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Abstract

In this research work, the fiber modes supported by the graphene-wrapped indium antimonide
nanowire have been examined theoretically. The indium antimonide (InSb) is a semiconductor
material, which has temperature-sensitive optoelectronic properties. To model the nanowire of InSb,
Drude’s model has been used for better results. The Kubo’s formalism based on the random phase
approximation is used for the modeling of graphene. The impedance boundary conditions (IBCs) are
used to compute the characteristic equations. The real and imaginary part of permittivity of InSb as
function of THz frequency under different values of temperature T € [200 K, 400 K]hasbeen
computed. It is reported that the InSb shows the temperature dependent metal-insulator phase
transition i.e., for temperature T < 200 K it behaves as insulator and for T > 200 K it acts as metal. The
numerical results for dispersion relation, propagation band, propagation losses, cut off frequency
range, effective mode index and field profiles have been presented for insulator as well as metallic
phase of InSb. Moreover, the impact of chemical potential, radius, and temperature on fiber mode
characteristics has been analyzed. The computed numerical results can be applied for designing
tunable temperature assisted nano waveguides, thermo-optical sensing probes, thermal imaging and
near-field communication devices in THz frequency range.

1. Introduction

Terahertz (THz) technology has emerged as a critical frontier in modern scientific research and applications,
bridging the gap between microwave and infrared frequencies [1]. The unprecedented characteristics of THz
radiation enable a wide range of applications including ultrafast wireless communication, biomedical imaging,
and advanced sensing technologies [2, 3]. The study of the THz waves has become a crucial element in research
and development sector of the industries for the manufacturing of the efficient THz devices for the ultra-fast
transmission and next generation imaging technologies [4, 5]. The waveguides playing a crucial role in the
development of next generation THz technology by providing the active manipulation and control on the THz
signals. These structures play a crucial role in directing THz waves with minimal loss and distortion, allowing for
efficient transmission through different mediums. Several waveguide designs have been created, such as
metallic, dielectric, and photonic crystal waveguides, each tailored to enhance the propagation properties of
THzradiation [6-9].

Graphene, an allotrope of the carbon with two dimensionality, is the one of the most promising materials for
THz waveguides due to its outstanding electrical and optical characteristics [ 10, 11]. Graphene integrated
waveguide designs have unlocked new possibilities for THz applications, enabling active tuning and improved
signal manipulation [12]. Studies have shown that graphene-based plasmonic waveguides offer low loss and

© 2025 The Author(s). Published by IOP Publishing Ltd
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tunability, facilitating efficient signal transmission at THz frequencies [ 13, 14]. Moreover, researchers have
investigated the combination of graphene with different semiconductor materials to develop hybrid waveguide
systems, offering enhanced performance and new functionalities [15, 16].

Many studies have been carried out regarding the graphene-based nanowires as waveguides i.e., Gao et al
developed the theoretical formulation for the plasmon supported by the graphene coated dielectric nanowire
(GNW) and discussed the characteristics of plasmon modes. They reported that the properties of the plasmon
modes can be tuned by varying the radius of the nanowire, the dielectric permittivity, and the chemical potential
of graphene [17]. To get the deeper physical insights, Gao et al conducted simulations of the plasmon waveguide
modes supported by graphene-coated nanowires (GNWs) using the finite element method (FEM) in COMSOL
and they computed the dispersion relation and propagation length, derived the number of supported modes and
the single-mode condition from an analytical model, and analyzed the characteristics of the GNW by varying the
graphene Fermilevel [18]. To realize the reported work, the Chen et al fabricated the graphene coated ZnO by
using a tape-assisted transfer method under micromanipulation. The enhanced strong surface optical feeds have
been reported due to their deep-subwavelength diameter and the high index contrast of the ZnO nanowires.
They measured the absorption of up to 0.11 dB/um in a 606-nm-diameter GZN at a wavelength of 1550 nm.
Furthermore, they observed the transmission modulation for a 1550 nm signal using a 590 nm-diameter GZN,
indicating the potential of GZN waveguides as nanoscale building blocks for nanophotonic devices [19]. Gao
et al expanded upon this research by investigating the nonlinear plasmonic coupling effects between closely
spaced graphene-coated nanowires (GNWs). They found that the routing of plasmons is sensitive to the input
power delivered to the GNWs and is influenced by the third-order conductivity of the graphene layer. Their
findings provide insights for designing tunable nanoplasmonic circuits using low-loss, edgeless cylindrical
graphene waveguides [20]. Yu et al investigated the detailed dispersion analysis of the graphene-coated
semiconductor nanowire and computed the proper and improper propagating modes in the terahertz frequency
range and classify them into trapped surface waves, fast and slow leaky waves, and surface plasmons [21].
Golestanizadeh et al carried out the theoretical investigations on the acoustic plasmons supported by the
semiconductor nanowire of indium antimonide (InSb) and its dimmer under the frame work of hydrodynamic
model. They have analyzed that the unlike metals, semiconductors often require consideration of two or more
types of plasma to accurately describe their plasmonic behavior. A significant increase in the extinction cross-
section and field enhancement associated with acoustic localized surface plasmon resonance has been observed
[22]. Zhou et al demonstrated the potential applications of the InSb nanowires for plasmonic waveguides and
real space imaging under external condition. This study performed a comparative analysis of various materials-
specifically Ag, graphene, hexagonal boron nitride (hBN), carbon nanotubes (CNTs), tungsten diselenide
(WSe2), and InAs nanowires-in terms of their damping ratios and confinement factors for plasmonic
waveguiding applications. The results indicate that InAs exhibits greater potential for tuning plasmonic
waveguides, offering high confinement and low propagation losses, making it a more favorable candidate
compared to other noble metals and 2D materials [23].

This study aims to theoretically model graphene-wrapped InSb nanowires for use as thermo-optical
waveguides. InSb’s optoelectronic properties, which are highly sensitive to temperature, make it an attractive
candidate for terahertz applications [24, 25]. The Graphene enables the active tunability for the THz waves in the
optoelectronic devices [26, 27]. To get the active control over the propagation characteristics on the THz
radiations, the use of graphene in for the InSb waveguides has been motivated. Moreover, the Indium
antimonide (InSb) is a temperature sensitive material and shows the temperature assisted metal insulator
transition [28, 29]. Therefore, the theoretical study on the propagation characteristics of THz waves in the
graphene coated InSb nanowires under different temperature has been carried out. The present research work
has been conducted to achieve the following objectives i.e., (i) To compute the waveguide modes supported by
the graphene wrapped InSb nanowire for THz region, (i) To analyze, how chemical potential, frequency, and
external temperature affect the propagation characteristics of waveguide modes and (iii) To summarize the
comparative analysis of waveguide modes in InSb, considering its roles as both an insulator and a conductor.

The manuscript is structured as follows: section 2 presents the mathematical details of the analytical
modeling of the warped graphene InSb nanowire as a waveguide, while section 3 discusses the numerical results
and their implications. Finally, the conclusions drawn from these findings are provided in the last section.

2. Analytical formulations and methodology

The mathematical modeling of the graphene-wrapped InSb nanowire as thermo-optical waveguide has been
presented in this section. The waveguide is considered to be directed along the z-axis as depicted in the figure 1.
The propagation of the wave guided modes have been considered along the z-direction. The radius of the
graphene wrapped InSb nanowire is considered as = a. The region r > a is considered as free space while the

2
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Figure 1. Schematic view of graphene wrapped InSb NW based thermo-optical waveguide.

r < aistaken as InSb nanowire and the graphene has been considered as negligible thickness at r = a with a
conductivity (o). The conductivity of the graphene has been modeled in the frame work of semi-classical
Kubo’s formalism and expressed in terms of incident frequency (w), temperature (T), chemical potential (zz,),
scattering rate (7), Boltzmann constant (Kp) and reduced plank’s constant () as,

KT ( e | olnle &t + 1]) i il —h(e + ;)
W*ﬁz(w + i) KT 4mh 2 Iyl + ﬁ(w + i)

()

O'g:l

where the terms w, p1, T, kg, T and # stands for the incident frequency, chemical potential, temperature,
Boltzmann constant, scattering rate and reduced plank’s constant respectively [ 11-13]. This model assumes an
idealized isotropic graphene layer, however the specific chirality configurations, such as zigzag and armchair
edges, can influence the local electronic structure of graphene. To simplify the problem, the variation in the
chirality configuration has not been added. For the structure considered in this study, the influence of armchair
and zigzag chirality is minimal due to the wavelength of THz waves being much larger than the diameter of the
nanowire. In this regime, the electromagnetic response of the graphene-wrapped InSb nanowire is
predominantly governed by its macroscopic properties rather than the atomic-scale edge configurations.
Consequently, the armchair and zigzag configurations are expected to behave similarly, with negligible
differences in their impact on the propagation characteristics of the waveguide modes. The modeling of the
indium antimonide (InSb) in the terahertz frequency range has been done by using the Drude model as follows
[28,29]:

2

——— ®)
w? + iyw

w
& = €x —
where €, denotes high permittivity frequency, -y is damping constant, w, denotes plasma frequency with

1
2
N@e )2 , where the m™ is effective mass of free charge carriers and ‘N(T)’ is the temperature

expression w, = ( o
dependent charge carrier density and ‘e’ represents the value of electronic charge.

To solve the mathematical problem, the Maxwell’s equations have been utilized to compute the wave
equations with respect to each region. For the present work, the fundamental guided modes supported by
graphene wrapped InSb NW based thermo-optical waveguide have been computed for the transverse magnetic
(TM) polarization. The nanowire has been modeled as cylindrical shaped road. To attain the symmetry in the
mathematical equations, the waveguide modes has been formulated in the frame work of cylindrical coordinates
(r, 0, z). The guided modes in the frame work of the cylindrical coordinates are used to solve the equation
satisfying E and H fields. An expression for the electric and magnetic field is be computed. In cylindrical
coordinate (r, 6, z) an overall solution to the vector wave equation for source-free and lossless media by the
wave equationas[17, 18]

- B, = B2 3)
or
(K — B Hy = iwe; 22 @
or
Depending on whether k;? — (32 positive or negative, Fiber mode k, < 3 < k;, Plasmon modes 3 > ki, k,
(k7 — BE, = ip 22 )
or

where the k; corresponds to wavenumber of the respective region with i = 1, 2. The solution of the above
equations has been solved analytically to compute the electromagnetic modes in for the both regions i.e., inside

3
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Figure 2. Modeling of the permittivity of InSb as a function of THz frequency: (a) Real part (b) Imaginary part with £, = 15.68,
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Figure 3. Dispersion relation for various temperature at a constant radius of graphene wrapped InSb NW.

the graphene-wrapped InSb NW (r < a) and

E; = AJo(mr)

(6)
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Figure 4. Dispersion relation for various values of diameter of graphene wrapped InSb NW (a) T =200 K (b) T =300 K.
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In the equations above, ‘A’ and ‘B’ represent the unknown coefficients corresponding to the fields in the regions
r < aand r > arespectively. By applying the boundary conditions at the interface r = a, on the E & H fields as
providedin[11,12]
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EIt = ElI°
12)
I‘I,9|+ — Hylm = Oy E,l
The notations in the above boundary conditions stands for ‘+’ mean r > a External and ‘—" mean r < a

internal. By applying boundary conditions [12, 28]

€T]1(71a) + EOK(’YZ“) _ E (13)
nhma)  7Ko(2a) w

where the (J;, J;) and (K, K;) stands for the Bessel functions and modified Bessel functions of first order and
zero order respectively. The computed characteristics equation provides the mathematical solution of the wave
guides modes by the graphene wrapped InSb nanowire. To get the physical insight, a detailed numerical solution
has been presented in the subsequent section.
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Figure 6. Propagation losses as a function of frequency for various temperatures of a graphene-wrapped InSb NW.

3. Results and discussion

The propagation characteristics of graphene based thermo-optical waveguide in the THz range have been
presented in this section. In the first part, the temperature sensitive modeling of the InSb nanowire in THz range
has been presented in detail while in the second part, the propagation characteristics of waveguide modes have
been discussed in detail.

3.1. EM modeling of InSb nanowire as temperature sensitive material

Figure 2 illustrates the real and imaginary components of the relative permittivity of InSb as a function of THz
frequency, with variations in temperature. The permittivity of InSb is calculated using the Drude model, as
described in equation (2). The temperature dependent charge carrier density “N(T)” is computed as

N = 5.76 x 10T exp(—
Boltzmann constant. The graghs for er are presented for the temperature range of 200 K to 400 K. It is evident
that the real part transitions from positive to negative as the temperature increases from 200 K to 360 K. This
indicates that InSb behaves as an insulator at T = 200 K, whereas for temperatures above 200 K, it exhibits

conductive behavior [25, 29].

) where Eg is the energy bandgap, T is temperature in Kelvin and kg is the

3.2. Characteristics of thermo-optical waveguide
The fiber modes supported by the thermo-optical waveguide based on the graphene wrapped InSb nanowire
have been computed. The characteristics equation (13) has been solved numerically in the frame work of the
Wolfram Kernel in Mathematica software pack. To compute the roots of the characteristic equation, the contour
plot technique has been implemented in the kernel. The propagation characteristics of the waveguide modes,
propagation band, threshold frequency, propagation losses, damping effects, effective mode index and electric
field profiles have been computed. Further the influence of temperature, radius of the waveguide and chemical
potential of the graphene has been analyzed for all the computed results. To compute the propagation band and
threshold frequency of waveguide modes supported by the graphene wrapped InSb nanowire, the dispersion
curves in relation with frequency (f) and Re(3) have been computed. Further, the influence of the temperature
(T), chemical potential (y¢,) and radius of waveguide has been analyzed and presented in the figures 3—4.

The figure 3 depicts the dispersion curve for the waveguide modes under the temperature variation
T € [200, 240,280,320, 360, 400]K.Itisobvious from the figure that the with the increase of the
temperature, the propagation frequency and band gap increase. The possible reason for this trend is the increase
of the plasma frequency (w,) of InSb with the increase of temperature. Further, it is important to note that the
trend of the dispersion curve is same for the temperature 240 K to 400 K but for T = 200 K the trend is opposite.
The major reason for such trend is temperature sensitive behavior of the InSb i.e., for the T = 200 K, the InSb

7
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Figure 7. Propagation losses as a function of frequency for under different values of chemical potential of graphene for graphene
wrapped InSb NW (a) T =200 K (b) T =300 K.

behave as insulator while for the T > 200 K it behaves as conductor, as explained in the figure 2. To analyze the
two distinct nature of waveguide modes viz., InSb as insulator (T = 200 K) and InSb as conductor (T = 300 K),
the comparative analysis of the results has been shows in figures 5 and (5) for the different values of chemical
potential and radius respectively.

In figure 5 the influence of the chemical potential (u.) on the propagation characteristics of the waveguide
mode has been presented for the different valuesi.e., 1, =0.2 eV, 0.4 eV,0.6 €V, 0.8 eV & 1.0 V. The figure 5(a)
delas with the waveguide modes supported by the graphene-wrapped InSb NW for T = 200 K while the
figure 5(b) presents the waveguide modes for T = 300 K. It can be analyzed that the modes are quite opposite to
each other. The waveguide modes under T = 200 K, the graphene wrapped InSb as insulator, the propagation
constant shifting towards the lower values with the increase of chemical potential and the speed of the
propagating mode is increases with the increase of chemical potential. However, for the case of InSb as
conductor at T = 300 K, the propagation frequency starts decreasing towards the lower THz with the increase of
chemical potential (1) and the speed of the propagating mode starts decreasing as provided in the figure 5(b).
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The dimension of the waveguide plays important role in controlling the propagation frequency and cut off
frequency. To analyze the propagation characteristics of the waveguide modes as function of structural
paraments i.e., the dispersion curves have been plotted under different values of the radius of the graphene
wrapped InSb thermo-optical waveguidei.e., a= 20 nm, 40 nm, 60 nm, 80 nm & 100 nm- The influence of the
radius of the waveguide on the propagating modes under both configurationsi.e., T =200 Kand T = 300 K has
been presented in figures 4(a) and (b) respectively. For the case, graphene wrapped InSb nanowire at T =200 K
in figure 4(a) that it is obvious from the figure that the with the increase of the radius of waveguide, the
propagation constant (beta) shifting towards the lower value while the propagation frequency band ranges from
1 THz to 10 THz. For the case T = 300 K, it is clear from the figure 4(b) that at the radius a = 20 nm, the
propagation mode has the lower cut off frequency while the cut off frequency shifting towards the high THz
frequency range as the radius of the waveguide increases.

To estimate the propagation losses and attenuation features of the graphene wrapped InSb waveguide,
numerical results between the operating frequency and Im[5] have been plotted under different values of the
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Figure 9. Effective mode index as function of frequency under different values of temperature for graphene wrapped InSb NW based
waveguide (a) InSb as insulator (b) InSb as conductor.

temperaturei.e. T € [200, 240, 280, 320, 360, 400] K. From figure 6, it can be concluded that with the increase of
temperature, the propagation losses and attenuation increase.

The figure 7 presents the impact of doping level of the graphene i.e., chemical potential (14,) on the propagation
losses of the waveguide modes under different temperature conditionsi.e., T =200 Kand T = 300 K figures 7(a)
and (b) respectively. it is clear from the figure 7(a) that the with the increase of chemical potential of the graphene,
the losses have been increased significantly as compared to the temperature variation and the second important
trend is the propagation loss corresponding to the high frequency values with the increase of chemical poetical (11,
as provided in the other works [13, 15, 28]. However, for the case T = 300 K when InSb behave as conducting
material, the propagation losses correspond to lower frequency values with the low damping features as compared
to the case when InSb behave as Insulator at T = 200 K. Further, it is depicted in the figure 7(b) that with the
increase of chemical potential the propagation loss decreases as per corresponding operating frequency. The
figure 8 presents the radius dependent propagation loss and damping features of the propagating mode under
different values of radius i.e., a = 20 nm, 40 nm, 60 nm, 80 nm & 100 nm. The figure 8(a) provides the physical
information about the propagation loss and damping features of waveguide modes as function of operating
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Figure 10. Effective mode index as function of frequency under different values of radius of graphene wrapped InSb NW based
waveguide (a) InSb as insulator T = 200 K (b) InSb as conductor, T =300 K.

frequency for T =200 K. It can be analyzed from figure that for this case, with the increase of radius of the
waveguide the variation in the propagation loss in indelible while for the case of T = 300 K when InSb behave as
conductor, the propagation loss increases with the increase of the radius size from a = 20 nm to 100 nm. Itis worth
noting that the propagation frequency increases along with it.

The effective mode index is very important parameter for the designing and fabrication of the waveguides. It
delas with the confinement of the propagating modes within the waveguide with respect to free wavevector (ko)
and its explicit mathematical expression is defined as Re(3) / ko. The numerical results regarding the effective
mode index as function of frequency under the variation of temperature (T), chemical potential (1) and radius
of waveguide (a) have been presented in figures 9-10 respectively. In figure 9 it has shown that the effective mode
index of the waveguide modes as function of the THz frequency under the temperature variation (T € [200,

400] K) for two phases of the InSb i.e., Insulator phase and conductor phase. It can be deduced from the
figure 9(a) that under condition i.e., (InSb as insulator) the effective mode index of the waveguide modes
monotonically decreases with the increase of the propagation frequency and for the frequency range (5 to 10)
THz the effective mode index corresponds to constant value. Further it is clear that the effective mode index
increases with the increase of temperature. In the scenario where InSb realized as a conductor, as illustrated in
figure 9(b), the effective mode index diminishes with increasing propagation frequency. Conversely, as the
temperature rises, the propagation frequency begins to shift toward higher values, accompanied by a modest
increase in the effective mode index.

Figure 11 illustrates the effect of chemical potential on the effective mode index as a function of THz frequency
for two states of InSb. The analysis examines various values of the chemical potential in the graphene waveguide,
specifically within the range of 1, € (0.2eV,0.4eV, 0.6 eV, 0.8 eV, and 1.0 eV). In the case of T =200 K, where InSb
acts as an insulator, the effective mode index decreases as the chemical potential rises. This reduction is attributed
to increased losses associated with the elevated chemical potential of graphene, resulting in lower confinement of
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Figure 11. Effective mode index as function of frequency under different values of chemical poetical for graphene wrapped InSb NW
based waveguide (a) InSb as insulator T = 200 K (b) InSb as conductor, T = 300 K.

the waveguide modes in the graphene-wrapped InSb nanowire, as shown in figure 11(a). In similar way, the
figure 11(b) provides the analysis for impact of the chemical potential on the effective mode index for the case of
T =300 K, where InSb acts as conductor. The figure clearly indicates that as the chemical potential increases, the
effective mode index is associated with a reduced propagation band gap. Moreover, in relation to the propagation
frequency, the effective mode index exhibits a decreasing trend.

To analyze the dimensional impact on the confinement of the waveguide modes of the graphene wrapped
InSb nanowire, the effective mode index has been computed under different values of radius of waveguidei.e.,
a=20nm, 40 nm, 60 nm, 80 nm & 100 nm in figure 10. The effective mode index has been presented for InSb as
insulator and conductor in figures (a) and (b) respectively. These figures clearly demonstrate that as the
waveguide radius increases, the effective mode index decreases. This trend is further associated with the cutoff
frequency of the waveguide, indicating an inverse relationship between waveguide size and propagation
frequency. It is worth mentioning that the relationship between the diameter of InSb nanowires and their
corresponding bandgap energies has been carefully considered. It is well-documented that quantum
confinement effects significantly influence the bandgap energy as the diameter decreases below a critical
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threshold [30]. For diameters larger than 65 nm, the bandgap energy remains nearly identical to that of the bulk
material (0.17 eV) due to negligible confinement effects. However, as the diameter reduces from 65 nm to 30 nm,
amodest increase in bandgap energy is observed, ranging from 0.17 eV to 0.20 eV. A more pronounced increase
occurs when the diameter decreases further, from 30 nm to 5 nm, with the bandgap energy rising sharply from
0.20 eV to 1.2 eV. These changes in bandgap energy are particularly relevant in the mid-infrared (MWIR) and
near-infrared (NIR) regions, enabling InSb nanowires to support multi-spectrum detection. For diameters
exceeding 10 nm, the bandgap energies are aligned with MWIR detection, while smaller diameters extend this
capability to the NIR region [30, 31]. However, the current study is focused on the THz frequency range, where
the optical properties of InSb nanowires are primarily dictated by a temperature-driven phase transition from an
insulating to a metallic state. In this regime, variations in bandgap energy due to diameter changes are negligible
compared to the dominant thermal effects influencing the optical response. Consequently, size-dependent
optical variations are not significant for the parameters under investigation.

In the figure 12, the density plots for the electric field profiles (E,| & |E, ) as a function of radial distance (a)
and the propagation constant () for the graphene-wrapped InSb nanowire waveguide at THz frequencies is
presented. The dotted semi-circle in the figs represents cross-sectional view of the NW. From figure 12(a), it can
be deduced that the electric field profile is symmetric about the center of the nanowire, indicating a uniform
distribution influenced by the cylindrical geometry of the nanowire. It can be analyzed that the field strength |E, |
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is maximum at the center and decreases smoothly toward the edges i.e., a = 100 nm. This behavior is typical
for the fundamental mode in waveguides, where the field is strongest at the core and diminishes in the
surrounding medium due to boundary conditions and waveguide confinement. The confinement arises from
the unique optical properties of graphene, which include its high conductivity and ability to sustain plasmonic
modes at THz frequencies [32]. This allows for effective localization of the electromagnetic field even when the
wavelength is much larger than the nanowire dimensions. The strong dependence of the field distributions on
the propagation constant (3) is evident in the results. Larger values of 3 are associated with enhanced
confinement of the field within the nanowire core. This is a direct result of the proportionality between § and the
effective mode index, which increases with greater field localization. The radial component of the electric field
(IE, 1) for the waveguide is depicted in figure 12(b). It is evident that the radial electric field is minimal at the
center of the waveguide and reaches its maximum at the edges. This suggests that the radial component of the
electric field is weakly confined at the core of the waveguide. As the radius increases, the magnitude of |Er| grows,
reaching a maximum at the waveguide boundaries. Further, it can be inferred from the tightly packed contours
at the higher propagation constant (3> 15 um "), the field is highly confined as compared to the lower values of
propagation constant (3 < 10 um ™). The contours get wider for lower value, depicting the less confinement.
The strong radial electric field near the boundaries could be utilized in sensing or surface-enhanced applications,
as the field interacts more significantly with the surrounding environment. Moreover, the careful selection of
field distributions and propagation constants can be employed to optimize and design thermo-optical
waveguides. As provided in the figures 9-10 that the effective mode index can be tuned by tailoring the external
frequency, temperature and radius of NW, the impact of these parameters under the variation of frequency and
corresponding effective mode index has been presented in the figure 13.

The results illustrated in figure 13 pertain to the behavior of modes both within and outside the waveguide.
These findings were derived by examining the electric field distribution as a function of the waveguide radius
across different frequencies, alongside their corresponding effective mode indices (N.). It can be inferred from
these results that the as the effective mode index increases the field profile expanded and transformed into the
leaky type modes. It is obvious from the figure13(a), at the lower frequency (f = 2.63 THz, Neff = 81.31), the
effective mode index is much higher, indicating strong confinement of the modes within the waveguide. This is
reflected in the highly localized electric field profile near the waveguide surface. As the frequency increases
(f=4.54 THz, Neff = 26.24), (f = 4.54 THz, Neff = 26.24) & (f = 4.54 THz, Neff = 26.24) the effective mode
index decreases. This reduction corresponds to weaker confinement of the modes, with the electric field
spreading further away from the waveguide surface as give in figures 13(b)—(d) respectively. Additionally, to
understand the effect of temperature on the field profiles, figure 9 shows that as the temperature increases, the
effective mode index also increases. This suggests that higher temperatures lead to stronger confinement of the
waveguide modes compared to lower temperatures. The computed results highlight a gradual decrease in Neff

14



10P Publishing

Mater. Res. Express 12 (2025) 036201 M Sajid et al

with increasing frequency, indicating a transition in the characteristics of the guided modes. The fields extend
farther from the surface, suggesting that the modes become less confined within the waveguide structure.

4. Concluding remarks

This study presents a comprehensive analysis of the fiber modes supported by thermo-optical waveguides
utilizing graphene-wrapped InSb nanowires. Using numerical solutions of the characteristic equation through
Mathematica, we analyzed the propagation characteristics of graphene-wrapped InSb nanowires, focusing on
the effective mode index, propagation band, threshold frequency, and propagation losses under varying
temperature, waveguide radius, and chemical potential conditions. The findings indicate a notable temperature
dependence, with InSb shifting from an insulating state at 200 K to a conducting state at higher temperatures.
This transition significantly impacts the propagation characteristics, demonstrated by contrasting trends in
propagation constants and damping features at different temperatures. Additionally, our analysis shows that
increasing the chemical potential of graphene produces varied effects on the propagation characteristics,
emphasizing the distinct behaviors of waveguide modes in both insulating and conducting states. The effects of
waveguide dimensions were also examined, revealing that larger waveguide radii lead to a decrease in the
effective mode index and shifts in cutoff frequency. This relationship highlights the importance of structural
parameters in optimizing waveguide performance. Ultimately, this research improves our understanding of the
intricate interactions between temperature, chemical potential, and structural dimensions in graphene-wrapped
InSb nanowire waveguides, offering valuable insights for future photonic device applications.
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