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ABSTRACT: The plasmonic nanoantennas operating in the optical frequency range often experience reduced radiation efficiency due
to substrate-induced nonradiative losses and insufficient electromagnetic field confinement. This work aims to systematically examine
the influence of substrate material properties on plasmonic resonance behavior, surface current distribution, and radiation efficiency of
a gold nanostrip patch antenna. A fixed-geometry plasmonic nanoantenna is designed and numerically investigated on five substrates,
namely SiO2, GaN, GaAs, AlAs, and AlGaAs. Full-wave electromagnetic simulations are performed using frequency-dependent material
dispersion modelled through established Drude-Lorentz formulations. The antenna implemented on the Au-SiO2 combination provides
the most favourable plasmonic performance, yielding the best impedance matching (—51.27 dB), maximum radiation efficiency of 83%,
wide impedance bandwidth (118 THz), and highly stable radiation patterns. GaN also exhibits strong performance with a high radiation
efficiency (71%) and wide bandwidth (97 THz), making it a viable choice for high-power optical systems. GaAs, AlAs, and AlGaAs
substrates show reduced efficiency due to higher dielectric losses and weaker plasmonic confinement. The study confirms that substrate
permittivity and loss characteristics play a crucial role in determining plasmonic nanoantenna performance.

1. INTRODUCTION

he rapid evolution of optical communication technologies

has created a growing demand for compact, efficient, and
highly integrated radiating elements capable of operating be-
yond the microwave spectrum [1,2]. Among these, plasmonic
nanoantennas have emerged as promising candidates owing to
their ability to confine and manipulate electromagnetic energy
at dimensions far below the diffraction limit [3,4]. By ex-
ploiting surface plasmon polaritons (SPPs) generated at metal-
dielectric interfaces, nanoantennas enable strong field localiza-
tion, enhanced light matter interaction and improved radiation
control at optical frequencies [5,6]. Unlike conventional mi-
crowave antennas, the electromagnetic behavior of nanoanten-
nas is strongly governed by the dispersive nature of metals and
the dielectric properties of the surrounding medium [7, 8]. At
optical frequencies, metals no longer behave as perfect con-
ductors; instead their response is accurately described using
the Drude dispersion model, which accounts for the collec-
tive oscillation of free electrons [9]. Consequently, both the
metallic layer and the dielectric substrate play a crucial role
in determining resonance characteristics, radiation efficiency,
impedance matching, and overall antenna performance [10, 11].
Among various nanoantenna geometries, plasmonic nanostrip,
and patch-based structures have attracted considerable atten-
tion due to their compact geometry, fabrication feasibility, and
strong resonant behavior [4]. These structures support multi-
ple transverse magnetic (TM) modes, enabling effective con-
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trol over resonance frequency, field distribution and radiation
characteristics [12,13]. However, the efficiency and band-
width of these modes are highly sensitive to the dielectric en-
vironment surrounding the antenna. In recent years, several
dielectric and semiconductor substrates, such as Silicon Diox-
ide (SiO2), Gallium Arsenide (GaAs), Gallium Nitride (GaN),
Aluminum Arsenide (AlAs), and Aluminum Gallium Arsenide
(AlGaAs) have been explored for plasmonic and optical appli-
cations [14—16]. Each of these materials exhibits distinct elec-
tromagnetic properties, including relative permittivity, loss tan-
gent, and band-gap energy, which significantly influence the
propagation and radiation behavior of surface plasmons. De-
spite extensive studies, a systematic comparison of these sub-
strate materials under identical antenna configurations remains
limited [17]. Motivated by this research gap, the proposed
work introduces a substrate-antenna co-optimization frame-
work that reveals the physical balance between radiative and
nonradiative decay mechanisms, enabling efficient plasmonic
nanoantenna operation without increasing structural complex-
ity. The proposed work investigates a plasmonic nanostrip
patch antenna operating in the optical frequency range using
gold as the plasmonic conductor [18]. A comparative per-
formance analysis is carried out for different dielectric sub-
strates to evaluate key antenna parameters such as resonant fre-
quency, reflection coefficient, radiation efficiency, gain, and
radiation pattern. The metal is modelled using the Drude dis-
persion model, while frequency-dependent dielectric proper-
ties are incorporated to ensure accurate electromagnetic char-
acterization [19,20]. The objective of this study is to iden-
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FIGURE 1. Configuration of proposed antenna. (a) Top view. (b) Perspective view.
TABLE 1. Geometrical parameters and material properties of the proposed nanoantenna.
. Parameter Values (nm)
Semiconductor - - - : -
Substrat Length of Width of Width of Length of Width of Height of Height of Ga
ubstrates
Patch (Lp) | Patch (W,) | Feedline (Wy) | Substrate (Ls) | Substrate (Ws) | patch (Hy) | Substrate (Hs) P
SiOq
. 480 480 120 1050 1050 150 200 25
(Indirect band gap)
GaN
. a 480 480 120 1080 1080 180 180 25
(Direct band gap)
Al
| GaAs 480 480 120 1050 1050 150 150 25
(Direct band gap)
AlAs
. 480 480 120 1080 1080 130 122 25
(Direct band gap)
AlGaAs
. 480 480 120 1080 1080 120 120 25
(Direct band gap)

tify the most suitable metal-substrate combination for high-
performance optical frequency plasmonic operation and to pro-
vide insights into material-dependent performance variations
for next-generation optical communication [4,21].

2. GEOMETRY OF PLASMONIC NANO-STRIP PATCH
ANTENNA

2.1. Configuration and Design Methodology

Figures 1(a) and (b) show the geometry and dimensional con-
figuration of the proposed plasmonic nanostrip patch antenna,
where Wy, Lg, and H, are the width, length, and height of the
substrate; W), L, and H are the width, length and height of
the patch, respectively; W; is the width of the feed line, and
gap-coupled feed was introduced to enhance impedance match-
ing.

The antenna consists of a square gold (Au) patch placed
on a dielectric substrate with gold thickness maintained at the
nanoscale to support efficient plasmonic excitation [4]. Five
substrates were evaluated: SiO5, GaN, GaAs, AlAs, and Al-
GaAs, which were selected owing to their varying dielectric
constants, bandgap classifications, and optical loss characteris-
tics.

295

The width and length of a nanostrip patch antenna are typi-
cally selected to correspond to the plasmonic mode resonance
condition. The effective wavelength and the antenna length are
typically correlated.

The length of the antenna is related to the effective wave-
length A4 of the metal, which is given by [4, 21] the following
equation:

A

er(w)

Aeff & @)
where ) is the free space wavelength at the resonant frequency,
er(w) is the relative dielectric constant of the metal at the res-
onant frequency, thus, the length of the patch can be approxi-
mated by [4,21] the following equation:

A

L, ~
g e (w)

5 2

The same formula can also be used to obtain the width W), of
the nanostrip patch antenna. The width of the feed line was
determined via impedance matching at the operating frequency.
The detailed geometrical dimensions and material parameters
of the proposed nano antenna are listed in Table 1. Computer
Simulation Technology (CST) Microwave Studio was used to
perform the parametric analysis [22,23].
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TABLE 2. Drude and Lorentz model values for different substrate materials.

Material Model €s €00 wp (rad/s) wy (rad/s) we (rad/s)

Gold (Au) | Drude - 9.5 | 1.37 x 10*° - 4.05 x 10*3
SiO, Lorentz | 3.9 | 2.1 - 1.0 x 10'* | 1.0 x 10*2
GaN Lorentz | 9.5 | 5.35 - 8.0x 10" | 1.2x 10"
GaAs Lorentz | 12.9 | 10.9 - 7.5 x 10 | 1.5 x 10%3
AlAs Lorentz | 10.8 | 8.2 - 7.0 x 10" | 1.4 x 10*®

AlGaAs | Lorentz | 9.8 | 9.8 - 7.2x 10 | 1.6 x 10*3

2.2. Understanding the Structural Configuration and Metal Di-
electric Function

Knowing the dielectric function of the metal at the intended fre-
quency is essential for developing plasmonic antennas at opti-
cal wavelengths. Plasmonic resonance can be ascertained us-
ing the frequency-dependent dielectric function e(w) of a metal,
which is calculated using the Drude dispersive model at opti-
cal frequency since only intra-band transitions are significant in
conductors. The semiconductor and insulators were modelled
using the Lorenz model, which includes both intra-band and
inter-band transitions [21, 24]. The model Equations are stated
in (3) and (4).
Drude mode [21, 24, 25]

2
wp
fw)=e w(w + jwe) )
Lorenz Model [21, 24, 25]
_ 2
() = oo + o) @)

wr2 + jwd — w?

where w,, = plasma frequency, w. = collision frequency of the
incident wave, w,. = the resonant frequency, = the damping
factor, €, = the static permittivity and e, = the permittivity at
w = 0.

The extracted resonant frequencies for the metals and sub-
strates based on the Drude and Lorentz dispersion models are
shown in Table 2.

2.3. Material Modelling and Electromagnetic Properties

In the present work, the metallic component of the nanoantenna
is modelled using the classical Drude dispersion model [21],
which effectively describes the frequency-dependent response
of free electrons in noble metals. This model captures the
collective oscillation of conduction electrons and accounts for
intrinsic material losses through a collision frequency param-
eter. The frequency-dependent complex permittivity of the
metal [24] is expressed as a function of plasma frequency and
damping constant, allowing realistic simulation of plasmonic
resonance phenomena.

Gold (Au) is selected as the plasmonic material due to
its chemical stability, low oxidation tendency, and well-
established plasmonic performance in the optical range. The
dispersive behaviour of gold enables the strong confinement of
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electromagnetic fields at the metal-dielectric interface, leading
to enhanced surface plasmon polariton excitation [25,26].
The accurate representation of this dispersive response is
essential for predicting resonance shifts, field enhancement,
and radiation efficiency.

2.4. Selection of Substrates for Designing of Nanoantenna

The choice of the correct dielectric material depends on a num-
ber of different features, such as the resonant frequency, which
is a function of the dimensions, shape, and Q factor of the ma-
terial [26].

The dielectric material SiO; is generally used for nanoan-
tenna in high-frequency applications because it exhibits low
dielectric and hysteresis losses, low polarization, high thermal
stability, high purity, and chemical stability. GaN dielectric
materials offer a range of benefits for high- frequency appli-
cations, including high-power handling, excellent temperature
management, fast electron mobility, and high efficiency at high
frequencies. The GaAs dielectric offers several key advan-
tages, such as low-noise characteristics, high-power handling,
and high breakdown voltage. The AlAs dielectric plays a cru-
cial role in improving the performance of high-frequency ap-
plication, contributing to better power handling, efficient car-
rier confinement, and stable operation. The AlGaAs dielectric
material offers advantages in the high-frequency region owing
to its wideband-gap, low noise characteristics, and improved
power efficiency, which makes it suitable for use in optical
communication systems [27].

The SiO, has a high positive real permittivity and refractive
index in the optical frequency region and a lower extinction
coefficient [21], which is most suitable for high-frequency per-
formance compared to the other substrates.

2.5. Optimization of Gap Coupled Feed

For effective energy coupling, the gap distance between the ra-
diating patch and the feed was optimized. Usually, this gap is
extremely small, of the order of nanometres. By optimizing the
coupling coefficient k between the feed and patch, a gap can be
found which is explained by [4]:

Zy

N (5)
Zy +JTC

where Z is the feed impedance, C' is the capacitance between
the feed and patch, and d is the gap.
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3. RESULT AND ANALYSIS

The performance of the proposed plasmonic nanoantenna is
evaluated through comprehensive electromagnetic simulations
to investigate its resonant behavior, radiation characteristics,
and material-dependent response. The results presented in this
section highlight the influence of substrate material properties
on the antenna’s operational characteristics, including reflec-
tion coefficient, resonant frequency, field distribution, and ra-
diation efficiency.

3.1. Analysis of the Reflection Coefficient Using Substrates

A lower |S11] value indicates better impedance matching and
higher coupling efficiency between the feed and plasmonic ra-
diating element. Fig. 2 shows the combined |S71]| characteris-
tics of the proposed plasmonic nanostrip patch antenna (NPA)
on five different substrate materials namely SiO,, GaN, GaAs,
AlAs, and AlGaAs. Each substrate exhibited two distinct res-
onant frequencies, corresponding to higher-order plasmonic
modes supported by the square nanostrip geometry at optical

frequencies.
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FIGURE 2. Simulated reflection coefficient |S11| of the proposed
nanoantenna for different substrate materials.

On the Si0O,, the antenna exhibits resonant frequencies at
198.41 THz and 269.62 THz with corresponding reflection co-
efficients of —35.14dB and —51.67 dB respectively. The ex-
tremely low |S11| value (269.62 THz) indicates exceptionally
strong plasmonic coupling between the gold patch and the SiO,
substrate. This is due to the low dielectric constant (¢, =
3.7-3.9), minimal dielectric loss tangent, and strong surface
plasmon polarization (SPP) support at the Au-SiO; interface.
These properties allow efficient energy transfer, producing the
deepest and cleanest resonance dips among all substrates.

For GaN, the antenna resonated frequencies at 182 THz and
237 THz with corresponding reflection coefficients of —34 dB
and —25 dB. Although the resonances are not as deep as those
for SiO,, GaN still performs well because of its high electron
mobility, wide bandgap energy (3.4 eV), and moderate permit-
tivity (e, ~ 8.9-10.6). These properties facilitate a stable
plasmonic behavior and moderate field confinement. There-
fore, GaN serves as a strong candidate for high-power and high-
temperature optical applications.

On GaAs, the antenna resonated at frequencies 173 THz and
200 THz with corresponding reflection coefficients of —21 dB
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and —37 dB. Although it achieves a good second dip at —37 dB,
the first resonance is relatively weak (—21 dB), indicating im-
perfect coupling at that frequency. This leads to a moderate
reflection coefficient performance compared with that of SiO,
and GaN.

For AlAs, antenna resonances were observed at 209 THz
and 244 THz, achieving reflection coefficient of —15dB and
—31.67dB, respectively. The first resonance dip was shallow,
suggesting insufficient coupling and a significant reflection at
the feed. Thus, the performance of AlAs was below SiO;, GaN,
and GaAs.

Similarly, on an AlGaAs substrate, the antenna resonates at
205 THz and 235 THz, characterized by reflection coefficients
of —14dB and —39 dB, respectively. The second resonance is
sharp (—39 dB), and the first is extremely poor (—14 dB), indi-
cating a strong mismatch at lower THz frequencies. Because
AlGaAs is a composite alloy, it exhibits greater optical disper-
sion, increased carrier scattering, and higher losses than other
substrates. These factors degrade the reflection characteristics,
making AlGaAs a weaker-performing substrate.

From the reflection coefficient analysis, it is evident that
SiO, produces the most efficient resonance behavior with the
sharpest and deepest reflection minima. GaN also displays
good impedance characteristics and is suitable for practical
optical applications. The remaining substrates, show inferior
impedance matching and higher reflection, resulting in weaker
nanoantenna performance.

3.2. Analysis of the Radiation Efficiency Using Substrates

Radiation efficiency is a critical performance indicator for plas-
monic nanoantennas, as it quantifies how effectively the an-
tenna converts the accepted input power into radiated electro-
magnetic energy. At optical frequencies, radiation efficiency
is strongly influenced by the dielectric constant, optical loss,
and plasmonic compatibility between the metal and substrate.
Thus, the choice of the substrate material plays a central role in
determining the overall antenna performance.

Figure 3 shows the radiation efficiency using five substrates
(Si0,, GaN, GaAs, Alas, and AlGaAs) of the designed Square-
shaped Nano-antenna. The SiO; Nano structure showed a ra-
diation efficiency of 83 percent at 198.41 THz and 78 percent
at 269.62 THz frequency. This excellent performance results
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FIGURE 3. Radiation efficiency of the proposed nanoantenna for dif-
ferent substrate materials.
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TABLE 3. Variation of NPA parameters with different substrate materials.

PA with different Resonant . Radiation Maximum-radiation | Bandwidth .
Gain . . . HPBW S11 . Bandwidth
type substrate frequency (dB) Directivity | Efficiency (deg) (dB) Efficiency (Fu-Fr) %)
eg.
materials @THz (%) & (%) @THz (@THz) ’
Frl = 198.41| 5.39 6.27 82 153.80 | —35.14 175-293
Si0; vl = 198 > 83 50.42
Fr2 =269.62| 7.7 7.12 78 93 —51.67 (118)
GaN Frl = 182 3.98 5.63 69 98.90 —34 1 168-265 44.80
Fr2 = 237 4.32 625 65 86 —25 97
Frl =1 71 . 2 104. —21 163-22
GaAs T 73 3.7 6.56 5 04.80 55 63-220 2076
Fr2 = 200 2.2 5.35 49 77 —37 57)
Frl =2 4.54 . 4 A -1 200-2
AlAs T 09 5 7.99 7 87.40 5 48 00-257 2976
Fr2 = 244 2.8 7.76 33 4890 | —31.67 57)
AlGaAs Frl =205 4.18 7.71 45 86.50 —14 47 196-247 23.02
Fr2 = 235 2.24 6.86 35 49 -39 (51)

from a low dielectric constant (¢, ~ 3.7-3.9), which mini-
mizes dielectric energy trapping. These properties allow more
guided plasmonic mode energy to be released into free space,
producing superior radiation efficiency compared to all other
substrates.

GaN shows a radiation efficiency of 69 percent at 182 THz
and 65 at 237 THz. Moderately high permittivity of GaN (e, ~
8.9-10.6) introduces additional dielectric loading but maintains
a reasonably strong field confinement. Thus, GaN delivers sta-
ble and high radiation efficiency, making it a solid candidate
for optical communication systems [23, 24].

GaAs exhibits a radiation efficiency of 55 percent at 173 THz
and 50 at a frequency of 200 THz. The reduction in effi-
ciency is primarily caused by GaAs’s higher dielectric constant
(e, = 10.9-12.9), which increases the energy storage inside
the substrate and internal power losses. As a result, less power
is radiated into free space, and overall efficiency decreases with
that of SiO, and GaN.

AlAs show radiation efficiencies of 48 percent at 209 THz
and 33 percent at 244 THz. AlAs suffer from higher damping at
optical frequencies. The reduced efficiency reflects significant
substrate-induced energy dissipation.

AlGaAs shows a radiation efficiency of 46percent at
205 THz and 35 percent at 235 THz. As a composite alloy
with varying Al/Ga ratios, AlGaAs introduces higher optical
dispersion.  These mechanisms significantly weaken the
plasmonic fields on the gold surface, causing substantial power
loss before it reaches the radiation.

The radiation efficiency analysis confirmed that SiO; is the
most effective substrate for plasmonic nanoantenna operation
in the optical region, providing the highest efficiency and min-
imal losses. GaN also offers strong performance, and GaAs,
AlAs, and AlGaAs exhibit degraded efficiency.

3.3. Analysis of the Normalized Radiation Pattern on the Sub-
strates

Figure 4 shows the normalized radiation pattern for substrate
materials SiO, and GaN, at their respective resonant frequen-
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cies for the designed plasmonic square-shaped nano patch an-
tenna. The radiation patterns were evaluated in terms of the
co-polarized and cross-polarized field components to determine
the quality of radiation, polarization purity, and overall stability
of the antenna performance in the optical region.

Figure 4(a) shows the normalized far-field pattern of SiO,
substrate. The co-pol component exhibits clear broadside radi-
ation, while the cross-pol level remains significantly lower, in-
dicating excellent polarization purity. The SiO, based antenna
produces a pattern close to an ideal square patch radiator in the
optical range and maintains good lobbing stability across both
resonant frequencies. The cross-polar components are less than
20 dB of the co-polar components, satisfying the linear polar-
ization of the antenna.

Figure 4(b) illustrates the normalized far-field pattern of the
GaN substrate, shows a slightly narrower main lobe compared
to Si0;. The high electron mobility of GaN supports improved
plasmonic confinement but also introduces dielectric losses,
which affect the inversed cross-polar levels. Nevertheless, GaN
delivers robust performance suitable for high-power nanoscale
photonic applications. The normalized far-field pattern also
analysed for GaAs, AlAs, and AlGaAs substrates, which shows
lower main-lobe peak, increased asymmetry, and reduced po-
larization purity compared to SiO, and GaN.

Overall, the normalized radiation patterns confirm that the
substrate permittivity and optical dispersion strongly influence
the far-field behavior of the plasmonic nanostrip antennas.
Among all the materials, SiO, demonstrates the most desirable
radiation characteristics for optical communication systems, in-
cluding a well-defined main lobe, low sidelobe distortion, and
excellent polarization purity. GaN also shows promising be-
havior, whereas GaAs, AlAs, and AlGaAs suffer from greater
cross-polarization and pattern broadening.

3.4. Analysis of the Surface Current and Magnetic Field on the
Substrates

To gain physical insight into plasmonic resonance behavior,
the surface current distributions at the resonant frequencies are
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FIGURE 4. Normalized radiation patterns of the proposed nanoantenna with different substrate materials. (a) SiO,. (b) GaN.

presented in Figs. 5-6. Figs. 5(a), (b) for the SiO, substrate,
well-defined standing-wave surface currents at 198.41 THz and
269.62 THz exhibit strong spatial overlap with uniformly dis-
tributed H-field loops, indicating minimal dielectric loss and
effective plasmonic energy confinement. This strong current-
field coupling directly results in deep impedance minima and
high radiation efficiency. Figs. 6(a), (b) on GaN substrate ex-
hibit good field confinement and slightly disordered surface
currents due to a stronger dielectric loading. The surface cur-
rent and magnetic field also analysed for GaAs, AlAs, and Al-
GaAs substrates, which shows asymmetrical H-field distribu-
tion and surface currents become less concentrated compared
to Si0, and GaN.
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The entire field distribution analysis clearly demonstrates
that SiO, provides the strongest plasmonic confinement and
highest surface current density, making it the most effective
substrate for THz plasmonic nanoantenna applications. GaN
is the second-best, with moderate field leakage but strong per-
formance. GaAs, AlAs, and AlGaAs progressively degrade the
plasmonic resonance, causing distorted H-field behavior and
fragmented surface currents.

3.5. Analysis of the Gain, Directivity, Bandwidth, and Half Power
Beamwidth for the Substrates

To further understand the radiative behaviour of the proposed
plasmonic nanostrip patch antenna (NPA), the gain, directiv-
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FIGURE 5. Surface current distribution of nano patch antenna with sub-
strate SiO». (a) 198.41 THz, (b) 269.62 THz.
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FIGURE 7. Gain analysis of the proposed nanoantenna for different
substrate materials.

ity, impedance bandwidth, and half-power beamwidth (HPBW)
were evaluated for each of five substrates (SiO,, GaN, GaAs,
AlAs, and AlGaAs) at their corresponding resonant frequen-
cies. These parameters provide essential information about the
antenna’s capability to efficiently radiate power, maintain di-
rectional stability, and operate over a broad frequency range in
the optical domain. A performance comparison based on the
extracted results is summarized in Table 3.

3.5.1. Gain Analysis

Figure 7 shows that SiO, exhibits the highest gain among
all substrates, achieving 7.7 dB at 269.62 THz and 5.39dB at
198.41 THz. This strong performance is attributed to its low
dielectric constant, minimal optical absorption, and Superior
SPP confinement at the Au-SiO, interface. These factors en-
hance the radiation efficiency and reduce power dissipation
within the substrate. GaN demonstrated moderate gain values
0f4.32dB at 237 THz and 3.98 dB at 182 THz. Its higher per-
mittivity leads to greater dielectric loading but maintains rea-
sonable plasmonic confinement owing to the high electron mo-
bility of GaN.

A/M
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20000
0
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80000
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0

(b)

FIGURE 6. Surface current distribution of nano patch antenna with sub-
strate GaN. (a) 182 THz, (b) 237 THz.
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GaAs, AlAs, and AlGaAs offer high-permittivity substrates
that yield significantly lower gains (2-4.5 dB range). This re-
duction is caused by increased substrate loss, stronger field pen-
etration into the dielectric, and weaker plasmonic resonance
strength. Thus, less energy is radiated into free space, lowering
the effective gain.

3.5.2. Directivity Analysis

As is evident from far field plots, SiO, shows the highest di-
rectivity (up to 7.12dB) owing to the well-formed broadside
radiation and low cross-polarization components, GaN shows
moderate directivity (= 5.6—6.25 dB) and GaAs, AlAs, and Al-
GaAs show reduced directivity (= 5-7.9dB) with increased
beam distortion and broader radiation patterns.

3.5.3. Impedance Bandwidth Effects

SiO, provides a maximum impedance bandwidth of 118 THz
(175-293 THz), which is significantly superior to that of all
other substrates. This wideband response is associated with en-
hanced impedance matching, strong plasmonic resonance cou-
pling, and low dispersion in the SiO, medium. GaN shows
a substantial bandwidth of 97 THz, making it suitable for op-
tical systems. For GaAs, AlAs, and AlGaAs substrates, nar-
rower bandwidths ranging from 51-57 THz were observed due
to higher optical dispersion, increased dielectric absorption,
and weaker loading of surface plasmon modes.

3.5.4. Parametric Optimization

Substrate height (H), one of the structural parameters, plays a
dominant role in determining the plasmonic resonance behav-
ior, radiation efficiency, impedance matching, and field distri-
bution of the antenna. To achieve optimal operation, a detailed
parametric investigation of the substrate height was performed
for each of the five substrates SiO,, GaN, GaAs, AlAs, and Al-
GaAs. The results of this parametric study are shown in Fig. 8,
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FIGURE 8. Variation of height of substrates in parameter optimization. (a) SiO,. (b) GaN. (¢) GaAs. (d) AlAs. (e) AlGaAs.

where the response of the nanostrip patch antenna to variations
in substrate height is examined in terms of resonance shifting,
reflection coefficient behaviour and overall stability of the plas-
monic modes.

As shown in Fig. 8(a), SiO, showed the most stable re-
sponse to the substrate-height variation. The optimal height
of 200 nm provided the deepest |S11| resonance (—51.67 dB)
strongest plasmon confinement, and maximum radiation effi-
ciency (83%). Increasing the height beyond ~220 nm results
in minor resonance broadening, while reducing it below 180 nm
leads to a significant impedance mismatch owing to increased
field leakage into free space.

For GaN in Fig. 8(b), the optimal height is 180 nm, which
yields balanced impedance matching, well-defined dual-band
resonances, and a moderate radiation efficiency (69% at Frl).
A larger height (> 200 nm) increases the dielectric absorption,
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whereas smaller heights (< 150 nm) lead to underdeveloped
plasmon modes and inefficient field confinement.

The optimal height of GaAs (Fig. 8(c)) was found to be
150nm. At this height, dual resonances exhibit improved
sharpness and radiation efficiency stabilizes at around 50-55%,
and heights beyond 170 nm cause noticeable power trapping
within the substrate owing to its high &,., while thinner sub-
strates degrade modal stability.

As shown in Fig. 8(d), for AlAs, the optimal height is ap-
proximately 122 nm At this value, |S11| reaches its minimum
(—31.67dB at Fr2) and the fields remain moderately confined
at the Au-AlAs boundary.

For AlGaAs, Fig. 8(¢) shows the strongest sensitivity to sub-
strate height variations owing to its composite dielectric nature.
The optimal height was 120 nm, at which resonance dips be-
came more pronounced and field confinement improved com-
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pared to other height values. Beyond 130 nm, the absorption
and scattering losses become significant, adversely affecting
antenna performance.

The parameter optimization study clearly demonstrated that
the substrate height must be tailored individually for each
dielectric material to ensure optimal plasmonic resonance
and radiation behavior. = The proposed substrate-antenna
co-optimization approach provides practical design guidelines
for the development of efficient plasmonic nanoantennas
in optical communication, sensing, and nanoscale photonic
systems [28-30].

4. CONCLUSION

This study presents the design and comparative investigation
of a plasmonic nanostrip patch antenna operating in the op-
tical frequency range using gold (Au) as the plasmonic con-
ductor. The antenna performance was systematically evaluated
on five semiconductor substrates, namely SiO,, GaN, GaAs,
AlAs, and AlGaAs, while maintaining identical antenna geom-
etry. To accurately capture the electromagnetic behavior at op-
tical frequencies, the metal was modeled using the Drude dis-
persion model and the dielectric substrates were characterized
using the Lorentz model. Full-wave simulations were carried
out to analyze key performance parameters including reflection
coefficient, radiation efficiency, gain, bandwidth, and radiation
patterns. The obtained results clearly demonstrate that the di-
electric substrate plays a critical role in determining plasmonic
resonance behavior and radiation performance. Among the in-
vestigated materials, the Au-SiO, configuration exhibits the
most favorable characteristics, achieving the maximum reflec-
tion coefficient of —51.67 dB, maximum radiation efficiency of
83%, and a wide impedance bandwidth of 118 THz. The SiO,
substrate also provides stable radiation patterns with low cross-
polarization levels, indicating strong surface plasmon confine-
ment and efficient electromagnetic radiation. The Au-GaN
combination also demonstrates promising performance with ra-
diation efficiency up to 71% and a bandwidth of 97 THz, mak-
ing it a suitable alternative for high-frequency optical applica-
tions. In contrast, substrates with higher dielectric permittivity
and optical losses such as GaAs, AlAs, and AlGaAs exhibit
weaker plasmonic confinement, resulting in reduced radiation
efficiency and a narrower bandwidth. The novelty of this work
lies in the systematic substrate-dependent performance com-
parison under identical antenna configurations, providing clear
physical insight into the relationship between substrate permit-
tivity, plasmonic confinement, and radiation efficiency.
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