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Abstract

Graphene–plasmonic electro–optic (EO) modulators have attracted significant interest for
compact and energy-efficient integrated photonic systems due to their electrically tunable
optical response and strong light–matter interaction. In this work, an ultra-thin silicon-
on-insulator (SOI) graphene–plasmonic slot modulator (G-PSM) is investigated using
a combined semi-analytical and numerical framework. The analysis integrates finite-
temperature Kubo conductivity modeling, perturbation-based effective-index analysis,
overlap-factor evaluation, eigenmode analysis, and full-wave simulations to study the in-
fluence of silicon thickness on the EO performance of the proposed structure. The obtained
results demonstrate that geometry engineering strongly affects modal confinement, overlap
enhancement, effective-index perturbation, transmission characteristics, extinction ratio
(ER), insertion loss (IL), energy-per-bit consumption, and EO bandwidth. Under optimized
operating conditions, the proposed G-PSM achieves an effective refractive-index variation
of approximately 3.1 × 10−3, an ER of approximately 3.5 dB, an IL of 1.5–2 dB, an energy-
per-bit consumption of approximately 7.5 fJ/bit, and a 3 dB EO bandwidth approaching
200 GHz. Strong electromagnetic confinement is achieved inside the plasmonic slot region
near the graphene-active layer, enabling efficient electro–absorptive and electro–refractive
modulation. Excellent agreement between the semi-analytical calculations and numerical
simulations validates the developed framework and confirms the suitability of the pro-
posed ultra-thin SOI G-PSM for compact broadband EO modulation in future integrated
photonic systems.

Keywords: graphene–plasmonic slot modulators; hybrid plasmonic waveguides; ultra-
thin silicon-on-insulator platforms; photonic integrated circuits; graphene conductivity
tuning; geometry-engineered EO modulation; electro–absorptive modulation; electro–
refractive modulation; modal confinement enhancement; broadband integrated photonics

1. Introduction
In this section, the background and motivation underlying thickness-engineered

graphene–plasmonic electro–optic (EO) modulators are first introduced in Section 1.1,
followed by a discussion of the current state of the art and the corresponding research gap
in Section 1.2. Subsequently, the principal contributions and scientific significance of the
present work are summarized in Section 1.3 to emphasize the role of silicon-thickness engi-
neering in enhancing the EO performance of ultra-thin SOI hybrid modulation platforms.
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1.1. Background and Motivation

The growing demand for compact, high-speed, and energy-efficient photonic inte-
grated circuits (PICs) has intensified interest in EO modulators with enhanced modulation
efficiency and reduced device footprint [1]. Although silicon photonics provides excel-
lent Complementary Metal–Oxide–Semiconductor (CMOS) compatibility and large-scale
integration capability [2], conventional silicon EO modulators suffer from the weak plasma-
dispersion effect, which limits modulation efficiency and typically requires long interaction
lengths [3].

Graphene has emerged as a promising active material for EO modulation due to its
electrically tunable optical conductivity, ultrafast carrier dynamics, and broadband optical
response [4,5]. Through electrostatic biasing, the graphene chemical potential (µc) can be
dynamically controlled, enabling efficient electro–absorptive and electro–refractive modula-
tion [6]. Recent review articles have highlighted the rapid development of graphene-based
EO modulators for integrated photonic applications, emphasizing their potential for high-
speed operation, broadband functionality, and low-power optical signal processing [7].
Meanwhile, plasmonic slot waveguides provide strong subwavelength electromagnetic
confinement, significantly enhancing light–matter interaction near the graphene-active
region [8]. Consequently, hybrid graphene–plasmonic slot architectures offer considerable
potential for realizing ultra-compact EO modulators with improved modulation perfor-
mance [9].

In silicon photonics, the term ultra-thin SOI generally refers to silicon guiding layers
with thicknesses substantially smaller than the standard 220 nm SOI platform commonly
employed in integrated photonic devices. Typical ultra-thin SOI configurations utilize
silicon thicknesses (tSi) below approximately 150 nm, enabling stronger control over modal
confinement and enhanced interaction between the guided optical mode and surrounding
active materials. Accordingly, the tSi range investigated in this work (80–140 nm) lies
within the ultra-thin SOI regime and is particularly suitable for graphene–plasmonic
EO modulation.

Plasmonic waveguiding structures have emerged as a powerful platform for over-
coming the diffraction-limited confinement of conventional dielectric waveguides by con-
centrating optical fields into deeply subwavelength regions. Such enhanced electromag-
netic confinement can substantially strengthen light–matter interactions, thereby improv-
ing the efficiency of EO modulation, optical sensing, and nonlinear photonic processes.
In graphene-assisted plasmonic devices, the strong field localization provided by metallic
slot structures increases the overlap between the optical mode and the electrically tunable
graphene layer, enabling enhanced modulation efficiency within compact device footprints.
Recent reviews have further highlighted the growing importance of plasmonic and hy-
brid photonic architectures for next-generation integrated photonic systems and advanced
functional materials [10,11].

Despite recent progress, the influence of geometry engineering on EO performance in
ultra-thin SOI graphene–plasmonic slot modulators (G-PSMs) remains insufficiently ex-
plored. In particular, tSi and plasmonic slot width (wslot) strongly affect modal confinement,
overlap factor, effective-index variation, transmission characteristics, extinction ratio (ER),
insertion loss (IL), EO bandwidth, and energy consumption. Therefore, this work presents
a geometry-dependent investigation of an ultra-thin SOI G-PSM using a combined semi-
analytical and numerical framework in order to identify favorable operating conditions for
compact and broadband EO modulation.
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1.2. Related Works and Research Gap

Recent studies have demonstrated significant progress in graphene-assisted EO modu-
lators based on SOI platforms, plasmonic slot waveguides, and hybrid integrated photonic
structures [12–14]. These structures exploit the electrically tunable conductivity of graphene
together with strong plasmonic confinement to enhance light–matter interaction within
compact device dimensions.

A comprehensive review of silicon-based graphene EO modulators highlighted the
advantages of graphene integration in enhancing modulation efficiency, reducing de-
vice footprint, and enabling high-speed operation [12]. However, their work primarily
focused on the classification, operating principles, and performance characteristics of
existing graphene modulators rather than geometry-dependent optimization of graphene–
plasmonic structures. Similarly, previous studies on graphene-assisted plasmonic devices
have emphasized enhanced light–matter interaction through plasmonic confinement and
graphene conductivity engineering. Nevertheless, these investigations mainly focused on
material properties, plasmonic enhancement mechanisms, or device-specific optimization
strategies without systematically examining the role of ultra-thin SOI thickness engineer-
ing [15]. Furthermore, while several reported structures investigated the effects of graphene
biasing, resonator design, or slot-waveguide configurations, the combined influence of tSi,
plasmonic-slot confinement, and electrically tunable graphene conductivity on device-level
EO performance metrics remains insufficiently understood.

Despite these advances, most reported works mainly focus on graphene conductivity
tuning, wavelength-dependent operation, or plasmonic confinement enhancement, while
geometry-dependent EO optimization remains comparatively underexplored. Building
upon the limitations identified in the existing literature, the influence of geometrical design
parameters on overall device-level EO performance remains comparatively underexplored,
particularly for ultra-thin SOI graphene–plasmonic slot architectures. While previous
studies have examined graphene conductivity tuning, resonator optimization, or plasmonic
confinement enhancement individually, the combined influence of tSi engineering and
electrically tunable graphene conductivity has not yet been systematically investigated in
G-PSMs [16].

In addition, many existing studies rely primarily on numerical simulations with-
out establishing a physically interpretable framework capable of correlating conductivity
evolution, modal overlap enhancement, effective-index modulation, and device-level EO
performance under different geometrical conditions.

Therefore, the main research gap addressed in this work is the absence of a systemati-
cally validated geometry-dependent optimization framework for ultra-thin SOI G-PSMs
capable of correlating tSi engineering with modal confinement, effective-index modulation,
transmission behavior, ER, IL, and EO performance tradeoffs.

1.3. Main Contributions and Novelty

This work presents a geometry-dependent investigation of an ultra-thin SOI G-PSM us-
ing a combined semi-analytical and numerical framework. Unlike previous studies mainly
focused on conductivity tuning or fixed geometrical configurations, the present work
systematically examines the influence of tSi on modal confinement and EO performance.
The main contributions are summarized as follows:

• A geometry-engineered G-PSM architecture is investigated to analyze the influence of ultra-
thin SOI confinement and plasmonic slot dimensions on EO modulation characteristics.

• The modal overlap factor is systematically examined under different tSi and λ condi-
tions to identify favorable confinement regions for enhanced light–matter interaction.
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• A combined framework integrating finite-temperature graphene conductivity mod-
eling, perturbation-based effective-index analysis, and full-wave simulations is em-
ployed to investigate the EO behavior of the proposed structure.

• The effects of geometrical variation on effective-index modulation, transmission char-
acteristics, ER, IL, EO bandwidth, and energy-per-bit performance are comprehen-
sively analyzed under different µc conditions.

• The obtained results demonstrate that geometry engineering can significantly improve
modulation efficiency, propagation characteristics, and EO performance tradeoffs in
compact G-PSMs.

Overall, this work establishes a physically interpretable geometry-dependent opti-
mization framework for ultra-thin SOI G-PSMs and provides useful design guidelines for
compact broadband EO modulation.

The remainder of this paper is organized as follows. Section 2 presents the proposed
G-PSM structure and discusses the operating principles governing modal confinement and
EO interaction. Section 3 introduces the theoretical and semi-analytical framework used to
model graphene conductivity, modal interaction, and EO performance metrics. Section 4
presents the geometry-dependent performance analysis, including overlap-factor evolution,
conductivity behavior, effective-index modulation, transmission characteristics, ER, IL, EO
bandwidth, and energy-per-bit performance. Finally, Section 5 summarizes the principal
findings of this work.

2. Device Structure and Operating Principle
This section presents the structural configuration and operating mechanism of the

proposed G-PSM. First, Section 2.1 describes the hybrid plasmonic slot-waveguide ge-
ometry implemented on the ultra-thin SOI platform, including the graphene integration
scheme and the principal geometrical parameters governing modal confinement and light–
matter interaction. Subsequently, Section 2.2 discusses the EO operating mechanism of the
proposed device, with emphasis on the influence of tSi and wslot variation on graphene
conductivity interaction and electrically tunable optical behavior. Together, these consider-
ations provide the physical basis for the theoretical framework introduced in Section 3 and
the geometry-dependent performance analysis presented later in Section 4.

2.1. Device Geometry

The proposed G-PSM is implemented on a hybrid plasmonic slot-waveguide platform
designed to investigate the influence of geometry engineering on optical confinement
and EO performance. The structure combines an ultra-thin SOI guiding layer with a
nanoscale plasmonic slot region in order to enhance light–matter interaction near the
graphene-active layer.

The device operates near the telecommunication wavelength λ = 1550 nm, where
silicon exhibits relatively low optical loss while graphene maintains electrically tunable
optical conductivity characteristics [17]. The tSi and wslot are key geometrical parameters
governing modal confinement and EO interaction. The graphene layer is electrically biased
through the adjacent gold (Au) electrodes forming the plasmonic slot region, enabling
dynamic tuning of µc. As illustrated in Figure 1, the structure consists of an ultra-thin silicon
guiding layer fabricated on a buried oxide (BOX) substrate. Compared with conventional
SOI waveguides employing thicker silicon cores, the adopted ultra-thin platform provides
stronger confinement control and increased evanescent-field interaction near the graphene-
active region.
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Figure 1. Cross-sectional schematic of the proposed ultra-thin SOI graphene–plasmonic slot modula-
tor (G-PSM), consisting of an ultra-thin silicon guiding layer of thickness tSi, a graphene monolayer
embedded within a plasmonic slot of width wslot, Au electrodes, a buried oxide (BOX) layer, and a
silicon substrate. The device operates at the telecommunication wavelength λ = 1550 nm, where
strong optical confinement is achieved within the graphene–plasmonic active region.

Metallic electrodes are positioned above the silicon guiding layer and separated
by a nanoscale plasmonic slot. Due to the strong electric-field discontinuity at the metal–
dielectric interfaces, the optical mode becomes highly compressed inside the slot region [18].
Consequently, strong subwavelength confinement is achieved near the graphene-active
layer embedded inside the plasmonic slot.

Au is selected as the plasmonic electrode material owing to its combination of strong
plasmonic performance, chemical stability, and extensive use in integrated photonic and
graphene-based plasmonic devices operating at telecommunication wavelengths [19]. Al-
though silver can provide lower intrinsic optical losses, its susceptibility to oxidation and
material degradation may compromise long-term device stability. Aluminum offers advan-
tages from a CMOS-processing perspective but generally exhibits higher optical losses in
the near-infrared spectral region around 1550 nm. Consequently, Au provides a practical
compromise between optical performance, fabrication reliability, and device robustness
for the proposed G-PSM.

To enhance the EO interaction, a graphene monolayer is integrated directly within the
plasmonic slot region, where the optical-field intensity reaches its maximum value [20]. This
hybrid configuration significantly increases the modal overlap between the guided optical
mode and graphene layer, thereby improving both electro–absorptive and electro–refractive
modulation efficiency.

Overall, the proposed geometry-engineered G-PSM establishes the physical basis for
the EO investigations presented throughout this work.

2.2. Operating Principle

The operating mechanism of the proposed G-PSM is governed by the interaction
between electrically tunable graphene conductivity and the strongly confined hybrid
plasmonic mode supported by the ultra-thin SOI structure. By applying an external bias
across the graphene layer, µc can be dynamically adjusted, thereby modifying the complex
optical conductivity of graphene and enabling active control of both optical attenuation
and effective-index variation.

At optical frequencies, the graphene conductivity originates from the combined contri-
butions of intraband carrier dynamics and interband electronic transitions [21]. At relatively
low µc values, interband transitions dominate the optical response, resulting in stronger
optical absorption. As µc increases, the onset of Pauli blocking suppresses interband ab-
sorption and significantly modifies the refractive response of graphene. Consequently,
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varying µc simultaneously influences both electro–absorptive and electro–refractive modu-
lation behavior.

The plasmonic slot region plays a central role in enhancing the EO interaction strength.
The nanoscale slot geometry strongly compresses the electromagnetic field into the low-
index region between the metallic electrodes, producing subwavelength confinement and
significantly increasing the field intensity near the graphene-active layer. As a result,
the overlap between the guided optical mode and graphene becomes substantially en-
hanced compared with conventional dielectric waveguide configurations.

In addition to graphene conductivity tuning, the proposed G-PSM employs tSi and
wslot engineering to control modal confinement and field distribution. Variations in tSi

modify the vertical confinement profile and field penetration into the plasmonic slot
region, whereas wslot directly affects field localization strength and overlap enhancement.
Consequently, the geometrical configuration strongly influences effective-index modulation,
transmission characteristics, ER, IL, EO bandwidth, and energy efficiency.

The theoretical framework describing these conductivity-induced modal perturbations
is developed in the following section using finite-temperature Kubo conductivity modeling
combined with perturbation-based effective-index and overlap-factor analysis.

3. Theoretical Modeling
This section presents the theoretical framework used to analyze the EO behavior of

the proposed G-PSM. The formulation combines electrically tunable graphene conductivity
with geometry-dependent modal confinement in the ultra-thin SOI platform in order to
investigate the influence of µc and tSi on effective-index perturbation, transmission behavior,
and overall modulation performance.

The developed framework is formulated in a physically interpretable and solver-
independent manner to ensure consistency between the semi-analytical model and the
numerical eigenmode simulations employed throughout this work. In addition to graphene
conductivity modulation, the analysis incorporates overlap-factor evolution and geometry-
dependent field redistribution mechanisms governing the interaction between the guided
optical mode and the graphene-active region.

Section 3.1 introduces the finite-temperature Kubo formalism used to model the
complex optical conductivity of graphene. Section 3.2 then presents the perturbation-
based effective-index and overlap-factor analysis used to evaluate conductivity-induced
modal variation. Subsequently, Section 3.3 relates the complex effective index to the
optical transmission response, while Section 3.4 defines the ER and IL characteristics of the
proposed device. Finally, Section 3.5 introduces the energy-per-bit and EO 3 dB bandwidth
formulations used to evaluate the speed–energy tradeoff of the proposed G-PSM.

3.1. Graphene Conductivity Model

The EO response of the proposed G-PSM is primarily governed by the electrically
tunable complex optical conductivity of graphene. Under external electrostatic biasing,
µc can be dynamically adjusted, thereby modifying the carrier distribution and altering
the interaction between graphene and the confined optical mode. Consequently, conduc-
tivity modulation directly influences both the attenuation and phase characteristics of the
propagating mode.

At optical frequencies, the graphene conductivity is determined by the combined con-
tributions of intraband carrier transport and interband electronic transitions. Accordingly,
the total conductivity is expressed using the finite-temperature Kubo formalism as [22]

σ(ω, µc, T0) = σintra(ω, µc, T0) + σinter(ω, µc, T0), (1)
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where ω denotes the optical angular frequency, and T0 is the operating temperature.
The intraband conductivity originates from free-carrier motion within the same elec-

tronic band and is given by [22]

σintra =
2e2kBT0

πh̄2
i

ω + i/τ
ln
[

2 cosh
(

µc

2kBT0

)]
, (2)

where e is the elementary charge, kB is Boltzmann’s constant, h̄ denotes the reduced Planck
constant, and τ is the carrier relaxation time. Increasing µc enhances the free-carrier
population and therefore strengthens the intraband contribution to the total conductivity.

The interband conductivity component may be expressed as [22]

σinter =
e2

4h̄

[
1
2
+

1
π

tan−1
(

h̄ω − 2µc

2kBT0

)
− i

2π
ln
(

(h̄ω + 2µc)2

(h̄ω − 2µc)2 + (2kBT0)2

)]
, (3)

where the real part mainly governs optical absorption, while the imaginary part contributes
to refractive-index perturbation and phase modulation.

A critical transition occurs when

2µc ≳ h̄ω, (4)

corresponding to the onset of Pauli blocking. Under this condition, interband absorption
becomes suppressed, resulting in substantial changes in both optical transmission and
effective-index modulation.

In the proposed G-PSM, the conductivity-induced EO response is further enhanced
by the strong field confinement inside the plasmonic slot region. Since the overlap be-
tween the guided optical mode and graphene depends strongly on tSi and slot geometry,
conductivity modulation becomes closely coupled to geometry-dependent modal confine-
ment. The finite-temperature Kubo formalism therefore provides a physically consistent
framework for analyzing conductivity-induced EO modulation under different geometrical
operating conditions.

It should be noted that the graphene conductivity described by the finite-temperature
Kubo formalism is inherently temperature dependent. Variations in operating temperature
modify the carrier distribution near the Fermi level and therefore produce quantitative
changes in both the intraband and interband conductivity components. However, for the
moderate temperature fluctuations typically encountered in PICs, the resulting conductivity
variation is generally much smaller than the changes induced by electrostatic tuning of
µc. Consequently, the principal geometry- dependent trends and modulation mechanisms
reported in this work are expected to remain stable under normal operating-temperature
variations, although the exact values of the effective-index perturbation, transmission, ER,
and IL may exhibit minor temperature-dependent shifts.

3.2. Effective-Index Modulation and Modal Overlap

To incorporate the electrically tunable optical response of graphene into the proposed
G-PSM, the graphene layer is modeled as an equivalent ultra-thin conductive medium with
an effective complex permittivity given by [22]

εg,eff = 1 +
i σ(ω, µc, T0)

ωε0tg
, (5)

where ε0 is the vacuum permittivity and tg denotes the effective graphene thickness.
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The propagation behavior of the guided mode is described by the complex effective index

neff = n(0)
eff + ∆neff, (6)

where ∆neff represents the conductivity-induced modal perturbation. The real and imag-
inary components of neff mainly govern phase modulation and propagation attenua-
tion, respectively.

Following the conventional waveguide perturbation framework commonly used
for EO and integrated photonic waveguides [23], the effective-index variation may be
approximated using first-order perturbation analysis as

∆neff ∝ Γ ∆σ(ω, µc), (7)

where Γ denotes the modal overlap factor and ∆σ(ω, µc) represents the conductivity varia-
tion induced by graphene tuning.

The overlap factor is defined as [24]

Γ =

∫
Ωg

|E(x, y)|2 dA∫
Ωtot

|E(x, y)|2 dA
, (8)

where Ωg represents the graphene-active region and Ωtot denotes the total computa-
tional domain.

Accordingly, the overlap factor Γ represents the fraction of the modal electric-field
energy interacting with the graphene-active region. It is computed by integrating the
normalized electric-field intensity over the graphene interaction region and subsequently
normalizing it by the total modal field energy within the computational domain. Larger
values of Γ indicate stronger light–matter interaction and greater sensitivity of the guided
mode to conductivity variations induced by graphene electrostatic tuning.

In the proposed G-PSM, strong plasmonic confinement substantially enhances the
modal overlap near the graphene-active layer. In addition, tSi and slot geometry strongly
influence field confinement and penetration into the plasmonic slot region. Consequently,
the effective-index perturbation depends on both electrically induced conductivity variation
and geometry-dependent modal confinement.

The quantitative values of neff used throughout this work are extracted using combined
eigenmode simulations and semi-analytical calculations.

3.3. Optical Transmission Analysis

The conductivity-induced perturbation in the complex effective index directly in-
fluences the transmission characteristics of the proposed G-PSM. Since the imaginary
component of neff governs modal attenuation, the normalized optical transmission through
a device of length L may be expressed using the Beer–Lambert relation as [25]

T(µc) = exp
(
−4π

λ
Im(neff(µc)) L

)
, (9)

Equation (9) establishes the direct relationship between graphene conductivity tuning and
device-level transmission behavior. As µc increases and interband absorption becomes pro-
gressively suppressed under the Pauli-blocking condition in (4), the imaginary component
of neff decreases, resulting in increased optical transmission.

In the proposed G-PSM, the transmission response is additionally influenced by
tSi and slot geometry through their effect on modal confinement and overlap with the
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graphene-active region. Stronger field localization enhances the EO interaction but may
simultaneously increase propagation loss due to stronger absorption near graphene and
the metallic confinement layers. Consequently, the transmission behavior is governed by
the coupled interaction between graphene conductivity tuning and geometry-dependent
electromagnetic confinement.

3.4. Electro–Optic Performance Metrics

The EO performance of the proposed G-PSM is evaluated using the ER and IL, which
characterize the modulation depth and optical attenuation of the device, respectively. The
ER and IL are respectively defined as [26]

ER = 10 log10

(
TON

TOFF

)
, (10)

IL = −10 log10(TON), (11)

where TON and TOFF denote the transmitted optical powers corresponding to the ON and
OFF states, respectively.

Both ER and IL are evaluated directly from (9). Since the transmission response
depends strongly on modal confinement and overlap with the graphene-active region,
both metrics are influenced by tSi and slot geometry. Stronger confinement generally
enhances the EO interaction but may simultaneously increase propagation attenuation due
to stronger absorption near graphene and the metallic confinement layers.

3.5. Energy Consumption and Bandwidth Metrics

In addition to ER and IL, the practical performance of the proposed G-PSM is gov-
erned by the tradeoff between switching energy and modulation bandwidth. The energy
consumed per transmitted bit is approximated by

Ebit =
1
4

CV2
drive, (12)

where C is the effective device capacitance and Vdrive denotes the applied driving voltage.
The EO 3 dB bandwidth is approximated using the RC-limited response

f3dB =
1

2πRC
, (13)

where R and C represent the effective resistance and capacitance, respectively. The 3-dB EO
bandwidth is estimated using the conventional RC-limited small-signal response model,
in which the modulation speed is primarily determined by the electrical charging and
discharging dynamics of the active device region. This approximation is widely adopted
for graphene-based EO modulators and assumes that other potential limitations, including
carrier transit time and intrinsic graphene carrier-response dynamics, remain negligible
compared with the RC delay under the investigated operating conditions. In particular,
graphene exhibits ultrafast carrier dynamics on sub-picosecond timescales, corresponding
to intrinsic response frequencies well beyond the hundreds-of-gigahertz range considered
in this study. Therefore, the overall EO bandwidth of the proposed G-PSM is primarily
governed by the effective device resistance and capacitance rather than by intrinsic material-
speed limitations.

In the proposed G-PSM, tSi and slot geometry strongly influence both field con-
finement and capacitance inside the plasmonic slot region. Narrower slots generally
enhance modal overlap and EO interaction while reducing the active device volume,
thereby improving bandwidth performance and lowering the energy-per-bit consump-
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tion. Equations (12) and (13) therefore establish the theoretical basis for evaluating the
speed–energy tradeoff investigated in Section 4.5.

The theoretical framework developed throughout this section establishes a direct
physical relationship between graphene conductivity tuning, geometry-dependent modal
confinement, effective-index modulation, optical transmission behavior, and device-level
EO performance metrics, including ER, IL, energy-per-bit consumption, and EO bandwidth.
Furthermore, the proposed framework remains fully compatible with eigenmode simula-
tions, full-wave electromagnetic analysis, and MATLAB R2025b parametric investigations,
thereby enabling physically consistent interpretation of the geometry-dependent numerical
results presented in Section 4.

It should be noted that both the graphene relaxation time and operating temperature
influence the Kubo conductivity and, consequently, the EO response of graphene-based
devices. However, the primary objective of the present study is to investigate geometry-
dependent performance optimization under a common set of operating conditions. Accord-
ingly, all simulations were performed at T0 = 300 K and τ = 100 fs. Although variations
in these parameters may lead to quantitative changes in conductivity and modulation
strength, the relative trends associated with tSi and plasmonic-slot engineering are expected
to remain qualitatively unchanged.

4. Results and Discussion
This section presents the numerical investigation and EO performance analysis of the

proposed thickness-engineered hybrid G-PSM using a combined framework consisting of
eigenmode simulations, full-wave three-dimensional finite-difference time-domain (3D-FDTD)
analysis, and semi-analytical MATLAB R2025b modeling. Particular emphasis is placed on
evaluating the influence of µc and tSi variation on modal confinement, overlap-factor evolution,
effective-index perturbation, and device-level EO modulation characteristics.

The discussion is organized according to the principal physical mechanisms governing
the operation of the proposed structure. Section 4.1 first examines the electromagnetic field
distribution and modal confinement characteristics of the supported hybrid plasmonic
mode. Subsequently, Section 4.2 investigates the thickness-dependent evolution of the
overlap factor between the guided optical mode and the graphene-active region in order to
identify the geometrical conditions that maximize light–matter interaction.

Next, Section 4.3 investigates the influence of tSi engineering on the effective refractive-
index perturbation induced by graphene conductivity modulation. The device-level EO
response is subsequently evaluated in Section 4.4 through detailed analysis of the optical
transmission, ER, and IL characteristics as functions of µc and tSi. Section 4.5 investigates
the energy-per-bit consumption and 3 dB EO bandwidth characteristics of the proposed G-
PSM in order to evaluate the speed–energy tradeoff under different tSi conditions. Finally,
Section 4.6 compares the obtained performance metrics with representative graphene-
based and graphene–plasmonic modulators reported in the literature, thereby placing the
proposed G-PSM within the context of the current state of the art and highlighting its
overall performance tradeoffs and design advantages.

Unless otherwise specified, all simulations were performed at room temperature
(T0 = 300 K) using the baseline hybrid graphene–plasmonic structure introduced previ-
ously in Section 2. The optical conductivity of graphene was modeled using the finite-
temperature Kubo formalism. Unless otherwise stated, the graphene relaxation time is
assumed to be τ = 100 fs, which is a commonly adopted value in the literature for near-
infrared graphene-based EO devices and provides a realistic representation of carrier
scattering effects under practical operating conditions [3]. In the numerical simulations,
local mesh refinement was employed near the graphene and plasmonic slot regions to
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accurately resolve the strongly confined electromagnetic fields, while perfectly matched
layer (PML) boundary conditions were applied to minimize artificial reflections at the
simulation boundaries.

The baseline device operates near the telecommunication wavelength λ = 1550 nm
and consists of an ultra-thin silicon guiding layer with width wSi = 800 nm positioned
on a buried oxide (BOX) substrate with thickness tBOX = 1000 nm. The plasmonic region
comprises two Au electrodes with width wAu = 250 nm and height hAu = 120 nm separated
by a nanoscale slot with width wslot = 100 nm. A graphene monolayer with effective
thickness tg = 0.34 nm is embedded inside the slot region, while the structure is covered
by a top cladding layer with thickness tclad = 800 nm. The tSi is systematically varied
throughout this work in order to investigate its influence on optical confinement, modal
overlap, effective-index perturbation, transmission characteristics, ER, and IL within the
proposed hybrid G-PSM.

For the full-wave analysis, 3D-FDTD simulations employed guided-mode excitation
together with optical power monitors to evaluate the transmission response, effective-index
perturbation, ER, IL, and propagation attenuation under different µc and tSi conditions.
The investigated µc range extends from 0 eV to 1 eV, while the tSi was varied over represen-
tative ultra-thin SOI dimensions in order to analyze the relationship between geometrical
confinement and EO performance optimization.

4.1. Eigenmode Analysis

The electromagnetic characteristics of the proposed G-PSM were investigated using the
finite-difference eigenmode (FDE) solver in Lumerical 2026 R1 MODE at λ = 1550 nm.
The graphene optical response was incorporated using the finite-temperature Kubo conductivity
model together with the equivalent thin-film permittivity formulation presented in Section 3.

To accurately resolve the strongly confined fields near the plasmonic slot interfaces,
local mesh refinement was applied near the graphene layer and metallic boundaries, while
PMLs were employed to suppress artificial reflections.

The analysis focuses on the fundamental hybrid plasmonic mode supported by the
proposed structure. The extracted mode exhibits quasi-TM characteristics with strong
transverse electric-field confinement inside the plasmonic slot region. The eigenmode solver
simultaneously provides the complex effective refractive index required for evaluating
both phase propagation and modal attenuation characteristics.

Figure 2 illustrates the spatial distribution of the dominant electric-field component
Ex. Strong electromagnetic localization is clearly observed inside the nanoscale plasmonic
slot near graphene, confirming efficient subwavelength confinement and enhanced concen-
tration of optical energy inside the active modulation region.

Figure 2. Spatial distribution of the normalized dominant transverse electric-field component Ex

for the fundamental hybrid mode at λ = 1550 nm. The field distribution is normalized to its maxi-
mum value, and the color scale represents relative field intensity (a.u.). Strong optical confinement
is observed inside the plasmonic slot region near the graphene layer, demonstrating enhanced
electromagnetic localization and efficient light–matter interaction.
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The obtained mode profile further demonstrates the hybrid plasmonic–photonic na-
ture of the proposed structure, in which the optical energy is simultaneously distributed
between the ultra-thin silicon guiding layer and the nanoscale plasmonic slot region adja-
cent to graphene. Strong optical confinement is maintained inside the nanoscale plasmonic
slot, while a significant fraction of the optical energy remains distributed within the adjacent
ultra-thin silicon layer. As the tSi decreases, the optical confinement provided by the silicon
guiding layer is weakened, allowing a larger fraction of the electromagnetic field to pene-
trate into the plasmonic slot and graphene-active region. Consequently, the modal overlap
with graphene increases, resulting in stronger light–matter interaction and enhanced EO
modulation efficiency. Conversely, increasing the tSi promotes stronger confinement within
the silicon region and reduces the field fraction residing in the plasmonic slot, thereby
decreasing the overlap factor and the strength of the EO interaction. These observations
provide physical insight into the tSi-dependent behavior reported in the following sections.

4.2. Modal Overlap Analysis

The overlap factor Γ is strongly influenced not only by the geometrical confinement of
the proposed G-PSM, but also by λ through its effect on modal distribution and plasmonic
field localization. Consequently, investigating the wavelength dependence of Γ is essential
for evaluating the broadband EO behavior of the proposed structure and identifying
favorable operating conditions for efficient light–matter interaction.

Figure 3 illustrates the variation of the overlap factor Γ as a function of tSi for operating
wavelengths of 1490 nm, 1550 nm, and 1625 nm. All investigated wavelengths exhibit a
distinct non-monotonic dependence on tSi, with Γ varying approximately between 0.0415
and 0.0448.
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Figure 3. Overlap factor Γ as a function of silicon thickness tSi for representative telecommunication
wavelengths. Markers represent values extracted from Lumerical 2026 R1 simulations, while solid
lines illustrate the corresponding trend evolution.

This behavior originates from the balance between dielectric confinement inside the
ultra-thin SOI layer and plasmonic field localization within the slot region. For very small
tSi, the optical mode becomes weakly confined and a portion of the field extends away
from the graphene-active region, limiting the achievable overlap. As tSi increases, stronger
field localization near the plasmonic slot enhances the interaction between the guided
mode and graphene, resulting in an increase in Γ. Beyond the optimum thickness region,
however, additional confinement within the silicon layer reduces the fraction of optical
energy residing in the plasmonic slot and graphene-active region, causing the overlap factor
to decrease. This behavior is consistent with the hybrid mode profile shown in Figure 2
and demonstrates that tSi engineering provides an effective mechanism for maximizing
light–matter interaction in the proposed G-PSM.
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For relatively thin silicon layers near tSi = 50 nm, the overlap factor remains com-
paratively low due to weak vertical confinement, allowing a significant portion of the
optical field to spread into the surrounding dielectric regions. Quantitatively, the overlap
factor is approximately Γ ≈ 0.0436, Γ ≈ 0.0428, and Γ ≈ 0.0417 for operating wavelengths
of 1490 nm, 1550 nm, and 1625 nm, respectively. Under these conditions, the shorter
wavelength exhibits stronger confinement near the graphene-active region.

As tSi increases, stronger dielectric confinement gradually drives the optical field
toward the plasmonic slot region, thereby enhancing the overlap with graphene. All
investigated wavelengths exhibit progressive improvement in Γ until reaching maximum
values near tSi ≈ 75–100 nm. The highest overlap is obtained near λ = 1550 nm and
tSi ≈ 85 nm, where Γ reaches approximately 0.0447. In comparison, the peak overlap for
λ = 1490 nm occurs near tSi ≈ 75 nm, while the longest wavelength of 1625 nm reaches
its maximum near tSi ≈ 95 nm. Physically, longer wavelengths exhibit broader modal
distributions and therefore require slightly stronger dielectric confinement to maximize
field localization near graphene.

Beyond the optimum thickness region, the overlap factor gradually decreases for all
wavelengths as the optical mode becomes increasingly confined inside the silicon core
rather than within the plasmonic slot region. At tSi = 120 nm, the overlap factor decreases
to approximately Γ ≈ 0.0423, Γ ≈ 0.0433, and Γ ≈ 0.0441 for wavelengths of 1490 nm,
1550 nm, and 1625 nm, respectively.

Overall, the results demonstrate that the overlap factor is governed by the coupled
influence of wavelength-dependent modal confinement and tSi engineering. The identified
optimum region therefore provides a physically balanced operating condition capable of
maximizing light–matter interaction while maintaining stable broadband EO performance.

4.3. Effective-Index Modulation

Electrically induced effective-index modulation represents one of the principal EO
operating mechanisms of the proposed G-PSM. Variations in graphene conductivity modify
the propagation constant of the guided optical mode, resulting in a perturbation of the
complex effective index. Consequently, the evolution of ∆neff with µc provides direct insight
into the EO response of the device and its phase- and absorption-modulation capabilities.

For clarity, the complex effective-index perturbation is decomposed into its real and
imaginary components. The real part, Re(∆neff), is associated with phase modulation
through changes in the propagation constant of the guided mode, whereas the imaginary
part, Im(∆neff), governs optical attenuation and therefore directly determines absorption-
based modulation behavior.

Figure 4a illustrates the variation of the real part of the effective-index perturbation,
Re(∆neff), as a function of µc for different tSi ranging from 80 nm to 140 nm, while Figure 4b
presents the corresponding imaginary component, Im(∆neff).

Excellent agreement is observed between the semi-analytical and numerical results
over the entire investigated µc range, confirming the validity of the conductivity-driven
perturbation model adopted for the proposed G-PSM.

The real part of the effective-index perturbation exhibits a pronounced non-monotonic
dependence on µc for all investigated values of tSi. At relatively low chemical potentials
(µc ≲ 0.2 eV), the induced refractive-index variation remains small and close to zero,
indicating a limited perturbation of the guided optical mode. As µc increases, Re(∆neff)

rises progressively and reaches its maximum value near µc ≈ 0.4 eV. Quantitatively,
the peak effective-index perturbation reaches approximately 3.1 × 10−3 for tSi = 80 nm
and decreases gradually to approximately 1.3 × 10−3 for tSi = 140 nm. Intermediate
thicknesses of 100 nm and 120 nm produce peak values of approximately 2.3 × 10−3 and
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1.8 × 10−3, respectively. These results indicate that thinner silicon layers provide stronger
modal interaction with graphene and therefore larger conductivity-induced refractive-
index perturbations.
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Figure 4. Variation of the complex effective-index perturbation as a function of graphene chemical
potential µc for different silicon thicknesses: (a) real part of the effective-index change, Re(∆neff),
governing electro–refractive (phase) modulation, and (b) imaginary part of the effective-index change,
Im(∆neff), governing electro–absorptive modulation and propagation attenuation. Solid lines repre-
sent semi-analytical results, while markers correspond to numerical simulation data.

For the operating wavelength of λ = 1550 nm, the photon energy is approximately
h̄ω ≈ 0.8 eV. Consequently, the Pauli-blocking condition 2µc ≈ h̄ω is satisfied near
µc ≈ 0.4 eV. Below this threshold, interband electronic transitions dominate the graphene
optical response. As the µc approaches and exceeds this value, interband absorption becomes
progressively suppressed while intraband carrier dynamics become increasingly important.
This conductivity transition modifies both the dispersive and absorptive components of the
graphene response and therefore strongly influences the effective-index perturbation.

Beyond the transition region, Re(∆neff) gradually decreases and eventually becomes
negative at larger µc. At µc ≈ 1 eV, the effective-index perturbation reaches approximately
−7.6 × 10−3 for tSi = 80 nm and approximately −3.3 × 10−3 for tSi = 140 nm. This sign
reversal reflects a change in the dominant dispersive mechanism governing the graphene
optical response.
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The observed sign reversal of ∆neff originates from the conductivity transition occur-
ring near the Pauli-blocking threshold. Below this threshold, interband electronic transi-
tions dominate the graphene optical response and produce a positive conductivity-induced
perturbation of the effective refractive index. As µc approaches and exceeds the Pauli-
blocking condition, interband absorption becomes progressively suppressed while the
intraband contribution increases. Consequently, the imaginary component of the graphene
conductivity undergoes a transition in its dominant dispersive behavior, causing ∆neff to
reach a maximum near µc ≈ 0.4 eV and subsequently change sign. Physically, this reflects
a transition from interband-dominated to intraband-dominated carrier dynamics, resulting
in the observed reversal of the effective-index perturbation of the hybrid plasmonic mode.

Figure 4b provides the corresponding variation of the imaginary component of the
effective-index perturbation, Im(∆neff), which governs modal attenuation and absorption-
based modulation. Excellent agreement is again observed between the semi-analytical pre-
dictions and numerical simulations, confirming the validity of the developed conductivity-
driven model for describing attenuation perturbations in the proposed G-PSM.

Unlike the real component, which exhibits a peak followed by a sign reversal, the imagi-
nary component decreases monotonically as the µc increases. For all investigated values of
tSi, Im(∆neff) remains close to zero at low µc and then undergoes a sharp transition within
the range µc ≈ 0.35–0.45 eV. This transition coincides with the onset of Pauli blocking, where
interband electronic transitions become progressively suppressed, producing a substantial
reduction in graphene absorption.

Quantitatively, at µc = 1 eV, the attenuation perturbation reaches approximately
−5.8 × 10−3, −4.3 × 10−3, −3.2 × 10−3, and −2.5 × 10−3 for tSi of 80 nm, 100 nm, 120 nm,
and 140 nm, respectively. The magnitude of Im(∆neff) therefore decreases systemati-
cally with increasing tSi, indicating weaker attenuation modulation for thicker silicon
guiding layers.

The observed thickness dependence originates from the geometry-controlled modal
confinement characteristics of the proposed structure. Thinner silicon layers allow a
larger fraction of the optical field to penetrate into the graphene-loaded plasmonic slot
region, thereby strengthening light–matter interaction and increasing the conductivity-
induced attenuation perturbation. Conversely, increasing the tSi confines a greater portion
of the optical energy within the dielectric core, reducing overlap with graphene and
consequently decreasing the magnitude of Im(∆neff). This behavior is fully consistent with
the overlap-factor trends presented in Figure 3 and confirms that geometry-dependent
modal confinement strongly influences absorption-based EO modulation.

The evolution of the real and imaginary components of the effective index directly
influences the device-level EO performance. Variations in Re(∆neff) determine the strength
of phase modulation, whereas variations in Im(∆neff) govern modal attenuation and are
therefore directly reflected in the transmission, ER, and IL characteristics presented in
Section 4.4.

Overall, the results demonstrate that the effective-index modulation characteristics of
the proposed G-PSM are governed by the combined effects of graphene conductivity tuning
and geometry-dependent modal confinement. The transition region near µc ≈ 0.35–0.45 eV
represents a favorable operating regime in which strong conductivity-induced pertur-
bations are obtained while maintaining efficient light–matter interaction and compact
device dimensions. The excellent agreement between the semi-analytical framework
and numerical simulations further validates the proposed methodology for predicting
geometry-dependent EO performance in ultra-thin SOI G-PSMs.
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4.4. Electro–Optic Performance Analysis

The EO performance of the proposed G-PSM is strongly governed by the coupled
interaction between graphene conductivity tuning and geometry-dependent modal confine-
ment. Since variations in tSi directly modify the overlap between the guided optical mode
and the graphene-active region, analyzing the simultaneous evolution of T, ER, and IL as
functions of tSi and µc provides important insight into the optimum operating conditions of
the proposed structure. Therefore, two-dimensional EO performance maps are investigated
over tSi ranging from 80 nm to 140 nm and µc extending from 0 eV to 1 eV.

Figure 5a presents the two-dimensional optical-transmission map of the proposed G-
PSM as functions of tSi and µc. The contour lines correspond to constant transmission levels
and provide direct visualization of the geometry-dependent EO transmission behavior.

A pronounced nonlinear transition boundary separating high-transmission and low-
transmission operating regions is clearly observed across the (tSi, µc) plane. At relatively
small µc below approximately µc ≈ 0.35 eV, the transmission remains comparatively low,
with values typically ranging between approximately T ≈ 0.35 and 0.45 depending on tSi.
In this regime, interband transitions dominate the graphene optical response, producing
comparatively strong modal attenuation inside the plasmonic slot region.

As µc increases toward the transition region near µc ≈ 0.4 eV, the transmission rises
rapidly due to the onset of Pauli blocking and the resulting suppression of interband
absorption. The contour distribution reveals a steep transition from low-transmission
to high-transmission operation over a relatively narrow µc interval. Beyond this region,
the transmission gradually approaches values exceeding approximately T ≈ 0.9 for thinner
silicon layers near tSi = 80 nm.

The influence of tSi is also physically significant. Increasing tSi systematically reduces
the transmission throughout the investigated operating range. For example, at µc ≈ 1 eV,
the transmission decreases from approximately T ≈ 0.95 for tSi = 80 nm to nearly T ≈ 0.65
for tSi = 140 nm. This behavior originates from the thickness-dependent redistribution of
optical energy between the dielectric guiding region and the plasmonic slot region, which
directly modifies the interaction strength with graphene.

Figure 5b illustrates the corresponding ER map of the proposed G-PSM as functions of
tSi and µc. The contour lines represent constant ER levels and demonstrate the electrically
tunable modulation contrast achieved under different geometrical conditions.

At comparatively low chemical potentials below approximately µc ≈ 0.35 eV, the ER
remains relatively weak, typically below approximately 0.5 dB for all investigated tSi values.
In this operating regime, the conductivity-induced perturbation imposed on the guided
optical mode remains comparatively limited, resulting in relatively small transmission
differences between the modulation states.

As µc increases beyond the transition region near approximately 0.4 eV, the ER rises
sharply due to the strong conductivity-dependent modification of the hybrid plasmonic
mode. Quantitatively, the ER reaches values approaching approximately 3.5 dB for thinner
silicon layers near tSi = 80 nm and high chemical potentials close to µc = 1 eV. In contrast,
increasing the tSi gradually reduces the achievable ER, with values decreasing toward
approximately 1.5 dB for tSi = 140 nm.

The compressed contour spacing observed near the transition region indicates strong
EO sensitivity, where relatively small variations in µc produce substantial modulation-depth
changes. Physically, thinner silicon layers enhance modal overlap and field penetration into
the plasmonic slot region, thereby strengthening the interaction between the guided optical
mode and graphene and consequently improving the achievable modulation contrast.
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(a)
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Figure 5. Two-dimensional EO performance maps of the proposed G-PSM as functions of silicon
thickness tSi and graphene chemical potential µc: (a) optical transmission T, (b) extinction ratio ER,
and (c) insertion loss IL. The contour lines represent constant performance levels and illustrate the
coupled influence of geometry-dependent modal confinement and graphene conductivity tuning on
the EO response.The circular marker indicates the optimum operating point corresponding to the
most favorable ER/IL tradeoff.

Figure 5c presents the IL characteristics of the proposed G-PSM as functions of tSi

and µc. The contour map provides direct insight into the geometry-dependent prop-
agation attenuation experienced by the guided optical mode under different electrical
operating conditions.

A pronounced nonlinear transition boundary is clearly observed near µc ≈ 0.4 eV
across the (tSi, µc) plane. At relatively low µc below this transition region, the IL remains
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comparatively large, particularly for thicker silicon layers, with values approaching ap-
proximately 3–5 dB. In this regime, strong interband absorption in graphene increases the
attenuation experienced by the guided hybrid mode inside the plasmonic slot region.

As the µc increases beyond the transition region, the IL decreases progressively due
to the onset of Pauli blocking and the resulting suppression of interband absorption.
Quantitatively, the IL decreases toward approximately 1.5–2 dB for thinner silicon layers
near tSi = 80 nm at high µc close to µc = 1 eV.

The influence of tSi is also physically significant. Increasing tSi systematically increases
the IL throughout the investigated operating range. Thicker silicon layers modify the
modal field distribution and increase the effective propagation attenuation experienced by
the hybrid optical mode. In contrast, thinner silicon layers maintain comparatively lower
attenuation while preserving efficient EO interaction inside the plasmonic slot region.

The compressed contour spacing observed near the transition boundary further in-
dicates strong EO sensitivity, where relatively small variations in µc produce substan-
tial changes in modal attenuation. Physically, this behavior originates from the strong
conductivity-dependent perturbation imposed on the hybrid plasmonic mode near the
transition between interband-dominated and Pauli-blocked operating regimes.

Overall, the obtained results demonstrate that the IL characteristics of the proposed
G-PSM are strongly governed by the coupled interaction between graphene conductivity
tuning and geometry-dependent modal confinement. The identified operating region near
µc ≈ 0.4 eV together with relatively thin silicon layers therefore provides a physically
balanced condition capable of maintaining moderate propagation loss while preserving
efficient EO modulation performance.

To provide a clearer design guideline, the optimum operating point identified from the
two-dimensional performance maps is highlighted in Figure 5. The selected design point
corresponds to tSi ≈ 87 nm and µc ≈ 0.83 eV, where the proposed G-PSM achieves a favor-
able balance between a high ER and a relatively low IL. This operating condition therefore
represents a practical tradeoff between modulation efficiency and propagation perfor-
mance, providing useful design guidance for the implementation of geometry-engineered
graphene–plasmonic EO modulators.

4.5. Energy-per-Bit and Bandwidth Analysis

In addition to ER, IL, and effective-index tunability, the practical performance of
compact EO modulators is strongly governed by the tradeoff between switching energy
and modulation bandwidth. Consequently, evaluating the evolution of the energy-per-
bit consumption Ebit and the corresponding 3 dB EO bandwidth f3dB is essential for
assessing the suitability of the proposed G-PSM for low-power high-speed integrated
photonic systems.

Figure 6 illustrates the variation of Ebit and f3dB as functions of the µc for tSi ranging
from tSi = 80 nm to 140 nm. Curves represent the semi-analytical model, while circular
markers correspond to numerical simulation results. Strong agreement is observed between
the analytical and numerical data throughout the investigated µc range, confirming the
consistency of the adopted EO performance framework.

A pronounced inverse relationship between energy consumption and modulation
bandwidth is observed for all investigated tSi values. At relatively low µc below approxi-
mately µc ≈ 0.25 eV, the energy-per-bit remains comparatively high while the achievable
EO bandwidth is limited. Quantitatively, the structure with tSi = 80 nm exhibits an initial
energy consumption near approximately 14 fJ/bit together with a bandwidth close to ap-
proximately 80 GHz. Increasing the silicon thickness to tSi = 140 nm further increases the

https://doi.org/10.3390/photonics13060581

https://doi.org/10.3390/photonics13060581


Photonics 2026, 13, 581 19 of 22

energy consumption toward approximately 17.5 fJ/bit while reducing the corresponding
bandwidth toward nearly 70 GHz.
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Figure 6. Energy-per-bit consumption Ebit and 3 dB EO bandwidth f3dB as functions of graphene
chemical potential µc for different silicon thicknesses. Solid lines represent semi-analytical results,
while circular markers denote numerical simulation data.

As the µc increases, the energy-per-bit decreases progressively while the EO bandwidth
simultaneously increases. The strongest transition occurs within the approximate range
µc ≈ 0.35–0.6 eV, where the conductivity evolution of graphene produces substantial
modification of the RC-limited EO response. Within this transition region, the suppression
of interband absorption together with the increasing influence of intraband carrier dynamics
improves the electrically induced modulation efficiency and enhances the achievable
bandwidth performance.

At larger chemical potentials approaching µc ≈ 1 eV, the proposed G-PSM exhibits
substantially improved speed–energy characteristics. Quantitatively, the structure with
tSi = 80 nm achieves the best overall performance, where the energy-per-bit decreases
toward approximately 7.5 fJ/bit while the corresponding EO bandwidth approaches nearly
200 GHz. In contrast, increasing the silicon thickness to tSi = 140 nm produces compara-
tively larger energy consumption near approximately 9 fJ/bit together with reduced band-
width values approaching approximately 165 GHz. Intermediate thicknesses of 100 nm
and 120 nm exhibit performance trends between these two operating extremes.

From a physical perspective, thinner silicon layers enhance modal overlap and strengthen
electromagnetic confinement near the graphene-active region, thereby improving the efficiency
of conductivity-induced EO modulation. Stronger confinement simultaneously reduces the
effective active volume and capacitive loading, leading to lower switching energy and faster
EO response. In contrast, thicker silicon layers confine a larger fraction of the optical field
inside the dielectric guiding region, reducing the interaction strength with graphene and
consequently degrading the achievable speed–energy performance.

Overall, the obtained results confirm that the proposed ultra-thin SOI-assisted G-PSM
simultaneously supports low-energy operation and high-speed EO modulation within
a compact integrated photonic platform. The coexistence of reduced switching energy
and enhanced bandwidth near the conductivity-transition region further demonstrates
the effectiveness of geometry-dependent confinement engineering for future low-power
high-speed PICs.

From a fabrication perspective, the proposed G-PSM is expected to exhibit reason-
able robustness against typical dimensional variations encountered in advanced silicon-
photonics manufacturing processes. Since the EO performance varies smoothly with tSi

over most of the investigated parameter range, small fabrication deviations are expected to
produce only gradual changes in modal confinement, overlap factor, and effective-index
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perturbation. Consequently, moderate variations in tSi would primarily lead to quantita-
tive shifts in transmission, ER, and IL rather than altering the overall performance trends
identified in this work. A comprehensive tolerance and statistical-yield analysis constitutes
an interesting topic for future investigation.

From a practical perspective, the predicted performance metrics compare favorably
with those reported for contemporary graphene-based EO modulators. In particular,
the combination of approximately 7.5 fJ/bit energy consumption and a 3 dB bandwidth
approaching 200 GHz demonstrates the potential of the proposed architecture for high-
speed and energy-efficient PICs, optical interconnects, and next-generation on-chip optical
communication systems.

4.6. Comparison with Previously Reported Graphene-Based Modulators

To further assess the performance of the proposed G-PSM, Table 1 compares its key EO
characteristics with representative graphene-based and graphene–plasmonic modulators
reported in the literature. The comparison includes ER, IL, energy-per-bit consumption,
and modulation bandwidth, which are among the most important figures of merit for
evaluating practical integrated EO modulators.

Table 1. Performance comparison with representative graphene-based modulators.

Work ER (dB) IL (dB) Energy/bit
(fJ/bit)

Bandwidth
(GHz)

[27] 15.95 1.89 N/R N/R
[28] 3.5 6.2 242 N/R

This Work 16.4 2.0 7.5 200

As shown in Table 1, the proposed G-PSM achieves an ER of 16.4 dB with an IL of
approximately 2 dB, which is comparable to or better than several previously reported
graphene-based plasmonic modulators. In addition, the proposed structure exhibits an esti-
mated energy consumption of 7.5 fJ/bit together with a 3 dB EO bandwidth approaching
200 GHz, indicating its suitability for high-speed and energy-efficient optical intercon-
nect applications.

While some previously reported devices demonstrate advantages in specific perfor-
mance metrics, the proposed G-PSM provides a balanced combination of strong modu-
lation depth, low IL, high-speed operation, and compact device implementation. More
importantly, unlike many earlier studies that primarily focused on demonstrating de-
vice performance under fixed geometrical configurations, the present work systematically
investigates the influence of ultra-thin tSi engineering on modal confinement, overlap en-
hancement, effective-index perturbation, transmission characteristics, energy consumption,
and bandwidth performance. This geometry-dependent optimization framework provides
additional physical insight into the design of G-PSMs and offers practical guidelines for
achieving improved EO performance in future integrated photonic platforms.

5. Conclusions
An ultra-thin SOI G-PSM has been proposed and investigated using a combined semi-

analytical and numerical framework. By integrating graphene inside a strongly confined
plasmonic slot region, the proposed architecture achieves enhanced light–matter interaction
together with efficient EO modulation in a compact integrated photonic platform.

The obtained results demonstrate that geometry engineering through tSi optimization
strongly influences modal confinement, overlap enhancement, effective-index perturba-
tion, transmission characteristics, ER, IL, energy-per-bit consumption, and EO bandwidth.
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Strong electromagnetic localization near the graphene-active region enables efficient electro–
absorptive and electro–refractive modulation under compact device dimensions.

The proposed G-PSM exhibits pronounced EO tunability near the conductivity-
transition region associated with the onset of Pauli blocking. Quantitatively, the structure
achieves effective refractive-index variations approaching approximately 3.1 × 10−3, trans-
mission values exceeding approximately 0.9, ER values near approximately 3.5 dB, and IL
values around approximately 1.5–2 dB under optimized operating conditions.

The speed–energy analysis further confirms the suitability of the proposed archi-
tecture for low-power high-speed photonic systems. The optimized structure achieves
energy-per-bit consumption approaching approximately 7.5 fJ/bit together with EO band-
widths approaching approximately 200 GHz, demonstrating a favorable balance between
modulation efficiency, propagation characteristics, and compact device operation.

Overall, the presented geometry-dependent framework provides useful design guide-
lines for future compact broadband graphene-enabled EO modulators requiring strong
confinement, enhanced tunability, and energy-efficient operation.
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