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Abstract: In this article, the conduction of transverse electric/
transverse magnetic (TE/TM) propagation modes in nanoma-
terial graphene utilization of asymmetric dielectric slabwave-
guide was studied in terms of their applicability in optical
fiber communication. Nano-graphene film was deposited on
silica substrate and air cladding. Three layers were exposed to
electromagnetic waves with a 1.55 µm wavelength and 1 µm
thick nanographene film, silica, and air covering to study the
performance and optical properties of graphene nanomater-
ials. Themodels were influenced by factors such as attenuation
wavenumbers, cut-off frequency, mode number, propagation
wavenumbers, skin depth, and angles of total internal reflec-
tion. The impact of these parameters was assessed through
numerical analysis, revealing significant correlations. The
modes generated ten numbers of TE and nine numbers of
TM mode dependent upon the structure of nanographene,
with low loss propagation wavenumber. As the TE/TM modes
increase, the decay wavenumbers of the cladding and sub-
strate parameters diminish. This indicates that the magnetic
and electric fields undergo extremely rapid decay beyond the
film region, which leads to the skin depth for higher TE/TM
modes traveling longer distances in the cladding and substrate
than do lower-order modes. Therefore, nanographene exhibits
good optical properties due to its low absorption loss. The
angles of internal reflection are greater in magnitude than
the substrate and cladding key angles. Still, in the tenth TE
mode, the internal reflection angles are extremely close to
the critical angle as a result of the small substrate decay para-
meter and the near operating frequency. The tenth TE mode is

weakly characterized. The characteristics of TE/TM modes in
an asymmetric three-layer slab waveguide structure are rea-
lized for various mode orders and various parameters of
nanographene material. The field profiles of the TE/TM
modes are submitted to comprehend these characteristics.

Keywords: TE/TM modes, waveguide, graphene, micro-
wave propagation, terahertz frequency range, a symmetric
dielectric slab

1 Introduction

Numerous studies have examined graphene’s potential use
in waveguide applications. Graphene is a two-dimensional
material with exceptional optical and electronic proper-
ties. This review focuses on recent research utilizing asym-
metric slab waveguides to investigate the behavior of
transverse electric/transverse magnetic (TE/TM) propaga-
tion modes in the nanomaterial graphene. Several studies
that have contributed to our understanding of this topic
are discussed.

Based on a bent asymmetric-slab waveguide, Cao et al.
[1] proposed an ultra-compact and fabrication-tolerant polar-
ization rotator. A thin layer of graphene was sandwiched
between two dielectric layers with varying refractive indices.
Shen et al. [2] looked at TM modes in a slab waveguide that
had a core made of a multilayer structure of graphene and
dielectrics and walls made of different common materials.
More interestingly, their study found that graphene signifi-
cantly alters the propagation characteristics of TM modes.

Yang et al. [3] examined the transmission characteristics
of asymmetric slab waveguides with left-handed materials
(LHM). They investigated the transmission characteristics of
asymmetric slab waveguides with LHMs and proposed a
new dielectric slab waveguide structure with LHM cover
and substrate. The researchers discover unusual properties
in the asymmetric LHM slab waveguide, such as the absence
of fundamental and first-order modes and double degen-
eracy of higher-order modes. Glytsis [4] offered the basic
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concepts of slab dielectric waveguides and elaborated on
their significance in optical communication, sensing, and
imaging applications.

Using the transfer matrix method, Salman and Yasser
[5] analyzed guided modes in a slab waveguide with a
central anisotropic metamaterial layer. They showed that
mode properties can be controlled by varying the permit-
tivity tensor of the anisotropic metamaterial layer, the
metamaterial’s thickness, and the refractive index. The
study by Taya et al. [6] looked at how TE/TM propagation
modes work with polarized light in two slab waveguide struc-
tures that are made of LHMs and have three layers. The
results show that LHM layers have an effect on the confine-
ment factor. To change these parameters, the effective index
of TE/TM modes and the thickness of the LHM core layer
could be changed. Using double asymmetric discontinuities
in leaky wave structures. To prevent open-stopbands, Baccar-
elli et al. [7] presented an innovative approach. The authors
demonstrate that high directivity and gain can be obtained
with the open stopband effectively blocked by the two asym-
metric discontinuities.

In their work, He and Li [8] investigated the differ-
ences between graphene waveguides and their TM and
TE surface plasmon modes. They found that the TM surface
plasmon mode has a higher effective index and a lower
confinement factor than the TE surface plasmon mode. The
choice of these modes has a significant impact on the wave-
guides’ performance. Raghuwanshi [9] provided an ana-
lysis of dielectric optical waveguides to show how the
waveguide’s structure impacts wave propagation and to
what extent it influences the propagation characteristics.

Bai et al. [10] explored TE and TM propagation modes in
graphene and proposed a TE/TM mode switch using mono-
layer graphene and metal-dielectric resonances. They demon-
strated that the resonant behavior of the device can be
modified by adjusting the graphene layer thickness. Liu
et al. [11] created an efficient and compact TE-TM polariza-
tion converter on a silicon-on-insulator platform. Chahar-
mahali et al. [12] focused on controlling terahertz waves
using graphene-based metamaterials. They proposed a tun-
able ultrabroadband terahertz metamaterial absorber and
filter using disk graphene patterns, demonstrating their
effectiveness for practical applications such as filters and
sensors at terahertz spectra.

A study by Evseev et al. [13] looked at surface plasmon-
polaritons in a symmetric dielectric waveguide with active
graphene plates. The results showed that graphene strengthens
the connection between plasmons and waves. Kumar et al.’s
study [14] on metamaterials’ impact on evanescent fields in a
grounded slab metamaterial waveguide structure showed that
metamaterial choice significantly affects the evanescent field.

Talebi [15] explored optical modes in slab waveguides and
highlighted the significance of the magneto-electric effect in
the design of waveguides. Werra et al. [16] studied TE reso-
nances in graphene-dielectric structures, noting that the influ-
ence of the dielectric layer’s thickness and dielectric constant
can have a big effect on how the TE mode behaves when it is
resonating.

Alwan et al. [17,18] studied the impact of polymer
thickness and frequency on the TE mode using slab wave-
guides. They proposed a method for high data rates for
optical carriers made of graphene. They showed how the
presence of graphene significantly increases the data rate
of optical carriers. Graphene modifies the confinement
factor and effective index of the TE and TM modes. Con-
trolling these parameters involves adjusting graphene’s
Fermi energy. The behavior of the TE and TM modes in a
silicon nanomaterial slab waveguide was the main focus of
the study conducted by Alwan et al. [19]. On the TE and TM
modes, the silicon nanomaterial layer had a major effect.
The ninth TE mode was found to be weakly coupled to the
substrate. By adjusting the permittivity tensor of the nano-
material silicon layer, one could modify the effective index
and confinement factor of the TE and TM modes.

1.1 Graphene

Graphene is a versatile material with unique electronic
properties due to its hexagonal structure and high mobility
of electrical carriers. Its clean manufacturing processes
from natural carbon sources make it an environmentally
friendly material, enhancing its sustainability in various
technological applications. Graphene’s superior conduc-
tivity makes it ideal for advanced optical communications
systems, reducing optical signal loss and improving trans-
mission quality. Its high mechanical strength makes it dur-
able and stable for waveguide structures, ensuring devices
can withstand harsh environmental conditions while main-
taining high performance. Graphene’s high transparency
makes it suitable for developing transparent optical devices
such as displays, lenses, and sensors. It can also be combined
with other materials to enhance properties and expand its
use in fields such as medicine, energy, and electronics.
Graphene’s high thermal stability ensures efficient opera-
tion in harsh environments, enhancing device reliability
and performance. Its interaction with light opens new pos-
sibilities in photonic applications such as communications
and optical signal processing [9,10]. Graphene-based wave-
guides are used in optical interconnects, biosensors, and
photonic integrated circuits. Challenges remain in
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controlling dispersion and reducing losses in graphene-
based waveguides. Overall, the use of graphene in wave-
guides holds great promise for a vast array of photonics
applications especially in polarization controllers in TE or
TM mode, where different voltages are applied, making it a
valuable material in the design of polarizers [12,20,10].

Graphene has many advantages that make it an ideal
material for many applications. Its hexagonal structure
and high mobility of electrical carriers give it unique
electronic properties. Clean manufacturing processes can
produce it from natural carbon sources, making it an envir-
onmentally friendly material. This enhances the sustain-
ability of its use in various technological applications.
Thanks to its superior and exceptional conductivity, it is
an ideal material for use in advanced optical communica-
tions systems. It can reduce optical signal loss and improve
transmission quality. Its high mechanical strength makes it
a durable and stable material for use in waveguide struc-
tures. It ensures that devices made from it are able to with-
stand difficult environmental conditions while maintaining
their high performance. Graphene is also characterized by
its high transparency, which makes it suitable for devel-
oping transparent optical devices such as displays, lenses,
and sensors. Innovative applications that require trans-
parent, high-performance materials can use graphene due
to this property. Graphene can also be combined with other
materials to enhance their properties and expand their use
in fields such as medicine, energy, and electronics. In addi-
tion, graphene has high thermal stability, which makes it
able to work efficiently in harsh environments exposed to
high or low temperatures. This thermal stability enhances
the reliability and performance of devices made from gra-
phene in various environmental conditions. Graphene can
effectively interact with light, opening the door to new pos-
sibilities in photonic applications such as communications
and optical signal processing. A graphene high-mobility car-
rier enables efficient, resistance-free electrical conduction.

1.2 Theoretical analysis

A common part used in integrated optics is the three-layer
asymmetric dielectric waveguide depicted in (Figure 1) [21].

A thin 2a-thick dielectric film is deposited on a sub-
strate, with a cladding of air above. Total internal reflection
propagation occurs when refractive indices nf > ns ≥ nc [22].

The expression for the free space wavenumber at the
designated operating frequency ω or f in Hertz is by k0 =
ω√μ0c0 = 2πf/c0 = 2π/λ0. The fields’ t and z dependence is
considered to follow the standard exp j(ωt − βt) pattern.

Adequate positive decay constants (αs and αc) are required
in both the substrate and cladding to achieve exponential
field attenuation with x. Transverse wavenumbers jαs and
−jαc are corresponding transverse wavenumbers, while
real-valued transverse wavenumber kf within the film is
satisfied [23,24]:
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The acceptable range of β for guided mode is defined
by the inequalities, k0 ns ≤ β ≤ k0 nf, and β ≥ k0 nc, assuming
that kf, αs, and αc are real.
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1.3 TE modes

The TE modes are initially examined, taking into account
the x dependence of the Hz component, which is required
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Figure 1: Asymmetric dielectric slab waveguide consisting of three
layers.
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The solutions, which decrease exponentially, meet the
continuity requirements at the boundaries x = ±a:
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The fact that μ = μ0 in every area means that Ey is
continuous across x = ±a, which means that the Hx compo-
nents are also continuous, leading to two requirements:
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The case of a tangent is uniquely determined up to a
multiple of π, which allows us to reverse the roles of two
tangents without sacrificing generality:
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as follows:
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The mth mode is denoted by an integer m, and Eqs. (6)
and (1) yield four equations involving the four unknowns
{β, kf, αc, and αs}. The numerical solution is preferred to be
in the form of Eq. (6), which introduces dimensionless
variables:
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The propagation constant β, also known as the effective
index nβ, can be determined using the following formula:
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The objective is to ascertain the quantity of propa-
gating mode and the range of mode indices, as well as
the radius Rm of the mth mode.

= + =−R mπ δ m
1

2

1

2
tan , 0, 1, 2,….m

1 ( ) (10)

This sets M as the maximum mode index:
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Thus, there are a number of modes (M + 1), denote by
m = 0, 1,…, M, with δ = 0, and the cut-off frequencies found
by setting [23]:
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1.4 TM modes

In order to derive the TMmodes, Eq. (8) are solved separately
in each region, followed by the application of boundary con-
ditions, assuming that the modes depend on x-coordinate
only, in each region.

⎪

⎪
=

⎧
⎨
⎩

+ ≤
+ ≥

− − ≤ −

− −

+
E x

E k x ϕ x a

E k a ϕ e x a

E k a ϕ e x a

sin , ,

sin , ,

sin , .

z
α x a

α x a

1 f

1 f

1 f

c

s

( )

( ) | |

( )

( )

( )

( )

(13)

The continuity of the normal component of the displa-
cement field Dx = ϵEx across interfaces is a prerequisite for
the boundary conditions at x = ±a. This equals tangential
field Hy continuity [23]:
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By taking the inverse of the tangents, we can derive the
following:
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The slab characteristic equation and φ are determined
by the following factors:
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The maximum mode index M is fixed:
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M = 0, 1,…, M denotes the (M + 1) modes, and the cutoff
frequencies are established by configuring the following:
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The equation fm = fRm/R, where f = c0/λ0, is used to
calculate the total internal reflection angles in the equiva-
lent ray model.

The maximum mode index M, and cut-off frequencies
fm will satisfy inequalities for the TE/TM cases, as pc > 1 [23]:

≤ ≤M M f f,
m mTM TE ,TE ,TM. (20)

2 Numerical results and discussion

This section provides an explanation and discussion of the
behavior of the TE/TM propagation modes in the MATLAB

scripts for nanomaterial graphene. A thin graphene film is
applied to silica substrate. On top of the film is a dielectric
coating, like air. Graphene nanomaterial was incorporated
into an asymmetric slab waveguide in order to assess its
optical characteristics and performance. Graphene nanoma-
terial, with unique characteristics and waveguide para-
meters such as propagation wavenumbers, modes numbers,
cut-off frequencies, decay wavenumbers, transverse wave-
numbers, decay wavenumbers, skin depth, and angles of
total internal reflection, is utilized in various applications
such as asymmetric dielectric slabs, which are the key com-
ponents of modern integrated optics. The study used an EM
wave with a wavelength of 1.55 µm to propagate on a gra-
phene film with a refractive index of 2.75 and a silica
substrate with a refractive index of 1.45. The MATLAB appli-
cation generated both TE/TM modes, with the ten TE modes
exhibiting weak binding to the substrate side as a result of a
small decay wavenumber and a cutoff frequency that is
approaching to the operating frequency.

Figure 3 shows that nine number of TM modes. Note
that guide modes within asymmetric slab waveguide
include TE/TM modes. The propagation mode (TE) lacks an
electric field component in the propagation direction, while
the mode (TM) lacks a magnetic field component in the same
direction. As a result, TE and TM modes behave similarly,
indicating that asymmetric slab waveguides are well suited
for efficient and low loss propagation. The transverse pro-
files for TE and TM modes are plotted in Figures 2 and 3; the

Figure 2: Mode profile for TE modes.
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magnetic and electric fields have the typical setup. It oscillates
within the slab and becomes evanescent in the surrounding
media. The transverse magnetic modes and transverse elec-
tric modes are influenced by the structure of graphene,
silica substrate, and its refractive indices of substrate and
nanomaterial graphene film.

Figure 4 shows the propagation wavenumbers and cut-
off frequencies for each TE/TM mode with a constant

thickness. The cut-off frequency is directly proportional
to the number of TE/TM modes, whereas the propagation
wavenumber is inversely proportional. The graphene film
thickness and cut-off frequency are fixed for each mode.
Higher-order modes propagate with smaller propagation
wavenumber values, while lower-order modes propagate
with smaller values. The propagation wavenumber is deter-
mined by nanomaterial characteristics and wavelengths. A

Figure 3: Mode profile for TM modes.

Figure 4: Higher propagation wavenumbers from TE/TM cut-off frequencies in graphene.
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guide TE mode has an equal nearly propagation constant to
a TMmode of the same order. The propagation constant has
frequency dependence due to the guide’s structure and
nanomaterial dispersion. Polarization dispersion also exists
due to different propagation constants for TE/TM modes.

Electromagnetic waves propagating through graphene
nanomaterial attenuate in the direction of propagation.
Electric and magnetic fields vary sinusoidally inside the
slab, decaying exponentially outside. Upper TE and TM
modes have less attenuation wavenumbers than other
modes, reducing decay wavenumbers in cladding and

substrate parameters as shown in Figures 5 and 6. As wave-
length increases, layer decay wavenumbers move to infi-
nite, indicating rapid decay of electric and magnetic fields
outside the slab region. This results in a rapid decay of
evanescent waves at angles far above the critical angle
(21.32°). Transverse wavenumbers within the slab increase
in the number of modes, and the cut-off condition occurs
when propagation wavenumbers match the transverse
wavenumbers inside the slab, resulting in propagation
wavenumbers becoming equivalent to those of the sur-
rounding medium.

Figure 5: Cladding decay wavenumbers with higher TE/TM modes.

Figure 6: Wavenumbers of substrate decay associated with greater TE/TM modes.
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Skin depth refers to the decay of electromagnetic
waves within graphene nanomaterial. The attenuation
wavenumber of the electromagnetic field increases expo-
nentially with the transverse distance, indicating the exis-
tence of electromagnetic field within a skin depth, as
shown in Figure 7. Increase the number of TE/TM modes
also enhances the skin depth in the cladding and substrate
at a certain wavelength. Upper TE/TM modes commute
longer distances in cladding and substrate than lower-order

modes. Therefore, graphene nanomaterials with excellent
optical characteristics and low absorption loss are ideal
for optoelectronics applications.

The concept involves using asymmetric dielectric slabs
for total internal reflection of EM waves. Lossless dielectric
slab waveguides experience scattering and absorption due
to impurities. Figure 8 illustrates the total internal reflec-
tion angles and cut-off radius for the m-th mode at 1.55 µm
wavelength and constant graphene thickness. The cut-off

Figure 7: Substrate/cladding skin depth and wavelength-specific TE and TM modes.

Figure 8: Total internal reflection angles, TE and TM modes, and the mth mode cutoff radius.

8  Saib Thiab Alwan et al.



radius increases with more TE and TMmodes, and internal
reflection angles decrease. This means that the increased
number of TE/TM modes leads to decreased total internal
reflection angles. Higher modes exhibit a bigger cut-off
radius and penetrate deeper into graphene nanomaterials.
Internal reflection angles exceed critical angles for sub-
strate (31.82°) and cladding (21.32°), except for the tenth
TE mode (33.23°). The tenth TE mode’s internal reflection
angle is near critical due to the small decay parameter and
near operating frequency.

Figure 9 displays the angles and wavenumbers for
total internal reflection in graphene. It includes TE and
TM modes at 1.55 µm wavelength. Figure 9 shows that the
number of modes increases with decreasing propagation
wavenumbers and the angles of internal reflection decrease.
This implies that the angles and propagation wavenumbers
reduce with higher modes in graphene nanomaterial. There
are two critical angles (31.82°, 21.32°) connected with the
internal reflection at the lower and upper interfaces. Critical
angles do not depend on EM wave polarization; phase shifts
depend on polarization; therefore, it should be noted that
the angles of the TE and TM modes in an asymmetric dielec-
tric slab are greater than both critical angles. Consequently,
the wave within the slab undergoes total internal reflection
at both interfaces and becomes confined within the slab. An
asymmetric situation with one cladding close to the slab and
another lower than the slab yields the highest slab thickness.

The asymmetric configuration allows one cladding to
have a high refractive index, allowing higher modes to
escape, while the other cladding can have a low refractive
index, enhancing optical confinement. The consequences
indicate that the asymmetric slab waveguide may be more
advantageous for specific implementations due to its high-

power confinement properties in the slab region. Furthermore,
the study explores the use of asymmetric planar waveguides in
optical fiber communication systems and their potential in
wavelength division multiplexing optical networks (WDM).

3 Conclusion

The properties of TE/TM modes in an asymmetric three-
layer slab waveguide structure were investigated in this
study. Note that nanographene is regularly temptingly
ascribable to its high non-linear influences and low net
absorption in the broad-band optical band; therefore, it
is an excellent choice for high rendition, high rapidity,
and broad-band optoelectronic and electronic equipment.
As an additional result of this effort, field profiles of the TE/
TM modes were demonstrated so that the properties of
nanographene material for various parameters could be
comprehended. The study explores the use of asymmetric
planar waveguides in optical fiber communication systems
and their potential for WDM optical network applications.
Future work will explore various materials with diverse
layers to determine their usage, comparing their para-
meters with standardization to determine the best material
for protection and radiation protection.
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