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In this paper, a comparative study of the electron energy loss rate (ELR) in zinc-based chalcogenide (ZnS,
ZnSe, and ZnTe) and cadmium-based chalcogenide (CdS, CdSe, and CdTe) quantum wells owing to
interaction with optical phonons in a quantising magnetic field is carried out by employing the electronic
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1. Introduction

As material technology continues to advance, the investigation of
low-dimensional electron systems plays a crucial role in semi-
conductor physics. The way electrons behave in these systems is
influenced by how they interact with other electrons, impurities,
and phonons. Among them, the electron-phonon interaction is
a significant mechanism that impacts the electrical transport
characteristics in polar semiconductors."® This interaction in
confined 2D systems has received significant interest recently due
to its fundamental role in the relaxation of carriers under condi-
tions with hot electrons.*® Recently, interest has increased
dramatically in the fascinating subject of hot electron relaxation in
2D systems. This phenomenon has captured the attention of
researchers and scientists, leading to enthusiastic experimental
and theoretical investigations.”® Understanding the reasons for
energy loss is crucial due to its technological significance, given
that the majority of semiconductor devices function under high-
field conditions. When a strong electric field is applied, the
temperature of the electron gas rises above that of the surrounding
lattice. Then, the electron and lattice reach equilibrium by emit-
ting various types of phonons, depending on the temperature
region.® At temperatures below a certain threshold (below 50 K),
the main method by which temperature decreases is through
emitting acoustic phonons via deformation potential coupling.
Conversely, at more elevated temperatures (above 50 K), the
primary method by which electrons lose heat is through emitting
optical phonons.">** Therefore, the investigation of energy loss
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well as in CdS, CdSe, and CdTe materials is obtained and compared in detail. Our findings offer valuable
information for the advancement of electronic devices.

mechanisms in hot carriers can be utilized as a probe to explore
the mechanisms of e-p interaction in 2D nanostructures.

Semiconductor materials with exceptional properties at the
nanostructure level have garnered significant interest for use in
various devices such as energy storage devices, photovoltaic solar
cell technologies, electronic devices, light-emitting diodes, field-
effect transistors, sensors, and more.”*** Semiconductors have
a band gap that falls between that of insulators and metals. They
are mainly categorized into three groups: inorganic semi-
conductors, for instance, metal oxides; organic semiconductors,
for instance, conjugated polymers; and organic-inorganic semi-
conductors, for instance, nanoparticle-polymer composites. In
this context, inorganic semiconductors were discovered as
a promising group of materials due to their superior carrier
mobility and high stability. Organic semiconductors are inex-
pensive, flexible, and lightweight. Hybrid inorganic-organic
semiconductors benefit from the synergistic interplay between
inorganic and organic semiconductors, offering the potential for
the high processability of organic semiconductors and the
excellent carrier mobility of inorganic semiconductors. The
continued progress of nanotechnology is expected to result in
important advancements in the semiconductor industry.

It is possible to fabricate semiconductor nanostructures via
self-organization employing heteroepitaxial growth, a process in
which material 1 is grown on a substrate of a different material,
material 2. During heteroepitaxial growth, the two materials’
lattice constants frequently differ. The categorization of semi-
conductor nanostructures is based on nanocrystalline materials,
where the electrons are restricted to areas with three, two, or one
dimension when the nanostructure's relative dimension is similar
to the de Broglie wavelength. The de Broglie wavelength of free
carriers in semiconductor CdSe is approximately 10 nm. Semi-
conductor crystal nanostructures with a z-direction below this
critical value, such as quantum wells (QWs), layer structures, and
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thin films, are categorized as 2D nanostructures.">'®* QW nano-
structures have garnered significant attention, due to their unique
mechanical, electrical, and optic characteristics, as well as their
potential uses across various industries."”” The focus on nano-
structures arises because particles moving within small crystals
experience quantization, known as the quantum confinement
effect. It is known that today we possess advanced techniques for
creating QW nanostructures. They are laser ablation, ion
implantation, and molecular beam epitaxy. Lately, advanced
nanofabrication techniques have led to the development of free-
standing QW nanostructures, offering the potential to observe the
confinement effects in a quantum plane."®* We are employing the
freestanding QW nanostructure with a square-confined potential
in this work, because in addition to the effects of the quantizing
magnetic field, the electronic effective temperature, and the
surface electronic concentration on the hot electron ELR, the well-
width or material slab thickness also greatly influences the hot
electron ELR. Almost all of the physical properties, including
dielectric, magnetic, thermal, optical, structural, and more of QW
nanostructures are greatly affected by the size reduction due to the
quantum size effects and surface effects. Due to their incredibly
small dimensions, these nanostructures display characteristics
that are fundamentally distinct from, and frequently better than,
those of their traditional equivalent. In recent times, there has
been significant focus on investigating the quantum size effect in
semiconductors with decreased dimensions (on nanometer size)
because of their utility in magnetic sensors, single electron
devices, catalysis, memory devices, optoelectronic devices, reso-
nant tunneling devices, and other applications.">*

Nowadays, wide-bandgap semiconductors are gaining a lot of
attention in technology due to their prospective applications in
high-temperature, high-powder devices as well as the demand for
optic materials with activity in the blue green spectrum. Among
such materials, ZnTe, ZnSe, and ZnS are members of the IIB-VIA
compound family of wide-bandgap semiconductors, crystallising
at room temperature and pressure in a cubic zinc blende
structure.”*” As blue-lasing materials, they have drawn a lot of
interest and could be applied in the creation of optical waveguides
and modulated heterostructures.”® When doped with Mn, they
have also shown to be very intriguing diluted semiconductors.*
When combined with other elements such as BCC iron, cobalt,
manganese, and nickel, they may even be utilised as microelec-
tronic magnetic materials.** In addition to silicon (Si) and III-V
compounds like GaAs, II-VI compounds like compound semi-
conductors based on zinc (Zn) and cadmium (Cd) can all be used
to create solar cells.** Cadmium chalcogenides (CdS, CdSe, and
CdTe) have garnered significant attention in recent times due to
their exceptional characteristics, including the changeable range
of light absorption and effective charge separation.*” CdTe, CdSe,
and CdS are materials with a direct bandgap. The bulk bandgaps
of CdTe, CdSe, and CdS are 1.49, 1.74, and 2.4 eV, respectively.**
Among them, the p-type semiconductor is CdTe, whereas the n-
type ones are CdS and CdSe. CdTe is the most alluring of these
semiconductors due to its benefits:*** Firstly, at room tempera-
ture, the direct-bandgap semiconductor CdTe has a band gap of
1.49 eV. This is near the optimal value for solar cells as deter-
mined theoretically. Secondly, since a layer as thin as 2 um
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absorbs about 90% of incident light due to CdTe's high absorp-
tion coefficient, less semiconductor material is required overall
compared to Si, which absorbs about 10 pm. As a result, a low-cost
material that has shown the greatest potential for highly efficient
solar cells in photovoltaic systems is CdTe.

The comprehension of mechanisms causing energy loss is
crucial due to its technological significance since the majority of
semiconductor devices are currently used under high field
conditions. The use of a quantized magnetic field in a 2D nano-
structure adds an intriguing dimension to the relaxation of hot
electrons. It is widely accepted that the existence of a magnetic-
field applied perpendicular to a 2D nanostructure layer results
in a significant change in the e-ph interaction resulting from the
quantization of the carrier's energy in the 2D plane. In the pres-
ence of a magnetic-field that causes quantization, the energy
levels of carriers that interact with phonons are significantly
changed, resulting in a modification of the rate at which energy is
released.* In the literature, there have been some investigations
of hot electron ELR in nanostructures in a quantized magnetic
field.*"**%” However, in these reports, the authors have mainly
focussed on GaAs material, and simultaneously, the effects of
surface electronic concentration and 2D material slab thickness
on the hot electron ELR have not yet been considered in detail.
Except for a recent calculation by J. S. Bhat, B. G. Mulimani, and
R. A. Nesargi," where hot electron ELR owing to acoustic phonon
interaction based on deformation potential was computed for the
four materials GaAs, GaN, InAs, and InSb. Their results displayed
that the electron ELR depends on the electronic effective Tx and
the quantizing B,. Concurrently, their results also represented
that the electron ELR in various materials is very different.
Consequently, their results provide useful insights into the
nanoscale domain for the advancement of optoelectronic devices,
because InAs, InSb, GaAs, and GaN compound materials are
popularly used in optoelectronic device fabrication.

It is well-known that, in addition to InAs, InSb, GaAs, and GaN
compound semiconductors, II-VI compounds like compound
semiconductors based on zinc (Zn) and cadmium (Cd) such as
zinc chalcogenides (ZnS, ZnSe, and ZnTe) and cadmium chalco-
genides (CdS, CdSe, and CdTe) also are extensively utilized in
optoelectronic device fabrication in the nanoscale regime, espe-
cially in solar cell fabrication. This is also mentioned above and
shown clearly in ref. 31. In these optoelectronic devices, the excited
electrons experience relaxation via optical or acoustic phonon
emission. Simultaneously, when nanostructure devices operate
under high field settings, their efficiency is impacted directly by
the energy relaxation rate.'* Thus, to enhance the efficiency of
nanostructure optoelectronic devices, conducting a comparative
study of hot electron ELR in zinc- and cadmium-compound two-
dimensional materials, such as ZnS, ZnSe, ZnTe, CdS, CdSe, and
CdTe is necessary and of scientific and technological interest.

In this work, a comparative study of the hot electron ELR in
zinc-based chalcogenides (ZnS, ZnSe, and ZnTe) and cadmium
based chalcogenides (CdS, CdSe, and CdTe) owing to interaction
with optical phonons in a quantizing Bg is carried out by
employing the electronic temperature model. In Section 2, we
provide the basic formalisms of the electronic temperature and
Q2D electronic system models. Section 3 presents the analytical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculation results for the hot electron ELR in Zn X and Cd X (X =
Se, Te, and S) 2D nanostructure materials owing to interaction
with optical phonons in a quantizing B. Section 4 presents the
outcomes of the numerical computations displayed for zinc-
based chalcogenide (ZnS, ZnSe, and ZnTe) and cadmium-based
chalcogenide (CdS, CdSe, and CdTe) semiconductors. Finally,
conclusions are presented in Section 5.

2. Basic formalism and analytical
results

2.1. Electron temperature model

In this study, the electron temperature (T%) model”® is applied
to calculated the electron ELR. The electrons in this particular
model are characterized by a Fermi-Dirac distribution function
with an electronic temperature (which is denoted as T%) that is
greater than the lattice temperature (which is denoted as T7). In
this case, the average energy loss rate, R, takes the form of”™®

_ 9B\ _ L Ny
R= <$> - Zq:hwq - 1)

where ¢ = (g, ¢;) is the wave-vector of phonons, hw, is the
phonon energy, Ny is the Bose distribution function, and N, is
the number of electrons. The factor, dN,/dt, takes the form of®

N,
at

=S "Pef(Er, Te)[1 —f(Er, Tt)]
if

—Paf(E, Tg)[1 - f(E;, Tg)]- (2)

where the electron scattering rate due to optical phonon
absorption or emission is represented by P, or P, respectively, and
the Fermi-Dirac distribution function at temperature Ty of the
electron in the initial (i)/final (f) state is represented by flE;y, T).
Then, the electron scattering rate is described by the following
Fermi golden rule:

Pey(i=f) = “|(f Heg )3 (B — EFho), ()

where the Hamiltonian for the e-optical-p interaction is deno-
ted by He_p.

2.2. Quasi-two dimensional electron system model

In this research, we consider a 2D electron-phonon system in
a QW, which is made of zinc-based chalcogenide (ZnS, ZnSe,
and ZnTe) and cadmium-based chalcogenide (CdS, CdSe, and
CdTe) semiconductors. Here, the magnetic field B is in the
system's z-direction, and carriers move freely in the system's
(x, y)-plane. Then, the 2D electron's corresponding eigenvalue
(En,m) and eigenfunction (¥, ,,) are given by*®

lpn.m(xvyzz) = 1/\/L_y‘9n(x - xO)eXp(ikyy)Zm(Z)7 (4)

Eym = (n+1/2)hw, + m’E,, (5)

where, the y-axis wave vector is represented as k;, the normali-
zation length is represented as L, and the harmonic oscillator
function is represented as ,(x — x,) with x, = —x°k,. Here x =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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{hc/(le|B)}”* and w. = Ble|/(cm;) are the cyclotron-radius and
-frequency, n = 0, 1, 2, 3, 4, ... denotes the Landau levels (LLs),
m =1, 2, 3, 4, ... represents the electric sub-band levels, and
Ey = (mth)?/(2L2m}) is the energy of the lowest electric subband,
with L, referring to the well-width or material slab thickness. In
the case of 2D electrons in zinc-based chalcogenides (ZnS, ZnSe,
and ZnTe) and cadmium-based chalcogenides (CdS, CdSe, and
CdTe) semiconductors are confined via V(z)-potential:*>-**

V(o) = {o if

oo if

|Z‘ L3/27
2| iL:/Z, (6)

then, the wave-function ¢,(z) of 2D-electrons in the nano-
structure along the QW's z-axis has the form:

{n(z) = V/2/L.sin(mmz/L, + mmw/2). (7)

2.3. Electron-optical phonon interaction in a quantizing
magnetic field

In this study, we consider the coupling of LO phonons to an
electron in a 2D nanostructure in a quantizing B. Then, the
Frohlich Hamiltonian describes the interaction Hamiltonian
(Hei-pn) for an electron that interacts with LO-phonons as follows:**

H.,= Z [quqexp(iq.r) + Vyblexp( — iq.r)] (8)
q

, 2\ a2
Vq = 7lh(_L)L0 <72m*hw]~0) (Q—qz) 5 (9)

here the creation (b;) and annihilation (by) operators of an
optical phonon with wave vector (g), position vector (7), and
energy (fwro) are mentioned. The el-ph coupling constant in
this 2D electron system is denoted by A. Based on the electron
temperature model, the expression for the electron ELR caused
by optical phonons in a 2D nanostructure is derived as follows:

e fiw? o N 1 1 (C] (C]
R— 2 "Mofto (2 4 )1
L.ngx* € €0 exp T, Tg
XZZf(En,»u TE)[I 7f(En,m + thOa TE)}

A
mym n,n

* [~ ‘Jn.n, (ql_)|z‘fm.m/ (qz)
x dg: 2 2
J o Jo q, +4q:

where

2 (10)

qidqy
X0 [(ml2 — m2> Ey + (1’1, - i’l>hwc - th0:|7

where e, Nipo, ns, and L, are the electron's charge, the LO-
phonon's Bose distribution function, the material's surface
concentration, and the material slab thickness, respectively.
Besides, g = (gx, y) and © = liwyo/ks. The high ., and static ¢,
frequency dielectric constants are also mentioned. The factor
V(g 1)I? is delineated by

mlexp( —q2 x2/2) (A x2/2)" "
}’II!

<[ (/)]

|Jn,n’ (ql)}z =
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where n; = max(n’, n) while n, = min(«', n), and Ly 7" (¢° x*/2)

represents the Laguerre polynomials. In addition, the
factorF, i (¢2), represents the following overlap integral
L./2
Fan@) = [ Ga@epliaN, @ (12

To obtain the electron ELR's explicit expression in eqn (10), we
have to carry out a detailed evaluation of the following integral

_ ” ° |‘In,n/ (ql)|2|]:m,m' (qf)
I= dg: 2 2
— 0 q7 + q:

2

q.dq,

X 0 [(m’Z - mz)Eo + (n’ - n) hw. — ha)Lo] . (13)

The evaluation process is as follows:

From eqn (13), we can see that the delta Dirac function is not
dependent on g, and g,. Therefore, it can be approximated by
a Lorentz function with the I width as follows:

2 I
L(Ix)=Sx ———. 14
(Ix)= 2x s (14
Setting F, »(g.) using the following integral
* ‘Jn W (qu ) |2
F /(g.) = ————¢q.,dq., 15
nn (q-) ,[0 qzl + qg 41491 ( )
we have
w w 2 2
J dq J {Jn‘n/ (XqJ. )’ |Fm‘m’ (qZLZ)} q dq
— : 0 qi + fif * *
“ 2 16
= [ dqz Fm.,m’ (qZLZ)| Fn.n’ (612) ( )
= ]-'F(m,m,,n,n’>.

Then, the electron ELR's expression in eqn (10) can be
rewritten as

e*hw? o N, 1 1 (¢ (¢
R= - "trollto 2 - Z_ )
Lne \e. a)\7P\T.7 T,
XN S By Te) 1 = [ (Eyn + horo, Te)]

’ ’
m,m n,n

(17)
><.7-'F<m7m’,n7n’>

xL [F, (m’z - mz) E, + <n - n) hw, — tho} ,

where

©

FF<m7m,,n,n/> = J 3 dq:|F,,1~,,,' (g-L.) ?

F‘n,n’ (ql)

_lr
L.

Fm,m/ (y)‘an,n’ (y/LS)dy (18)

with
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L./2

Fm,m/ (y) = [ Clﬂi(z)exp(iyZ)Cm/ (Z)dZ
Jor.)2
8T A
= —2 sin <§) . (19)
y[y2 - (2m) }
Noting that the integral, F,, (q.),
* |Jn " (Xqi)‘z

F i(q.) = L g.d s 20
wle) = | g g, (20)

can be evaluated based on the following Gauss-Laguerre
expression

(21)

| reea = S,

i=1
here x; (i = 1, ..., k) represents the zeroes of the Laguerre
polynomials Lx(X): Lx(X) = 0, and w; is given by

Xi

W=, (22)
[(k+ 1)Ly (x)]
and then
w k
[ rtoear= Y mnrer (23)
0 i=1
wherefore, we obtain
* ‘Jnn/ (qu)’2
F ’ L) = d ki
nn (q~) .[0 q.44g ., qZL ¥ qg
(24)

2
k ‘Jn‘n/ (Xxl){ xiexl
W

(]

2
i=1 X;+4:
Moreover, the integralFF(m,m ,n,n'), in eqn (18)

1
L.

FE(mo o) = L [ | Fuw PR 0ILI @5)

can be evaluated based on the following Gauss-Hermite
integral:

© k
| rmerdr =Yoo (26)
—e =1
where y; (i = 1, ..., k) represents the zeroes of the Hermite
polynomials Hx(y): Hk(y:) = 0, and w; is given by
k=171
- VT 7
[ka—l(yi) ]
and then,
© k
| r0ar= > st 8)

Finally, we obtain
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—

FF(m,m/,n,n,> =

~

4[7 ‘Fm,m/ (y) |2Fn,n’ (y/L:)dy

k

= Z wi‘EVl.}ﬂ’ (,Vt) |2Fn.n’ (yi/LZ)eV'z .

i=1

—

(29)

£~

Appropriate computational methods will be applied to the
analytically computed outcomes mentioned above to obtain the
numerical analysis results and visual representations. The
reliable results for the comparative study of hot electron ELR in
zinc- and cadmium-compound two-dimensional materials,
influenced by optical phonons in a quantizing Bqg, will be pre-
sented in the subsequent section.

3. Numerical results and discussion

The numerical evaluation outcomes for the comparative study
of hot electron ELR in zinc- and cadmium-compound 2D
materials presented in this section are intended to encompass:
(i) comparing the quantizing B, dependence of the electron ELR
between Zn X and Cd X materials (where X = Te, S, and Se) when
interacting with optical phonons. (ii) Comparing the surface
concentration dependence of the electron ELR between Zn X
and Cd X when interacting with optical phonons. (iii)
comparing the quantizing B, dependence of the electron ELR
between Zn X and Cd X when interacting with optical phonons
at various effective temperatures, namely, Ty = 150 K, T = 200
K, and T = 300 K. (iv) Comparing the electronic effective
temperature dependence of the electron ELR between Zn X and
Cd X when interacting with optical phonons at various slab
thicknesses, namely, D, = 10 nm, D, = 12 nm, and D, = 14 nm.
(v) Comparing the electronic effective temperature dependence
of the electron ELR between Zn X and Cd X when interacting
with optical phonons. (vi) Comparing the material slab thick-
ness dependence of the electron ELR between Zn X and Cd X
when interacting with optical phonons at various effective
temperatures, namely, Ty = 100 K, T = 200 K, and T = 300 K.
(vii) Comparing the material slab thickness dependence of the
electron ELR between Zn X and Cd X when interacting with
optical phonons. The detailed outcomes are shown in the
figures below Table 1.

The graphical representations in Fig. 1 show the numerical
evaluation outcomes of comparing the quantizing B, depen-
dence of the electron ELR between Zn X and Cd X materials (X =
Te, S, and Se) when interacting with optical phonons. Here, the
lattice temperature, 7, = 4.2 K, the electronic effective

Table 1 The parameters of zinc- and cadmium-compound Q2D

materials (ZnSe, ZnTe, ZnS, CdSe, CdTe, and CdS) used in
calculations:*®

Parameters ZnSe ZnTe ZnS CdSe CdTe Cds
m: ( X mo) 0.14 0.13 0.34 0.12 0.09 0.14
€ 7.60 9.67 8.00 10.16 10.20 8.45
€o 5.40 7.28 5.10 6.20 7.10 5.32
hwro (meV) 31.40 25.60 43.20 25.90 21.00 37.30

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature, T = 77 K, the surface concentration, Ny = 2 X
10" m™2, and the material slab thickness, L, = 7 nm. The data
presented in Fig. 1a-f correspond to ZnSe, ZnTe, ZnS, CdSe,
CdTe, and CdS materials. Via the optical phonon emission,
a confined electron in ZnSe, ZnTe, ZnS, CdSe, CdTe, and CdS
materials can transfer resonantly between LLs, result in the
emergence of resonance peaks. More specifically, the resonance
condition niw. =  hwyo, or in other words,
nhle|Bq/(m,c) = hwyo is satisfied. In the case where n = 1, the
resonance peak in the electron ELR graph occurs for ZnSe,
ZnTe, ZnS, CdSe, CdTe, and CdS materials at the following
quantizing magnetic fields: Bq = 35.22 T, Bq = 28.72 T, Bq =
126.74 T, Bq = 26.82 T, Bq = 16.31 T, and B, = 45.06 T,
respectively. Similarly, in the case where n = 2, the resonance
peak in the electron ELR graph occurs for ZnSe, ZnTe, ZnS,
CdSe, CdTe, and CdS materials at the following quantizing
magnetic fields: B, = 17.61 T, Bq = 14.36 T, B = 63.37 T, Bq =
13.41 T, Bq = 8.15 T, and B, = 22.53 T, respectively; this pattern
continues for higher levels when n = 3 and so on. In general,
when a quantizing B, is present, a confined electron transitions
resonantly between the LLs by emission or absorption of suit-
able optical phonon energy in zinc-based chalcogenides (ZnS,
ZnSe, and ZnTe) and cadmium-based chalcogenides (CdS,
CdSe, and CdTe). In this process of magneto-phonon resonance
(MPR) effect, the energy discrepancy between the final and
initial electronic states is equal to the energy of the optical
phonon. The associated relaxation time in Zn X and Cd X
materials (X = Te, S, and Se) will be reduced, and the scattering
rate in these materials will increase, resulting in the appearance
of resonance peaks in the electron ELR graph as a function of
the quantizing magnetic field. In the figures, the rate of electron
scattering changes depending on the energy range of optical
phonons in ZnSe, ZnTe, ZnS, CdSe, CdTe, and CdS materials.
Under a specific magnetic field, the energy of the optical
phonon aligns perfectly for a transition between LLs, resulting
in a maximum relaxation rate. It is fascinating to observe the
discrepancies in the electron ELR across various materials in
zinc-based chalcogenide (ZnS, ZnSe, and ZnTe) and cadmium-
based chalcogenide (CdS, CdSe, and CdTe) 2D materials in
this study. In the figure, the electron ELR graphs show that the
amplitudes of the MPR oscillations in ZnSe, ZnTe, ZnS, CdSe,
CdTe, and CdS materials increase with increasing magnetic-
fields. The resonance peaks in the electron ELR graphs in Zn
X and Cd X materials (X = Te, S, and Se) correspond to the
resonance relaxation between the inter-LLs of electrons.
Simultaneously, the results obtained from the electron ELR
graphs also indicate that the resonance peaks in the curves at
a higher magnetic field are wider and have a larger MPR oscil-
lation amplitude. The increasing behavior of the amplitudes of
the MPR oscillation in ZnSe, ZnTe, ZnS, CdSe, CdTe, and CdS
materials with increasing magnetic fields is mainly attributed to

the magnetic length, which is given by x = /hc/(|e|By),
decreasing when the magnetic field becomes stronger.

Fig. 2 demonstrates the influence of the electronic effective
temperature (Tg) on the quantizing B, dependence of the elec-
tron ELR in Zn X and Cd X materials (X = Te, S, and Se) when
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concentration, Ng = 2 x 10*® m~2, and the material slab thickness, D, = 7 nm.

interacting with optical phonons. Here, the lattice temperature
is set to T, = 4.2 K, the surface concentration is Ny = 2 x 10*°
m 2, and the material slab thickness is D, = 7 nm for calcula-
tions. The data presented in Fig. 1a-c correspond to ZnSe, ZnTe,
and ZnS materials, and Fig. 1d-f correspond to CdSe, CdTe, and
CdS materials. The purpose of these graphical representations
is to see the interesting discrepancies in the influence of the
electronic effective temperature on the quantizing B, depen-
dence of the electron ELR in Zn X (Fig. 1 a-c) and Cd X (Fig. 1d-
f) materials (X = Te, S, and Se) when interacting with optical
phonons. The graphical representations show that there are
discrepancies in the influence of the electronic effective
temperature on the B, dependence of the electron ELR when
comparing Zn X materials (X = Te, S, and Se) with each other,
and Cd X materials (X = Te, S, and Se) with each other, and Zn X
with Cd X materials. Namely, the discrepancy is not only in the
peak strength but also in the peak width, as shown specifically

1994 | Nanoscale Adv, 2025, 7, 1989-2002

in Fig. 2. At the effective temperatures, Tg = 150, 200, and 300 K,
the different materials exhibit different peak strengths and peak
widths. The data in Fig. 2, on the other hand, show that
a general feature of the Zn X and Cd X materials (where X = Te,
S, and Se) is that there is an increase in the peak width and peak
strength due to scattering optical phonons as the electronic
effective temperature rises. This means that as the electronic
effective temperature in Zn X and Cd X increases, the magneto-
phonon oscillation's amplitude also increases. At high elec-
tronic effective temperatures, the peaks are wider and have
a greater amplitude. However, the rate of increase differs for the
Zn X and Cd X materials (where X = Te, S, and Se). This
difference will be demonstrated clearly by the data in Fig. 3.
Simultaneously, the obtained outcomes indicate that the posi-
tions of the MPR oscillation resonance peaks in ZnSe, ZnTe,
ZnS, CdSe, CdTe, and CdS materials are not impacted by
increasing electronic effective temperatures from 7 = 150 K to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Tr = 300 K. Information obtained from these investigations
may be helpful in the creation of optoelectronic devices.

To clarify the considerable difference in the electronic
effective temperature dependence of the electron ELR between
Zn X and Cd X materials (X = Te, S, and Se) when interacting
with optical phonons, we demonstrate the numerical result in
Fig. 3a. Here, the lattice temperature, T, = 4.2 K, the material
slab thickness, D, = 10 nm, the surface concentration, Ny = 2 x
10"> m?, and the quantizing magnetic field, B, is taken at the
value which satisfies the MPR condition with n = 1, as shown in
the discussion of Fig. 1. The data obtained in Fig. 3 demonstrate
that the electronic ELR in ZnSe, ZnTe, ZnS materials, and CdSe,
CdTe, and CdS materials increases visibly with increasing
electronic effective temperature. In particular, in this study, the
data obtained clearly show that among the six types of Zn X and
Cd X materials (X = Te, S, and Se), the electronic effective

View Article Online

Nanoscale Advances

temperature dependence of the electronic ELR for the ZnS
material is the strongest, followed by that for the CdS, ZnSe,
CdSe, and ZnTe, while that for the CdTe is the weakest i.e., the
electronic ELR shows the largest value and fastest increase for
ZnS, followed by CdS, ZnSe, CdSe, and ZnTe, while it shows the
smallest value and slowest increase for CdTe. To elaborate
further, when comparing between zinc chalcogenides (ZnS,
ZnSe, and ZnTe), the electronic ELR shows the largest value and
fastest increase for ZnS, followed by ZnSe, while it shows the
smallest value and slowest increase for ZnTe. When comparing
between cadmium chalcogenides (CdS, CdSe, and CdTe), the
electronic ELR exhibits the largest value and fastest increase for
CdS, followed by CdSe, while it shows the smallest value and
slowest increase for CdTe. Based on these findings, we can also
show that among the six types of Zn X and Cd X materials (X =
Te, S, and Se), the electronic effective temperature dependence
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interacting with optical phonons at various effective temperatures, Tg = 150 K, Te =200 K, and Tg = 300 K. Here, the lattice temperature, T, = 4.2
K, the surface concentration, Ng = 2 x 10> m™2, and the material slab thickness, D, = 7 nm.
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shown in the discussion of Fig. 1.

of the electronic ELR is the strongest for the materials with X =
S (ZnS and CdS), followed by those with X = Se (ZnSe and CdSe),
and weakest for those with X = Te (ZnTe and CdTe). Simulta-
neously, according to these results, we demonstrate that the
electronic effective temperature dependence of the electronic
ELR for the Zn X material is always stronger than that for Cd X;
specifically, the electronic ELR in ZnS is larger compared with
that in CdS the electronic ELR in ZnSe is greater compared with
that in CdSe, and the electronic ELR in ZnTe is larger compared
with that in CdTe. Information obtained from these investiga-
tions may be helpful in the creation of optoelectronic devices. It
should be noted that the purpose of Fig. 3b is to more clearly
highlight the considerable discrepancy in the increase rate of
the electronic ELR with the increase in the electronic effective
temperature of ZnSe, ZnTe, CdSe, CdTe, and CdS materials
when interacting with optical phonons.

Fig. 4 demonstrates the comparison of the electronic effec-
tive temperature dependence of the electronic ELR between Zn
X and Cd X materials (X = Te, S, and Se) when interacting with
optical phonons at various slab thicknesses, D, = 10 nm, D, =
12 nm, and D, = 14 nm. Here, the lattice temperature, T, = 4.2
K, and the surface concentration, Ns = 2 x 10'®* m™?, and the
quantizing magnetic field, Bg, is taken at the value which
satisfies the MPR condition with n = 1, as shown in the
discussion of Fig. 1. The numerical evaluation outcomes show
that the electronic effective temperature dependence of the
electronic ELR in Zn X and Cd X materials (X = Te, S, and Se)
increases with as the slab thickness decreases. In other words,
as the slab thickness decreases, the variation rate of the elec-
tronic ELR with the electronic effective temperature increases
for all six abovementioned materials. Concurrently, this varia-
tion rate is relatively discrepant for ZnSe, ZnTe, and ZnS
materials, and CdSe, CdTe, and CdS materials at slab thick-
nesses, D, = 10 nm, D, = 12 nm, and D, = 14 nm. At low elec-
tronic effective temperatures, T < 100 K, the influence of the
material slab thickness on the electronic effective temperature
dependence of the electronic ELR of ZnS and CdS materials is
relatively small and insignificant when scattering optical
phonons. In contrast, at higher electronic effective

1996 | Nanoscale Adv., 2025, 7, 1989-2002

temperatures, the influence of the material slab thickness on
the electronic effective temperature dependence of all the Zn X
and Cd X materials (X = Te, S, and Se) is more obvious and
significant, i.e., the variation rate of the electronic ELR with the
electronic effective temperature in Zn X and Cd X increases
considerably as the material slab thickness decreases from D, =
14 nm to D, = 10 nm at higher electronic effective temperatures.

To examine the impact of surface concentrations (Ng) on
the electron ELR in Zn X and Cd X materials (X = Te, S, and
Se), we present the comparative results of the quantizing
magnetic field dependence of the electronic ELR between
these materials when interacting with optical phonons at
various surface concentrations, Ny = Ny, Ny = 3N,,, and Ny =
5N, with Ny = 10"> m~ 2 in Fig. 5. Here, the lattice temperature,
T, = 4.2 K, the electronic effective temperature, Ty = 300 K,
and the material slab thickness, D, = 7 nm. The obtained
outcomes indicate that the positions of the MPR oscillation
resonance peaks in ZnSe, ZnTe, ZnS, CdSe, CdTe, and CdS
materials are not impacted by increasing surface concentra-
tions from Ny = N, to Ny = 5N,. On the other hand, the
intensities of the MPR oscillation resonance peaks in all these
six materials decrease with increasing surface concentrations.
In other words, the amplitudes of the MPR oscillation in ZnSe,
ZnTe, ZnS, CdSe, CdTe, and CdS materials diminish as
surface concentrations increase. However, the rate of decrease
in the amplitudes of the MPR oscillation with increasing
surface concentrations is different for the ZnSe, ZnTe, ZnS,
CdSe, CdTe, and CdS materials. This discrepancy is evidently
demonstrated in Fig. 6 as shown below.

Fig. 6a shows the obtained data of the numerical outcomes
for the comparison of the surface concentration dependence of
the electron ELR between Zn X and Cd X materials (X = Te, S,
and Se) when interacting with optical phonons. Here, the lattice
temperature, T, = 4.2 K, the electronic effective temperature, Tg
= 77 K, the quantizing magnetic field, B, is taken at the value
which satisfies the MPR condition with n = 1, as shown in the
discussion of Fig. 1, and the material slab thickness, D, = 7 nm.
The objective of Fig. 6b is to more clearly show the significant
difference in the rate of decrease in the electronic ELR as the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Comparison of the electronic effective temperature dependence of the electron ELR between Zn X and Cd X materials (X = Te, S, and Se)
when interacting with optical phonons at various slab thicknesses, D, = 10 nm, D, = 12 nm, and D, = 14 nm. Here, the lattice temperature, T, =
4.2 K, the surface concentration, Ny = 2 x 10'®> m~2, and the quantizing magnetic field, Bq, is taken at the value which satisfies the MPR condition

with n = 1, as shown in the discussion of Fig. 1.

surface concentration of ZnSe, ZnTe, CdSe, CdTe, and CdS
increases as in Fig. 6a, this is difficult to observe. The results
obtained in Fig. 6 demonstrate that the electronic ELRs in ZnSe,
ZnTe, and ZnS, as well as in CdSe, CdTe, and CdS are decreased
visibly with increasing surface concentrations. According to the
data, ZnS has the strongest surface concentration dependence
of the electronic ELR among the six abovementioned materials.
This means that the electronic ELR shows the largest value and
fastest decrease for ZnS, followed by CdS, ZnSe, CdSe, and ZnTe,
while it shows the smallest value and slowest decreases for
CdTe. When comparing zinc chalcogenides with each other, we
realize that the electronic ELR shows the highest value and the
most rapid decline for ZnS, followed by ZnSe, while the ZnTe
exhibits the least electronic ELR. Concurrently, CdS shows the
highest value and the fastest rate of decrease in the electronic
ELR, followed by CdSe, while CdTe exhibits the lowest

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

electronic ELR when comparing cadmium chalcogenides.
Moreover, the obtained data also demonstrate that in the group
of Zn X and Cd X materials (with X representing Se, Te, and S),
the electronic ELR's dependence on surface concentration is
most pronounced when X = S, followed by those with X = Se,
while it is least for the materials with X = Te. Similar to the data
presented in Fig. 3, based on these findings, ZnS exhibits
a larger electronic ELR than CdS, ZnSe shows a greater elec-
tronic ELR than CdSe, and ZnTe demonstrates a larger elec-
tronic ELR than CdTe. Our findings can help in the
manufacturing of optoelectronic devices, which might benefit
from the knowledge gained from these discoveries.

The results of further computation of the comparison of the
material slab thickness dependence of the electronic ELR
between Zn X and Cd X materials (where X = Te, S, and Se) when
interacting with optical phonons at various effective

Nanoscale Adv., 2025, 7, 1989-2002 | 1997
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Fig. 5 Comparison of the quantizing magnetic field dependence of the electron ELR between Zn X and Cd X materials (X = Te, S, and Se) when
interacting with optical phonons at various surface concentrations (Ns), Ns = No, Ns = 3N, and Ns = 5Ng with Ng = 10> m~2. Here, the lattice
temperature, T, = 4.2 K, the electronic effective temperature, Tg = 300 K, and the material slab thickness, D, =7 nm.

temperatures, Tg = 100 K, Tz = 200 K, and T = 300 K, for given
values of the lattice temperature, T, the surface concentration,
N, and the quantizing magnetic field, B, have been presented
in Fig. 7. The detailed outcomes show (i) the electronic ELRs in
ZnSe, ZnTe, ZnS materials, and CdSe, CdTe, and CdS as
a function of material slab thickness at various electronic
effective temperatures; (ii) the strength of the MPR oscillation
peak in the Zn X and Cd X materials is considerably enhanced
with increasing electronic effective temperatures; (iii) the posi-
tion of the MPR oscillation peak in all six abovementioned
materials shifts to smaller slab thicknesses with increasing
electronic effective temperatures. The higher the electronic
effective temperature, the stronger the MPR oscillation peak
shift. Therefore, the material slab thickness dependence of the
electronic ELR in Zn X and Cd X materials is also affected visibly
by the electronic effective temperatures when interacting with
optical phonons. Concurrently, this influence becomes more

1998 | Nanoscale Adv., 2025, 7, 1989-2002

pronounced at higher electronic effective temperatures.
Research on the electronic ELR in QW heterostructures con-
taining Zn X and Cd X cannot overlook the significant influence
of the electronic effective temperature on the electronic ELR in
these materials, especially when the slab thickness of these
materials is sufficiently small.

Fig. 8 shows the comparison of the material slab thickness
dependence of the electron ELR between Zn X and Cd X mate-
rials (X = Te, S, and Se) when interacting with optical phonons.
Here, the lattice temperature, T, = 4.2 K, the electronic effective
temperature, T = 77 K, the surface concentration, Ny = 2 X
10" m™?, and the quantizing magnetic field, B, is taken at the
value which satisfies the MPR condition with #n = 1, as shown in
the discussion of Fig. 1. The obtained data show the electronic
ELR resulting from interactions with optical phonons in ZnSe,
ZnTe, ZnS, CdSe, CdTe, and CdS as a function of the material
slab thickness. Our obtained data also demonstrate that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interacting with optical phonons. Here, the lattice temperature, T, = 4.2 K, the electronic effective temperature, Tz = 77 K, the surface
concentration, Ng = 2 x 10*® m~2, and the quantizing magnetic field, Bq, is taken at the value which satisfies the MPR condition with n =1, as

shown in the discussion of Fig. 1.

electronic ELR depends strongly on material properties;
however, when the slab thickness is large enough (L, > 40 nm),
this dependence is relatively small and not considerable. In
contrast, the dependence of the electronic ELR on material
properties caused by interaction with optical phonons becomes
more pronounced at small enough slab thicknesses. It should
be noted that the purpose of Fig. 8b is to supplement and clarify
the graphical curves for ZnSe, ZnTe, CdSe, CdTe, and CdS
materials, except ZnS, in Fig. 8a. This will help us to more
clearly observe the slab thickness dependence of the electronic
ELR in ZnSe, ZnTe, CdSe, CdTe, and CdS materials. Fig. 8 clearly
shows that the material properties strongly affect the electronic
ELR as well as the slab thickness dependences of the electronic
ELR. This means that the material properties affect not only the
MPR oscillation peak's position but also the amplitudes of the
MPR oscillation. The MPR oscillation peak's position and the
amplitude of the MPR oscillation are relatively different for
different materials. Specifically, the slab thickness dependence
of the electronic ELR is the strongest for ZnS, followed by CdS,
ZnSe, CdSe, and ZnTe, with CdTe showing the weakest depen-
dence. In other words, the electronic ELR exhibits the largest
value and fastest variation for ZnS, followed by CdS, ZnSe, CdSe,
and ZnTe, while the smallest value and slowest variation for
CdTe. When considered separately, the electronic ELR for zinc
chalcogenide materials has the highest value and diminishes
the fastest in ZnS, followed by ZnSe, while it exhibits the lowest
value and slowest decrease in ZnTe. Likewise, when measured
independently, the electronic ELR for cadmium chalcogenides
is highest in CdS and decreases the fastest, followed by CdSe,
while CdTe shows the lowest value and slowest decrease.
Specifically, based on these findings, we can observe that the
combination of Zn and Cd with S (ZnS and CdS) results in the
largest value and fastest variation of the ELR, whereas the
combination with Te (ZnS and CdSe) gives the ELR the smallest
value and slowest varies. The advancements achieved through
these discoveries could be advantageous for the advancement of
optoelectronic devices. Moreover, based on the data presented
in Fig. 8, it can be observed that the MPR oscillation peak
position is located at different slab thicknesses for the ZnSe,
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ZnTe, ZnS, CdSe, CdTe, and CdS materials. This is explained by
the different phonon energies found in the six materials
mentioned above. In addition, our findings specifically show
that the electronic ELR for both the zinc chalcogenides and the
cadmium chalcogenides decreases visibly with increasing
material slab thickness. Concurrently, this rate of decrease is
not similar for the ZnSe, ZnTe, ZnS, CdSe, CdTe, and CS
materials. Furthermore, the data in Fig. 8 also demonstrate that
the influence of material properties on the electronic ELR is
negligible and can be ignored when the slab thickness is greater
than 40 nm.

4. Conclusions

In summary, the electron energy loss rate in 2D materials of
zinc-based chalcogenides (ZnS, ZnSe, and ZnTe) and cadmium-
based chalcogenides (CdS, CdSe, and CdTe) owing to interac-
tion with optical phonons in a quantising magnetic field has
been precisely studied and carefully compared by using the
electronic temperature model. The following are the main
outcomes we achieved: (i) the amplitudes of the MPR oscillation
in ZnSe, ZnTe, ZnS, CdSe, CdTe, and CdS materials increase
with increasing magnetic-fields; the resonance peaks in the
curves at a high magnetic field are wider and have a larger MPR
oscillation amplitude; the increasing behavior of the ampli-
tudes of the MPR oscillation in ZnSe, ZnTe, ZnS, CdSe, CdTe,
and CdS materials with increasing magnetic fields is mainly
attributed to the magnetic length, which is given by

X = \/hc/(|e|Bg), which decreases as the magnetic field

strength increases. (ii) The electronic ELR in the zinc-based
chalcogenides and cadmium-based chalcogenides visibly
increases with increasing electronic effective temperature; there
is an increase in the peak broadness and peak strength as the
electronic effective temperature rises; however, the positions of
the MPR oscillation resonance peaks in the zinc-based chalco-
genides and cadmium-based chalcogenides are not affected by
increasing electronic effective temperatures; at higher elec-
tronic effective temperatures, the peaks are wider and have

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a greater amplitude. (iii) The electronic effective temperature
dependence of the electronic ELR in zinc-based chalcogenides
and cadmium-based chalcogenides increases when material
slab thickness diminishes; at low effective temperatures
(smaller 100 K), the influence of the material slab thickness on
the electronic effective temperature dependence of the elec-
tronic ELR in ZnS and CdS is small and negligible; in contrast,
at higher electronic effective temperatures, the influence on the
electronic effective temperature dependence of all six above-
mentioned materials is more obvious and significant, i.e., the
variation rate of the electronic ELR with the electronic effective
temperature appreciably increases as the material slab thick-
ness decreases from 14 nm to 10 nm at higher electronic
effective temperatures. (iv) The positions of the MPR oscillation
resonance peaks in the =zinc-based chalcogenides and
cadmium-based chalcogenides are not impacted by the
increasing surface concentrations from N, to 5N,, whereas their
intensities and amplitudes diminish as surface concentrations
increase; the electronic ELRs in the zinc-based chalcogenides
and cadmium-based chalcogenides decrease visibly as surface
concentrations increase. (v) The electronic ELRs in the zinc-
based chalcogenides and cadmium-based chalcogenides as
a function of material slab thickness at various electronic
effective temperatures show that the strengths of the MPR
oscillation peaks are appreciably enhanced by the increasing
electronic effective temperatures; concurrently, their positions
shift to smaller slab thicknesses with increasing electronic
effective temperatures; the higher the electronic effective
temperatures, the greater the MPR oscillation peak shift; the
slab thickness dependence of the electronic ELR is affected
appreciably by the electronic effective temperatures; concur-
rently, this influence has become more pronounced at higher
electronic effective temperatures and smaller slab thicknesses.
(vi) The electronic ELR in the zinc chalcogenides and cadmium
chalcogenides decreases visibly when material slab thickness
increases; concurrently, this decrease rate is not similar for the
ZnSe, ZnTe, ZnS, CdSe, CdTe, and CdS materials; the material
slab thickness has an appreciable impact on the electronic ELR
in both the zinc chalcogenides and cadmium chalcogenides,
and this influence becomes more pronounced with smaller slab
thicknesses. (v) The material properties affect strongly and
thoroughly the electronic ELR, i.e., they affect not only the
amplitude of the MPR oscillation but also its position and
intensity; the dependence of the electronic ELRs on surface
concentration, slab thickness, and electronic effective temper-
ature is the strongest for the ZnS, followed by CdS, ZnSe, CdSe,
and ZnTe, with the weakest dependence observed for CdTe; it
means that the electronic ELR shows the largest value and
fastest variation for ZnS, followed by that for the CdS, ZnSe,
CdSe, and ZnTe, while it shows the smallest value and slowest
variation for CdTe; when comparing zinc-based chalcogenides,
the electronic ELR has the highest value and fastest variation in
ZnS, followed by ZnSe, and the lowest value and slowest varia-
tion in ZnTe; similarly, when comparing cadmium-based chal-
cogenides, the electronic ELR has the highest value and fastest
variation in CdS, followed by CdSe, and the lowest value and
slowest variation in CdTe; the combination of Zn and Cd with S

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(ZnS and CdS) results in the largest value and fastest variation of
the ELR, whereas the combination with Te (ZnTe and CdTe)
leads to the smallest value and slowest variation of the ELR. The
advancements achieved through these discoveries could be
advantageous for optoelectronic device manufacturing.
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