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Abstract

This work examines the propagation of thermally tunable phonon—plasmon modes at the
interfaces of hexagonal boron nitride (hBN) and isotropic indium antimonide (InSb). Both
theoretical modeling and numerical simulations are carried out to analyze the effect of
temperature on surface wave behavior. hBN is realized as a polar material via the Lorentzian
model, while InSb is modeled as a temperature-sensitive material (TSM) in the framework of
Drude’s model. The possible plasmon—phonon polaritonic interactions are studied for the
TSM-elliptic type interface and TSM-hyperbolic type interface. It is reported that by varying
the temperature, the surface modes can be tuned for the lower and upper Reststrahlen (RS)
bands of hBN. The dispersion curve, effective mode index, propagation length, and phase speed
are computed for each case under different temperatures. It is concluded that the
hBN-InSb-based phonon—plasmon polariton modes are actively tuned by changing the external
temperature in the lower and upper RS bands. Surface waves propagating across the interface
can be modulated from the terahertz (THz) region to the infrared (IR) region by changing the
temperature of InSb. This study will help researchers to design innovative thermo-optical
sensors, plasmonic platforms, detectors, and surface waveguides in the THz and IR regions.

Keywords: phonon, plasmon, polariton, hexagonal boron nitride, surface waves,
infrared/terahertz, thermo-optical materials

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms

5Y of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1 © 2024 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2040-8986/ad8459
https://orcid.org/0009-0000-1014-8904
https://orcid.org/0000-0003-3673-0411
https://orcid.org/0009-0008-8052-1346
https://orcid.org/0000-0003-0640-2628
https://orcid.org/0000-0001-9145-8604
mailto:zeeshaan32@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1088/2040-8986/ad8459&domain=pdf&date_stamp=2024-10-17
https://creativecommons.org/licenses/by/4.0/

J. Opt. 26 (2024) 115006

T Sana et al

1. Introduction

The exploration of electromagnetic (EM) waves as they
propagate through materials’ surfaces has drawn the interest
of the scientific community due to its potential applica-
tions (i.e. signal processing [1], surface communication [2],
modulators [3], chemical sensing [4], tissue detection [5], plas-
monic solar cells [6], spectroscopy [7], near-field imaging [8],
surface enhanced Raman scattering [9], and biosensing [10]).
To minimize the major challenges in the design of innovative
device architectures and real-world platforms, we must under-
stand and control these waves propagating at the interfaces
between diverse materials [11]. EM waves that decay away
from the interface perpendicularly and propagate along the
interface between two optically different media show a signi-
ficant role in several areas of science and technology, includ-
ing microscopy and technological applications [12, 13]. EM
surface (EMS) waves are useful for optical devices like wave-
guides, sensors, and filters because they provide light confine-
ment as well as effective transmission of low-loss informa-
tion over shorter distances [14]. Different types of interfaces
support various kinds of waves, like chiral surface waves,
nonlinear surface waves, Dyakonov surface waves (DSW5s),
and surface plasmon polariton (SPP) waves. Nonlinear sur-
face waves propagate at nonlinear interfaces, DSWs propagate
along isotropic—anisotropic interfaces, and SPP waves propag-
ate along metal—dielectric interfaces [15]. In the 20th century,
Dyakonov suggested the existence of a unique type of sur-
face wave at the interface between two transparent dielectric
materials, wherein at least one of the materials is anisotropic
uniaxial in nature [16]. DSWs are regarded as lossless surface
waves because their partnered materials are lossless dielectrics
[17]. DSWs have been explored theoretically in a variety of
anisotropic media, including hyperbolic metamaterials [18],
biaxial crystals [19], chiral material [20], magnetic materials
[21], and nonhomogeneous media [22]. Several scientists have
proposed various strategies, such as using metasurfaces and
nanocomposites, to manipulate EM waves across diverse spec-
tral ranges. The multiple plasmonic structures for the vis-
ible range have been investigated for their potent connec-
tions with biomolecules and nanostructures, as well as their
possible use in waveguides, biosensing, drug delivery, and
nano-photonics [23].

Recently, Hexagonal boron nitride (hBN) has garnered
significant attention in the fields of optics and photonics,
primarily due to its remarkable characteristics, such as a wide
bandgap, high thermal conductivity, and robust mechanical
properties [24]. Due to the weak nature of Van der Waals
forces [25], hBN shows extreme anisotropy, which is why
it is used as a promising anisotropic material to study the
propagation of DSWs [26]. Merano carried out the theor-
etical computations to study the spatially confined surface
modes on the single layer of hBN and verified the existence
of TE polarized surface modes supported by the hBN layer
in visible spectrum [27]. Zhu et al, carried out a detailed the-
oretical investigation regarding the possible solution of the

propagating DSWs at the hBN-isotropic dielectric material.
The propagation characteristics of DSWs (angular existence
domain, effective index, propagation length and field pro-
files) have been investigated under two types of interfaces
i.e. dielectric-elliptic and dielectric-hyperbolic [28]. Its two-
dimensional nature facilitates seamless integration with other
2D materials, like graphene and transition metal dichalco-
genides, which is advantageous for the creation of innovat-
ive optoelectronic devices [29-31]. Recent research highlights
the role of h-BN as an effective substrate for quantum emit-
ters, significantly improving their optical characteristics and
longevity [32]. Furthermore, the unique phonon interactions
in h-BN make it an ideal candidate for advancing thermo-
optical devices for communication and sensing [30, 33]. Its
substantial exciton binding energy also positions h-BN as a
key player in ultrafast photonic applications, offering path-
ways for the development of advanced photonic circuits and
light-emitting technologies. These developments illustrate the
promising potential of h-BN in shaping the future of optical
technologies such as biosensor devices, optical detectors, and
surfaces of thin-film solar cells [34, 35].

In addition, the temperature plays an important role in
designing low-loss optical waveguides and optical devices.
The characteristics of the temperature-sensitive materials
(TSMs) can be altered by varying the external temperature,
and these temperature-dependent materials possess electronic,
phase, optical, and structural properties [36]. Since TSMs have
restricted gaps, they are sensitive to very minimal temperat-
ure changes, which can drastically modify their thermal prop-
erties to support surface waves. Furthermore, the frequency
range of TSMs is influenced by the semiconductor’s plasma
frequency. Unlike metals and dielectrics, the semiconductor’s
frequency is highly sensitive to temperature and is determined
by the concentration of free carriers. A few semiconductors,
like indium antimonide (InSb), can be used in metal—dielectric
materials in place of metals because they have an appropri-
ate carrier density to allow their frequency to be positioned in
the terahertz (THz) range [37]. Recently the tunable surface
wave propagation supported by the InSb have been reported
by many researchers i.e. Macaky and Lakhtakia proposed the
temperature sensitive hyperbolic composite structure based
upon the InSb and investigated the propagation of the surface
waves along the interface of hyperbolic structure and isotropic
material. They reported that the characteristics of the propagat-
ing surface waves can be tailored by the temperature variation
and composition fill factor [38]. Further, the Moradi discussed
the theoretical findings on the thermally tunable DSWs sup-
ported by the engineered metamaterial structure based upon
the InSb nanowires. It has been reported that for the low tem-
perature, the indium antimonide behave as dielectric mater-
ial supports the DSWs while for the high temperature the
InSb behave as conductor, supports the DSPWs [39]. Yaqoob
et al, carried out the theoretical investigation on the temper-
ature dependent characteristics of surface waves/SPP waves
propagating along the graphene-InSb interface. It has been
reported that the graphene parameters and InSb both can be
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used to manipulate the characteristic of surface waves, further
itis concluded that the use of graphene layer on the substrate of
the InSb significantly improve the tunability control on the sur-
face waves [40]. Recently, Sana et al, studied the hybrid DSWs
propagation along the interface of uniaxial metamaterial-InSb
and concluded that the apart from the thermal tunability, the
interface supports the two distinct surface waves i.e. pure
DSWs for T € [200, 240] K and hybrid SPP waves for T €
[290, 360] K [41]. Keeping in view of these developments, this
research paper investigates the hBN-based planar structure for
EMS wave propagation. The primary objective is to analyze
the surface wave propagation along the interfaces between
TSMs like InSb and hBN, and the main task is to study the
existence of DSWs along the interfaces of hBN and InSb.
InSb is an appropriate material having a smaller bandgap for
changing the propagation of surface waves due to its attract-
ive optical and electrical features with significant temperature
dependence [42]. By perceiving and broadening the interac-
tions between the interfaces of InSb—hBN and EM waves, it
is possible to produce new devices with useful applications
in photonics and optoelectronics. The interactions between
plasmon and phonon polaritons are examined for both the
TSM-elliptic and TSM-hyperbolic type interfaces. The find-
ings indicate that adjusting the temperature allows for the tun-
ing of surface modes within the lower and upper Reststrahlen
(RS) bands of hBN. We also compute the characteristics of sur-
face waves, such as dispersion length, effective mode index,
propagation length, and phase speed, and analyze the influ-
ence of temperature on these characteristics. We find that the
properties of surface waves can be adjusted by varying the tem-
perature. The calculated results can be applied to the planning
of chemical sensing and thermo-optical waveguides as well as
communication modules.

2. Analytical formulation/modeling of problem

In this geometry, the hBN-based structure, which supports the
propagation of EMS waves, is observed. This planar structure
manifests as anisotropic substrates or platforms. To realize the
proposed structure, the different synthesis and deposition tech-
niques can be used as reported in [43, 44]. The primary goal of
the proposed effort is to examine how surface waves propag-
ate over the interfaces between hBN and TSMs like InSb, as
shown in the below figure 1.

Consider the propagation of a monochromatic DSW along
the z-axis characterized by a wave vector v = (0, 0, 7).
The DSW can be initiated only by the superposition of the
transverse-electric (TE) and transverse-magnetic (TM) waves
whose wave vectors have a z-axis component identical to q and
cannot be initiated either by the pure TE or TM wave. This
polarization hybridization [16] contains four evanescent inde-
pendent solutions: two of the solutions are due to a dielectric
medium having diverse polarizations with complex-valued TE
and TM modes, and the other two solutions are due to a uni-
axial medium having ordinary and extraordinary modes. We

t
X
h-BN
OA
’l
’/
470 i
TSM (InSh)

Figure 1. EMS wave propagation along hBN-InSb interface.

consider that the interface coincides at the x = 0 plane. The
isotropic medium is engaged in the half-space x > 0, while
the other half-space x < 0 is occupied by the crystal whose
optic axis is parallel to the described interface. This optic
axis is supposed to be the z-axis and form an angle ‘0> with
the surface wave’s phase velocity. We have two independent
field modes in the isotropic medium having unlike polariza-
tions and the same wave vector v; = (iky, 710, 7v), where k; is
illustrated as

Y —k?=er. (1)

The other two independent field modes (i.e. extraordinary
and ordinary modes) of the uniaxial medium have the wave
vectors v, = (—ikp, 0, v) and 3 = (—iks, 0, ), respectively,
and are controlled by the following dispersion relations:

y2sin®0 — k3 N ~?cos6

=1 )
€| €L

e = 3)
Maxwell equations (i.e. [YE] = H and [YH] = —¢ E) show
the resulting solutions in the region x < 0.

For an extraordinary wave, we have

E= (iszycos 0,—e sind, (sL — 72) cosG)
H = (ye sinf,ikye ) cosb,iky e sinf). 4)

For an ordinary wave, we have

E = (ysind, ik;cosf, ikssinf)
H = (—iykscosf,e1 sinf, ks cos ) . 3)

To show the TE and TM waves in the region of the half-
space x > 0, the following independent solutions are deduced:
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for TE, we have

E=(0,1,0)
For TM, we have
H=(0,¢r1,0)

All of the above-mentioned wave vectors are related in
terms of %/ ., where ¢ and w stand for speed of light and wave
frequency, respectively. For regions x < 0 and x > 0, we will
get solutions by linearly combined equations (4) & (5) and (6)
& (7) respectively. We anticipate that the tangential compon-
ents of fields £ and H will be continuous at the interface. This
yields the mathematical equation

k3 (kl + k3) (ELklkz + €Tk32) cos?6
=€ (k] +k2) (EJ_kl +8Tk3)SiIl29. ®)

If the angle 6 is known, a set of equations (1)—(3) and (8)
provides four unknowns: k1, k, k3, and . After algebraic oper-
ations, we are able to simplify equation (8) to a more practic-
able form via equations (1)—(3) [16]

(ky 4 kp) (ky +k3) (eTks + e 1 ky) + (en —e7) (6L —er) k3 =0.
9

The solution of the above computed equation led to exist-
ence of DSWs at the hBN-InSb interface. To get the insight of
the analytical solution, the numerical results have been com-
puted in the results and discussion of this manuscript to estim-
ate the plasmon and phonon polaritons for both the TSM—
elliptic and TSM-hyperbolic type interfaces.

3. Results and discussion

In this section, the numerical results have been described in
two categories, in the first part the EM modeling of the hBN
and InSb has been presented while in the remaining sub-
sections the surface polaritonic and plasmonics interactions
at different ranges of temperature and frequency have been
investigated for the hBN-InSb interfaces. All the kernels and
simulations have been computed in the Mathematica software
pack.

3.1 Permittivity graph for hBN
The permittivity of the hBN (polar dielectric) axis can be illus-

trated by a single Lorentzian function [25]

(wWrom)® — (Wrom)’

(WTO,W!)2 —w? — (jwTm) '

Em (w) = E€com T Eco,m (10)

200F  Lower band
(Type-l)

; -/

Upper band
200f (Type-I)

Relative Permittivity of hBN

200 L 1 1 A L L

Frequency (THz)

Figure 2. Upper and lower RS bands of hBN permittivity in
relation to THz frequency.

In the above expression, wy o and wrg are related to the lon-
gitudinal and transverse optical phonon frequencies, respect-
ively. Here, m = || orL is associated with the transverse or
z-axis, respectively. Moreover, each optical frequency pos-
sesses two values in the lower and upper RS bands (i.e.
wWTO,L = 41.1 THZ, WLo, L = 48.3 THZ, wTO,” =234 THZ,
wro,|| = 24.9 THz), and ¢, is the high-frequency permit-
tivity having values e | = 4.87 and £, = 2.95. In
addition, I';, is related to the damping factor having val-
ues I') = 0.15 THz and I'y = 0.12 THz. The real part
of the permittivity of hBN is displayed in figure 2. The
upper and lower RS bands are two modes that are associ-
ated with the Type-I and Type-II hyperbolicity of hBN, as
can be seen in this image. These frequency ranges are dis-
played in figure 2 as brown and purple rectangles, respect-
ively. It is commonly known that hBN supports two separate
RS bands. The higher (41.1 THz < w < 48.3 THz) and lower
(23.4 THz < w < 24.9 THz) RS bands show the hyperbolicity
of Type-I and Type-II [28].

3.2. Modeling of InSb

The ability of semiconductors to control permittivity by
adjusting the carrier density is the basis for their application
to tunable TSMs. InSb, a well-known semiconductor, is a
great choice for a thermally adjustable material. Because of
its unique characteristics, which include its small band gap,
strong electron mobility, low effective mass, and extremely
temperature-dependent carrier density, slight variations in
temperature can readily affect the material’s permittivity. The
Drude model yields the complex-valued relative permittivity
of InSb in the THz frequencies [39, 41]

w?

. an

€mSb = €oo — D2+ i Tiw’
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Figure 3. Effect of temperature on real part of InSb permittivity as
function of THz frequency.

where w, and €., indicate the plasma frequency and high-
frequency range of relative permittivity, respectively. The
damping constant is shown here by ~. The plasma frequency
can be calculated as

Ng.

1 12
0.015 &, ,, (12)

Wp:

The intrinsic density of the charge carrier, the charge on
the electron, and the electronic mass all influence the plasma
frequency. Here, the electronic mass and charge on the elec-
tron are 9.1 x 1073 kg and 1.6 x 10~ !°C, respectively, and
~vis 7 x 10! rad s~!. The Boltzmann constant, temperature,
and bandgap significantly affect the intrinsic carrier density
(N). Itis computed as = 5.76 x 10%° T3/zexp(—%). The val-
ues of E, and kg are 0.26 ¢V and 8.62 x 107%eV K_l, respect-
ively. We can state that the plasma frequency is affected by
temperature in the same way that the intrinsic carrier density
(N) depends on temperature (7). Thus, it is possible to modify
the plasma frequency by varying InSb’s temperature. Hence,
variations in temperature parameters can impact InSb’s relat-
ive permittivity [40].

Figure 3 displays a graphic representation of the effect of
temperature on InSb’s actual permittivity according to fre-
quency. Here, the temperatures examined are 7 = 200 K,
240 K, 280 K, 320 K, 360 K, and 400 K. As the temper-
ature rises, the permittivity of InSb vs. frequency gradually
decreases.

The influence of temperature on the imaginary component
of InSb permittivity is graphically depicted in figure 4 at the
temperatures 7 = 200 K, 240 K, 280 K, 320 K, 360 K, and
400 K. Figure 4 illustrates how InSb’s permittivity rises as
the temperature rises, since the intrinsic carrier density (N),
which can be adjusted by changing the temperature in accord-
ance with equations (6) and (7), determines the plasma fre-
quency of InSb. The figure indicates that an increase in tem-
perature results in a rise in InSb’s plasma frequency. It is clear

Frequency (THz)

Figure 4. Impact of temperature on imaginary part of InSb
permittivity as function of THz frequency.

from figure 3 how much the permittivity of InSb is affected by
the plasma frequency and the surrounding temperature. The
real and imaginary components of permittivity of the InSb can
be adjusted by altering the external temperature, as shown in
figures 3 and 4. At a frequency range of 10 THz, the temper-
ature rises from 200 to 400 K, and figure 3 clearly illustrates
the shift in the real part of permittivity from positive to neg-
ative values. However, for frequencies higher than 10 THz,
the effect of temperature on Re(ep,sp) becomes insignificant.
On the other hand, as temperatures increase up to a frequency
range of 8 THz, the imaginary part of permittivity increases,
as shown in figure 4. It can be observed that the permittivity
of InSb exhibits insulator behavior at 7 = 200 K and metal
behavior at 7 > 200 K. Furthermore, only when the actual per-
mittivity values of the adjacent materials are opposite in sign
are surface waves supported at their interface [40]. In this way,
€msb can be adjusted by changing the temperature and set to
the desired spectral range.

3.3. Surface waves at TSM-elliptic interface (Type-1)

Type-IhBN is linked to the lower RS band. The lower THz fre-
quency range, or 23.4 THz < w < 24.9 THz, is represented by
the lower RS band. The permittivity range for Type-lis ll < 0
and €L > 0. For Type-I, the results of numerical calculations
are shown while accounting for the propagation length, phase
velocity, effective mode index, and dispersion relation.

3.3.1. Dispersion curve analysis.  Here, the results of numer-
ical computations are displayed for DSW propagation in the
THz frequencies at the interface between InSb and an aniso-
tropic dielectric material, taking into consideration the disper-
sion relation in equation (9). The dispersion curves of DSWs
are shown in figure 5 by considering nine different temperat-
ures. The anisotropic dielectric, TSM substrate, and dispersion
relation (equation (10)) were numerically solved in order to
produce the dispersion curves.
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Figure 5. Dispersion curves for Type-I surface waves under
temperature variation supported by hBN-InSb interface. (a)
T € [180, 240]K (b) T € [300, 360] K.

The dispersion curves of surface waves are displayed in
figure 5 along with temperature variations for 7 = 200 K,
T=220K, T=240K, T=260K, T =300K, 7T =320K,
T = 340, T = 360, and T = 380. The hybrid curves at
both the upper and lower frequency modes for Type-1 (i.e.
23.4 THz < w < 24.9 THz) are predicted and occur with
temperature variations. As temperature varies, the dispersion
curve rises in contrast to the real part of the propagation con-
stant (q). Figure 5(a) indicates that for the lower temperature
range (i.e. T = 200 K), InSb behaves as a dielectric, so we
have these curves due to phonon—phonon interaction. As hBN
is dielectric polar in nature, it supports phonon interactions.
The curves obtained in figure 5(b) show plasmon—polariton
interaction akin to SPP modes because at high temperatures
(i.e. T > 200 K), InSb shows its metallic nature [39, 41].

3,007 , : : :
(a)
3
© .
=
© — T=180K
3
£ — T=200K
@®
=
E — T=220K
i
— T=240K
2,70 ; " . i
0 20 40 60 80
Angle (8)
>
©
=
® — T=340K
‘g 4
£
€ — T=350K
=
5 — T=360K
i
— T=380K

0 20 40 60 80
Angle (8)

Figure 6. Effect of temperature on effective mode index (Nef) at
23.9 THz supported by hBN-InSb interface for Type-I surface wave
propagation. (a) T € [180, 240]K (b) T € [340, 380]K.

3.3.2. Effective mode index.  The ratio of the propagation
constant of the medium to the accessible space is known as
the ‘effective mode index N.g.” Surface wave control is due
to a normalized effective wave number such as Neg = R,%ﬁ.
Figure 6 shows the temperatures (7' = 180 K, 200 K, 220 k,
240 K, 340 K, 350 K, 360 K, and 380 K) whereby the SPP
waves restricted on hBN-loaded InSb are shown at the lower
frequency range of 23.9 THz. Figure 6(a) illustrates that the
effective wave number of surface waves drops at lower temper-
atures, whereas it increases at higher temperatures. Therefore,
such surface waves mediated by hBN-loaded TSMs increase

with increasing temperature.

3.3.3. Phase velocity. A graphic representation of the effect
of temperature on phase velocity can be found in figure 7.
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Figure 7. Thermal effects on phase velocity (Vp) against angle (0)
at 23.9 THz supported by hBN-InSb interface for Type-I surface
wave propagation (a) T € [180, 240]K (b) T € [340, 370] K.

The phase velocity is determined at the following temperat-
ures: 7 = 180 K, 200 K, 220 K, 240 K, 340 K, 350 K, 360 K,
and 370 K. Figure 7 clearly shows that the phase velocity is
temperature dependent and that it may be adjusted. The nor-
malized phase velocity increases at higher temperatures.

3.3.4. Propagation length. The imaginary part of the
propagation constant is used to compute the propagation
length (L), which is the length of time a surface wave stays at
the interface between two mediums. Figure 8 illustrates how
temperature affects the propagation length. Wave number k,
is used to normalize the propagation length. It illustrates how
the propagation length decreases as temperature rises.
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Figure 8. Propagation length (L) of surface waves versus angle (6)
under temperature variation at 23.9 THz supported by hBN-InSb
interface for Type-I surface wave propagation (a) T € [180, 240]K
(b) T € [300, 370]K.

3.4. Surface waves at TSM-hyperbolic interface (Type- Il)

Type-II hBN is linked to the upper RS band. The higher THz
frequency range, or 41.1 THz < w < 48.3 THz, is correlated
with the higher RS band. The permittivity range for Type-II
isell > 0 and e L < 0. The results of numerical computations
are reported for Type-II based on characteristics like effective
mode index, phase speed, and propagation distance.

3.4.1. Dispersion curve analysis. ~ Figure 9 shows the tem-
perature variations for 7 = 180 K, 200 K, 220 K, 240 K,
300 K, 340 K, 350 K, and 360 K in addition to the dispersion
curves for Type-II. The much smaller temperature fluctuations
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Figure 9. Dispersion curves for Type-II surface waves under
temperature change supported by hBN-InSb interface. (a)
T € [180, 240]K (b) T € [300, 360] K.

are expected to result in dispersion curves at lower frequency
modes for Type-II (i.e. 41.1 THz < w < 48.3 THz). At higher
temperatures, the dispersion curves show higher values.

3.4.2. Effective mode index. The influence of temperature
on Ng with respect to angle at the higher THz frequency range
for Type-II is graphically demonstrated in figure 10 to aid
in the further investigation of surface wave confinement. The
contour plot method was used to compute a feasible solution.
The figure shows that when the temperature rises, the effect-
ive surface wave number falls at the higher THz frequency
range.
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Figure 10. Impact of temperature on effective mode index ‘Neff’
for Type-II surface wave propagation assisted by hBN-InSb
interface at 47.4 THz. (a) T € [180, 240]K (b) T € [340, 380]K.

3.4.3. Phase velocity.  Figure 11 provides a graphic depic-
tion of how temperature affects phase velocity for Type-II. The
phase velocity is determined at the following temperatures:
T =180 K, 200 K, 220 K, 240 K, 340 K, 350 K, 360 K, and
380 K. Thus, figure 11 indicates that phase velocity increases
with temperature.

3.4.4. Propagation length.  Figure 12 provides a graphic
depiction of how temperature affects propagation length for
Type-II. The phase velocity is determined at the following tem-
peratures: 7 = 180 K, 200 K, 220 K, 240 K, 340 K, 350 K,
360 K, and 380 K. It is clear from figure 12 that propagation
length decreases as temperature rises.
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Figure 11. Influence of temperature on phase velocity (Vp) versus
angle (0) for Type-II surface wave propagation assisted by
hBN-InSb interface at 47.4 THz. (a) T € [180, 240]K (b)

T € [340, 380]K.

4. Concluding remarks

This study mainly concentrated on the thermally tunable EMS
waves originating from hBN-loaded InSb. It demonstrated
that the propagation features associated with surface waves
(propagation length profile, phase velocity, effective mode
index, and dispersion curve) are temperature dependent. The
following conclusions were drawn as a result of the numerical
results: SPP waves are similar to EMS waves generated by the
interface of InSb loaded with hBN. As an external variable,
temperature actively controls the parameters of surface wave
propagation, including phase speed, propagation length, sur-
face wave confinement, and dispersion relation. It can be con-
cluded that for the type-I i.e. surface waves at TSM—elliptic
interface, for lower temperature range, the hBN-InSb inter-
face supports phonon—phonon interactions while for the high
temperature range, plasmon—polariton interaction akin to SPP
modes are dominated. For the type-II i.e. surface waves at
TSM-hyperbolic interface support the bulk modes and the
temperature plays a vital role in the tuning the resonance

76 78 80 82 84 86

Angle (6)

Figure 12. Propagation length L, versus angle () for Type-II
surface wave propagation assisted by hBN-InSb interface at
47.4 THz. (a) T € [180, 240]K (b) T € [340, 380] K.

frequency of the modes. Further, the excitation frequency tun-
ability provides additional flexibility to modify the surface
wave propagation parameters for Type-I and Type-II. The
computed numerical outcomes of this study may be bene-
ficial for the development of thermo-optical sensor designs,
near-field thermal imaging, THz photoemission temperature-
assisted communication systems, and spectroscopy platforms.
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