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Abstract: Metal-induced absorption limits the performance of graphene-on-silicon-nitride
(Si3N4) modulators due to the evanescent coupling of the optical mode into lossy metallic gate-
electrodes placed near the waveguide core. This work presents a systematic study of electrode
geometry and proximity on the optical performance of dual-layer graphene modulators fabricated
on a CMOS-compatible Si3N4 platform. Three-dimensional electromagnetic simulations and
experimental measurements reveal that replacing continuous bar electrodes with segmented
via-type contacts reduces metal-induced attenuation from 0.36 dB/µm to 0.09 dB/µm while
maintaining a graphene absorption of ≈ 0.16 dB/µm. The optimized via configuration yields a
smooth transmission spectrum, reduced metal-induced insertion loss, and a modulation slope
of approximately 1 dB/V at 1.31 µm, extracted from the linear region of the loss–voltage curve
near the device operating point. These results establish practical design rules linking electrode
geometry and electrode spacing to optical loss, providing a clear route toward CMOS-compatible
graphene modulators with reduced metal-induced loss for photonic integrated circuit platforms.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical modulators are indispensable elements of photonic integrated circuits, enabling high-
speed data transmission, low-power signal processing, and scalable on-chip interconnects
[1–3]. Among the various material platforms investigated for such devices, graphene has
emerged as a compelling active medium due to its electrically tunable sheet conductivity,
which directly modulates interband absorption through electrostatic gating [4–6]. This property
enables broadband electro-absorption (EA) modulation, offering compact device footprints,
CMOS-compatible drive voltages, and scalability toward wafer-level integration [7–9]. In the
context of graphene-based EA modulators, several design strategies have been investigated,
such as utilizing multiple graphene layers, positioning graphene at the optical field maximum
within rib or slot waveguides, and embedding graphene in resonant microcavities to enhance
graphene–light interaction [10–14]. Recent studies on graphene electro-absorption modulators
have demonstrated substantial progress in device bandwidth and modulation efficiency. In
particular, high-speed graphene electro-absorption modulators (EAMs) on Si and SOI platforms
have achieved bandwidths approaching several tens of GHz, together with high modulation
efficiencies [15–18]. Despite significant advances in device architectures and material platforms,
key performance metrics such as insertion loss (IL), electro-optic (EO) bandwidth, and modulation
efficiency (expressed in dB/V) still require further optimization to meet the demands of high-
speed, low-loss photonic integrated circuits [15,16]. A fundamental performance trade-off in
graphene-based EA modulators originates from the required proximity of the metal gate electrode
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to the optical waveguide [17,18]. Decreasing the metal–waveguide separation shortens the
lateral graphene access path to the active graphene–graphene capacitor, reducing the graphene
sheet-resistance contribution to the total series resistance and thereby improving the RC-limited
modulation bandwidth [19,20]. However, the same metal contact structures required for efficient
electrical access of the graphene can perturb the guided optical mode and introduce additional
metal-induced absorption [21–23]. Consequently, the achievable performance is governed by
the geometry and placement of the metal contact electrode, necessitating careful optimization
to provide efficient electrical access to the graphene layer while suppressing metal-induced
optical loss [24,25]. Indeed, this trade-off is central to various recent modulator designs [26–28],
including top-contact architectures with continuous metal bar electrodes [29].

Prior studies have shown that metallic overlayers or nearby metal structures can induce
measurable propagation loss and polarization-dependent attenuation in dielectric waveguides
through evanescent near-field absorption and plasmonic damping [30,31]. Simulation studies
from Giambra et al. [18] showed that increasing the metal–waveguide distance strongly reduces
metal-induced optical loss from approximately 3 dB/µm at d= 0.5 µm to approximately 0.1 dB/µm
at d= 1 µm and reaches much lower values only at larger separations. These studies, however,
predominantly analyze uniform metal structures rather than treating electrode geometry as a
design variable coupled to waveguide insertion loss. Therefore, systematic studies of different
metal-electrode geometries and metal–waveguide separations in the sub-micrometre regime are
needed to understand the trade-off between electrical access to the graphene layer and optical
loss caused by evanescent overlap with lossy metal contacts. In this work, two metal-contact
architectures are investigated: continuous bar-type electrodes extending parallel to the Si3N4
waveguide, and via-segmented electrodes composed of a periodic array of metal-filled vias
providing vertical electrical access to the graphene layer. By combining three-dimensional
electromagnetic simulations with experimental measurements on fabricated graphene-on-Si3N4
modulators, this work provides direct experimental validation of electrode-geometry-driven loss
scaling. Specifically, via-segmented metal contacts to the graphene layer, separated by a 0.5 µm
oxide buffer, suppress metal-induced attenuation to below 0.1 dB/µm. This result is more than a
threefold reduction compared to continuous bar electrodes while maintaining efficient electrical
coupling to the graphene layer. Crucially, systematic scaling of the metal channel length reveals
that this loss suppression persists over extended interaction length. This behavior establishes
electrode segmentation as a robust strategy that enables longer active lengths in EA modulators
with improved efficiency and reduced excessive optical insertion loss. By jointly resolving the
dependence of optical loss on electrode geometry, spacing, and metal electrode length, this work
provides a systematic evaluation of electrode segmentation as a design approach for mitigating
metal-induced optical loss in double-layer graphene-on-Si3N4 electro-absorption modulators.

2. Methodology

2.1. Fabrication

Figure 1(a) presents an optical microscope image of a representative device, showing the two
integrated grating couplers (GCs) for optical input and output. Electrical access to the graphene
active region is achieved using metal pads connected through either bar-type electrodes or
segmented via metal electrodes, as illustrated in Fig. 1(b). The cross-sectional layout shown
in Fig. 1(b) employs a bottom-contact architecture and comprises a 700-nm-wide, 400-nm-
thick Si3N4 waveguide (WG) fabricated on a 2.1 µm buried oxide (BOX) layer. A dual-layer
graphene layer structure, separated by a 20 nm Si3N4 dielectric spacer layer, is integrated above
the waveguide with electrical access provided by either continuous bar-type or segmented
via-type metal electrodes positioned at a separation d from the Si3N4 waveguide. Although both
approaches allow effective biasing of the graphene layer, they place the metal in distinct spatial
distribution with respect to the waveguide core, which directly impacts metal-induced optical
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propagation loss in the waveguide. The device is fabricated by depositing the Si3N4 layer via
plasma-enhanced chemical vapor deposition (PECVD) at 400 °C, followed by photolithography
and reactive ion etching to define Si3N4 waveguides, and chemical–mechanical polishing to
ensure a planar surface [32,33]. Multiple parallel via or bar contacts are subsequently patterned
by i-line photolithography on the planarized Si3N4 stack. The use of multiple parallel via or
bar rows ensures robust and uniform electrical contact to the graphene layer along the device
length, thereby improving wafer-level device yield. These metal contact regions are then opened
by anisotropic CHF3/O2 reactive-ion etching to expose the bottom metal pad. The vias are
then filled by chemical-vapor-deposited tungsten followed by chemical-mechanical polishing
for planarization, providing low-resistance vertical interconnects to the graphene contact level.
Monolayer graphene was grown by chemical vapor deposition (CVD) on 200 mm Ge/Si substrates.
Prior to graphene growth, a 2 µm Ge (001) layer was deposited on Si by CVD. Graphene synthesis
was then carried out at 885 °C using CH4 as the carbon precursor and an Ar/H2 mixture as the
carrier gas. After growth, the graphene was transferred onto the planarized Si3N4 photonic
wafer using a polymethyl methacrylate (PMMA) supported electrochemical delamination process.
For the realization of a dual-layer graphene capacitor, the first graphene layer was transferred
onto the Si3N4 surface, followed by deposition of a 20 nm Si3N4 inter-graphene spacer using
a low-RF-power CVD process to minimize plasma-induced damage. The second graphene
layer was then transferred on top of this spacer to complete the dual-layer graphene stack.
The fabrication process also allows selective patterning of the graphene layer. This enables
the fabrication of otherwise identical test structures with and without graphene on the same
platform, allowing comparative measurements of metal-induced loss in the absence and presence
of graphene.

Fig. 1. (a) Optical microscope image of the fabricated device showing the metal contact
pads for the active region alongside the two grating couplers (GC). (b) Cross-sectional
schematic of the bottom-contact device architecture with bar- and via-segmented metal
electrodes.

2.2. Simulation

To establish how the electrode geometries introduced here interact with the guided optical field,
the modal characteristics of the Si3N4 waveguide were first analyzed using Ansys Lumerical
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finite-difference eigenmode (FDE) solvers. FDE was used for the cross-sectional modal analysis,
including effective indices, mode profiles, and metal-induced attenuation versus electrode
spacing, while 3D-FDTD was used for the longitudinal length-scaling simulations of the bar
and via-array geometries. The cross-sectional simulations used a non-uniform y–z mesh with a
1.75 nm refinement in the waveguide/graphene/metal region. The 3D-FDTD simulations used an
auto non-uniform mesh with accuracy level 4, yielding sub-10 nm cells at the graphene/metal
interfaces. Perfectly matched layer (PML) boundary conditions were applied at the simulation
boundaries to absorb outgoing fields and suppress reflections. Graphene was modeled using
a surface-conductivity model with a scattering time of τ ≈ 44 fs. Simulations were carried
out for cross-sectional structures both without graphene and with a dual-layer graphene stack
included above the waveguide core. When present, graphene was modeled as a two-dimensional
conductive sheet using a surface conductivity formulation derived from the Kubo formalism [34],
which accurately captures its wavelength-dependent complex conductivity. This approach treats
graphene as an infinitesimally thin boundary with complex surface conductivity rather than as
a volumetric layer, ensuring physically consistent modeling of absorption of the propagating
light mode. The Si3N4 waveguide was defined using refractive index values corresponding to
a 450 nm thick Si3N4 film over the O-band wavelength range. Tungsten (W) was used as the
contact metal for both bar- and via-type electrode configurations, with its complex refractive
index taken directly from the built-in material database.

3. Results and discussion

The corresponding device schematic alongside the micrograph of the fabricated device used in
the study, has been shown in Fig. 2. The bar configuration consists of continuous metal running
parallel to the propagation direction (Fig. 2(a)), whereas the via configuration comprises discrete
contact elements distributed along the waveguide (Fig. 2(b)). The metal bars were modeled with
a length Lbar, a width of 160 nm, and an inter-bar spacing of Sbar= 400 nm as shown in Fig. 2(c).
In the via configuration, the metal electrodes were represented by a two-dimensional array of
square vias with dimensions of 160 nm× 160 nm as shown in Fig. 2(d). In contrast, the graphene
interaction length L is analyzed independently through a dedicated length-scaling analysis and
subsequently verified experimentally. The discrete segmented nature of this geometry reduces
the continuous metal coverage along the waveguide, thereby lowering the effective modal overlap
with the lossy metal while still maintaining electrical connectivity. In both cases the optical
mode propagates along the x-direction within the Si3N4 waveguide.

Figure 3 shows the calculated modal field distributions of the Si3N4 waveguide for the
TE and TM guided modes in the y–z plane. Two guided modes were identified in the O-
band: a transverse electric (TE) mode with an effective index of neff = 1.6102+ 0.0039i and a
transverse magnetic (TM) mode with neff = 1.5763+ 0.00107i. When the dual layer graphene
was included, the effective indices increased to neff = 1.6157+ 0.005894i for TE mode and
neff = 1.585875+ 0.00177i for TM mode. The mode profiles shown in Fig. 3(a,b) for the TE
mode (linear and logarithmic scale) and Fig. 3(c,d) for the TM mode clearly indicate that the TE
mode exhibits stronger evanescent field penetration toward the metal regions.

Combined with the calculated effective index neff this implies enhanced modal overlap with both
the metal electrode and the graphene layer. Furthermore, graphene interacts predominantly with
in-plane (tangential) electric field components due to its two-dimensional optical conductivity
tensor; these components are dominant for the TE mode at the graphene position above the
waveguide core [35], leading to stronger light–graphene interaction compared to the TM mode.
As the TE mode is also the fundamental guided mode of the structure and provides the most
substantial surface field overlap, it is therefore selected as the primary mode for further analysis.
Figure 4 illustrates how the electrode geometry influences optical loss for bar-type and via-
segmented contacts placed adjacent to the Si3N4 waveguide. In the bar configuration (Fig. 4(a)),
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Fig. 2. (a) Optical microscope image (top view) of the bar-electrode device aligned to the
Si3N4 waveguide, showing the adjacent metal-density fill tiles (“fillers”) required by the
fabrication design rules of the 200 mm Si3N4 PIC platform. These fillers are located far from
the waveguide, are electrically isolated from the device, and have negligible overlap with the
guided optical mode. (b) Corresponding optical microscope image of the via-segmented
device. (c) Three-dimensional schematic of the bar configuration defining the electrode
length Lbar, spacing sbar, and metal–waveguide separation dbar; The hexagonal outline
indicates the spatial extent of the dual-layer graphene above the waveguide and is included
for visualization. (d) Corresponding 3D schematic of the via-segmented geometry used in
simulations.

the continuous metal electrode forms an extended interaction with the evanescent tail of the
guided mode. This leads to enhanced field localization at the metal edges causing sustained
energy transfer into the lossy metal interface [36,37]. This results in significant absorption
of the guided optical mode along the propagation direction. In contrast, the via-segmented
geometry (Fig. 4(c)) has interface discontinuity preventing continuous interaction which results
into less plasmonic damping and absorption [38]. As a result, field distortion remains confined
to small regions around each via, preserving the central waveguide mode. The output-field
intensity is visibly higher for the via geometry, consistent with its reduced propagation loss
compared to the bar configuration. The metal–waveguide separation d is systematically varied
to isolate the contribution of metal proximity to optical loss and to enable a direct comparison
between continuous bar-type electrodes, denoted dbar, and segmented via-type electrodes, denoted
dvia. The extracted attenuation as a function of metal–waveguide spacing is summarized in
Fig. 4(b) and 4(d) for bar and via, respectively. The bar-type geometry exhibits high attenuation
(>5 dB/µm at dbar= 0.1 µm), decaying exponentially to below 0.1 dB/µm for separations larger
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Fig. 3. Simulated optical mode profiles at λ= 1.310 µm. (a) TE-polarized mode on a linear
scale. (b) TE-polarized mode on a logarithmic (log10) scale. (c) TM-polarized mode on a
linear scale. (d) TM-polarized mode on a logarithmic scale. The electric field magnitude is
normalized to its maximum value for each mode.

than approximately 1 µm. By comparison, the via geometry yields significantly lower loss across
entire distances dvia, remaining below 1 dB/µm even at minimal separation of dvia= 0.1 µm and gets
closer to 0.1 dB/ µm with dvia ≈ 0.7 µm. The loss-versus-spacing trend of the bar and via contact
geometry in Fig. 4 is qualitatively consistent with the contact-distance dependence reported
by Giambra et al. [18], where optical loss decreases rapidly with increasing metal–waveguide
separation. A direct quantitative comparison is not appropriate because the operating wavelength,
waveguide material, device geometry, and graphene-layer count differ. Importantly, the via-
segmented geometry in Fig. 4(d) remains systematically less lossy than the continuous bar-contact
geometry, confirming the benefit of electrode segmentation in suppressing metal-induced optical
absorption.

The exponential decay observed in Fig. 4(b,d) can be understood within the framework of
metal–dielectric hybrid waveguide theory, where modal attenuation arises from the overlap of
the guided field with the lossy metal. In general, the propagation loss in a metal-loaded dielectric
waveguide can be expressed as

α (d) ≃
ω

2P

∫
Im{ϵm} |E(x, y, z; d)|2dV (1)

where α is the modal attenuation, P is the total guided optical power, and d denotes the
lateral metal–waveguide separation, defined as dbar and dvia for the bar and via configurations,
respectively. The integration is performed over the metal volume. Since the evanescent field
decays approximately exponentially away from the waveguide core, the field intensity inside
the metal vary as |E|2 ∼ e−2d/Ld with the field amplitude |E| dependence on the separation d
leading to an approximate exponential dependence of attenuation on metal–waveguide separation
[36,39]. In addition to separation, the attenuation also depends on the effective metal volume
interacting with the optical mode. In the bar geometry, the continuous electrode provides an
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Fig. 4. (a) Electric-field intensity distribution simulated for bar-type metal contacts. (b)
Extracted attenuation coefficient versus metal–waveguide separation dbar for the bar geometry.
(c) Electric-field intensity distribution simulated for via-segmented contacts. (d) Extracted
attenuation coefficient versus metal–waveguide separation dvia for the via geometry

extended interaction region along the propagation direction, resulting in a larger overlap integral
and consequently higher loss. In contrast, the segmented via configuration reduces the effective
metal fill factor and spatial overlap with the evanescent field while maintaining comparable
separation d, thereby suppressing metal-induced attenuation [40]. Beyond optical attenuation,
the metal–waveguide spacing d also dictates the modulator’s electrical bandwidth through its
influence on total device resistance. The electro-optic 3 dB bandwidth can be approximated by

f3dB =
1

2πRC
=

1

2π
(︂
2RC

l + 2Rsh
d
l

)︂
ϵ0εr

wl
t

(2)

where Rc is the specific contact resistance, Rshis the graphene sheet resistance, w and l are the
channel width and length, respectively, t is the dielectric (spacer) thickness with εr as its relative
permittivity. In the via-segmented configuration, the non-uniform current injection and lateral
spreading in the contact region may affect the extracted contact resistance. However, the sheet
resistance Rsh, being an intrinsic property of the graphene layer remain unchanged with respect
to the bar configuration. Under this approximation, Eq. (2) can still be applied to the segmented
geometry. Equation (2) further indicates that increasing d increases the lateral current path in the
graphene sheet, thereby increasing the effective resistive contribution, thereby suppressing f3dB.
Conversely reducing d enhances access to the active graphene efficiency, improving efficiency and
bandwidth, but also exacerbates propagation loss, as evident from Eq. (1). This electrostatic trade-
off where the bandwidth gained by reducing the lateral graphene sheet-resistance contribution is
offset by increased metal-induced optical loss is qualitatively consistent with prior simulation
work on the same dual-layer graphene-on-Si3N4 platform [19]. These results underscore the
necessity of jointly optimizing electrode geometry and metal–waveguide separation to achieve
high-speed operation while suppressing metal-induced optical propagation loss in the waveguide.
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Figure 5 extends the analysis by examining how propagation loss varies with the electrode length
along the waveguide. For a consistent comparison of the contact length coverage (Lbar and Lvia),
the metal-waveguide separation d = 0.5 µm was kept fixed for both geometries. This approach
isolates the effect of the two-electrode geometries along the waveguide and allows the relative
contribution of bar versus via segmented electrodes. Figure 5(a) presents simulated insertion
loss spectra for bar and via-type contacts geometries. In the bar configuration, increasing the
simulated electrode length from 5 to 9 µm leads to a systematic rise in insertion loss across
the O-band, reflecting the continuous overlap between the guided optical mode and the metal
electrode. In contrast, simulated via-segmented contacts with lengths between 12 and 18 µm
exhibit substantially lower loss over the same wavelength range, despite their comparatively
larger length. The absolute attenuation for the two types of metal contact is experimentally
measured in Fig. 5(b) by varying the electrode length at a fixed metal–waveguide separation of
d = 0.5 µm. From linear fitting of the measured total optical transmission loss versus electrode
length, attenuation coefficients of αbar = 0.36 dB/µm and αvia = 0.09 dB/µm are extracted for the
bar and via contact configurations. Since no graphene is present in this structure, the measured
loss originates solely from metal-induced absorption and the grating couplers (GCs). The constant
offset in the y-axis loss in Fig. 5(b) originates from fixed fiber–grating coupling losses, which are
identical for all devices and therefore do not affect the extracted attenuation coefficient. These
experimentally extracted values match the separation-dependent simulations evaluated at the same
spacing d (Fig. 4(b, d)), consistent with the hybrid metal–dielectric absorption formalism (Eq.
(1)). Accordingly, the length-dependent measurements validate the absolute magnitude of the
attenuation coefficient α while the simulated α(d) captures how attenuation evolves with lateral
metal–waveguide separation for both bar and via geometries. Taken together, the agreement
between simulated spacing-dependent results and experimentally extracted loss coefficients shows
that electrode segmentation changes the manner in which optical loss accumulates with both
interaction length and separation d, allowing extended metal–graphene contacts to be realized
without introducing excessive optical attenuation.

Fig. 5. (a) Simulated loss spectra for bar and via electrodes of different lengths. (b)
Measured insertion loss versus metal channel length with extracted attenuation coefficients.

Having established with Figs. 4 and 5 that via segmentation suppresses metal-induced
absorption and yields a much lower per-unit-length loss than the continuous bar contact geometry,
the device-level behavior on the via platform is subsequently analyzed. To extract the propagation
loss due to the graphene-covered active region, a separate length-scaling analysis was performed.
The zero-bias insertion loss was measured for devices with varying graphene interaction lengths
L, while keeping the waveguide cross-section, metal–waveguide separation, via-type electrode
geometry, and grating coupling conditions identical. This ensures that only the graphene-covered
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interaction length contributes to the varying total propagation loss of the device. The measured
insertion loss exhibits a clear linear dependence on the active length L. A linear fit yields an
overall propagation loss coefficient of approximately 0.25 dB/µm representing the combined
distributed absorption arising from both graphene and the via-electrode geometry. For active
area length of 100 µm, the total insertion loss of 42 dB at 1.31 µm can be expressed as:

αtotal(L) = α0 + (αg + αm)L (3)

where α0 represents the fixed insertion loss contribution from the grating couplers (∼17 dB at
1.31 µm wavelength), αg is the graphene absorption coefficient, and αm is the absorption arising
from the via metal electrode geometry. Using αm ≈ 0.09 dB/µm from via-geometry simulations
yields αg ≈ 0.16 dB/µm, consistent with prior dual-layer graphene modulators on low-index
platforms [10]. The linear length-scaling behavior of the zero-bias insertion loss used to extract
αg +αm ≈ 0.25 dB/µm for via-contacted devices is shown in Fig. S1 of the Supplement 1. The
wavelength dependent zero-bias transmission characteristics of representative devices are shown
in Fig. 6, comparing a reference Si3N4 waveguide without graphene or any metal geometry to
dual-layer graphene devices employing via-segmented and continuous bar-type metal contacts
with identical interaction length (L = 100 µm) along the waveguide axis. All three devices were
fabricated on the same chip from a single wafer using an identical process flow and were measured
on a FormFactor’s fully automated cascade silicon photonics probe station (CM300xi), thereby
eliminating measurement-induced variability. The metal–waveguide separation (d= 0.5 µm) was
kept identical across all devices to isolate the influence of the electrode layout along the waveguide
on optical transmission. As expected, the bare waveguide exhibits the highest transmission
in the absence of absorbing materials. Introducing dual-layer graphene with via-segmented
contacts results in a moderate, spectrally smooth attenuation while preserving the integrity of the
guided mode, indicating minimal perturbation of the optical field. In contrast, the bar-contact
graphene device exhibits a pronounced transmission loss accompanied by strong spectral fringes,
consistent with enhanced scattering. The full breakdown of these loss contributions for both
contact geometries at L= 100 µm and d= 0.5 µm is summarized in Table 1. These results directly
demonstrate that electrode segmentation enables long graphene interaction lengths without
incurring prohibitive metal-induced loss, underscoring its role in graphene modulator design
with reduced electrode-induced absorption. We next assess the electro-absorption modulation
performance enabled by the via-segmented electrode architecture. Figure 6(b) shows the voltage-
dependent transmission of a 100 µm-long dual-layer graphene modulator employing via contacts.
The device exhibits a well-defined U-shaped loss characteristic with a modulation slope of
approximately 1 dB/V, extracted by linear fitting in the steep absorption region of the loss–voltage
curve between 10 and 12 V. The observed behavior is consistent with Pauli-blocking-induced
transparency at low carrier density and enhanced interband absorption under increased bias.
At a metal–waveguide separation of d= 0.5 µm, comparable measurements are not feasible for
bar-contact devices due to excessive insertion loss, whereas the via-based architecture retains
strong electrostatic tunability even in long graphene modulators by suppressing metal-induced
absorption. This confirms that electrode segmentation mitigates the metal-induced optical
loss and preserves a measurable voltage-driven absorption modulation, supporting the use of
via-segmented bottom contacts in extended-length graphene electro-absorption modulators. We
emphasize that the 1 dB/V slope itself is primarily governed by the voltage-dependent absorption
of the dual-layer graphene capacitor, rather than by the lateral electrode geometry itself; the role
of the via segmentation here is to preserve the optical transmission window in which this slope
can be measured at d= 0.5 µm on a 100 µm-long device, where the equivalent bar-contact device
has significantly higher loss.

https://doi.org/10.6084/m9.figshare.32529756
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Fig. 6. (a) Wavelength-dependent measured transmission of a bare Si3N4 waveguide and
graphene devices with via-segmented and bar-type metal contacts for identical interaction
length L= 100 µm and metal–waveguide separation d= 0.5 µm. (b) Measured voltage-
dependent loss of the via-segmented dual-layer graphene modulator at λ= 1.31 µm.

Table 1. Individual loss contribution for 100 µm bar- and via-segmented dual-layer
graphene electro-absorption modulators

Loss contribution Bar-contact (dB) Via-segmented (dB)

Fiber-to-chip coupling (2× grating couplers, α0) ∼17 dB ∼17 dB
Graphene absorption (αg×L) 16 16
Metal-induced absorption (αm×L) 36 9
Total predicted IL ≈ 70 ≈ 42

4. Summary and conclusion

In conclusion, this work demonstrates that electrode geometry critically governs optical per-
formance in graphene-on-Si3N4 modulators. Continuous bar electrodes induce strong field
penetration and high plasmonic absorption (0.36 dB/µm) whereas segmented via contacts confine
metal overlap and suppress attenuation below 0.1 dB/µm. Device-level measurements confirm a
combined graphene-plus-metal absorption of ≈ 0.25 dB/µm and a modulation slope of ≈ 1 dB/V
(extracted in the 10 V to 12 V linear region) for 100-µm-long via modulators. The via geometry
enables long graphene interaction lengths needed for high extinction without exceeding the
optical-loss limit set by close metal proximity. These findings provide experimentally validated
guidelines for optimizing contact topology and spacing, establishing via-segmented electrodes
as a robust pathway toward wafer-scale, CMOS-compatible graphene modulators with reduced
metal-induced loss for next-generation photonic integration.
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