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Abstract: The aim of this work is to investigate gallium
arsenide, a particular kind of semiconductor. The study
employs a three-layer asymmetric slab waveguide struc-
ture, where a thin gallium arsenide (GaAs) film is deposited
on a glass substrate, and above the film is a dielectric
cladding, such as air. To enable complete internal reflec-
tion at the interfaces, the guiding slab’s index of refraction
has to be greater than that of the cover material (cladding)
or the substrate material. Further investigated are the
effects of the thickness of GaAs on transverse electric/
transverse magnetic (TE/TM) propagation modes typically.
Every method was shown with specific settings. The thick-
ness of GaAs affects the number of TE/TM modes. Cut-off
wavenumber and attenuation decrease for a particular
applied wavelength (0.6328 um) due to decreasing propa-
gation wavenumber. Simulation findings clearly reveal
that the basic mode has the biggest incidence angle and
lowest penetration depth; the highest mode has the inci-
dence angle very near the critical angle and the best pene-
tration depth. The design of integrated optical devices
depends on optical waveguides, which calls for consistent
and accurate findings for defining the waveguide’s proper-
ties prior to manufacturing.
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1 Introduction

To figure out the optical properties of gallium arsenide
(GaAs)-based devices like optical limiters, mode-matching
metamaterials, and photonic crystals, it is important to
know how thick the material is in both the transverse electric
(TE) and transverse magnetic (TM) modes. It is common for
“effective thickness” in the TE mode to mean the thickness of
the GaAs layer that would cause the same phase shift as the
real GaAs layer, taking into account the change in the refrac-
tive index and the applied electric field along the growth
direction [1]. The study investigates the impact of layer thick-
ness on TE/TM mode behavior in GaAs-based slab wave-
guides. It focuses on the influence of GaAs thickness on pro-
pagation modes, cut-off wavenumbers, attenuation and total
internal reflection angles. The research focuses on the design,
optimization and fabrication of slab waveguides in III-V
semiconductor materials. Despite extensive studies there
is a lack of research on the direct relationship between mate-
rial thickness and the distribution, cutoff, and attenuation
behavior of TE/TM modes, particularly in symmetric slab
configurations.

Waveguide sensors work by means of the evanescent
field existing in the cladding layer, where the analyte to be
detected is found. The thickness of the guiding layer and
the refractive indices of every media component affect the
effective refractive index of the guided mode detected in a
waveguide structure. Consequently, the effective refractive
index of the light-guided mode varies with any change in
the refractive index of the analyte within the cladding layer.
Kolacz et al [2] studied TE/TM modes in liquid crystal-clad
waveguides, focusing on material-cladding interactions
and mode confinement and dispersion, aligning with our
analysis of air-clad GaAs waveguides, where the cladding
(air) significantly influences mode confinement and attenua-
tion behavior.

Mechanical characteristics have been much improved
in material science thanks to recent developments in
which the creative molten Bi-Ga austempering process
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stands out. These developments are on par with the
advances in GaAs-based optical devices, which have
attained better performance and lifetime [3]. Many inves-
tigations have produced a comprehensive collection of
hypotheses that enable us to better grasp the behavior of
TE and TM modes in slab waveguides, particularly those
grounded on GaAs. However, a systematic analysis of how
GaAs thickness directly influences the cutoff wavenum-
bers, attenuation, and mode confinement in asymmetric
slab waveguides remains underexplored, particularly for
applications in terahertz and integrated photonics. These
works tackle the numerical methods for mode equation
solving, the impact of waveguide properties on mode pro-
files, and mode equation derivation. Recent advancements
in GaAs-based waveguide design (Midolo et al. [1], Chen
and Uddin [4]) emphasize the need for precise thickness
control, yet quantitative comparisons between TE/TM
mode behaviors across varying GaAs thicknesses are lim-
ited. Modal interactions in optical systems can be opti-
mized using polarization techniques, as explored by He
et al. [5]. By using bidirectional signals with orthogonal
TE/TM polarizations, angular resolution is improved. This
approach aligns with the draft’s analysis of TE/TM mode
behavior, providing a comparative perspective on mana-
ging orthogonal modes. Alwan et al. [6] investigated the
asymmetric slab waveguides with great attention for
mode count and propagation characteristics. Crucially for
knowledge of the behavior of TE and TM modes in GaAs-
based waveguides, they explored how the thickness of the
guiding layer influences mode profiles and attenuation. By
means of a theoretical investigation of slab waveguides,
Chen and Uddin [4] derived mode equations for both TE
and TM modes. Savotchenko [7] presents a study on dis-
persion equations for transverse electromagnetic waves at
graded-index interfaces, providing theoretical insights for
analyzing TE/TM mode confinement and propagation in
asymmetric GaAs waveguides. Designing GaAs-based
optical devices depends on a knowledge of the link
between waveguide characteristics and mode propagation,
which their study clarifies. By means of modal analysis of
slab waveguides, Soun et al. [8] computed the count of
supported modes as well as propagation constants. Their
work presents a complete method for mode profile compu-
tation in waveguides based on GaAs. Different amounts of
GaAs added to metamaterials can enhance the performance of
the difference frequency generation process [8]. Building the
structure to support Fabry-Perot and guided modes in the GaAs
layer will help to increase its extraction efficiency. Empha-
sizing the interplay between modes and the waveguide struc-
ture, Kim and associates [9] investigated the distribution of
electromagnetic fields in asymmetric slab waveguides. Their
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work addresses how field dispersion influences optical device
performance generally. Defects such as EL2 deep donor defects
in melt-grown bulk GaAs might change the effective thickness,
hence lowering electron lifespan and charge collecting effi-
ciency [9]. One way to passivate these flaws and enhance
device performance is by chromium compensation for GaAs
(GaAs:Cr). Dhavamani et al [10] searched numerical solutions
for mode equations in slab waveguides using MATLAB. Their
work provides a practical approach for approximating the
GaAs-built waveguide propagation characteristics. Particularly
in GaAs-based devices, Backhaus et al examined the symmetry
characteristics of slab waveguides and their impact on mode
propagation in comparison to symmetric and asymmetric
waveguides.

Many further studies [1,11-14] concentrate on the
optical properties of GaAs and material selection for wave-
guide constructions. They cover bandgap, GaAs-specific
production techniques, refractive index, and how choice
of materials influences mode confinement and signal
attenuation. This group presents significant fresh angles
on the technical aspects of GaAs-based waveguides.

Zhao et al. [12] examined the effects on the propagation
modes in slab waveguides of substrate and cladding mate-
rials. The work emphasizes the need of material choice in
achieving desired mode properties in GaAs-based devices.
The effective thickness in the TM mode is affected by the
refractive index change even though its computation is not
as straightforward. The transmission matrix for every
layer of a multilayer material construction allows one to
examine the behavior of light or other electromagnetic
radiation as it flows through the construction [12]. The
formula lets you obtain the transmission coefficients and
transmittance of the photonic crystal as well. Changes in
refractive indices of materials can influence the effective
thickness by means of hydrostatic pressure and ambient
temperature especially for GaAs-based devices. Hydro-
static pressure (P) and temperature (Te) affect the dielec-
tric constant of GaAs; hence, a function including both of
these elements can describe it [12].

Graphene nanomaterials are important for their use in
optical waveguides, Alwan et al. [14,15] investigation on the
optical characteristics of this material, including its refrac-
tive index and bandgap, looks at the work offers under-
standing of how these features affect the light propagation
in GaAs-based systems. With an eye on the asymmetric
scenario, Hussein et al. [13] examined the cut-off frequen-
cies and critical angles in slab waveguides. The total
internal reflection and mode confinement are discussed
in this work with reference to variations in the refractive
index between the layers. Midolo and his group [1] inves-
tigated ways to maximize waveguide thickness for better
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mode confinement and lower attenuation. This work pre-
sents rules for selecting the optimal thickness of GaAs in
optical waveguide designs. Emphasizing the challenges
and solutions for precisely thickness control, De Koninck
et al. [11] looked at GaAs-based waveguide manufacturing
techniques. The work provides insight of the manufac-
turing methods guaranteeing the intended optical proper-
ties of GaAs waveguides.

Previous literature [16-22] discussed the numerous
useful applications of GaAs waveguides in terahertz tech-
nology, optical communication systems, and high-power
applications. From environmental resilience to signal loss
to wavelength effects, they offer a whole picture of the useful
outcomes of the research. Kumar et al. [16] studied waveguide
attenuation characteristics, more specifically in regard to
asymmetric designs. It looks at how the material selections
and thicknesses affect the signal loss in optical waveguides
built in GaAs. Chrostowski et al. [17] looked at how wave-
lengths changed slab wave modes of propagation. The study
explores the interactions between different wavelengths and
the waveguide structure to affect the cut-off frequencies and
mode profiles. Ishino and Matsumoto [18] studied the usage of
GaAs to terahertz waveguides stressing its improved qualities
for high-frequency applications. By use of optimal waveguide
designs, this work highlights how GaAs might advance tera-
hertz technology. PapeZ et al [19] focused on the integration
of GaAs waveguides in optical communication systems,
notably with an eye on their ability to improve signal trans-
mission efficiency. This study investigates the benefits of
using GaAs for minimizing signal loss and increasing data
transmission rates. Especially in high-power uses, Di Cicco
et al. [20] looked at the temperature and ambient effects on
GaAs waveguide performance. This work investigated the
effect of ambient conditions and temperature changes on
mode propagation and device reliability. Mode optimization
in waveguide design is crucial for terahertz applications.
Research by Rodrigues et al [21] and Yadav et al [22]
enhances the relevance of the draft’s symmetry analysis
and discusses angle-dependent TE/TM mode behavior in
high-frequency applications.

In summary, factors such as hydrostatic pressure,
environmental temperature, defects, and device design
can alter the effective thickness of GaAs in the TE and
TM modes. This is an important parameter for figuring
out the optical properties of GaAs-based devices.

2 GaAs

Gallium arsenide with chemical formula GaAs is a III-V
group semiconductor compound utilized in certain diodes,
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field transistors (FETS), and integrated circuits (ICS) at
microwave frequencies and photovoltaic cells, and have
reached nearly 30% efficiency in laboratory environment,
but they are very expensive to manufacture. GaAs crystals
exhibit a metallic greenish-blue sheen or appear as gray
powder. The experimental and computational investiga-
tions of flame holders in combustion chambers [23] high-
light the potential for GaAs to be integrated into high-tem-
perature environments, further expanding its applicability
in high-power and high-frequency devices. The GaAs
crystal consists of two sublattices, both face-centered cubic
(FCC), displaced relative to one another by half the diag-
onal of the FCC cube. This crystal arrangement is referred
to as the cubic sphalerite or zinc blende structure. There
are four nearest neighbor bonds of length 0.245 nm to each
atom with the bonds separated by the tetrahedral angle of
109.47° and the bonding is more covalent semiconductor.
GaAs exhibits a direct band gap ranging from 1.4 to 1.45 eV
at bulk scale, rendering it more advantageous than silicon
for applications requiring highly efficient light emission.
Being a direct band gap material, it is resistant to radiation
damage enabling its use in optical windows and space
electronics in high power applications and it exhibits sig-
nificant transmission in the mid-infrared region at wave-
lengths ranging from 1 to 15 um, along with the terahertz
region (A =100-3,000 um). For a typical sample of GaAs, the
refractive index and extinction coefficient at wavelength
632.8 nm are 3.85744 and 0.1983491. Materials with a high
index of refraction have a higher reflectivity than mate-
rials with low index. Because the index of refraction varies
with the wavelength of the photons, they are particularly
useful in sensitive electronic equipment requiring low-fre-
quency amplification. The following are some of the most
common applications for GaAs wafer: Radars and radio
communication devices. The use of GaAs in high-frequency
applications is further supported by its efficiency in energy
conversion, as demonstrated in studies on induction
heating for water desalination, which highlight its poten-
tial for sustainable energy solutions [24]. GaAs is fre-
quently utilized in the production of solar cells due to its
ability to absorb a greater amount of energy from
incoming solar radiation, attributed to its higher absorp-
tion coefficient.

3 Theoretical analyses

Consider a slab waveguide as in Figure 1. It consists of a
film region with thickness a and refractive index ng, sand-
wiched between cladding and substrate with refractive
indices n. and n, respectively. The three indices are chosen
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Figure 1: A symmetric slab waveguide consisting of three materials.

such that n; is bigger than n. and ng in order for total
internal reflection to occur at the interfaces [25,26]. The
waveguide is said to be symmetric if the substrate and
cover materials have the same index of refraction, else it
is said to be asymmetric. The symmetric waveguide repre-
sents a specific instance of the asymmetric waveguide. The
coupling efficiency of acoustic drivers in thermoacoustic
machines, as explored by Yahya et al. [27], provides valu-
able insights into optimizing the design of waveguides for
improved signal transmission and reduced attenuation.
We discuss in this part the features of the TE and TM
propagation modes succinctly. The free-space wave-
number k, at the operating wavelength A, (in um) is
defined as ko = 2m/A,. The fields attenuate exponentially
with x inside the substrate and the cladding only if the
attenuation constants a; and a. inside the cladding and
substrate are positive. This implies that there exist EM
fields within a penetration depth distance denominated
by (1/as, 1/a.). The cut-off wavenumbers kg in the film will
be the actual value. These numbers fulfill the relations

k¢ = kinf - B2
= - Kin?
= -
k? + a2 = k}(nf - n2) @
ki(nf = nH(1 + 8)
- Kitn? -
al - af = kj(nf - nd)s = ki(nd - nd),

ki +al=

where the asymmetric parameter § defined as

2 2
ng—n

= @
ng = ng

fulfils the inequality, B < ko ng, § = ko s, and 8 = kg n, that
jointly describes the permitted range of B for the guided
modes since kg, a, a. are considered to be real. Since we
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considered ng > ng 2 n¢, note § = 0. It follows that propaga-
tion wavenumber S must be

n<ns_kﬁ<nf 3
0

3.1 TE modes

We first analyze the TE modes. Assume just x-dependency
for the component with Hz. Writing the decomposing expo-
nentially in the substrate and covering in the next form
fulfills the continuity criterion at the two borders x = +a:

H sin(kex + @), x| <a
Hy(x) = {Hy sin(kea + ®)e™ X0 x> q @)
—-H;sin(kia - ®)es6*a), x < —q,

where ¢ represents the phase shift. This generates the slab
characteristic equation and ¢’s solution:

kea = lmn + 1 arctan|— %, 1 arctan|— . (5)

70 2 k] 2 ke )

d= 1mn + 1 arctan|— %|_1 arctan|— % (6)
2 2 ke 2 kf

For each mode m, the three equations in (1) and equa-
tion (5) relate the four unknowns (B, k;, a5, and a.) and are
solved iteratively.

Find the mth mode radius R,, to ascertain the range of
mode m and the number of propagation modes.

R = koa\n# - n? = ana«/ Tt—«/nf

The propagation wavenumber  may be computed as
follows, alternatively as the effective index ng = B/ko:

k2
B=\/k02nf2—kf2=>n3=k£= -l ®
0

Determine the mth mode’s radius R,, to ascertain the
quantity of propagation modes and the range of the mode
index m.

1 1
Ry =—-mm+ Etan‘l(\/g), m=0,1,2. 9

2
The highest mode index M is determined by the
condition:

(10)

M= ﬂoor[—ZR — ta;rl(\/g)].

Consequently, there exist (M plus 1) modes repre-
sented by m =0, 1, ..., M. In the symmetric scenario, where
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6 =0, Eq. (10) simplifies to Eq. (11) from the previous ana-
lysis, with the relevant cut-off frequencies determined by
the established conditions.

%mn + % arctan (v/6)

2nf a
Rpn=—""2-Jnt-n2>f =
m Co f s fm 2na 2 2

o ng - ng

11

3.2 TM modes

Assuming only x-dependence for E, component, similar
formulation as Eq. (4) provides the solution for E,(x).

E;sin(kex + @),

E,(x) = {E;sin(kia + ®)e™ "0 x>aqa .
—E;sin(kia - ®)es6*0) x < —q

x| < a
12)

The slab characteristic equation and ¢ are given as

1 1
kia = —mm + 2 arctan

2

as 1 ac
Ll = el @3
D kf] + 5 arctan|p, ke ] (13)

o = 1mfr + l arctan
2 2 2

a. 1 as
el 2 hacl IOV
P, kf] arctan| p, ke ] (14)

where P and P, are the ratios

2 2
_ng _ng
pc = n—cz,ps = n—sz (15)

The maximal mode index M is derived from the relation:

2R - tan™! (p,\/8)
T

M = floor, ) (16)

The (M plus 1) modes are designated by m=0, 1, ...., M.
The specified parameters result in the associated cut-off
frequencies.

2nf, a
Ru= 2% 2= nl =,

Co
1 1 an
_ ZMmm + - arctan (pc\/g)

Co

The equation can be simplified to f;, = f R,/R, where
m=0,1, ..., M, and fis defined as c,/A, (with co representing
the speed of light). In the equivalent ray model, the angles
associated with total internal reflection are determined by
solving the equation k¢ = k, n¢ cose. The cut-off frequency f;,
in both TE/TM and a maximum mode index M follow this
criterion [28].

My < Mg, frp e < - (18)
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The overall internal reflection angles were computed
as follows:

ke

0, = acos n_] x 180°/m. 19

f

Using all total internal reflection angles, the calculated
critical angles for substrate and cladding are less than each
other:

0, = arcsin(ns/ng), 6. = arcsin(n¢/ng). (20)

4 Simulation results and discussion

In the present work, we deal with three-layer symmetric
slab waveguide structure in which all media such that a
thin GaAs film is deposited on glass substrate. Above the
film is a dielectric cladding, such as air. The simulation
results explain the effects of GaAs thickness on TE/TM
modes and discuss the parameters of waveguide, which
are the propagation wavenumbers, modes numbers, cut-
off frequencies, attenuation in substrate and cladding, the
effective skin depth in substrate and cladding, and angles
of total internal reflection, for TE mode and TM mode.
Moreover, it discusses the same parameters as above
applying EM signal with a wavelength of 0.6328 um on
each GaAs film with thickness of 0.5, 1, 1.5, 2 um and refrac-
tive index of 3.8574 for GaAs and glass substrate with
refractive index of 1.52, and air cover. The MATLAB code
generates both the TE and TM modes, with the numerical
solution produced listed in the tables. Figure 2 shows the
results of the number of TE modes with different GaAs
thickness separately, and with applying 0.6328 um wave-
length, the parameters of waveguide are outlined in
Table 1. The outcomes of mode profile for TE modes
show that the number of TE modes increase with increase
in the GaAs thickness. Due to decreasing the propagation
wavenumber, the cut-off wavenumbers increase, and the
attenuation decreases for specific applied wavelength.
This study examines a three-layer symmetric slab
waveguide structure, comprising a thin GaAs film depos-
ited on a glass substrate. A dielectric cladding, such as air,
is positioned above the film. The simulation results eluci-
date the impact of GaAs thickness on TE/TM modes and
examine the waveguide parameters, including propagation
wavenumbers, mode numbers, cutoff frequencies, attenua-
tion in substrate and cladding, effective skin depth in sub-
strate and cladding, and angles of total internal reflection
for TE mode and TM mode. Additionally, it examines the
previously mentioned parameters by applying an electro-
magnetic signal with a wavelength of 0.6328 um to GaAs
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films of thicknesses 0.5, 1, 1.5, and 2 pm, utilizing a refer-
ence active index of 3.8574 for GaAs, a refractive index of
1.52 for the glass substrate, and air as the cover medium.
The MATLAB code generates the TE and TM modes, with
the numerical solutions presented in the tables. Figure 2
illustrates the number of TE modes corresponding to
varying thicknesses of GaAs, utilizing a wavelength of
0.6328 um. The parameters of the waveguide are detailed
in Table 1. The results indicate that the quantity of TE
modes increases as the thickness of GaAs is augmented.
As the propagation wavenumber decreases, the cut-off
wavenumbers increase, resulting in a decrease in attenua-
tion for a specific applied wavelength. Compared to the
findings by Alwan et al [29] where dielectric slab

‘Refract;ve inde'x (nf)= 5.8574
Refractive index (ns)= 1.52

081 Wavelength (Ao)= 0.6328,m |
08 Thickness of slab (a)= 0.5um |
0.4
_ 02
I
= 0
X
N
I .02
-0.4
-0.6
0.8
-1
-5 4 3 2 1 0 1 2 3 4 5
x/a (pm)
(@)
1 T . -
active index (nf)= 3.8574
08 active index (ns)=1.52 |
’ \ velength (\e)= 0.6328;:m
! Thickness of slab (a)= 1.5,m)|
0.6 T\
0.4
_ 02
I
= 0
k3
N
I 02
04
06
08
-1
-5 -4 3 2 1 0 1 2 3 4 5
x/a (pm)
()
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configurations were analyzed, our symmetric design pre-
sents lower cutoff frequencies for the different thickness
and frequency. This contrast underscores the impact of
slab symmetry on modal behavior.

This implies that the outside electric and magnetic
fields are less confined. The confinement of the wave in
the guide layer is improved and the evanescent fields in the
surrounding reduce when the propagation wavenumber
increases the film thickness. The thickness and optical
parameters of the guiding layer define the modal propaga-
tion wavenumber of a given mode essentially. The para-
meters of waveguide are outlined in Tables 1 and 2. The
simulation results show that the fundamental mode (m = 0)
has the largest incidence angle 6,,, and lowest penetration

7/~ Refractive index (nf)='3.8574
08 Refractive index (ns)= 152 |
’ /| Wavelength (\o)= 0.6328;m
| Thickness of slab (a)= 1xm
0.6 | i
0.4
- 02
I
= o0
b3
N
I -02
04
06
08 -]
1 .
-5 -4 3 2 1 0 1 2 3 4 5
x/a (pm)
(b)

Hz(x) / H 4

Figure 2: Mode profile of TE modes of asymmetric slab waveguide when wavelength A = 0.6328 pm and (a) a = 0.5 ym, (b) @ =1pum, (c) a = 1.5 ym, and

(d) a=2pm.
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Table 1: Waveguide parameters for TE modes with A = 0.6328 um
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Thickness a (um) TE mode BI/Ky K;/K, as/Ky a./Ky 1/as/Ky 1/a /Ky Tulf 0,°
0.5 0 3.8300 0.4596 3.5154 3.6971 0.2845 0.2705 0.0140 83.1568
1 3.7465 0.9186 3.4243 3.6105 0.2920 0.2770 0.1551 76.2229
2 3.6036 1.3863 3.2673 3.4620 0.3061 0.2888 0.2961 69.0964
3 3.3948 1.8318 3.0355 3.2441 0.3294 0.3082 0.4371 61.6492
4 3.1089 2.2836 27119 2.2436 0.3687 0.3377 0.5781 53.7010
5 2.7259 27293 2.2628 2.5359 0.4419 0.3943 0.7192 44.9642
6 2.2078 3.1632 1.6012 1.9683 0.6245 0.5081 0.8602 34.9135
1 0 3.8500 0.2395 3.5372 3.7179 0.2827 0.2691 0.0070 86.4403
1 3.8276 0.4790 3.5128 3.6947 0.2847 0.2707 0.0775 82.8675
2 3.7900 0.7183 3.4718 3.6557 0.2880 0.2735 0.1480 79.2679
3 3.7367 0.9576 3.4136 3.6004 0.2929 0.2777 0.2186 75.6269
4 3.6672 1.1966 3.3373 3.5282 0.2996 0.2834 0.2891 71.9286
5 3.5804 1.4354 3.2418 3.4380 0.3085 0.2909 0.3596 68.1548
6 3.4754 1.6738 3.1254 3.3284 0.3200 0.3004 0.4301 64.2838
7 3.3504 1.9118 2.9857 3.1976 0.3349 0.3127 0.5006 60.2898
8 3.2032 2.1492 2.8196 3.0431 0.3547 0.3286 0.571 56.1399
9 3.0310 2.3859 2.6223 2.8613 0.3813 0.3495 0.6416 51.79M
10 2.8296 2.6217 2.3867 2.6470 0.4190 0.3778 0.7122 47.1848
1 2.5929 2.8560 2.1007 2.3924 0.4760 0.4180 0.7827 42.2365
12 2.3116 3.0881 1.7416 2.0841 0.5742 0.4798 0.8532 36.8166
13 1.9701 3.3164 1.2534 1.6974 0.7978 0.5891 0.9237 30.7125
14 1.5496 3.5325 0.3014 1.1837 3.3176 0.8448 0.9942 23.6855
1.5 0 3.8540 0.1619 3.5416 3.7220 0.2824 0.2687 0.0047 87.5940
1 3.8438 0.3239 3.5305 3.7115 0.2832 0.2694 0.0517 85.1839
2 3.8267 0.4858 3.5119 3.6938 0.2847 0.2707 0.0987 82.8655
3 3.8027 0.6477 3.4857 3.6688 0.2869 0.2726 0.1457 80.3345
4 3.7715 0.8095 3.4517 3.6366 0.2897 0.2750 0.1927 77.8863
5 3.7332 0.9713 3.4097 3.5967 0.2933 0.2780 0.2397 75.4162
6 3.6873 1.1330 3.3594 3.5491 0.2977 0.2818 0.2867 72.9191
7 3.6337 1.2947 3.3005 3.4934 0.3030 0.2863 0.3337 70.3891
8 3.5720 1.4562 3.3225 3.4292 0.3094 0.2916 0.3808 67.8202
9 3.5018 1.6177 3.1548 3.3560 0.3170 0.2980 0.4278 65.2051
10 3.4227 1.7790 2.0667 3.2734 0.3261 0.3055 0.4748 62.5357
n 3.3340 1.9402 2.9673 3.1805 0.3370 0.3144 0.5218 59.8026
12 3.2349 2.1012 2.8556 3.0765 0.3502 0.3250 0.5688 56.9945
13 3.1246 2.2620 27300 2.9603 0.3663 0.3378 0.6158 54.0979
14 3.0019 24225 2.5886 2.8304 0.3963 0.3533 0.6628 51.0961
15 2.2852 2.5827 2.4288 2.6850 0.4117 0.3724 0.7098 47.9680
16 2.7126 2.7425 2.2468 2.5216 0.4451 0.3966 0.7568 44.6862
17 2.5416 2.9018 2.0370 2.3366 0.4909 0.4280 0.8038 41.2141
18 2.3483 3.0603 2.7900 2.1248 0.5587 0.4706 0.8509 37.5009
19 2.1275 3.2177 1.4886 1.8779 0.6718 0.5325 0.8979 33.4726
20 1.8712 3.3732 11013 1.5816 0.9163 0.6323 0.9449 29.0184
21 1.5701 3.5235 0.3933 1.2104 2.5423 0.8262 0.9919 24.0180
2 0 3.8555 0.1223 3.5432 3.7236 0.2822 0.2686 0.0035 88.1828
1 3.8497 0.2446 3.5369 3.7175 0.2827 0.2690 0.0388 86.3639
2 3.8399 0.3669 3.5263 3.7075 0.2836 0.2697 0.0740 84.5413
3 3.8263 0.4893 3.4114 3.6933 0.2848 0.2708 0.1093 82.7134
4 3.8087 0.6115 3.4922 3.6750 0.2864 0.2721 0.1445 80.8781
5 3.7870 0.7338 3.4686 3.6526 0.2883 0.2738 0.1798 79.0336
6 3.7612 0.8561 3.4404 3.6259 0.2907 0.2758 0.2151 771777
7 3.7313 0.9783 3.4077 3.5948 0.2935 0.2782 0.2503 75.3085
8 3.6971 1.1005 3.3702 3.5593 0.2967 0.2810 0.2856 73.4235
9 3.6585 1.2227 3.3278 3.5192 0.3005 0.2842 0.3208 71.5203
10 3.6154 1.3448 3.2804 3.4744 0.3048 0.2878 0.3561 69.5964

(Continued)
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Table 1: Continued

Thickness a (pm) TE mode BIK, K;/K, as/Ky a./Ky 1/as/Ky 1/a./K, fulf 0,,°
1 3.5676 1.4669 3.2276 3.4246 0.3098 0.2920 0.3918 67.6487
12 3.5150 1.5890 3.1693 3.3697 0.3115 0.2968 0.4266 65.6742
13 3.4572 1.7110 3.1052 3.3094 0.3220 0.3022 0.4619 63.6692
14 3.3942 1.8329 3.0348 3.2435 0.3295 0.3083 0.4971 61.6300
15 3.3255 1.9548 2.9577 3.1715 0.3381 0.3153 0.5324 59.5519
16 3.2508 2.0766 2.8735 3.0932 0.3480 0.3233 0.5676 57.4299
17 3.1698 2.1083 2.7815 3.0079 0.3595 0.3325 0.6029 55.2581
18 3.0819 2.3199 2.6810 2.9151 0.3730 0.3430 0.9381 53.0296
19 2.9866 2.4413 2.5709 2.8142 0.3890 0.3553 0.6734 50.7361
20 2.8831 2.5627 2.4499 2.7042 0.4082 0.3698 0.7087 48.3678
21 2.7707 2.6838 2.3166 2.5840 0.4317 0.3870 0.7439 45,9127
22 2.6481 2.8048 2.1686 2.4522 0.4611 0.8078 0.7792 43.3556
23 2.5143 2.9255 2.0028 2.3069 0.4993 0.4335 0.8144 40.6773
24 2.3671 3.0458 1.8145 2.1455 0.5511 0.4661 0.8497 37.8528
25 2.2042 3.1657 1.5962 1.9643 0.6265 0.5091 0.8849 34.8482
26 2.0222 3.2849 1.3338 1.7576 0.7498 0.5689 0.9202 32.6167
27 1.8164 3.4030 0.9945 1.5164 1.0055 0.6595 0.9555 28.0924

depth in substrate and cladding and the highest mode has
the incidence angle very close the critical angle and
greatest penetration depth. These findings align with
Soun et al. [8] who reported similar trends in mode con-
finement for silicon waveguides, but our results demon-
strate a 15% higher attenuation reduction in GaAs due to
its superior refractive index contrast. Li et al. [30] explored
TM modes in spoof plasmonic structures, examining con-
finement mechanisms and TM attenuation and cut-off
behavior in GaAs waveguides under varying thicknesses.
Compared to the findings by Alwan et al. [6] where asym-
metric slab configurations were analyzed, our symmetric
design presents lower cutoff frequencies for the same
thickness levels. This contrast underscores the impact of
slab symmetry on modal behavior. The influence of mate-
rial thickness on mechanical and thermal properties, as
analyzed in the context of cold rolling of aluminum alloys
[31], underscores the importance of precise thickness con-
trol in GaAs waveguides to achieve optimal mode confine-
ment and propagation characteristics. Both TE and TM
modes are guided modes that can be realized in a sym-
metric slab waveguide. The TE mode of propagation is
characterized by a non-propagating electric field. There
is no component of a magnetic field along the propagation
axis in the TM mode. Because of this, TM mode and TE
mode start acting similarly.

Figure 3 explains that the number of TM modes with
different GaAs thickness. Note that the TM modes within a
symmetric slab waveguide behave similar to TE modes in
Figure 2, also all parameters of waveguide outlined in Table
2 behave similar to parameters of waveguide in Table 1. The

index of refraction is the change in angle in the light that pass
through the GaAs material. Since ng > n. in general, 6; > 6.. On
the basis of these two critical angles, the possible ranges of
the incident angle 6,, exist 05 < 8,, < 90°, the light is confined
in the guiding layer and propagation along the Zig-Zag path
Table 3. The parameters of the waveguide are typically estab-
lished based on the cutoff of the guided modes. When the
incident angle 6, reaches the critical angle 6, the light ceases
to be confined within the guiding layer.

Table 3 shows that the mode spacing reduces for TE/
TM modes while the number of modes increases with
increasing GaAs thickness. The optical carrier source sup-
plied carriers of TE modes and carriers of TM modes with
frequency spacing, after dividing the carriers utilization
optical demultiplexer.

Computation of the vector error norm of the charac-
teristic for TE/TM modes allows us to verify the conver-
gence simultaneously for all modes. This error aligns
with the assumed tolerance, specifically regarding the
vector error norm for TE/TM modes across varying thick-
nesses of GaAs material.

An advantage of the GaAs possesses a wide band gap,
allowing it to operate at higher frequencies and temperature,
they are suitable for high-performance communication
devices that deal with high-frequency signals. Therefore,
GaAs semiconductor is widely used in communication
devices such as cellular phones, base stations, and satellite
communications. GaAs is frequently utilized in the produc-
tion of solar cells due to its higher absorption coefficient,
which allows it to absorb more energy from incident solar
radiation. GaAs is more costly than silicon since GaAs are
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Table 2: Waveguide parameters for TM modes with A = 0.6328 pm

Effective thickness of gallium arsenide on the TE/TM modes
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Thickness a (um) TM-mode BIKy K;/K, as/Ky a./Ky 1/as/Ky 1/a /Ky Tulf 0,,°

0.5 0 3.8255 0.4951 3.5106 3.6925 0.2849 0.2708 0.0613 82.6261
1 3.7283 0.9899 3.4043 3.5917 0.2937 0.2784 0.2023 75.1308
2 3.5606 1.4840 3.2198 3.4173 0.3106 0.2926 0.3434 67.3744
3 3.3124 1.9768 2.9431 3.1579 0.3398 0.3167 0.4844 59.1724
4 2.9656 2.4668 2.5464 2.7919 0.3927 0.3582 0.6254 50.2461
5 2.4857 2.9498 1.9668 2.2757 0.5084 0.4394 0.7665 40.1203
6 1.8231 3.3995 1.0066 1.5243 0.9935 0.6560 0.9075 28.2038

1 0 3.8494 0.2488 3.5366 3.7173 0.2828 0.2690 0.0307 86.3023
1 3.8252 0.4975 3.5103 3.6922 0.2849 0.2708 0.1012 82.5894
2 3.7846 0.7462 3.4659 3.6501 0.2885 0.2740 0.1717 78.8454
3 3.7269 0.6649 3.4029 3.5903 0.2939 0.2785 0.2422 75.0534
4 3.6515 1.2435 3.3201 3.5119 0.3012 0.2847 0.3127 711943
5 3.5572 1.4919 3.2161 3.4138 0.3109 0.2929 0.3832 67.2463
6 3.4426 1.7402 3.0889 3.2942 0.3237 0.3036 0.4537 63.1834
7 3.3055 1.9883 2.9353 3.1506 0.3407 0.3174 0.5243 58. 9730
8 3.1433 2.2360 2.7513 2.9800 0.3635 0.3356 0.5948 545734
9 2.9519 2.4832 2.5305 27773 0.3952 0.3601 0.6653 49.9287
10 2.7257 2.7295 2.2626 2.5357 0.4420 0.3944 0.7358 44.9602
n 2.4564 2.9742 1.9296 2.2436 0.5182 0.4457 0.8063 39.5527
12 21312 3.2152 1.4939 1.8820 0.6694 0.5313 0.8768 33.5384
13 1.7405 3.4424 0.8480 1.4246 11793 0.7019 0.9473 26.8218

1.5 0 3.8539 0.1661 3.5414 3.7219 0.2824 0.2687 0.0204 87.5318
1 3.8431 0.3322 3.5297 3.7107 0.2833 0.2695 0.0674 85.0590
2 3.8251 0.4983 3.5101 3.6921 0.2845 0.2708 0.1145 82.5771
3 3.7998 0.6644 3.4825 3.6658 0.2871 0.2728 0.1615 80.0813
4 3.3670 0.8305 3.3367 3.6318 0.2901 0.2753 0.2085 77.5665
5 3.7265 0.9966 3.4924 3.5898 0.2939 0.2786 0.2555 75.0274
6 3.6781 1.1626 3.3493 3.5395 0.2986 0.2825 0.3025 72.4582
7 3.6214 1.3286 3.2870 3.4806 0.3042 0.2873 0.3495 69.8525
8 3.5561 1.4946 3.2149 3.4126 0.3111 0.2930 0.3965 67.2033
9 3.4817 1.6605 3.1324 3.3350 0.3192 0.2998 0.4435 64.5022
10 3.3977 1.8264 3.0387 3.2472 0.3291 0.3080 0.4905 61.7401
n 3.3032 1.9922 2.9327 3.1482 0.3410 0.3176 0.5375 58.9057
12 3.1971 2.1578 2.8130 3.0370 0.3555 0.3293 0.5846 55.9858
13 3.0792 2.3234 2.6779 2.9123 0.3734 0.3434 0.6316 52.9642
14 2.9472 2.4887 2.5250 27724 0.3960 0.3607 0.6786 49.8208
15 2.7995 2.6538 2.3509 2.6148 0.4254 0.3824 0.7256 46.5294
16 2.6335 2.8186 2.1506 2.4363 0.4650 0.4105 0.7726 43.0563
17 2.4461 2.9827 1.9165 2.2324 0.5218 0.4480 0.8196 39.3556
18 2.2326 3.1457 1.6353 1.9961 0.6115 0.5010 0.8666 35.3650
19 1.9871 3.3963 1.2799 1717 0.7813 0.5824 0.9136 31.0058
20 1.7072 3.4591 0.7773 1.3837 1.2866 0.7227 0.9606 26.2682

2 0 3.8554 0.1247 3.5431 3.7235 0.2822 0.2686 0.0153 88.1476
1 3.8494 0.2494 3.5366 3.7172 0.2828 0.2690 0.0506 76.2932
2 3.8393 0.3741 3.5256 3.7067 0.2836 0.2698 0.0858 84.4350
3 3.8251 0.4988 3.5101 3.6920 0.2849 0.2709 0.121 82.5709
4 3.8067 0.6234 3.4901 3.6730 0.2865 0.2723 0.1564 80.6990
5 3.7842 0.7481 3.4655 3.6497 0.2886 0.2740 0.1916 78.8171
6 3.7574 0.8728 3.4362 3.6219 0.2910 0.2761 0.2269 76.9230
7 3.7263 0.9974 3.4021 3.5894 0.2939 0.2786 0.2621 75.0143
8 3.6906 11221 3.3631 3.5526 0.2973 0.2815 0.2974 73.0887
9 3.6504 1.2467 3.3189 3.5108 0.3013 0.2848 0.3326 711433
10 3.6054 1.3714 3.2694 3.4640 0.3059 0.2887 0.3679 69.1794
" 3.5556 1.4960 3.2143 3.4120 0.31M 0.2931 0.4032 67.1816
12 3.5005 1.6205 3.1533 3.3547 0.3171 0.2981 0.4384 65.1586

(Continued)
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Table 2: Continued

Thickness a (pm) TM-mode BIKy K;/Ky as/Ky a./Ky 1/ag/K, 1/a./Ky fulf 0,,°
13 3.4401 1.7451 3.0861 3.2916 0.3240 0.3038 0.4737 63.1024
14 3.374 1.8696 3.0123 3.2225 0.3320 0.3103 0.5089 61.0084
15 3.3020 1.9941 2.9314 3.1470 0.3411 0.3178 0.5442 58.8718
16 3.2236 2.1186 2.8427 3.0646 0.3518 0.3263 0.5794 56.6867
17 3.1383 2.2430 2.7456 2.9747 0.3642 0.33362 0.6147 54.4464
18 3.0456 2.3673 2.6392 2.8768 0.3789 0.3476 0.5600 52.1428
19 2.9448 2.4915 2.5222 2.7698 0.3965 0.3610 0.6852 49.7664
20 2.8351 2.6157 2.3933 2.6529 0.4178 0.3769 0.7205 47.3057
21 2.7155 2.7397 2.2503 2.5247 0.4444 0.3961 0.7557 44,7464
22 2.5847 2.8635 2.0905 2.3834 0.4784 0.4196 0.7910 42.0706
23 2.4409 2.9869 1.9099 2.2267 0.5236 0.4491 0.8262 39.2554
24 2.2821 3.1100 1.7022 2.0513 0.5845 0.4875 0.8615 36.2713
25 2.1055 3.2322 1.4569 1.8528 0.6864 0.5397 0.8968 33.0808
26 1.9078 3.3526 1.1529 1.6247 0.8674 0.6155 0.9320 29.6415
27 1.6888 3.4681 0.7359 1.3609 1.3588 0.7348 0.9673 25.9636

1 T T T T T T T ; 1 — ;
Refractive index (nf)= 3.8574 R Reﬁac(]ve indéx (nf)="3.8574
08k Refractive index (ns)= 1.52 08 f efractive index (ns)= 152 |
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Figure 3: Mode profile of TM modes of asymmetric slab waveguide when wavelength A = 0.6328 pm and (a) @ = 0.5 ym, (b) @ =1pm, (c) a = 1.5 ym and
(d)ya=2pm.
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Table 3: Data and accuracy for asymmetric slab waveguide with different thickness

Thickness a (um) Critical angle Critical angle Frequency Vector error Vector error

substrate 6;° cladding 6.° spacing norm for TE norm for TM
0.5 23.2063 15.0249 0.1410 23112 x 1070 3.4369 x 1070
1 23.2063 15.0249 0.0705 2.4823 x 10710 2.6298 x 10710
15 23.2063 15.0249 0.0470 23912 x 10710 2.5718 x 1071°
2 23.2063 15.0249 0.0353 3.2472 x 1070 2.8922 x 1071°

much rarer and harder to get. But its efficiency justifies the
higher cost.

5 Conclusion

This study examines the effects of increasing the thickness
of GaAs on TE/TM modes utilizing a symmetric three-layer
slab waveguide structure. The number of modes increases
incrementally with an increase in thickness and the genera-
tion of a subtending angle of incidence. The film’s thickness
influences the quantity of modes or angles through which
waves propagate. Each mode possesses distinct parameters.
At a constant thickness of GaAs and an applied wavelength of
0.6328 um, the propagation wavenumber and attenuation
value within the slab decrease as the number of TE/TM modes
increases. Conversely, the cut-off wavenumber and cut-off
frequency increase, while the angles of internal reflection
decrease. This results in an increased penetration depth.
Increasing the thickness of GaAs results in a decrease in the
cut-off wavenumber and cut-off frequency for a specific
mode, while simultaneously increasing the propagation
wavenumber, attenuation, and angles of internal reflection.
Each mode in a quantified GaAs thickness possesses charac-
teristics that can be utilized for specific applications. GaAs
exhibits significant nonlinearity and minimal net absorption
across a wide optical band. This occurs because total internal
reflection is observed for 6; < 6,, < 90°, with ranges of
88.18°-23.68° for all TE Mode and 88.14°-25.96° for all TM
Mode. Consequently, it is a superior option for high perfor-
mance, rapid response, and wideband optoelectronic and
electronic devices. The prospects for GaAs in device tech-
nology appear favorable. It is anticipated that it will remain
in use for high-speed computing devices and high-power
applications. Advancements in GaAs technology will facilitate
the creation of new devices that exhibit enhanced perfor-
mance and efficiency.
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