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Abstract
Localized plasmonic nanostructures provide an effective platform for concentrating electromagnetic energy into subwavelength volumes, enabling
enhanced light–matter interaction and localized photothermal generation. In this work, a hybrid nanophotonic structure consisting of ordered arrays of gold
nanocylinders integrated with a graphene layer on a SiO₂ substrate is investigated using finite-difference time-domain (FDTD) simulations coupled with
thermal analysis. The study systematically examines the influence of nanocylinder aspect ratio on plasmon resonance characteristics, electromagnetic
near-field localization, and photothermal energy redistribution.

The results demonstrate that increasing the height-to-radius ratio enhances plasmonic energy localization, strengthens near-field confinement, and
increases optical absorption through the formation of highly localized plasmonic hot spots. Comparative analysis of graphene-free and graphene-coupled
configurations reveals that graphene substantially modifies the resulting thermal response owing to its exceptionally high in-plane thermal conductivity.
While plasmon-induced heat generation remains concentrated near the optical hot spots, graphene promotes rapid lateral heat diffusion, suppresses
excessive thermal localization, and produces a significantly more uniform temperature distribution.

Quantitative analysis shows that the incorporation of graphene reduces temperature non-uniformity by approximately 92.5% while preserving strong
plasmonic enhancement. The corresponding optical–thermal stability factor increases by more than one order of magnitude, demonstrating the
effectiveness of graphene-assisted thermal management. These findings show that aspect-ratio engineering and graphene-assisted heat spreading perform
complementary functions: the former governs plasmonic energy localization, whereas the latter regulates thermal energy redistribution. The proposed
hybrid architecture establishes an integrated optical–thermal design framework for achieving simultaneous optical enhancement and thermal stabilization
in plasmonic nanophotonic systems.

1.Introduction
Controlling electromagnetic energy at the nanoscale is a central objective in plasmonic nanophotonics. Metallic nanostructures based on noble metals such
as gold can support localized surface plasmon resonances (LSPRs), which arise from the collective oscillation of conduction electrons under optical
excitation and enable strong confinement of electromagnetic fields within subwavelength volumes [1, 2]. Such nanoscale field confinement provides an
efficient route for enhancing light–matter interaction, concentrating optical energy near metal surfaces, and converting absorbed electromagnetic energy
into localized heat [3, 4].

A key feature of localized plasmonic systems is the strong dependence of their optical response on structural geometry. In anisotropic metallic
nanostructures, including nanorods and nanocylinders, the aspect ratio provides an effective parameter for tuning plasmonic resonance conditions.
Increasing the characteristic dimension of the metallic structure along the electron oscillation direction modifies the restoring force acting on the electron
cloud and shifts the plasmon resonance toward longer wavelengths. This geometry-dependent behavior has been extensively reported for anisotropic
metallic nanostructures, where particle shape and aspect ratio strongly influence resonance wavelength, scattering efficiency, and photothermal response
[1, 5–8].

Therefore, aspect-ratio engineering offers a material-independent strategy for controlling plasmonic resonance, electromagnetic near-field localization, and
nanoscale energy confinement.

In parallel, graphene has emerged as an important two-dimensional material for hybrid plasmonic platforms owing to its broadband optical response, high
electrical conductivity, and exceptionally high in-plane thermal conductivity [9–11]. Although monolayer graphene absorbs only a small fraction of incident
visible light, approximately 2.3%, its interaction with localized electromagnetic fields can be significantly strengthened when coupled to plasmonic
nanostructures [12, 13]. In such hybrid metal–graphene systems, plasmon-induced near fields provide a mechanism for concentrating electromagnetic
energy at the graphene interface, while graphene can simultaneously act as a lateral pathway for thermal energy redistribution.

Hybrid plasmonic–graphene structures have been widely investigated for enhanced optical absorption, photocarrier generation, and modified light–matter
interaction [14–17]. However, many previous studies have focused mainly on optical enhancement or device-oriented performance, while the spatial
relationship between plasmonic energy localization and the resulting thermal redistribution has received less systematic attention. In particular, for ordered
nanocylinder arrays, the way in which a single geometric parameter, such as aspect ratio, simultaneously controls resonance tuning, near-field confinement,
and graphene-assisted heat spreading remains insufficiently clarified.

Recent advances in hybrid plasmonic platforms have demonstrated significant improvements in optical confinement, sensing performance, and light–
matter interaction, while thermoplasmonic and hot-carrier studies have revealed a strong interplay between plasmonic localization and thermal energy
redistribution, highlighting the need for integrated optical–thermal analyses in hybrid nanostructures [18–22].

Here, we investigate a hybrid gold–graphene nanophotonic platform consisting of ordered arrays of gold nanocylinders placed on a graphene layer
supported by a SiO₂ substrate. Using finite-difference time-domain (FDTD) simulations combined with thermal analysis, we examine how the height-to-radius
ratio of the gold nanocylinders governs plasmonic energy localization. The study focuses on three connected physical responses: spectral plasmon
resonance tuning, near-field electromagnetic confinement, and photothermal energy redistribution. By comparing graphene-coupled and graphene-free
configurations, we clarify the role of graphene not merely as an optical interface but as a functional thermal redistribution layer that moderates plasmon-
induced localized heating.

Unlike previous studies that primarily focused on optical enhancement, absorption improvement, or device-specific performance, the present work
investigates the coupled optical–thermal behavior of hybrid gold–graphene nanocylinder arrays from an energy-localization perspective. We demonstrate
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that aspect-ratio engineering enhances plasmonic energy localization, while graphene-assisted heat spreading suppresses excessive thermal localization,
enabling simultaneous optical enhancement and thermal stabilization. This establishes a unified framework linking plasmon resonance tuning, near-field
confinement, and thermal management in hybrid plasmonic nanostructures.

The remainder of this paper is organized as follows. Section 2 presents the physical framework underlying plasmonic localization and thermal redistribution.
Section 3 describes the structural design and numerical simulation methodology. Section 4 discusses the optical, electromagnetic, and thermal responses
of the proposed hybrid nanostructure and introduces quantitative optical–thermal stability metrics. Finally, Section 5 summarizes the main findings and
conclusions.

2. Physical Framework of Plasmonic Localization and Thermal Redistribution
Localized surface plasmon resonances (LSPRs) originate from the collective oscillation of conduction electrons in metallic nanostructures under
electromagnetic excitation. In gold nanocylinders, the incident optical field drives the free electrons, producing localized charge oscillations at the metal
surface. These oscillations confine electromagnetic energy into nanoscale regions near the nanocylinder boundaries, thereby forming plasmonic hot spots
and enabling strong near-field energy localization. Recent studies have highlighted the importance of such plasmon-mediated optical processes for
enhancing light confinement and energy localization in nanophotonic devices [23].

The resonance condition of a localized plasmon is governed by the geometry of the nanostructure and the dielectric environment surrounding it. For
anisotropic nanostructures such as nanocylinders, the aspect ratio controls the effective electron oscillation length. Increasing the height-to-radius ratio
elongates the oscillation pathway of conduction electrons and reduces the restoring force acting on the induced charge distribution. As a result, the
plasmon resonance shifts toward longer wavelengths. This qualitative dependence can be expressed as:

λres∝Leff

where Leff denotes the effective oscillation length associated with the dominant plasmonic mode. For the present gold nanocylinder geometry, increasing
the cylinder height while keeping the radius fixed increases Leff, leading to the observed red shift of the plasmonic resonance.

The spatial localization of plasmonic energy can be described by the electric-field intensity distribution:

∣E(r)∣2

Regions with enhanced ∣E∣2 correspond to plasmonic hot spots, where electromagnetic energy is concentrated near the nanocylinder edges and at the
metal–graphene interface. In the present structure, the nanocylinder geometry controls not only the spectral position of the resonance but also the spatial
distribution of near-field energy localization.

Plasmonic energy localization is directly connected to photothermal generation. When electromagnetic energy is absorbed inside the gold nanocylinders, it
is converted into heat through dissipative electron–phonon processes. The local volumetric heat generation rate can be written as:

Q(r)= ωε0ε′′∣E(r)∣2

where ω is the angular frequency of the incident light, ε0 is the vacuum permittivity, ε′′ is the imaginary part of the dielectric function of gold, and E(r) is the

local electric-field amplitude. This relation indicates that the regions of stronger near-field localization are also the regions of stronger photothermal energy
generation. The conversion of localized electromagnetic energy into heat through non-radiative plasmon decay is the fundamental mechanism underlying
thermoplasmonic phenomena. Previous studies have demonstrated that regions exhibiting strong near-field enhancement also act as localized nanoscale
heat sources, leading to highly confined temperature distributions around metallic nanostructures [24, 25].

In the hybrid gold–graphene structure, graphene modifies the thermal response of the system through its exceptionally high in-plane thermal conductivity,
which can exceed several thousand W m − 1 K − 1 under suitable conditions. Such thermal transport characteristics enable efficient lateral heat spreading
and have motivated the use of graphene as a thermal management material in nanoscale optoelectronic and plasmonic systems [26, 27]. While the gold
nanocylinders act as plasmonic energy concentrators, the graphene layer provides a lateral pathway for redistributing the generated heat. Therefore,
graphene does not merely serve as a passive optical interface; rather, it functions as a thermal redistribution layer that mitigates excessive temperature
accumulation near plasmonic hot spots.

Therefore, the physical behavior of the proposed hybrid nanostructure can be understood as a coupled geometry-controlled process. The nanocylinder
aspect ratio determines the plasmonic resonance condition and near-field energy localization, while the graphene layer regulates the spatial redistribution of
the generated heat. This framework provides the physical basis for interpreting the optical absorption spectra, near-field maps, and thermal distributions
discussed in the following sections.

3. Materials and Methods

3.1 Structural Design of the Hybrid Nanophotonic Platform
The investigated nanophotonic structure consists of a hybrid platform composed of a SiO₂ dielectric substrate, a graphene layer, and an ordered array of
gold nanocylinders. The SiO₂ substrate with a thickness of 80 nm serves as the dielectric support for the structure. A three-layer graphene sheet with an
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effective thickness of 0.1nm (thickness of a monolayer graphen is 0.03nm) is placed on top of the substrate and acts as an optoelectronic interface as well
as a thermal dissipation layer. The schematic structure of the simulated hybrid nanophotonic platform, consisting of gold nanocylinders positioned on a
graphene layer supported by a SiO₂ substrate, is illustrated in Fig. 1.

The plasmonic component of the structure consists of an array of gold nanocylinders arranged in a 4 × 5 configuration on the graphene layer. The diameter
of the nanocylinders is kept constant while the aspect ratio, defined as the height-to-radius ratio (h/R), is used as the main geometric control parameter.
Three aspect-ratio configurations are considered in this study: h/R = 1, h/R = 2, and h/R = 3. This parametric variation enables systematic investigation of the
influence of geometric engineering on plasmonic resonance behavior, electromagnetic near-field localization, and photothermal energy distribution within
the hybrid system.

To clarify the physical role of graphene in the thermal response of the structure, comparative simulations were additionally performed for graphene-free
configurations. This comparison enables direct evaluation of how graphene modifies plasmon-induced thermal localization and heat redistribution within the
hybrid nanostructure.

3.2 Optical Material Models
The optical properties of gold are modeled using experimentally measured dielectric constants reported by Johnson and Christy, which are widely used in
plasmonic simulations. Graphene is modeled as a two-dimensional conductive layer characterized by its surface conductivity and intrinsic optical
absorption of approximately 2.3% in the visible spectral range[28]. The SiO₂ substrate is modeled as a dielectric material with a constant refractive index
within the considered wavelength range.

3.3 Numerical Simulation Framework
Optical simulations are performed using the finite-difference time-domain (FDTD) method implemented in the Lumerical FDTD Solutions software package.
A linearly polarized plane wave is used as the excitation source and propagates along the z-direction toward the nanostructure array. The wavelength range
of the incident light is chosen between 400 nm and 900 nm in order to cover the visible and near-infrared spectral regions.

Periodic boundary conditions are applied along the x and y directions to represent the periodic nature of the nanostructure array, while perfectly matched
layer (PML) boundaries are implemented along the z-direction to suppress artificial reflections from the simulation domain boundaries.

A nonuniform spatial mesh is employed to ensure numerical accuracy. In regions close to the gold nanocylinders and the graphene layer, a finer mesh is
used in order to accurately resolve the strong electromagnetic field gradients associated with plasmonic resonances.

3.4 Optical Absorption and Near-Field Analysis
The optical absorption spectrum of the hybrid structure is calculated using the relation

A(λ) = 1 − R(λ) − T(λ)

where R(λ) and T(λ) represent the wavelength-dependent reflection and transmission coefficients, respectively.

To investigate plasmon-induced field enhancement, spatial distributions of the electric field intensity are extracted in both x–y and x–z planes. These near-
field maps enable identification of localized electromagnetic hot spots and provide insights into the coupling between plasmonic nanocylinders and the
graphene layer.

3.5 Photothermal Modeling
The photothermal response of the structure is evaluated by computing the volumetric heat generation resulting from electromagnetic absorption in the
plasmonic nanostructures. The calculated volumetric heat generation term described in Section 2 was subsequently incorporated into the thermal solver for
evaluation of the steady-state temperature distribution within the nanostructure.

The thermal conductivity of graphene was incorporated into the model in order to account for heat transport within the hybrid structure. Two-dimensional
and three-dimensional temperature distributions were calculated to analyze the photothermal response of the hybrid nanostructure.

4. Results and Discussion

4.1 Geometry-Dependent Plasmon Resonance
To establish a reference for evaluating the influence of graphene on the optical response of the proposed structure, the plasmonic absorption spectra of
gold nanocylinder arrays without the graphene layer were first investigated for three different aspect-ratio configurations (h/R = 1, 2, and 3), as shown in
Fig. 2.

Figure 2 presents the absorption spectra of gold nanocylinder arrays without the graphene layer for three aspect-ratio configurations. The results show that
increasing the aspect ratio substantially enhances the absorption intensity of the dominant plasmonic mode. The maximum absorption increases from
approximately 2.9 a.u. for h/R = 1 to about 5.0 a.u. for h/R = 2 and reaches nearly 5.8 a.u. for h/R = 3. Simultaneously, the spectra become increasingly
structured, exhibiting multiple secondary resonances and stronger oscillatory behavior at higher aspect ratios. These observations indicate that increasing
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the nanocylinder height strengthens plasmonic excitation and promotes the excitation of additional resonant modes, leading to enhanced optical energy
localization within the metallic nanostructure.

To examine the role of graphene in modifying the plasmonic response, the absorption spectra of the corresponding graphene-coupled hybrid structures were
subsequently calculated and are presented in Fig. 3.

Figure 3 shows the corresponding absorption spectra of the graphene-coupled hybrid nanostructures. Similar to the graphene-free case, increasing the
aspect ratio leads to a pronounced increase in absorption intensity, with the dominant peak rising from approximately 2.7 a.u. for h/R = 1 to about 5.5 a.u.
for h/R = 2 and nearly 6.6 a.u. for h/R = 3. However, in contrast to the graphene-free configuration, the resonance profiles become noticeably smoother and
exhibit reduced oscillatory features. The presence of graphene therefore preserves the strong plasmonic enhancement associated with larger aspect ratios
while simultaneously modifying the spectral response of the structure. This behavior suggests that graphene affects the distribution and coupling of
localized electromagnetic modes at the metal–graphene interface.

A direct comparison between Figs. 2 and 3 demonstrates that the nanocylinder aspect ratio is the primary parameter governing the strength of plasmonic
excitation and optical energy localization, whereas graphene mainly influences the spectral manifestation of these resonances. While both structures exhibit
a significant increase in absorption with increasing h/R, the graphene-coupled configurations display smoother spectral profiles and reduced resonance
oscillations. These results indicate that aspect-ratio engineering enhances plasmonic energy localization, whereas graphene modifies the optical response
through mode redistribution at the interface. To further investigate the spatial distribution of the localized electromagnetic energy responsible for the
observed absorption behavior, the near-field electric-field distributions are examined in the following section.

To clarify the physical origin of the enhanced optical absorption observed in the graphene-coupled hybrid structure, the spatial distributions of the electric-
field intensity were analyzed for different nanocylinder aspect ratios.

Figure 4 shows the normalized electric-field intensity distributions in the x–y plane for h/R = 1, 2, and 3. A progressive increase in near-field localization is
clearly observed with increasing aspect ratio. The maximum normalized field intensity increases from approximately 0.16 for h/R = 1 to about 0.185 for h/R 
= 2 and reaches nearly 0.256 for h/R = 3. Simultaneously, the electromagnetic energy becomes increasingly confined near the nanocylinder boundaries,
leading to the formation of pronounced plasmonic hot spots. These results demonstrate that larger aspect ratios enhance electromagnetic confinement and
concentrate optical energy into progressively smaller nanoscale regions, therefore explaining the enhanced absorption behavior observed in the hybrid
structure (Fig. 3).

To further examine the strongest plasmonic mode, the electric-field intensity distribution in the x–z plane was extracted for the h/R = 3 configuration, as
shown in Fig. 5. The results reveal that the electromagnetic energy remains strongly confined within the near-surface region of the nanocylinder and exhibits
maximum localization near the upper edges of the metallic structure. The peak normalized field intensity reaches approximately 1.15, indicating a
substantial enhancement relative to the surrounding region. This highly confined field distribution confirms that the h/R = 3 geometry supports the strongest
plasmonic localization among the investigated configurations and therefore corresponds to the highest absorption response observed in Fig. 2.

The combined x–y and x–z field distributions provide direct evidence that aspect-ratio engineering controls both the magnitude and spatial confinement of
the localized electromagnetic field. As the aspect ratio increases, stronger plasmonic hot spots are formed near the nanocylinder boundaries, leading to
enhanced optical energy localization. Since photothermal generation is proportional to the local electric-field intensity, these highly localized
electromagnetic regions are expected to act as nanoscale heat sources. Consequently, the near-field localization observed in Figs. 4 and 5 provides the
physical basis for understanding the thermal distributions presented in the following section.

4.3 Plasmon-Induced Thermal Localization and Graphene-Mediated Heat Redistribution
The pronounced electromagnetic energy localization observed in Figs. 4 and 5 is expected to generate highly localized heat sources through non-radiative
plasmon decay. Since the volumetric heat generation rate is directly proportional to the local electric-field intensity, regions exhibiting strong plasmonic hot
spots also correspond to regions of enhanced photothermal generation. To investigate the thermal consequences of the observed near-field localization, the
spatial temperature distribution of the nanocylinder array was analyzed under optical excitation. The resulting temperature distributions for graphene-free
and graphene-coupled configurations are presented in Figs. 6 and 7, respectively.

Figure 6 presents the thermal response of the graphene-free structure. The thermal maps reveal that the regions of maximum temperature coincide with the
locations of strongest plasmonic field localization. The maximum temperature reaches approximately 369 K, while the minimum temperature remains near
353 K, resulting in a temperature variation of approximately 16 K across the structure. The generated thermal energy remains highly confined around the
plasmonic nanocylinders, producing pronounced thermal gradients and localized temperature accumulation. These observations indicate that in the
absence of graphene, plasmon-induced heat remains concentrated near the optical hot spots, leading to strong thermal localization.

Figure 7 shows the thermal response of the graphene-coupled hybrid structure. Although the maximum temperature still occurs near the plasmonic hot
spots, the overall temperature distribution becomes considerably more uniform. The maximum temperature is approximately 358 K, whereas the minimum
temperature remains close to 356.8 K, yielding a temperature variation of only about 1.2 K. Compared with the graphene-free structure, the thermal gradients
are substantially reduced and the generated heat spreads laterally throughout the structure. This behavior demonstrates that graphene actively participates
in redistributing plasmon-induced thermal energy rather than acting solely as a passive optical interface.

The observed thermal redistribution behavior is consistent with previous reports describing graphene as an efficient heat-spreading material in hybrid
optoelectronic and plasmonic systems [11, 26, 27].
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The comparison between Figs. 6 and 7 clearly demonstrates the important thermal role of graphene in the hybrid nanostructure. The incorporation of
graphene reduces the temperature variation from approximately 16 K to about 1.2 K, corresponding to a reduction of nearly 92.5% in thermal non-uniformity.
Owing to its exceptionally high in-plane thermal conductivity, graphene provides an efficient pathway for redistributing plasmon-induced thermal energy
throughout the structure. As a result, localized overheating is suppressed and the thermal stability of the hybrid plasmonic platform is significantly
improved.

The results presented in the previous sections reveal a coupled but non-identical relationship between optical and thermal localization. Increasing the
nanocylinder aspect ratio enhances plasmonic energy localization and strengthens near-field confinement, whereas the incorporation of graphene
suppresses excessive thermal localization through efficient lateral heat redistribution. Consequently, strong optical confinement can be achieved without a
proportional increase in localized thermal accumulation. This dual behavior enables simultaneous optical enhancement and thermal stabilization and forms
the foundation of the proposed optical–thermal design framework.

Therefore, the combined optical and thermal analyses demonstrate that aspect-ratio engineering and graphene-assisted thermal redistribution together
provide a coupled mechanism for controlling plasmonic energy localization in hybrid gold–graphene nanostructures. While the nanocylinder geometry
governs plasmon resonance tuning and electromagnetic confinement, graphene regulates the spatial redistribution of plasmon-induced heat, thereby
enhancing the thermal stability of the hybrid plasmonic platform.

4.4 Positioning of the Present Work within Hybrid Plasmonic Nanostructures
To position the present study within the context of previously reported plasmonic and graphene–plasmonic nanostructures, a comparison with
representative studies from the literature is summarized in Table 1.

Table 1
Comparison of representative plasmonic and graphene–plasmonic nanostructures reported in the literature.

Thermal Analysis Near-Field
Enhancement

Plasmon Tunability Main Objective Structure Reference

No Moderate Limited Size-dependent plasmon resonance Gold nanoparticles [5]

No Yes Moderate Photovoltage enhancement Graphene–plasmonic
hybrid structures

[14]

No Strong Moderate Absorption enhancement Graphene–antenna hybrid
photodetector

[29]

No Strong Limited Narrowband photodetection Plasmonic photodetector
nanostructures

[30]

Limited Strong Tunable Optical absorption enhancement Plasmonic nanostructures
for photodetectors

[17]

Yes (graphene-
assisted heat
dissipation)

Strong Strong (aspect-ratio
engineering)

Geometry-controlled plasmon
resonance and photothermal
localization

Gold nanocylinder–
graphene hybrid array

This Work

As summarized in Table 1, most previously reported plasmonic nanostructures primarily focused on optical absorption enhancement, resonance tunability,
or photodetection performance. Although several graphene–plasmonic hybrid systems demonstrated enhanced electromagnetic localization and improved
optical response, the thermal behavior of plasmon-induced localized energy has received comparatively limited attention.

In contrast to earlier studies, the present work demonstrates that aspect-ratio engineering of gold nanocylinder arrays provides simultaneous control over
plasmon resonance tuning, near-field electromagnetic localization, and photothermal energy distribution within a unified hybrid platform. The comparative
analysis between graphene-coupled and graphene-free configurations further reveals that graphene actively regulates the spatial redistribution of plasmon-
induced thermal energy owing to its exceptionally high in-plane thermal conductivity.

Unlike conventional plasmonic studies that primarily emphasize optical absorption enhancement, the present work establishes a direct physical relationship
between geometry-dependent plasmon resonance, electromagnetic energy localization, localized heat generation, and graphene-mediated thermal
redistribution. These results highlight the importance of combining geometric plasmonic engineering with thermally conductive two-dimensional materials
for the development of thermally stable hybrid nanophotonic structures.

The present results further support recent reports indicating that geometric parameters play a decisive role in determining the spatial localization of
plasmonic energy within hybrid nanostructures. In particular, aspect-ratio engineering has emerged as an effective strategy for controlling resonance
characteristics and electromagnetic confinement in plasmonic nanostructures [5–8].

4.5 Optical–Thermal Stability Analysis
The results presented in the previous sections reveal a coupled but non-identical relationship between optical and thermal localization. While increasing the
nanocylinder aspect ratio enhances plasmonic energy localization, strengthens near-field confinement, and increases optical absorption, the incorporation
of graphene suppresses excessive thermal localization through efficient lateral heat redistribution. Consequently, strong optical confinement can be
achieved without a proportional increase in localized thermal accumulation.
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For the purpose of quantitative comparison within the present study, two performance indicators are defined to evaluate the balance between optical
enhancement and thermal stabilization. The first parameter, referred to as the Optical–Thermal Stability Factor (OTSF), is defined as

where Apeak is the maximum optical absorption and ΔT represents the temperature variation across the structure, defined as the difference between the
maximum and minimum temperatures. A larger OTSF value indicates a more favorable combination of strong optical absorption and reduced thermal non-
uniformity.

The second parameter, termed the Thermal Uniformity Improvement (TUI), is introduced to quantify the effectiveness of graphene in reducing thermal
localization:

where ΔTwithout and ΔTwith denote the temperature variations of the graphene-free and graphene-coupled structures, respectively. This parameter directly

measures the degree of thermal stabilization achieved through graphene-assisted heat spreading.

Based on the absorption and thermal results obtained in the present study, the corresponding performance metrics are summarized in Table 2.

Table 2
Quantitative optical–thermal performance comparison of

graphene-free and graphene-coupled nanostructures.
Parameter Without Graphene With Graphene

Peak Absorption (a.u.) 5.8 6.6

Tmax (K) 369 358

Tmin (K) 353 356.8

ΔT (K) 16 1.2

OTSF (a.u.K− 1) 0.36 5.50

TUI (%) — 92.5

As shown in Table 2, the incorporation of graphene dramatically improves the optical–thermal performance of the hybrid nanostructure. Although the optical
absorption remains high and even slightly increases in the graphene-coupled configuration, the temperature variation decreases from approximately 16 K to
only about 1.2 K. As a result, the OTSF increases from approximately 0.36 to 5.50, corresponding to an enhancement of more than one order of magnitude.

The calculated TUI value of approximately 92.5% further confirms the effectiveness of graphene as a thermal redistribution layer. Owing to its exceptionally
high in-plane thermal conductivity, graphene efficiently spreads the plasmon-generated heat throughout the structure, suppressing localized thermal
accumulation while preserving strong plasmonic energy localization.

These findings demonstrate that optical enhancement and thermal stabilization are not necessarily competing objectives in hybrid plasmonic systems.
Instead, geometry-controlled plasmonic localization and graphene-assisted thermal redistribution perform complementary functions. The nanocylinder
aspect ratio governs resonance tuning and electromagnetic confinement, whereas graphene regulates heat transport and thermal uniformity. This dual
mechanism establishes an integrated optical–thermal design framework for the development of thermally stable hybrid plasmonic nanostructures.

5. Conclusion
The principal outcome of this study is the demonstration that aspect-ratio engineering and graphene-assisted heat spreading perform complementary
functions in hybrid plasmonic nanostructures. While nanocylinder geometry enhances plasmonic energy localization, graphene mitigates excessive thermal
localization, thereby enabling thermally stable plasmonic enhancement.

In this work, a hybrid gold–graphene nanophotonic platform consisting of ordered arrays of gold nanocylinders supported on a graphene-coated SiO₂
substrate was systematically investigated through coupled electromagnetic and thermal simulations. The study examined the influence of nanocylinder
aspect ratio on plasmon resonance behavior, near-field electromagnetic confinement, and photothermal energy redistribution.

The results demonstrate that increasing the height-to-radius ratio significantly enhances plasmonic energy localization, resulting in stronger near-field
confinement and increased optical absorption. The formation of highly localized plasmonic hot spots confirms the dominant role of geometric design in
controlling electromagnetic energy concentration within the hybrid structure.

The thermal analysis further reveals that plasmon-induced heat generation remains spatially correlated with the regions of strongest electromagnetic
localization. However, the presence of graphene substantially modifies the resulting temperature distribution. Owing to its exceptionally high in-plane

\varvecO\varvecT\varvecS\varvecF =
\varvecA\varvecp\varvece\varveca\varveck

Δ \varvecT

\varvecT\varvecU\varvecI = × 100
Δ \varvecT \varvecw\varveci\varvect\varvech\varveco\varvecu\varvect − Δ \varvecT \varvecw\varveci\varvect\varvech

Δ \varvecT \varvecw\varveci\varvect\varvech\varveco\varvecu\varvect
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thermal conductivity, graphene provides an efficient lateral pathway for heat transport, enabling rapid redistribution of plasmon-generated thermal energy.
Consequently, heat generation remains localized near the plasmonic hot spots, whereas the temperature field becomes significantly more uniform.

Quantitative comparison between graphene-free and graphene-coupled configurations shows that the temperature variation across the structure decreases
from approximately 16 K to about 1.2 K, corresponding to a thermal uniformity improvement of nearly 92.5%. At the same time, strong optical absorption is
preserved, resulting in an increase of the proposed Optical–Thermal Stability Factor (OTSF) by more than one order of magnitude. These findings
demonstrate that optical enhancement and thermal stabilization are not necessarily competing objectives in hybrid plasmonic systems.

The principal scientific contribution of this work lies in establishing an integrated optical–thermal framework linking aspect-ratio-controlled plasmon
resonance tuning, near-field electromagnetic localization, localized heat generation, and graphene-mediated thermal redistribution. The results show that
aspect-ratio engineering governs plasmonic localization, whereas graphene-assisted thermal diffusion regulates temperature localization. Together, these
mechanisms provide a unified strategy for simultaneously achieving strong optical confinement and thermal stability.

Overall, the proposed gold nanocylinder–graphene architecture offers a promising platform for the development of thermally robust plasmonic devices and
advanced nanophotonic systems. The design principles identified in this study may be applicable to plasmon-enhanced sensors, photodetectors, energy-
conversion devices, and other hybrid optoelectronic technologies where efficient optical confinement and thermal management must be achieved
simultaneously. Future work may focus on experimental validation of the proposed structure, optimization of interparticle coupling effects, and exploration
of alternative two-dimensional materials for enhanced optical–thermal functionality.
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Figures

Figure 1
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Schematic representation of the simulated hybrid nanophotonic structure consisting of an ordered array of gold nanocylinders placed on a graphene layer
supported by a SiO₂ substrate.

Figure 2

Optical absorption spectra of the proposed gold nanocylinder array without the graphene layer for three different aspect-ratio configurations: (a) h/R=1, (b)
h/R=2, and (c) h/R=3.
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Figure 3

Optical absorption spectra of the hybrid gold–graphene nanostructure for different nanocylinder aspect ratios (h/R = 1, 2, and 3).

Figure 4
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Spatial distribution of the normalized electric-field intensity in the x–y plane of the hybrid gold–graphene nanocylinder array for different aspect ratios: (a)
h/R=1, (b) h/R=2, and (c) h/R=3.

Figure 5

Spatial distribution of the normalized electric-field intensity in the x–z plane of the hybrid gold–graphene nanocylinder array for h/R=3.

Figure 6

Two-dimensional and three-dimensional temperature distributions of the proposed gold nanocylinder array in the absence of graphene.

Figure 7

Two-dimensional and three-dimensional temperature distributions of the proposed hybrid gold–graphene nanocylinder array under optical excitation.
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