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Abstract

To enable high-density multimode photonic integration, we propose and numerically
demonstrate a plasmonic hybrid mode division multiplexer–demultiplexer with a sodium
coating on a silicon-on-insulator (SOI) platform. The device enables simultaneous mode
division multiplexing (MDM) and demultiplexing of the transverse magnetic modes TM0

and TM1 at λ = 1550 nm. Full-wave three-dimensional finite-difference time-domain
(3D-FDTD) simulations confirm an insertion loss of 1.2 dB, an inter-modal crosstalk of
−20.3 dB, and a compact footprint of 5 µm × 16 µm. Compared with representative
SOI-based mode-selective couplers with longer conversion regions, the proposed design
substantially reduces the coupling length and device footprint. This numerical study
provides a potential route toward compact, high-density multimode photonic integration
based on sodium-assisted hybrid plasmonics.

Keywords: sodium; hybrid plasmonic waveguide; mode division multiplexing

1. Introduction
The rapid convergence of microelectronics and photonics has intensified the demand

for high-bandwidth, energy-efficient optical interconnects and on-chip signal processing.
Photonic integrated circuits (PICs) are accordingly advancing toward higher integration
density, smaller footprints, and heterogeneous/hybrid integration schemes—driven by the
need to scale bandwidth, minimize power consumption, and enable system-in-package ar-
chitectures in next-generation optical communication systems. Waveguide miniaturization
is a cornerstone strategy for enhancing component density in PICs [1–3]. Surface plasmon
polaritons (SPPs), supported at metal–dielectric interfaces, offer a compelling route to break
the diffraction limit: they confine light to deep-subwavelength scales (<λ/10), enabling
ultra-compact waveguides and functional devices [4–8].

Among conventional plasmonic metals, Ag and Au have been widely used because of
their relatively low optical losses and mature nanofabrication processes. Ag generally pro-
vides the lowest loss among noble metals in the visible and near-infrared regions, whereas
Au offers better chemical stability but suffers from interband absorption in the visible range.
Cu is less expensive and more abundant, but its higher optical loss and oxidation tendency
limit its plasmonic performance. Despite their broad use, these conventional metals still
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face a trade-off between optical loss, chemical stability, cost, and fabrication complexity.
This motivates the exploration of alternative low-loss plasmonic materials for near-infrared
photonic devices.

Alkali metals (such as sodium) exhibit exceptional performance, particularly in the
near-infrared (NIR) region (800–2000 nm). Theoretically, sodium’s free electron relaxation
time is longer than that of silver (approximately twice as long), thereby enhancing the ma-
terial quality factor and reducing propagation losses in plasmonic waveguides; estimates
indicate that its loss at 1550 nm is about 50% lower than that of silver-based materials.
Beyond its outstanding optical properties, sodium offers significant cost advantages over
precious metals, costing less than 1% of the market price of silver. These findings under-
score sodium’s potential for low-loss plasmonic applications [9,10]. Sodium is chemically
reactive and should not be exposed to ambient oxygen or moisture. For practical implemen-
tation, the Na layer should be introduced after completion of the standard SOI waveguide
fabrication process, with deposition performed in an inert atmosphere. The Na layer in
the proposed device is therefore regarded as an encapsulated functional plasmonic coating
rather than an exposed metal surface. Possible encapsulation strategies include epoxy
sealing, quartz cover protection, and dielectric passivation layers such as SiO2 or Al2O3.
Accordingly, the proposed integration route should be considered as a low-temperature
post-processing step after standard SOI waveguide fabrication. Encapsulation strategies
for sodium films have also been experimentally demonstrated in previous studies. A
research team performed both the spin-coating preparation and device assembly of sodium
films within a glovebox under an inert atmosphere [11]. Upon completion, the sodium
film was sealed between a quartz substrate and epoxy resin. This physical sealing can
effectively reduce direct contact between the sodium film and ambient oxygen or moisture,
thereby enabling stable optical performance after removal from the glovebox. In the work
reported in Ref. [11], the sodium film was physically isolated from oxygen and moisture
by quartz/epoxy packaging, and packaged sodium-based devices were reported to main-
tain stable optical performance over several months. Dielectric passivation layers such as
SiO2 or Al2O3 may also be considered, but their barrier quality, continuity, and interface
compatibility require further experimental verification. Sodium has a melting point of
approximately 98 ◦C, whereas the device operates within a temperature range of 0–70 ◦C,
which is below its melting point.

Mode division multiplexing (MDM) leverages orthogonal spatial modes to multiply
channel capacity within a single waveguide, thereby enhancing spectral efficiency without
requiring additional wavelengths or fibers [12–15]. While free-space MDM solutions offer
wavelength-agnostic operation, their bulky optics and poor integrability limit on-chip de-
ployment. In contrast, monolithic waveguide-based MDM is now the dominant paradigm,
with asymmetric directional couplers (ADCs) being the most widely adopted architecture
due to their compact footprint, design flexibility, and straightforward integration with
silicon photonics platforms. ADCs rely on phase-matching between the fundamental mode
of a narrow waveguide and a higher-order mode of a wider waveguide; when their effec-
tive indices align, efficient mode conversion occurs. Silicon-on-insulator (SOI) nanowire
waveguides are the leading platform for on-chip MDM, benefiting from silicon photonics
design process compatibility and mature fabrication infrastructure [16,17]. However, cur-
rent state-of-the-art silicon-based MDM devices are constrained by a compromise between
performance and scalability. For instance, Tan et al. developed a silicon-based hybrid
demultiplexer that necessitates a 100 µm long mode conversion region [18]. While Zhuang
et al. managed to reduce the loss, their design still demands a 34 µm coupling length [19].
Similarly, Jiang et al. proposed devices with low insertion loss and low crosstalk, but
their coupling lengths remain 7 µm [20] and 7.5 µm [21], respectively. Furthermore, Ni
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et al. presented a silver-based ADC with a footprint of 17.1 µm × 1.33 µm and a 4.1 µm
coupling length; nevertheless, its multi-step metallization process may increase fabrication
complexity [22]. Collectively, these studies indicate that reducing the coupling length while
maintaining acceptable insertion loss and crosstalk remains an important challenge for
high-density on-chip MDM devices.

Here, we propose a sodium-based plasmonic hybrid mode division multiplexer–
demultiplexer for SOI nanowires. By integrating a sodium metal layer to enhance evanes-
cent field overlap, our ADC structure achieves TM0/TM1 multiplexing and demultiplexing
in a footprint of 5 µm × 16 µm, with a coupling length of only 3.5 µm. Full-wave 3D-FDTD
simulations confirm an insertion loss of 1.2 dB and an inter-modal crosstalk of −20.3 dB,
demonstrating a viable pathway toward compact, high-density multimode photonic integration.

2. Theoretical Model and Analysis
In this work, all full-wave electromagnetic simulations were conducted using the

3D-FDTD method. To eliminate spurious reflections from the edges of the computational
domain, perfectly matched layer (PML) absorbing boundary conditions were employed
along all three spatial axes. The PML configuration consisted of 12 layers, with the parame-
ters defined as kappa = 2, sigma = 0.25, and a polynomial order of 3, while the minimum
and maximum layer counts were designated as 12 and 64, respectively. The convergence
criterion was set to 1 × 10−5. Furthermore, the optical power recorded by every monitor
was normalized to the input source power, ensuring a uniform evaluation of insertion loss
and crosstalk across various input–output port pairings. Additionally, to precisely capture
the highly confined hybrid plasmonic modes within the nanoscale gap, a finer override
mesh was implemented specifically in the sodium-mediated hybrid coupling area, with a
uniform grid resolution of dx = dy = dz = 20 nm.

Figure 1 presents the three-dimensional architecture of our sodium-based hybrid
mode division multiplexer/demultiplexer. The device is built on a silicon substrate and
features a standard silicon-on-insulator (SOI) platform: a 2 µm thick SiO2 buried oxide
(BOX) layer hosts two parallel silicon nanowire waveguides with a height of 220 nm
(h = 220 nm)—one narrow (200 nm wide) supporting only the fundamental TM0 mode and
one wider (675 nm wide) capable of guiding both TM0 and TM1 modes. A thick sodium
layer is spin-coated over the coupling region, where it strongly enhances evanescent field
overlap between the waveguides and tailors the dispersion to enable phase matching at
1550 nm. In the simulation model, a SiO2 spacer layer is used to define the optical coupling
region and the vertical mode distribution; the parameter t denotes the vertical gap thickness
between the Na film and the Si waveguides, which is controlled by this spacer layer. In
practical devices, reliable environmental protection of the Na layer would require dense,
continuous encapsulation, such as quartz/epoxy sealing or verified dielectric barrier layers.
Simulations are performed at λ = 1550 nm, with the following complex refractive indices
assigned: ñSilica = 1.444 for SiO2, ñSi = 3.476 for silicon (Si), and ñNa = 0.0447 + 6.9874i for
the sodium (Na) film [11]. Material dispersion was included in all simulations.

Mode solver simulations were conducted to analyze the guided TM modes in sodium-
based hybrid plasmonic waveguides as a function of width (0.1–1.0 µm) at λ = 1550 nm,
as shown in Figure 2a. As the waveguide width increases, the supported mode spec-
trum evolves from a single fundamental mode (TM0 only) to multiple higher-order
modes—enabling multimode operation above ~520 nm in width. The effective indices
(neff) of the TM0 mode in a 200 nm-wide waveguide and the TM1 mode in a 675 nm-wide
waveguide intersect at neff ≈ 1.8, satisfying the phase-matching condition required for
efficient mode conversion. This width pair—w1 = 200 nm and w2 = 675 nm—was therefore
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adopted in our asymmetric directional coupler design. Figure 2b,c present the correspond-
ing normalized |E|2 field distributions of the TM0 and TM1 modes at these widths.
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Figure 1. (a) Three-dimensional schematic of the sodium-based hybrid plasmonic mode division
multiplexer–demultiplexer; (b) cross-sectional view of the mode coupling region.
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Figure 2. (a) Effective index map of the sodium-based hybrid plasmonic waveguide at 1550 nm as a
function of the nanowire waveguide width; (b) normalized |E|2 intensity distributions of the TM0

mode (at w1 = 200 nm); (c) normalized |E|2 intensity distributions of the TM1 mode (at w2 = 675 nm).

Figure 3 illustrates the structure of a sodium-based hybrid plasmonic mode division
multiplexer/demultiplexer with the following specific parameters: the single-mode waveg-
uide has a width of w1 = 200 nm; the multimode waveguide has a width of w2 = 675 nm; the
spacing between the single-mode and multimode waveguides is g = 200 nm; the coupling
length is L = 3.5 µm; the curved waveguide consists of two circular arcs.
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Figure 3. Structural diagram of a sodium-based hybrid plasmonic mode division multiplexer.

The mode division multiplexing process works as follows: When the 1550 nm TM0

mode is launched into Port 1, it couples from the single-mode waveguide to the multimode
waveguide in the mode-conversion zone and converts to the TM1 mode. When a 1550 nm
TM0 mode is input through Port 2, it continues to propagate as the TM0 mode in the
multimode waveguide without coupling to the TM0 mode in the single-mode waveguide at
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the mode-conversion zone. Notably, although the TM0 mode input through Port 2 does not
undergo a higher-order mode conversion, the lateral distribution of its mode field expands
as the waveguide width increases. Ultimately, both TM0 and TM1 modes are output
through Port 3, achieving dual-mode MDM. Mode demultiplexing is the inverse process.

Figure 4 shows the steady-state field distribution of a sodium-based hybrid plasmonic
mode division multiplexer/demultiplexer. Figure 4a depicts the field distribution when a
1550 nm TM0 beam is incident at Port 1, demonstrating that the majority of the incident
energy couples into the multimode waveguide and converts to the TM1 mode. Figure 4b
illustrates the field distribution when the same 1550 nm TM0 beam is incident at Port 2.
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Figure 4. Steady-state field distribution of the multiplexing process. (a) Light is input from Port 1;
(b) light is input from Port 2.

Figure 5a,b show the transmission spectra of broadband TM-polarized light incident
at Port 1 and Port 2, respectively. Figure 5a shows the transmission from Port 1 to Port
3, where the input TM0 mode couples into the multimode waveguide and converts to
TM1. The transmission spectrum remains smooth across the investigated wavelength
range, confirming stable mode conversion. Figure 5b shows the transmission spectrum for
the Port 2 to Port 3 path, where the TM0 mode propagates in the multimode waveguide
without coupling to the single-mode waveguide. The transmission efficiency at the central
wavelength of 1550 nm reaches approximately 93%, with efficiency remaining above 85%
across the 1200–1700 nm wavelength range, demonstrating an operational bandwidth of
500 nm.
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Figure 5. Transmission spectrum of the multiplexing process. (a) Light is input from Port 1; (b) light
is input from Port 2.
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Figure 6 illustrates a hybrid plasmonic mode division multiplexing–demultiplexing
structure. This design reverses the conventional mode division multiplexing architecture,
maintaining identical parameters: a single-mode waveguide (w1 = 200 nm), a multimode
waveguide (w2 = 675 nm), a 200 nm spacing between them, and a 3.5 µm coupling length.
The ultrashort coupling length arises from the enhanced evanescent field overlap induced
by the Na layer, resulting in a much higher coupling coefficient. The symmetric layout
enables reciprocal multiplexing and demultiplexing functionality (Port 1/2 vs. Port 3/4).
For instance, when light enters from Port 1, the TM0 mode transforms into TM1 mode in
the first coupling zone and propagates through the multimode waveguide. It then reverts
to TM0 mode in the second coupling zone before exiting through Port 4. Conversely, the
TM0 mode incident from Port 2 maintains its original path through the main waveguide
and exits as TM0 mode from Port 3.
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Figure 6. Structural diagram of a sodium-based hybrid plasmonic mode division multiplexer–
demultiplexer.

Figure 7 illustrates the steady-state field distribution of a sodium-based hybrid plas-
monic mode multiplexer–demultiplexer. Figure 7a shows the steady-state field distribution
when a 1550 nm TM0 mode is incident at Port 1. The TM0 beam first couples from a
single-mode waveguide to a multimode waveguide in the mode coupling zone, converting
into a TM1 mode. It then undergoes decoupling, transitioning from TM1 to TM0 mode, and
is ultimately output at Port 4. Figure 7b depicts the steady-state field distribution when
the same 1550 nm TM0 beam is incident at Port 2. The TM0 beam incident at Port 2 shows
minimal coupling between the mode coupling and decoupling regions. Throughout the
transmission process, the TM0 mode maintains its transmission state and is finally output
at Port 3.
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Figure 7. Steady-state field distribution of the multiplexing and demultiplexing process. (a) Light is
input from Port 1; (b) light is input from Port 2.

Figure 8 presents the transmission spectra of a sodium-based hybrid plasmonic mode
division multiplexing–demultiplexing structure, with Tables 1 and 2 summarizing the
insertion loss and crosstalk for the target and undesired output channels. Figure 8a displays
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the transmission spectra measured at Port 3 and Port 4 when a broadband TM0 light source
is placed at Port 1. At a central wavelength of 1550 nm, the transmission is 0.7% at Port 3 and
75% (corresponding to insertion loss IL = 1.2 dB) at Port 4, with a crosstalk of approximately
−20.3 dB between the two channels. Figure 8b shows the transmission spectra measured
at Port 3 and Port 4 when the broadband TM0 mode is incident at Port 2. At a central
wavelength of 1550 nm, transmission is 84% (corresponding to insertion loss IL = 0.8 dB)
at Port 3 and 0.6% at Port 4, with a crosstalk of −21.5 dB between the two channels. The
insertion loss (IL) mentioned above is defined as follows:

IL = −10 × log10
(
Ptarget/Pin

)
(dB) (1)

where Ptarget is the output power at the desired port, and Pin is the input power launched
into the device. The crosstalk (CT) is defined as follows:

CT = 10 × log10
(
Pundesired/Ptarget

)
(dB) (2)

where Pundesired is the power leaked to the unintended output port.
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Figure 8. Transmission spectrum of the multiplexing and demultiplexing process. (a) Light is input
from Port 1; (b) light is input from Port 2.

Table 1. Insertion loss for each input–output port combination.

Port 1 Port 2

Port 3 0.8 dB
Port 4 1.2 dB

Table 2. Crosstalk for each input–output port combination.

Port 1 Port 2

Port 3 −20.3 dB
Port 4 −21.5 dB

As summarized in Table 3, the proposed sodium-based asymmetric directional coupler
achieves a compact coupling length of 3.5 µm, which is shorter than those of previously
reported Si-based devices [18–20] and the Au-assisted [21] or Ag-assisted hybrid plasmonic
device [22]. However, we do not claim that the proposed device outperforms all previous
devices in every metric. The insertion loss and crosstalk of the proposed device are not the
lowest among all reported works, because the enhanced subwavelength modal confinement
introduced by sodium-based hybrid plasmonic coupling also leads to additional ohmic loss.
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Therefore, the main advantage of this design lies in its compact footprint and short coupling
length while maintaining acceptable simulated insertion loss and crosstalk. The proposed
device should be regarded as a compact-footprint solution for high-density multimode
photonic integration, with sodium integration implemented through low-temperature,
encapsulated post-processing after standard SOI waveguide fabrication. Compared with
noble-metal-assisted hybrid couplers, the proposed Na-assisted design represents an alter-
native post-processing route based on encapsulated sodium coatings. However, because
elemental sodium requires inert-atmosphere handling and reliable encapsulation, its practi-
cal integration should be regarded as a low-temperature post-processing step rather than a
fully standard front-end silicon fabrication process.

Table 3. Performance comparison of silicon-based MDM devices.

Ref. Material IL
/dB

CT
/dB

Coupling Length
/µm Compatibility

[18] Si 0.5 −20 100 High

[19] Si 0.6 −18.6 34 High

[20] Si 0.05 −18.2 7 High

[21] Si-Au 0.32 −30 7.5 Medium

[22] Si-Ag 0.5 −25.6 4.1 Medium

This work Si-Na 1.2 −20.3 3.5 Medium

3. Robustness Analysis
To evaluate the fabrication tolerance of the proposed device, robustness analyses were

performed for both the waveguide geometry and sodium-related structural parameters.
The corresponding parameter maps are provided as Figures 9 and 10.
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Figure 9. Robustness maps for waveguide-geometry parameters. (a,b) IL and CT vs. g; (c,d) IL and
CT vs. W2.
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Figure 10. Robustness maps for sodium-related structural parameters. (a,b) IL and CT vs. t; (c,d) IL
and CT vs. Na-film thickness.

The tolerance maps reveal that the optical characteristics of the device change grad-
ually in the vicinity of the 1550 nm target wavelength. This smooth variation suggests
that neither the insertion loss nor the crosstalk relies on a narrow, sharp resonance; rather,
they maintain acceptable fabrication margins. To evaluate these tolerances quantitatively, a
performance penalty threshold was defined as either a 1 dB rise in IL or a 1 dB deterioration
in the absolute value of CT.

Regarding the waveguide gap (g), the minimum IL is achieved at g = 200 nm. A
deviation of g to around 180 nm and 220 nm causes the IL to rise by roughly 1 dB, yielding
a tolerance of about ±20 nm. Similarly, the optimal CT is found near g = 200 nm, and a
deviation of g to 190 nm and 210 nm results in a 1 dB CT penalty, which translates to a
tolerance of ±10 nm. As for the multimode waveguide width (W2), the minimum IL is
observed at W2 = 675 nm. Changing W2 to approximately 665 nm and 685 nm results in
a ~1 dB IL increase, indicating a ±10 nm tolerance. Furthermore, the 1 dB deterioration
limit for CT is reached when W2 is near 665 nm and 685 nm, corresponding to a tolerance
of about ±10 nm. These results indicate that g and W2 are the most critical geometric
dimensions, requiring priority in fabrication control.

Regarding the gap thickness t between the Na film and the Si waveguide, the lowest
IL is observed at t ≈ 50 nm. Changing t to 40 nm and 60 nm leads to an IL increase
of 1 dB, which indicates a tolerance of about ±10 nm. Meanwhile, the CT degrades by
approximately 1 dB when t reaches approximately 40 nm or 60 nm, corresponding to
a tolerance of about ±10 nm. In contrast, varying the sodium-film thickness across the
100–1000 nm range exerts a significantly weaker impact. Provided that the sodium layer is
thick enough to sustain the desired hybrid plasmonic mode, any additional increase in its
thickness barely affects the modal distribution or transmission performance.
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4. Fabrication Feasibility
Although the present work focuses on numerical design, a feasible fabrication route

can be proposed based on previously demonstrated encapsulated sodium processing,
while future device-level experimental validation is still required. Figure 11 demon-
strates the fabrication process flow of the proposed sodium-based hybrid plasmonic mode
(de)multiplexer. The process starts from an SOI wafer with a 220 nm thick top silicon layer.
The narrow silicon waveguide, multimode silicon waveguide, and coupling region are
patterned by electron-beam lithography (EBL) and defined by dry etching. A dielectric
spacer layer, such as SiO2, can then be deposited to adjust the optical mode distribution
and the vertical spacing. Subsequently, sodium is introduced in the coupling region under
an inert atmosphere. Following the thermo-assisted spin-coating technology reported
by Wang et al. [11], molten sodium can be spin-coated to form a continuous Na film, as
demonstrated in previous work. Finally, the Na layer should be immediately encapsulated
using epoxy sealing and a quartz cover to prevent direct exposure to oxygen and moisture.
This sodium-related process is therefore regarded as a low-temperature post-processing
step after standard SOI waveguide fabrication. Prototype fabrication, Na film uniformity
control, packaging reliability, and experimental verification of insertion loss and crosstalk
will be the focus of future work.

EBL etching

Sodium spin-coatingPackaging

PMMA spin-coating

Si BOX SiO2 Na

Figure 11. Fabrication process flow of the sodium-based hybrid plasmonic mode division multiplexer–
demultiplexer.

5. Discussion: Limitations and Interface Stability
The present study is based on idealized numerical simulations using smooth interfaces.

In practical devices, performance may be affected by Na-film quality, including surface
roughness, thickness nonuniformity, native oxide formation, and possible interfacial layers
between Na and the surrounding dielectric materials. Because the hybrid plasmonic
mode is strongly confined near the Na–dielectric interface, surface roughness may increase
scattering loss. Similarly, native oxide or interdiffusion layers may modify the effective
optical constants. Therefore, although the robustness analysis indicates finite tolerance
windows for the designed structural parameters, experimental realization will require
careful control of Na-film uniformity, interface cleanliness, and encapsulation reliability.
Future work should include AFM-based roughness characterization, XPS analysis of surface
oxidation, cross-sectional TEM characterization of the interface, and direct measurement of
insertion loss and crosstalk in fabricated prototypes.
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6. Conclusions
This work numerically demonstrates a compact mode-division multiplexing and

demultiplexing device based on a sodium-assisted hybrid plasmonic asymmetric direc-
tional coupler on an SOI platform. The structure comprises a 200 nm-wide single-mode
waveguide and a 675 nm wide multimode waveguide, separated by a 200 nm gap and
coupled over a length of 3.5 µm. With an overall footprint of just 5 µm × 16 µm, the device
achieves an insertion loss of 1.2 dB and a crosstalk of −20.3 dB at 1550 nm. Compared
with several representative Si-based MDM couplers, the proposed device offers a shorter
coupling length, although its insertion loss and crosstalk are not the lowest among all
reported devices. Moreover, the sodium coating may be integrated with silicon photonic
platforms through low-temperature, encapsulated post-processing, suggesting a possible
route toward compact multimode photonic circuits. Nevertheless, the present results are
based on idealized numerical simulations. Future work will focus on prototype fabrication,
sodium-film uniformity, interface characterization, packaging reliability, and experimental
verification of insertion loss and crosstalk.
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Abbreviations
The following abbreviations are used in this manuscript:

MDM Mode division multiplexing;
SOI Silicon-on-insulator;
TM Transverse magnetic;
SPPs Surface plasmon polaritons;
ADC Asymmetric directional coupler;
PICs Photonic integrated circuits;
CMOS Complementary metal-oxide-semiconductor;
BOX Buried oxide;
3D-FDTD Three-dimensional finite-difference time domain;
IL Insertion loss;
CT Crosstalk.
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