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Abstract: Surface plasmon-polaritons (SPPs)-based waveguides, especially hybrid plasmonic
nanowires, which have attracted extensive interests due to easy fabrication, high transmittance,
subwavelength mode confinement and long propagation distance, are appropriate platforms
for enhancing the interaction with graphene. Considering that graphene is a two-dimensional
(2D) material with surface conductivity, it is important to enhance the in-plane electrical
components parallel to graphene. Here, we propose a tunable graphene optical modulator
based on arrayed hybrid plasmonic nanowires, utilizing strong subwavelength confinement of
gap-surface plasmonic modes (GSPMs) and near-field coupling in the periodic metasurface
structure to enhance effective light-matter interactions. The modulator has a typical modulation
depth (MD) of 4.7 dB/µm, insertion loss (IL) of 0.045 dB/µm, and a broadband response. The
modulation performance can be further optimized, achieving MD of 16.7 dB/µm and IL of
0.17 dB/µm. Moreover, with the optimized modulator, the 3 dB bandwidth can reach 200 GHz.
The energy consumption of modulator is about 0.86 fJ/bit. Our design exhibits fascinating
modulation performance, fabrication compatibility and integration potential. It may inspire the
schematic designs of graphene-based plasmonic modulator and pave a way to the application of
2D materials-involved optoelectronic devices.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Graphene as a two-dimensional (2D) atomically thin carbon nanomaterial, possesses unique
photoelectric properties, good thermal conductivity, stability, and excellent carrier mobility, with
tremendous application potentials in designing optoelectronic devices [1–4]. It is an excellent
electro-optical material that can enable next-generation photonic modulators with the desired
features, since it has exceptional properties such as large carrier mobility, wide response range
and electrically tunable optical absorption. In 2011, Liu et al. first introduced graphene into
modulators by placing single- or double-layer graphene on a silicon waveguide to modulate the
dielectric waveguide modes [5,6]. Subsequently, many other graphene-embedded and multi-layer
graphene silicon modulators have been proposed to enhance the light-matter interaction [7–10].
In addition, graphene modulators can be used to improve the performance of all-fiber modulator
and greatly reduce device losses [11]. However, the maximal electric field of guided modes in
silicon waveguide is confined in the center, leading to small overlap between the optical mode
and graphene sheet. It makes the graphene-on-silicon modulator has large footprint and high
energy consumption, limiting the improvement of modulation performance.

Surface plasmon-polaritons (SPPs) are characterized of subwavelength mode confinement
beyond the diffraction limit. Especially, the graphene plasmons own advantageous optical
properties of extreme field confinement and low losses, and attract extensive research interests
[12–15]. Therefore, SPPs are suitable candidates for enhancing the interaction between light
and graphene [16–20]. With the development of various plasmonic modulators, the modulation
depths (MD) of single-layer graphene modulators have reached to 0.03-12 dB/µm [21–31].
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Especially, hybrid plasmonic nanowire attracts extensive research interests attributed to easy
fabrication, high transmittance, subwavelength mode confinement and long propagation distance,
with various applications for surface enhanced Raman scattering (SERS), remote excitation
of fluorescence, signal routing, biomolecular detections and laser [32–34]. Thus, graphene
optical modulator based on hybrid plasmonic nanowires can be an excellent alternative. In
many theoretical studies, MD has been over-estimated by considering graphene as an isotropic
three-dimensional (3D) material with effective thickness and permittivity [35–38]. Regarding
that graphene is a 2D material with surface conductivity, another key to promote modulation
efficiency is increasing the in-plane electric field components parallel to graphene, except for
increasing the mode overlap with graphene. Thanks to mode coupling in the periodic metasurface
structure, the optical modes can be confined well below the diffraction limit and the in-plane
electric field components are strengthened. Therefore, graphene modulator based on periodically
arrayed hybrid plasmonic nanowires is a potential scheme for modulator design, providing a
possible solution to improve the modulation efficiency.

In this work, a tunable graphene optical modulator based on arrayed plasmonic nanowires is
proposed, as shown in Fig. 1. The modulator is constructed by arrayed silver nanowires atop
a subwavelength-thin dielectric spacer and optically thick silver substrate, a configuration that
supports gap-surface plasmonic modes (GSPMs). The diameter of the silver nanowire is defined
as d, the period is p, and the dielectric layer thickness is h (see the cross-section in Fig. 1). The
graphene covers the upper surface of the dielectric spacer, where the electric field of GSPM
is significantly enhanced by the strong field confinement, so the interaction between light and
graphene can be greatly improved. The graphene optical modulator is composed of well-arranged
Ag nanowire arrays, so the electromagnetic modes supported in GSPMs can be investigated by
analyzing the eigenmodes of the nanowire waveguides with periodic boundary conditions. It
is known that conventional SPP mode has its main electric field component oriented along the
normal direction of the metal surface, which is harmful to effective interaction with graphene.
Thanks to the strong confinement of GSPM and coupling of the two adjacent silver nanowires,
the electric field intensity is tightly confined at the graphene plane. Moreover, the parallel field
components will increase, which match the direction of the graphene plane. In this perspective,
it is expected to improve the SPP-graphene interaction.

Fig. 1. Schematics of the graphene optical modulator based on arrayed hybrid plasmonic
nanowires. The cross-section of unit cell of the modulator in the y-z plane is shown in the
top-left inset. The equivalent electric circuit of this modulator is depicted in the bottom-left
inset.
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2. Eigenmode analysis of arrayed hybrid plasmonic nanowires

Full-field electromagnetic wave simulations are performed using the finite element solver
(COMSOL Multiphysics) to study the eigenmodes of the Ag nanowire hybrid plasmonic
waveguides without graphene. The working wavelength is set as 1310 nm. A 2D eigenmode
analysis of the arrayed hybrid plasmonic nanowires (as shown in the inset of Fig. 1) is performed in
the unit cell with periodic boundary conditions along the y-axis, where the unit period p is 100 nm.
The diameter d of Ag nanowire is 60 nm, the permittivity of silver is εm = −90.305 + 2.1144i,
according to the experimental data (Johnson and Christy 1972) [39]. The dielectric spacer is
filled by Al2O3 with refractive index nAlO = 1.75, and the thickness h = 10 nm. According
to the mode analysis, there are two eigenmodes strongly confined in the spacer gap (see the
inset of Fig. 2(a)), which can be excited by z-polarized wave. Unlike free SPP on a flat metal
surface, the electric fields of these two modes at the position of upper surface of dielectric layer
have an obvious enhancement. Especially, the Ey component is strengthened, which matches
the conductivity of the graphene plane. Therefore, more components participate in effective
interaction, improving the modulation depth. To deeply understand the feature of the two modes,
we study the real and imaginary parts of the effective mode indices (EMI) as functions of the unit
period p, indicated in Fig. 2(a).

Fig. 2. (a) The real and imaginary parts of EMI with respect to the period p. The insets
are the Ey and Ez components of Mode-I and Mode-II. The working wavelength is set as
1310 nm. (b) The distribution for intensity of in-plane components I∥ and the in-plane ratio
γ∥ with different height z. (c) The distributions of Ey component for Mode-I and Mode-II
with different periods. (d), (e) the electric field distributions along the nanowire surface for
Mode-I and Mode-II.

Based on the electric field distributions of the two modes, one can see that the Ey and Ez
components of two adjacent nanowires are in-phase for Mode-I and anti-phase for Mode-II. So,
Mode-I is symmetric mode, while Mode-II is anti-symmetric mode. When the period is equal
to 500 nm, the two modes are almost degenerate because of a weak coupling between adjacent
plasmonic nanowire waveguides. With the period decreasing, the near-field coupling between
adjacent plasmonic nanowire waveguides gets stronger, as shown in Fig. 2(c). For symmetric
Mode-I, the electric field components in the air gap between two nanowires are anti-phase,
and will repel each other. When p<300 nm, the coupling of plasmonic nanowires grows fast.
According to the electric field distributions along the nanowire exterior boundary as shown with
the red arrow in the inset of Fig. 2(d), the equivalent wavelength of Ey reduces as the period
decreases, so the real part increases. For anti-symmetric Mode-II, the field distributions of Ey
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component of two adjacent plasmonic nanowires are mirror symmetric, and will be strongly
coupled together for small period. As shown in Fig. 2(e), when p is smaller than 100 nm, the
peak of Ey component appears at Peak2. With the increase of period p, the distribution peak
gradually shifts from Peak2 to Peak1, and the confinement gets worse. The critical coupling
takes place when p = 100 nm, thus, the real part of Mode-II decreases at first and then increases.
In general, the imaginary parts of two modes increase due to the stronger Ohmic loss of metal
with stronger mode confinement. While, it changes little because of weak coupling when p>100
nm. According to the imaginary part, the propagation length is about 6.2 µm, which is enough
for subwavelength integrated modulator in this work. Particularly, the anti-symmetric Mode-II
cannot be excited by a uniform z-polarized electromagnetic wave, so it is difficult to use Mode-II
in experiment. Considering a possible practical excitation, the in-phase Mode-I is more accessible.
Therefore, we will mainly investigate Mode-I for the function of a plasmonic modulator. To
investigate the physical mechanism of interaction between matter and the localized electric field
of Mode-I at the position of upper surface of dielectric layer (the plane of graphene), the in-plane
components ratio γ∥ [40] and the localized field confinement ratio ηc of the eigenmode are
studied. Two ratios are defined as:

γ∥ =
I∥

Itotal
=

∬
S

|︁|︁E∥

|︁|︁2 dS/S∬
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2 dV∭
Vtotal
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Here, E∥ is the in-plane components, including Ex and Ey. S represents the area of upper
surface of dielectric layer. The field confinement ratio ηc is the ratio of the mode field in the
volume Vc near the graphene to the total mode field. The volume is Vc = hc ∗ S. For calculation,
hc is set as 1 nm considering the thickness of graphene. According to the inset of Fig. 2(b),
as approaching to the upper surface, the electric field strengthens, and the field confinement
ratio near graphene is ηc = 13.8%. Simultaneously, the in-plane components increase, which is
beneficial for the SPP-graphene iteration.

3. Modulation performance based on 2D mode analysis

Next, a plasmonic modulator covered with a thin layer of graphene is considered. In simulation, we
use an anisotropic graphene model with in-plane conductivity. Graphene’s complex conductivity
depends on the radian frequency ω, carrier relaxation time τ, temperature T , and Fermi level
Ef . The conductivity of graphene can be described by Kubo formula [41,42]. The modulator’s
performance is determined by the photoelectric absorption mechanism of graphene, caused by
intraband and interband transitions. The simplified intraband conductivity can be described as:

σintra (ω) =
je2Ef

πℏ2 (︁
ω + jτ−1)︁ (3)

and the interband conductivity can be expressed as:
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σtotal = σintra (ω) + σinter (ω) (5)

where σtotal is the conductivity of monolayer graphene, e is the charge of an electron, ℏ = h/2π is
the Planck constant. The carrier relaxation time τ depends on the carrier mobility µ of graphene
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(τ = µEf /eV2
f ), where µ = 0.3m2/(V · s) and Vf = 1 × 106m/s is the Fermi velocity in graphene.

Figure 3(a) shows the real and imaginary parts of graphene’s conductivity. In addition, we can
get the Fermi level according to the driving voltage Vg with formula as:

Ef = ℏVf

√︂
πϵ0ϵd/(edg) | Vg − VDirac | (6)

Fig. 3. (a) Real and imaginary parts of surface conductivity of graphene. (b) Real and
imaginary part of EMI with Fermi level varying.

Among them, dg, ϵd represent the thickness and the dielectric constant of the Al2O3 insulator.
| Vg − VDirac | defines external gate voltage, VDirac stands for the offset voltage caused by natural
doping.

Based on the calculation of in-plane conductivity, the modulation performance can be simulated.
The MD can be estimated by the change of the eigenmodes of plasmonic nanowire waveguide
with graphene as a function of the Fermi level Ef . At low gate voltage, the Fermi level of graphene
is lower than the threshold (Ef<ℏω/2 = 0.48eV), the external photons will be absorbed, leading
to interband transition. The eigenmode will have a large loss, corresponding to a large imaginary
part of EMI, and this is so-called OFF-state (Ef = 0.4eV). At a high gate voltage, the Fermi level
will exceed the transition threshold (Ef>ℏω/2), the external photons can’t be absorbed due to
absorption saturation. The graphene is transparent and the absorption loss is low, corresponding
to a small imaginary part, referred as ON-state (Ef = 0.6eV). Therefore, the MD can be estimated
by the difference between two imaginary parts of ON/OFF states. Figure 3(b) exhibits the real
and imaginary parts of EMI (d = 60 nm, p = 200 nm, h = 10 nm ) with Fermi level changing,
and the MD can be calculated as 1.25 dB/µm. MD can be calculated by the imaginary parts of
EMI, as shown in formulas 7, 8:

α =
10Im(neff )4π
λ0 ln 10

(7)

MD = α(OFF) − α(ON) (8)

According to the analysis of eigenmode distribution, the electric fields at the position of
graphene have an obvious enhancement. Besides, Ex and Ey components are strengthened, which
match the plane of the graphene’s surface conductivity. Therefore, more components participate
in effective interactions, improving the performance of modulator. Furthermore, the structural
parameters of plasmonic nanowire modulator are optimized, illustrated in Fig. 4. As shown
in the inset of Fig. 4(a), when the period is large, the difference in modulation performance is
relatively small. The influence of period on MD is weak, while the diameters of nanowires
have an obvious impact, depicted in Fig. 4(a). In the following study, the period is fixed as 100
nm, considering fabrication feasibility. Then, the modulation performances on the diameter d
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and the dielectric layer thickness h have been studied, depicted in Fig. 4(b). The MD can be
optimized when d and h decrease. Compared with diameter, the influence of the thickness is
weaker. Finally, the plasmonic nanowire modulator has a MD of 4.56 dB/µm with structural
parameter of d = 20 nm, h = 10 nm and p = 100 nm. Besides, the insertion loss (IL) and Q factor
are calculated, in order to fully confirm the performance of graphene optical modulator. IL, the
difference in propagation loss between with and without graphene, is relatively low with 0.045
dB/µm. Therefore, Q factor, as the ratio of MD to IL, is 101 and performs well. Compared with
the currently reported single-layer graphene modulator [21–24], it has a significant improvement.

Fig. 4. (a) The MD varies with the diameter of nanowire d at several periods. The inset
shows the dependence of MD on the period with d = 20 nm and h = 10 nm. (b) The MD
varies with the thickness of the dielectric spacer h at several d values.

4. Modulation performance based on 3D propagation analysis

In order to verify the results of modulation performance based on 2D eigenmode analysis, a 3D
propagation simulation model of Mode-I with a continuous period boundary is performed (as
shown in Fig. 1). The MD can be directly calculated according to the transmission coefficient and
propagation distance. We calculate the transmission coefficient of silver nanowire structure model
with a propagating distance of 1 µm at different Fermi levels, described in Fig. 5(a). Through
propagation mode analysis, the MD can be calculated according to the ratio of transmission
coefficient of ON-state and OFF-state. A MD of 4.7 dB/µm is achieved, and the IL is 0.045
dB/µm, finally Q factor of 104 is obtained. These results are consistent well with those calculated
by 2D eigenmode analysis, proving the accuracy of previous calculation. From the curve of
transmission, the case of Ef<0.48eV corresponds to the state of “OFF”, and Ef>0.48eV is “ON”
state. The propagation mode field distributions of the ON-state and OFF-state are shown in the
inset of Fig. 5(a). Furthermore, the broadband response of plasmonic nanowire optical modulator
is calculated. As illustrated in Fig. 5(b), the black line represents the MD of 2D eigenmode
analysis, and the red one represents 3D propagation mode analysis. The MD performance
maintains well at the working wavelength from 800 nm to 1900 nm.

Moreover, the modulation performance can be further improved with the parameter of p =
50 nm, d = 10 nm and h = 5 nm. In this case, the MD is increased to 16.7 dB/µm and the IL
is 0.17 dB/µm. The Q factor is maintained at a high level of 98, with a relatively broadband
response. Figure 6(a) exhibits the modulation performances on the diameter d and the dielectric
layer thickness h. It shows that d has a great influence on modulation performance, MD can even
reach 59 dB/µm with d of 5 nm. Simultaneously, the real and imaginary parts of EMI (d = 10
nm, p = 50 nm, h = 5 nm) with Fermi level changing are shown in Fig. 6(b). Subsequently, the
transmission coefficient of silver nanowire structure model with a propagating distance of 1 µm
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Fig. 5. (a) Transmission coefficient curve with respect to different Ef calculated by 3D
propagation simulations, in which the electric field of Ez component for OFF-state (Ef =
0.4eV) and ON-state (Ef = 0.6eV) are depicted. (b) MD curves of broadband response
(λ=800-1900nm), 2D eigenmode analysis (black) and 3D propagation mode analysis (red).

at different Fermi levels has been caculated, as described in Fig. 6(c). Besides, the broadband
response can also be analyzed, as depicted in Fig. 6(d). The in-plane components ratio γ∥ and the
field confinement ratio ηc of the localized electric field of Mode-I near graphene are also studied,
revealing the relationship between MD and the distribution of eigenmode without graphene (Fig.
S1, Supplement 1).

The electrical parameters such as 3 dB modulation bandwidth f3dB and energy consumption per
bit Ebit [43,44] are important criteria for evaluating the electrical performance of modulators. The
equivalent electric circuit of this modulator is depicted in the bottom-left of Fig. 1. In this model,
the capacitor C is the parallel-plate capacitor formed by the structure of graphene-Al2O3-silver
slab, and the capacitance can be evaluated with C = ε0εdS/dg. So the calculated capacitance is
1.59fF. The energy consumption per bit Ebit is defined as :

Ebit = C (∆V)2 /4 (9)

where ∆V is the switching voltage between ON-state and OFF-state, can be calculated according
to Equation (6). So Ebit is 0.86fJ/bit. By using a RC circuit model, the 3 dB modulation
bandwidth of proposed modulator is calculated by the following formulas:

Rtotal = Rs ×
Wg

L
+

Rc

L
(10)

f3dB =
1

2πRtotalC
(11)

Wg = 2 µm is active-width of the graphene and L = 1 µm is the length of modulator. In
calculation, the sheet resistance Rs = 200Ω/□, and the contact resistance Rc = 100Ωµm[44].
The contact resistance of bottom silver layer can be neglected for small resistivity and large contact
area. Thus, the 3 dB modulation bandwidth f3dB is 200 GHz. Thanks to the strong confinement and
enhanced in-plane components, the MD is greatly increases, and device integration is improved
also. Therefore, 3 dB modulation bandwidth and energy consumption improve, providing a
schematic design for subwavelength integrated modulator.

The data in Fig. 7 describe the trend of previous modulator’s performances in MD and IL . Up
to now, for single-layer graphene modulators, MD has changed from 0.03 to 12 dB/µm [10,21–31].
Our modulator achieves significant progress in MD and maintains a comparatively low IL, leading
to a well Q factor. The modulation performance can be further improved with sodium-based [45]

https://doi.org/10.6084/m9.figshare.16437309
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Fig. 6. (a) The MD varies with the thickness of the dielectric spacer h at several d values.
(b) Real and imaginary part of EMI with Fermi level varying. (c) Transmission coefficient
curve with respect to different Ef calculated by 3D propagation simulations, in which the
electric field of Ez component for OFF-state (Ef = 0.4eV) and ON-state (Ef = 0.6eV) are
depicted. (d) MD curves of broadband response (λ=800-1900nm), 2D eigenmode analysis
(black) and 3D propagation mode analysis (red).

Fig. 7. Comparison between previous works and our work with MD and IL
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plasmonic nanowire, which has a lower loss than noble metals (Fig. S2, Supporting material).
This design scheme can improve the modulation performance and device integration, paving a
way to solve the single-layer graphene optical modulator with hybrid plasmonic system.

5. Conclusion

In conclusion, we have proposed a tunable graphene optical modulator based on arrayed hybrid
plasmonic nanowires. Thanks to the strong confinement of GSPM and the near-field coupling
of the two adjacent silver nanowires, the electric field intensity is tightly confined in the
subwavelength regime. The parallel field components increase, which match the direction of
the graphene plane. Thus, it is supposed to further improve the SPP-graphene interaction.
The plasmonic nanowire modulator has a MD of 4.7 dB/µm and IL is relatively low with
0.045 dB/µm. The Q factor is 104 and performs well with a broadband response. The MD
performance can be further optimized, achieving MD of 16.7 dB/µm and IL of 0.17 dB/µm. By
comparing our work with recent related work in detail, in terms of MD and IL, our single-layer
graphene modulator has an obvious advantage. Moreover, with the optimized modulator, the 3 dB
bandwidth can reach 200 GHz. The energy consumption of modulator is about 0.86fJ/bit. Our
design exhibits fascinating modulation performance, fabrication compatibility, high integration,
low energy consumption and high modulation speed, which may inspire the schematic designs
of graphene-based plasmonic modulators and pave a way to the applications of 2D materials
involved next-generation optoelectronic devices.
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