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Abstract: Graphene waveguide plays an important role in modulating optical signal. But it
is hard to make a tradeoff between low propagating loss and high field confinement. Here,
we propose a bilayer graphene waveguide in a thin topas film and a high refractive index
material-germanium cladded with thin metallic film. The influences of structural parameter
and chemical potential of graphene are studied to optimize the dimension and working
mode. Simulation reveals that our structure can make a balance between high figure of merit
(FOM) and low propagation loss, and it reaches a high modulation depth of 2.5 dB/μm.
The design can work with FOM over 200, propagation loss lower than 0.2 dB/μm, and
propagation length beyond 30 μm in a wide band from 6 THz to 18 THz. Compared with
previous graphene waveguides, our structure operates from terahertz band to mid-infrared
band, and it has longer propagation length due to the existence of bilayer graphene.
Besides, benefiting from the thin metallic film, our structure can be integrated on chip.

Index Terms: Graphene, modulator, plasmonics, waveguide.

1. Introduction
Graphene is a two-dimensional carbon material with great potentialities for its extraordinary
properties in the fields of thermology [1], [2], chemistry [3], [4], electricity [5], and optics [6]. Its
unique electrical and optical features are inherently caused by the distinctive Dirac cone band
structure, which means graphene owns linear energy dispersion with zero bandgap energy [7],
[8]. Another advantage of graphene is that it is compatible with complementary metal oxide
semiconductor (CMOS) process, so it is significant to carry out research on photoelectric devices
with graphene [9]. Compared with noble metals, graphene possesses ultrahigh carrier mobility of
2 × 105 cm2/(V S), and this character make it possible to modulate optical signal flexibly. Mean-
while, graphene’s optical and electrical properties can be easily tuned by bias voltage. Therefore,
people can manually control the status of modulator based on graphene switch between on and off
[10]–[14].

Graphene plasmonic waveguide (GPWG) has been widely used in modern communication
technology, and scientists have already improved some feasible schemes to achieve optical
signal modulation or detection [15]–[20]. As a result of the interaction between wave and inside
materials of waveguide when wave travels in the waveguide structure, optical performances of
waveguide-based detector, absorber and modulator can be greatly tuned by chemical doping and
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external bias voltage owning to the flexible adjustability of graphene [21]–[24]. High-performance
light switch and sensor can also be obtained with reasonable control of scattering rate, thanks to
high free electron concentration and the introduction of graphene. In 2013, Horvath et al. verified a
silicon waveguide based on graphene by simulation and experiment [25]. The nonlinear coefficient
is generated by heating graphene through PMMA layer, and the maximum modulation depth (MD) is
2.7 dB/μm. The difference between simulation and measured results is within a reasonable range,
but it can only modulate light with input power around 15 mW. In 2014, Kim et al. experimentally
demonstrated a graphene rectangular waveguide [26]. By heating graphene, carrier velocity inside
graphene is changed and then the intensity of optical signal is modulated. It is found that MD
of the device can achieve 10 dB/μm. However, limited by the heating speed, the response time
of the device is 10 ms, and the energy consumption of switching between on and off is large.
In 2015, Ansell et al. experimentally studied a 100 μm waveguide composed of graphene and
metal [27]. Experimental results show that this device owns a MD over 0.03 dB/μm. In 2016,
Liu et al. demonstrated a cylindrical waveguide wrapped with graphene [28]. This structure can
transmit multiple eigenmodes in the mid-infrared band, but propagation length of high-order modes
is much smaller than that of the fundamental mode. It is evident when Fermi level is higher. The
maximum propagation length of the device is less than 8 μm. The reason of this phenomenon
is that electromagnetic eigenmodes are distributed near the surface of a cylinder and it makes
the contact area very large between wave and graphene, so all eigenmodes suffers high loss. In
2017, Doust et al. showed a bilayer graphene waveguide [29]. Two graphene sheets are separated
by low refractive index material. At 30 THz, propagation length of the waveguide is 4 μm. When
chemical potential is adjusted to 0.8 eV, electric filed distribution of eigenmode has a penetration
distance of 300 μm in the longitudinal direction. In 2018, Cai et al. conducted an in-depth study on a
rectangular dielectric waveguide [30]. This device can modulate TE mode with a MD of 0.25 dB/μm
by changing chemical potential, and at the same time TM mode is transmitted with minimal loss,
so TM mode can be transmitted over 150 μm. In 2019, Hu et al. designed an ultra-compact silicon
strip waveguide that can modulate both phase and intensity, and verified it in simulation [31]. This
structure can be used to control TE mode with a MD of 0.3 dB/μm and a maximum 0.8π change
in phase of the signal light. In 2019, Luan et al. proposed a waveguide structure loaded with four
graphene sheets on the surface [32]. Electromagnetic energy is confined by using silicon and silver.
MD of the device is 0.45 dB/μm, and the value of figure of merit (FOM) does not exceed 12 after
parameter optimization. In 2020, Heydari et al. demonstrated a waveguide coated with graphene
[33], both theoretical and numerical results showed that their design owns a tinny FOM value no
more than 30. In 2020, Cai et al. proposed a waveguide modulator composed of a silver cylinder
and graphene sandwich structure [34]. Benefiting from the strong interaction between graphene
and wave and the strong confinement of electromagnetic wave, the normalized effective mode
area is less than 0.015, and the maximum propagation length is 21 μm. In this work, we propose
a hybrid plasmonic waveguide with bilayer graphene embedded in the middle of the configuration.
After parameter optimization, it is verified that the maximum MD of this structure is 2.5 dB/μm.
In the wide band of 6–18 THz, propagation length of the fundamental and higher-order modes is
more than 25 μm, and the maximum FOM value can exceed 200.

2. Design and Method
Fig. 1 shows the diagrammatic sketch of the designed three-dimensional graphene plasmonic
waveguide. Bilayer graphene with the distance of 10 nm is inserted in the middle of the low
refractive index material (topas). The thickness of topas is 2t2. Two germanium triangular prisms
with a bottom edge width w are located at the top and bottom of topas. The distance between the
triangular prism and graphene is g. The cladding material with the thickness of t1 is germanium
with high refractive index to limit the area of field pattern. To prevent electromagnetic wave spread
out of the device, two gold films are deposited on the top and bottom of the design. The relative
dielectric permittivity of topas and germanium is taken as 2.35 and 16 [35], [36]. The relative
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Fig. 1. Three-dimensional schematic of the proposed graphene plasmonic waveguide.

dielectric permittivity of gold is described by a Drude model εAu = 1 − ω2
p/ω(ω + i�) with plasma

frequency ωp = 1.37 × 1016 rad/s and collision frequency � = 1.2 × 1014 rad/s [37].
As for graphene, it can be modeled as a two-dimensional surface with regularly changing

conductivity described by Kubo formula [34], [38]. This method not only reduces the computational
complexity, but also simplifies the model. The following (1), (2), and (3) are employed to describe
the conductivity of graphene.

σg(ω, Ef , τ, T ) = σintra(ω, Ef , τ, T ) + σinter (ω, Ef , τ, T ) (1)
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ω represents the angular frequency of electromagnetic wave, Ef is the chemical potential of
graphene, τ is the relaxation time of graphene. Here, τ is 1.2 ps. � is the reduced Planck
constant, kB is the Boltzmann constant, and T is the temperature. Temperature is set as 300 K
during the simulation. Surface current would occur when incident wave interacts with graphene
and surface current density can be described as J̃ = σ �E . Conductivity can be tuned by chemical
doping or applied voltage. It’s worthy to note that Kubo formula can be simplified in some special
regions. When Fermi level has a moderate value −�ω

2 < Ef < �ω
2 , only incident photons can excite

electrons by interband transition, which results in a large light absorption. If Fermi level satisfies the
relationship Ef < −�ω

2 , there is nearly no electron in the interband transition, which leads to high
optical transmission. And conversely, when Fermi level meets the requirement of Ef > �ω

2 , there is
no more room in conduction band for more electrons, and the interband transition is inadmissibility,
resulting in higher light transmission [39].

In order to calculate the modal properties of this structure precisely, finite element method (com-
mercial softwares-COMSOL Multiphysics) is applied. Through this software, we can obtain real
and imaginary parts of effective mode index of graphene plamonic waveguide. Then, propagation
length of surface plasmon polariton (LSPP), attenuation coefficient (α), FOM, and MD are introduced
to evaluate the performance of this device. And these physical quantities are defined as follows:

Nef f = βλ0

2π
(4)

Lspp = λ

4π Im(Nef f )
(5)
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Fig. 2. Intensity distributions of electric fields of fundamental mode ((a) and (c)) and second-order
mode ((b) and (d)) at Ef = 0.1 eV. (a) and (b) Electric field distributions at 9 THz. (c) and (d) Electric
field distributions at 18 THz.

Fig. 3. Intensity distributions of electric fields of fundamental mode ((a) and (c)) and second-order
mode ((b) and (d)) at Ef = 0.9 eV. (a) and (b) Electric field distributions at 9 THz. (c) and (d) Electric
field distributions at 18 THz.

α = 10Im(Nef f )4π

λ0 ln 10
(6)

F OM = Re(Nef f )
Im(Nef f )

(7)

MD = α(OF F ) − α(ON ) (8)

LSPP is used to describe the maximum propagation length of mode, and α is corresponding to Lspp

which present propagation loss per micron. In addition, FOM can be made available for structure’s
quality factor.

3. Results and Discussions
In practical applications, electromagnetic waves enter or get out our structure at a specific angle by
means of a Bragg grating coupler. After that, graphene plasmonic waveguide can confine incident
wave in a bitty area and enhance wave-matter interaction. With the help of graphene, we can control
the intensity of incident wave by altering chemical potential. When chemical potentials are set as
0.1 eV and 0.9 eV, the corresponding intensity distributions of electric filed are shown in Fig. 2
and Fig. 3. Figs. 2(a) and 2(b) are obtained at the frequency of 9 THz, and Figs. 2(c) and 2(d) are
obtained at the frequency of 18 THz. In Fig. 3, the corresponding field distributions are simulated
at chemical potential Ef = 0.9 eV. Whether it is the fundamental mode or the second-order mode,
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Fig. 4. Effective mode refractive index (a), propagation length (b), FOM (c), and attenuation coefficient
(d) of fundamental mode and second-order mode varies with chemical potentials at different frequen-
cies. The used structural parameters are t1 = 600 nm, t2 = 400 nm, w = 200 nm, and g = 140 nm.

electric filed is always confined in low refractive index material-topas. Comparing Fig. 2 with Fig. 3,
we can draw a conclusion that graphene with the lower chemical potential has a weaker interaction
with input wave, so the area of field distribution in Fig. 2 seems smaller than that in Fig. 3. And
benefiting from triangular germanium, the normalized pattern area of the fundamental mode is
much smaller than that of the second-order mode.

Fig. 4 shows the modulation function of our design. The interaction between graphene and
incident wave is weak when chemical potential is low, which brings a significant attenuation and a
shorter propagation length. At the same time, FOM is smaller even much smaller than 100 due to
the faint growth of real part and strong growth of imaginary part of Nef f . When chemical potential
is turned up to 0.9 eV, electromagnetic wave can transmit at a minute loss and FOM can reach a
tremendous value. Two distinct propagation characteristics of electromagnetic waves predict that
this device can be treated as a modulator with an excellent MD of 2.5 dB/μm. By observing solid
and dashed lines at the same frequency, it is noticed that this device is capable to manipulate
multimode for the fundamental mode and the second-order mode, and both of them perform very
similarly. Besides, at high frequencies, there is a more pronounced contrast between high and
low chemical potentials, so this device can modulate high-frequency electromagnetic wave more
efficiently.

In order to search out the optimum structure parameter and optimize the performance, parameter
sweepings are performed on several structural parameters of this device. Fig. 5 presents the effect
of germanium thickness (t1) on our device. At the same frequency, whether it is fundamental mode
or second-order mode, the thicker the germanium, the larger the real and imaginary parts of effec-
tive mode refractive index, and the smaller the propagation length. But the value of FOM is almost
unchanged. This is because the thinner the germanium, the more energies of electromagnetic
wave penetrate into the metal surface, resulting in a greater loss. With the increase of frequency,
Lspp decreases in Fig. 5(b) and FOM increases quickly in Fig. 5(c). The phenomenon appears in
Fig. 5(b) can be explained in two ways, and one of the reasons is shown in Fig. 5(d). High-frequency
signal possesses stronger interaction with graphene, and it causes imaginary part of Nef f increase.
Another more important reason is that Lspp is strongly influenced by wavelength. As frequency
increases from 6 THz to 18 THz, the corresponding wavelength decreases from 50 μm to 16.7 μm.
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Fig. 5. Effective mode refractive index (a), propagation length (b), FOM (c), and attenuation coefficient
(d) of fundamental mode and second-order mode changes with frequency of incident wave when t1
takes different values. The used chemical potential is 0.9 eV.

In Fig. 5(d), although the curves appear to be an obvious upward trend, the value of α stays at a very
low level, and electromagnetic waves do not transmit a micron and lose up to 3.6% of their energy.
And benefiting from bilayer graphene, propagation length of this device is still longer than that of
many other devices. When the thickness of germanium is more than 600 nm, the performance of
the device is almost unaffected. Therefore, the thickness of germanium is chosen to be 600 nm.
Another advantage of bilayer graphene is that transport properties of higher-order and fundamental
modes are very similar, which is difficult to achieve in single-layer graphene devices.

Fig. 6 is the results after parameter sweep of topas thickness (t2). From electric field distributions
in Figs. 2 and 3, we can draw a conclusion that most energy of electromagnetic wave is concen-
trated in the toaps layer, so the thickness of topas has a significant effect on the device. Take
the point of 12 THz for example, as the topas layer becomes thicker, real part of effective mode
refractive index increases from 6.6 to 8.1 and imaginary part decreases, so propagation length
increases from 36 μm to 42 μm. Unfortunately, due to the insufficient variation of real part, the
value of FOM decreases from 150 to 140 and it becomes more obvious as frequency increases.
Thus, we had to make a tradeoff between Lspp and FOM. For a balance between propagation length
and FOM, here we choose a topas thickness as 400 nm.

As shown in Fig. 1, there is a germanium triangular prism in our structure. Its main function
is to adjust fundamental mode in the waveguide structure, so we will analyze the influence of
the geometry of germanium triangular prism on propagation performance of fundamental mode.
Under the condition that the thickness of the topas layer is fixed as 400 nm, the fundamental mode
is regulated by changing the length of W and the distance g between germanium triangular prism
and the nearest graphene layer. Fig. 7 shows the influence of W on propagation performance of
the fundamental mode. Firstly, it is noted that no matter how the value of W changes, propagation
characteristic curves of the second-order mode are almost unaffected while the fundamental mode
is significantly regulated. At the same frequency, the smaller the value of W, the smaller the real and
imaginary parts of effective mode refractive index. The change rate of real part is greater than that
of imaginary part, so the corresponding Lspp and FOM values will increase. A proper reduction of
W value is beneficial to electromagnetic wave propagation in this graphene plasmonic waveguide.
Therefore, we take a W value of 200 nm.
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Fig. 6. Effective mode refractive index (a), propagation length (b), FOM (c), and attenuation coefficient
(d) of fundamental mode and second-order mode changes with frequency of incident wave when t2
takes different values. The used chemical potential is 0.9 eV.

Fig. 7. Effective mode refractive index (a), propagation length (b), FOM (c), and attenuation coefficient
(d) of fundamental mode and second-order mode changes with frequency of incident wave when W
takes different values. The used chemical potential is 0.9 eV.

The curves in Fig. 8 describe the effect of geometry parameter g on device performance. The
results clearly tell that the variable g only affects the fundamental mode. Figs. 8(a) and 8(c) show
that real part and attenuation coefficient of effective mode refractive index are slightly affected when
the value of g exceeds 140 nm. Propagation length and FOM are lower when the value is 90 nm
(red curve), so here we determine that the value of g is 140 nm.
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Fig. 8. Effective mode refractive index (a), propagation length (b), FOM (c), and attenuation coefficient
(d) of fundamental mode and second-order mode changes with frequency of incident wave when g
takes different values. The used chemical potential is 0.9 eV.

TABLE 1

A Comparison Between Previous Works and Our Work
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4. Conclusion
After a series of parameter optimization, the thickness of gold is 100 nm, the thickness of germa-
nium is 600 nm, the thickness of topas is 400 nm, the length of triangle bottom edge is 200 nm,
and the distance of triangle vertex from nearest graphene layer is 140 nm. In this condition, this
waveguide possesses excellent performance when working in terahertz band and mid-infrared
band. When chemical potential of graphene is regulated in the range of 0.1 eV-0.9 eV, this device
can obtain a maximum modulation depth of 2.5 dB/μm at 18 THz. If chemical potential of graphene
is fixed at 0.9 eV and frequency is changed in the range of 6–10 THz, we can keep propagation
length of electromagnetic wave above 25 μm and the maximum FOM value can exceed 200.
Besides, effective mode area of the fundamental mode is reduced by adding a germanium triprism
with a high dielectric constant, and imaginary part of effective mode factor of the intrinsic mode
is greatly reduced by introducing bilayer graphene. These characteristics enable this device to
be used as a light modulator or a platform in an integrated optical circuit. Comparing with previous
reported graphene-on-waveguide designs [40], [41], our present design takes advantages of higher
propagation loss and greater MD for both fundamental mode and higher-order eigenmodes. The
data in the Table 1 is the best point in some cited papers. These references reveal that it is difficult to
make a tradeoff between FOM, LSPP and MD, and there is still great potential to explore modulating
ability of graphene dielectric waveguide in the terahertz, infrared or telecommunication band. This
configuration can be manufactured by using the existing technology. A 100 nm thick Au film is
deposited on germanium layer by magnetron sputtering. Germanium is etched with a mixture
of nitric acid and hydrofluoric to form a triangular germanium. Then, ring-opening metathesis
polymerization of cycloolefins is carried out with a catalyst to obtain topas. Bilayer graphene can
be prepared by Hummers method.

Disclosures: The authors declare that there are no conflicts of interest related to this article.
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