulk OPs in Fig. 7(c). We can make the
following deductions after examining the outcome in Fig. 7:
firstly, the ELR in the InN, GaN, AIN, and GaAs material QW
heterostructures of hot electrons in both the confinement and
bulk OP interaction cases is a function of the QW hetero-
structure width. This characteristic undeniably proves that the
ELR in the InN, GaN, and AIN (Ill-nitride) and GaAs QW
heterostructures of hot electrons can be controlled by changing
the QW heterostructure width. Secondly, the position and value
of the electron ELR's resonant peak are different for the
different QW heterostructure materials InN, GaN, AIN, and
GaAs. This feature implies that the material properties greatly
impact the ELR in the InN, GaN, and AIN (IlI-nitride) and GaAs
QW heterostructures of hot electrons in the quantum-well
heterostructure width dependency. Simultaneously, the influ-
ence of the material properties of the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructure materials on the
quantum-well heterostructure width dependency of the ELR
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becomes more pronounced when the quantum-well hetero-
structure width is small enough, ie., Ly < 20 nm. Thirdly,
among the four (InN, GaN, AlN, and GaAs) QW heterostructure
materials, the quantum-well heterostructure width dependency
of the ELR in the GaAs material QW heterostructure of hot
electrons is the weakest, followed by the InN and GaN material
QW heterostructures, whereas it is the strongest for the AIN
material QW heterostructures in both the confinement (shown
in Fig. 7(b)) and bulk (shown in Fig. 7(a)) OP interaction cases.
Fourthly, upon comparison between group InN, GaN, and AIN
(II-nitride) materials, the obtained graph showed that the ELR
in the AIN material heterostructure of hot electrons varied the
fastest and had the highest value; however, that for the InN
material heterostructure varied the slowest and had the lowest
value, i.e., the QW heterostructure width dependency of the ELR
in the AIN material heterostructure of hot electrons is the
strongest; by contrast, that for the InN material heterostructure
is the weakest for both the confinement and bulk OP interaction
cases. Fifthly, the data in Fig. 7(c) proved that the OP confine-
ment dramatically lowers the ELR in both the InN, GaN, and
AIN (II-nitride) and GaAs QW heterostructure materials of hot
electrons, i.e., comparing the confinement OP interaction case
to the bulk OP interaction case, the ELRs in the IlI-nitride and
GaAs QW heterostructure materials of hot electrons varied more
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Fig. 8 The different contributions of confined OP modes to hot electron ELR compared between InN, GaN, and AN (lll-nitride) and GaAs
materials in a QW heterostructure versus the electronic temperature. In this calculation, width of QW Ly = 5 nm, temperature of lattice
T, = 4.2 K, and electronic concentration n. = 10'® m~2 are used. Here, the confined OP modes m = 2, 4, 6, 8, and 10 are compared to each
material in detail, and (a—d) refer to GaN, AIN, and InN materials, and GaAs, respectively.
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slowly and had lower values. Sixthly, the MPR-peak position of
the ELR in the InN, GaN, and AIN (III-nitride) and GaAs QW
heterostructure materials of hot electrons in the quantum well
heterostructure width dependency displaced to a smaller
quantum-well width. Here, the strength of the peak shift in the
AIN material QW heterostructure is the greatest, followed by
that in the GaN and InN material QW heterostructures, whereas
that in the GaAs material QW heterostructure is the weakest for
both the confinement and bulk OP interaction cases. This has to
do with the OP energy of the corresponding materials, where the
OP energy of the AIN is the largest, followed by that of the GaN
and InN, whereas that of the GaAs is the smallest. Thus, the OP
confinement greatly affects the ELRs in the InN, GaN, and AIN
(II-nitride) and GaAs QW heterostructure materials of hot
electrons. At the same time, when the quantum-well hetero-
structure width is small enough, the difference between the
confinement and bulk OP interactions is considerable in the
research of the ELR in the InN, GaN, and AIN (III-nitride) and
GaAs QW heterostructures of hot electrons in these quasi-2D
systems. Therefore, when studying the ELR in semiconductor
heterostructures of hot electrons, OP confinement must be
considered. Insights gained from these discoveries could
significantly contribute to the advancement of optoelectronic
device fabrication, such as waveguides, laser technology, light-
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emitting nanodevices, etc. Significant advancements in the
semiconductor industry will undoubtedly result from further
development of this nanotechnology.

In Fig. 8, we show the different contributions of confined OP
modes to hot electron ELR compared between InN, GaN, and
AIN (III-nitride) and GaAs materials in a QW heterostructure
versus the electronic temperature. In this calculation, width of
QW Ly = 5 nm, temperature of lattice 7, = 4.2 K, and electronic
concentration 7. = 10" m™2 are used. Here, the confined OP
modes m = 2, 4, 6, 8, and 10 are compared to each material in
detail, and Fig. 8(a)—-(d) refer to GaN, AIN, and InN materials,
and GaAs material, respectively. In this figure, we have obtained
the data for the variation of the ELR in the InN, GaN, and AIN
(II-nitride) and GaAs QW heterostructures of hot electrons with
their temperature at the first five confined OP modes, m = 2, 4,
6, 8, and 10. Following the outcome analysis in Fig. 8(b), we can
make the following deductions: (i) the ELRs in the InN, GaN,
and AIN (II-nitride) and GaAs QW heterostructures of hot
electrons are functions of their temperature at the different
confined OP modes; (ii) the ELRs in the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructures of hot electrons increase
with rising electronic temperature for all the confined OP
modes; (iii) the contribution of the various confined OP modes,
m=2,4,6,8,and 10, to the ELRs in the InN, GaN, and AIN (III-
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Fig. 9 The different contributions of confined OP modes to hot electron ELR compared between InN, GaN, and AIN (llI-nitride) and GaAs
materials in a QW heterostructure versus the width of QW. In this calculation, lattice and electron temperatures T, = 4.2 Kand T, = 300 K, and
electronic concentration ne = 10® m™2 are used. Here, the confined OP modes m = 2, 4, 6, 8, and 10 are compared to each material in detail, and

(a—d) refer to GaN, AIN, and InN materials, and GaAs, respectively.
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nitride) and GaAs QW heterostructures of hot electrons are
different. This difference in contribution can be determined
more clearly at higher electronic temperatures; (iv) among the
first five confined OP modes, m = 2, 4, 6, 8, and 10, the ELR in
the InN, GaN, and AIN (IlI-nitride) and GaAs QW hetero-
structures of hot electrons in the electronic temperature
dependency for the confined OP mode, m = 10, increased the
fastest and had the highest value, followed by that of the
confined OP mode, m = 8, m = 6, and m = 4, whereas that for
the confined OP mode, m = 2, increased the slowest and had the
lowest value. Therefore, the ELR in the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructures of hot electrons is the
smallest for the lowest confined OP mode. In particular, the
contribution of the confined OP modes, 6, 8, 10, etc. (from the
third mode onwards) to the ELR in the III-nitride and GaAs QW
heterostructures of hot electrons differs only slightly and is
negligible.

Finally, Fig. 9 is the specific result of the different contri-
butions of confined OP modes to hot electron ELR compared
between InN, GaN, and AIN (III-nitride) and GaAs materials in
a QW heterostructure versus the width of QW. In this calcula-
tion, lattice and electron temperatures 7, = 4.2 K and T, = 300
K, and electronic concentration n. = 10'° m~? are used. Here,
the confined OP modes m = 2, 4, 6, 8, and 10 are compared to
each material in detail, and Fig. 9(a)-(d) refer to GaN, AIN, InN,
and GaAs, respectively. To obtain additional proof of the various
contributions from individual confined OP modes, especially
the two lowest confined OP modes, to the ELR in the IlI-nitride
and GaAs QW heterostructures of hot electrons, we have addi-
tionally examined the quantum well heterostructure width
dependency of the ELR in the InN, GaN, AIN, and GaAs mate-
rials at individual confined OP modes and obtained the
following results: the ELRs in the InN, GaN, AIN, and GaAs QW
heterostructures of hot electrons are functions of the quantum
well heterostructure width at individual confined OP modes.
Similarly to information found in Fig. 8, among confined OP
modes, m = 2, 4, 6, 8, and 10, the ELR in the InN, GaN, AlIN, and
GaAs QW heterostructures of hot electrons in the quantum well
heterostructure width dependency for the confined OP mode, m
= 10, varied the fastest and had the highest value, followed by
that for the confined OP mode, m = 8, m = 6, and m = 4,
whereas that for the confined OP mode, m = 2, varied the
slowest and had the lowest value. Namely, in this case, the ELR
in the [I-nitride and GaAs QW heterostructures of hot electrons
is still the smallest for the lowest confined OP mode. Note that
the contributions from the confined OP modes, including the
lowest confined OP mode, to the ELR in the IlI-nitride and GaAs
QW heterostructures of hot electrons differs only slightly and is
negligible at large widths of the quantum wells. On the other
hand, the contribution from individual confined OP modes to
the ELR in the IlI-nitride and GaAs QW heterostructures of hot
electrons is sensitive to the small enough QW heterostructure
width. Thus, the QW heterostructure width can be utilized as
a useful tool to control the ELR in the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructures of hot electrons when
electrons interacting with confined OPs become the dominant
scattering mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5 Conclusions

The energy loss rate in the II-nitride (InN, AIN, and GaN) and
GaAs QW heterostructures of hot electrons because of confined
OP scattering has been studied with the help of the electronic
temperature model, the framework of confinement of OPs
proposed by Huang and Zhu, and under the impact of a quan-
tizing magnetic field. Numerical calculations of the variations
of the hot-electron ELR with the quantizing magnetic field, two-
dimensional electronic concentration, temperature of the two-
dimensional electrons, and QW heterostructure width have
been carefully compared between the InN, GaN, and AIN, and
GaAs QW heterostructures for all three cases of OPs, including
bulk, confinement, and both bulk and confinement. More
importantly, the different contributions of individual confined
OP modes to the hot-electron ELR in the InN, GaN, and AIN, and
GaAs nanoscale structures have also been presented for
comparison. We finally would like to offer the following results
of the optoelectronic properties of the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructures in this study: (i) the
resonant peak values of the ELR in the quantizing magnetic
field dependence of InN, GaN, and AIN (III-nitride) and GaAs
QW heterostructures in the confinement OP interaction case are
always much smaller than those in the bulk OP interaction case.
The ELR in the GaAs material QW heterostructure of hot elec-
trons is the smallest, followed by the InN and GaN material QW
heterostructures, whereas it is the largest for the AIN material
QW heterostructures in both the confinement and bulk OP
interaction cases. Hence, the OP confinement dramatically
lowers the ELR in InN, GaN, and AIN (IlI-nitride) and GaAs QW
heterostructures of hot electrons compared to bulk OPs. (ii) The
ELRs in the InN, GaN, and AIN (II-nitride) and GaAs QW
heterostructures of hot electrons in both the confinement and
bulk OP interaction cases increase with rising electronic
temperature and reduce with rising surface concentrations and
quantum well heterostructure width. The ELRs in the InN, GaN,
and AIN (III-nitride) and GaAs QW heterostructures of hot
electrons in both the confinement and bulk OP interaction
cases are functions of the surface concentrations, quantum-well
heterostructure width, and electronic temperature. At higher
electronic temperatures, these incremental rates are faster,
whereas at lower surface concentrations as well as lower
quantum well heterostructure widths, these decrement rates are
faster. At higher surface concentrations, the differences in the
value and the variation of the ELRs between the confinement
and bulk OP interaction cases are small and insignificant in all
InN, GaN, AN, and GaAs material QW heterostructures. (iii) The
ELR in the InN, GaN, and AIN (IlI-nitride) and GaAs QW
heterostructures of hot electrons is highly dependent on these
heterostructure material properties; nevertheless, this depen-
dence is negligible when the quantum-well heterostructure
width is larger than 40 nm. Simultaneously, when the quantum-
well heterostructure width is larger than 40 nm, the influence of
OP confinement on the ELR in the II-nitride and GaAs QW
heterostructures of hot electrons is negligible and can be di-
sregarded. Conversely, however, when the quantum-well
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heterostructure width is sufficiently small (smaller than 20 nm),
the features of the ELR, including the value and variation of the
electron ELR, are strongly dependent on the material properties
of the InN, GaN, and AIN (IlI-nitride) and GaAs QW hetero-
structures; concurrently, the OP confinement greatly affects the
ELR in the IlI-nitride and GaAs QW heterostructures of hot
electrons, ie., it significantly reduces the ELR in these QW
heterostructure materials of hot electrons compared to bulk
OPs. The OP system's dimensional reduction is manifested as
a significant impairment in the electronic cooling mechanism.
Hence, when the size of the InN, GaN, and AIN (III-nitride) and
GaAs QW heterostructure materials is decreased, their chemical
and physical characteristics drastically change, leading to
properties because of the effect of their quantum size. (iv) In
a comparison between IlI-nitride materials (InN, AIN, and GaN),
the hot electron ELR in the InN is the smallest; nevertheless,
when comparing III-nitride materials (InN, AIN, and GaN) to the
GaAs material, the hot electron ELR in the GaAs is the smallest.
Hence, it is fascinating to study the discrepancies in the energy
relaxation rate in the InN, GaN, AIN, and GaAs QW hetero-
structure materials of the electrons in these different materials.
Insights gained from these discoveries could significantly
contribute to the advancement of optoelectronic device fabri-
cation. (v) Among individual confined OP modes, m = 2, 4, 6, 8,
and 10, the hot electron ELR in all the InN, GaN, and AIN (III-
nitride) and GaAs QW heterostructures varied the fastest and
had the highest value for the m = 10 mode, followed for the m =
8, m = 6, and m = 4 modes, whereas that for the m = 2 mode
varied the slowest and had the lowest value. Therefore, the ELR
in the InN, GaN, and AIN (III-nitride) and GaAs QW hetero-
structures of hot electrons is the smallest for the lowest
confined OP mode. Therefore, the knowledge gathered from
these findings may greatly aid the optoelectronic device
development.
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