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Abstract—In this paper, a graphene hybrid plasmonic
waveguide (HPW) modulator, in which a single layer of graphene-
hexagonal-boron-nitride-graphene (graphene-hBN-graphene) has
been embedded to enhance the absorption of the graphene, is
numerically investigated based on a three-dimensional (3D) finite-
difference time domain. The influences of geometric parameters,
chemical potential, and dispersion on the fundamental mode of
this modulator were determined. The height and width of the
low index material results in significant effects to the effective
mode index, which can determine the performance of the optical
modulator. Using appropriate geometric parameter settings,
this modulator could simultaneously offer a large extinction
rate (up to 39.75 dB), broadband modulation bandwidth (up
to 190.5 GHz), low power consumption (as low as 7.68 fJ/bit),
and also provide subwavelength field confinement and long
propagation distances. Wide-range wavelength response studies
show that this optical modulator has good wavelength tolerance
from 1200 to 1800 nm, indicating that it may be employed as an
optical device exhibiting the desired performance. Furthermore,
this optical modulator is not only suitable for optical fiber
communications but also for free-space optical communications
Our simulation results may provide experimental guidelines for
designing future high-performance graphene optical modulators.

Index Terms—Graphene, hybrid plasmonic waveguide (HPW),
modulators, nanophotonics.
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I. INTRODUCTION

A S, WHICH consists of a single layer of carbon atoms
in a hexagonal lattice, has attracted a great deal of in-

terest in the past decade due to its unique electronic and
optical properties including broadband operation, ultrafast
carrier relaxation, and relatively strong light-matter interactions
[1]–[13]. Theoretically, graphene is considered a perfect atomic
monolayer with infinite 2-D expansion with valence and con-
duction bands that slightly overlap at the Dirac point, making
this material a unique zero-band-gap semiconductor [14]. Elec-
tron motilities at room temperature have been experimentally
measured as high as 15000 cm2 V−1 s−1 with very little temper-
ature dependency and zero effective mass for the charge carriers
[15]. The weak temperature dependency of the electron mobility
of graphene suggests that electron movement is only limited by
defect scattering other than phonon scattering, which commonly
occurs in most materials. As a consequence, graphene possesses
a theoretical resistivity limit of 10−6 Ωcm, making it one of the
lowest resistance materials known at room temperature [16].

Wang et al. experimentally found that the strong inter-band
transition in graphene could be substantially modified through
electrical gating, similarly to electrical transport in field-effect
transistors [17]. Such gate dependence on inter-band transi-
tions introduces additional freedom in engineering new types of
graphene-based, tunable optoelectronic devices, such as broad-
band optical detectors [18]–[20] and modulators [21], [22].
Consequently, its unique linear energy band and high carrier
mobility at room temperature, in association with an optical
transition that is controllable via an electrical gate, have made it
widely applicable in electro-optic modulators from the visible to
terahertz range [21]–[32]. Waveguide type electro-optical mod-
ulators based on single or double layer graphene schemes have
been proposed [21]–[23]. However, these schemes suffer from
the same issue: a low extinction rate (ER) due to the weaker inter-
action between the graphene and the evanescent electric field.
However, schemes based on a ring resonator could achieve a
higher ER, but with a fixed working wavelength, large footprint
and higher energy consumption, rendering them very difficult
to be implemented experimentally [24], [26]. Therefore, it is
necessary to design a broadband, high ER, low consumption,
multi-wavelength operable and small footprint modulator for
use as a key element in next-generation electro-optic devices.

Hybrid plasmonic waveguides (HPWs) were proposed to si-
multaneously provide sub-wavelength field confinement and
long propagation distances [33]–[41]. The HPWs usually con-
sist of three individual layers: a high-index layer, a metal layer,
and a low-index layer sandwiched between them [34], [36], and
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[37]. The electric field will be highly confined in the high-index
layer due to the index difference between the layers. This prop-
erty provides a potential way to enhance the mutual interaction
between the graphene and the electric field.

In this work, a HPW modulator based on graphene-
hexagonal-boron-nitride-graphene (graphene-hBN-graphene)
is proposed. The scheme for the graphene-hBN-graphene is
embedded into a low-index layer of a HPW. The influence of
the geometric parameters, chemical potential of the graphene
and dispersion related to the fundamental mode (TM mode) of
this modulator are studied in detail using a three-dimensional
(3D) Finite-Difference Time-Domain (FDTD). The height of
the low index material in the HPW and the width of the HPW
have significant effects on the effective mode index (EMI). By
optimizing these parameters, this electro-optical modulator can
achieve an ER of up to 39.75 dB, a modulation bandwidth of
190.5 GHz with only a 3 μm long active region and a power con-
sumption of 7.68 fJ/bit. This modulator can work over a wide
wavelength range from 1200 nm to 1800 nm with advantages
including a small footprint and easy fabrication.

II. STRUCTURE AND ANALYSIS

The conductivity of the graphene can be approximately re-
duced from the Kubo formalisms [6], [7] as follows:
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Where e is the charge of the electron, κB is the Boltzmann
constant, T is the temperature, � is the reduced Planck con-
stant, and ω is the angular frequency, and τ is the inter-band
relaxation time. The chemical potential can be tuned via an ap-
plied voltage [17] of μc = �νF (πn0)1/2 = �νF (πε0εr |Vg −
VDirac |/de)1/2 , where vF ≈ 1.1 × 106 m/s is the Fermi ve-
locity, n0 is the carrier concentration in graphene, which can
be determined from the simple parallel-capacitor model, Vg

is the applied basis voltage and VDirac is the voltage offset
caused by natural doping, d is the thickness of the hBN, e is
the charge of the electron. Fig. 1 shows the permittivity of the
graphene as a function of the chemical potential calculated from
ε(ω) = 1 + iσ(ω)/ε0ωd at λ = 1550 nm, where ε0 is the per-
mittivity in the vacuum and d = 1 nm, which is the equivalent
thickness of monolayer graphene.

At approximately μc = 0.4 eV, the real component of ε is
maximized and its imaginary component starts to decrease to
zero. At μc = 0.52 eV, the absolute value of the permittivity ap-
proaches zero. When μc < 0.52 eV, both the real and imaginary
components are positive, meaning that the graphene operates
as a dielectric material where the intra-band transmission dom-
inates. However, the graphene shifts towards behaving like a
metallic material when μc > 0.52 eV due to the real compo-
nent of ε becoming negative when the inter-band transmission

Fig. 1. The permittivity of graphene as a function of the chemical potential at
λ = 1550 nm, where T = 300 K.

Fig. 2. (a) The scheme for the proposed modulator. The dependence of the
EMI on (b) the height of the low-index layer and (c) the width of the HPW for
λ = 1550 nm.

dominates. Those changes manifest in the EMI of the modula-
tor being correspondingly altered through the external electric
field. Hence, it is necessary to investigate the EMI under differ-
ent values of μc when designing an electro-optic modulator.

Fig. 2(a) shows the cross section of the as-proposed modula-
tor. The HPW has a three layered structure, each with different
indexes: a low index layer SiO2separated by the high index layer
Si and metallic Ag. The graphene-hBN-graphene is embedded
in the low index material layer of the HPW. The SiO2 cladding is
used to sustain the graphene layer and protect the graphene from
optical or mechanical damage. The gold is used as the electrode
where the external electric field can be applied. To determine
the function of graphene-hBN-graphene layer, and therefore,
compare the difference in performance, we first calculated the
EMI for the HPW without the graphene-hBN-graphene layers.
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We employed a 3-D FDTD commercial software (FDTD Solu-
tions [42]) to evaluate the performance of this modulator. The
refractive index of those materials (Ag - Palik, Si - Palik, SiO2
- Palik) used in this study is taken from the FDTD Solutions di-
rectly which can well fit with the experimental data. The index
of hBN is taken from ref. [43]. The mesh size in the thickness
direction of graphene should be small enough. In our simula-
tions, this value is 0.1 nm, while the other directions are set
as 1 nm and 1 nm. The excitation source is the mode source.
The boundary condition (BC) is set to perfectly matched layer
(PML) with 48 layers. Note that the electrodes are not in the
simulation area.

The height of the low-index layer (H) and the width of the
HPW (W)play a central role in determining the EMI [34], [36]
and [37], as shown in Fig. 2(b) and (c). The value of H in-
creases from 10 nm to 100 nm, whereas the value of W is fixed
at 200 nm. We see that a larger value of H can induce a lower
imaginary component of the EMI, but with weaker mode con-
finement. However, a larger value of W has the opposite effect
on the real component of the EMI compared to H: a larger value
of W results in a larger real component in the EMI, whereas the
imaginary component of the EMI exhibits the same trends as for
H. This phenomenon can be easily understood from the effec-
tive index method point of view. The cross section of the HPW
waveguide can be divided into three regions from left to right.
The central region composed of Ag/SiO2 /Si has a larger real in-
dex component than the left or right regions composed of SiO2
cladding. The larger W leads to a larger contrast between the
central region and other regions, whereas the contrast will deter-
mine the real component of the EMI. We can perform a similar
analysis for H. Therefore, it is anticipated that this HPW will
exhibit low losses and good mode confinement simultaneously,
indicating that it can be used to fabricate a high performance
modulator. In the following study, we consider the incorpora-
tion of a graphene-hBN-graphene layer that is sandwiched into
the HPW. Then, we investigate the effect that different chemical
potentials μc of the graphene and heights of the low-index layer
have on the EMI. Here, the loss term, instead of the imaginary
component of the EMI, is used for the visual presentation:

Loss =
10Im (nnef f ) 4π

λ0 ln10
(2)

where, λ0 is the wavelength in free space, nef f is defined as
nef f = βλ0/2π, β is the propagation constant. The loss is pro-
portionate to the imaginary component of the EMI. The height of
the hBN layer is fixed at 5 nm for all the following calculations.

As shown in Fig. 3, different values of μc result in losses
ranging from less than 1 dB/μm to more than 30 dB/μm, which
suggests that this modulator will operate as expected. At ap-
proximately 0.525 eV, this modulator exhibits a minimum real
component of EMI, but with a maximum loss. However, the real
component of the EMI increases when μc is biased from that
point. The loss trend is opposite of what was found in the real
component of the EMI. The height H has a significant effect on
the EMI, and it resembles the HPW. A smaller value of H has
more advantages than a larger value. A thinner and smaller low-
index layer will lead to a higher energy concentration, which

Fig. 3. Dependence of (a) the real component of EMI and (b) the losses on
the H and μc, where W = 200 nm and λ = 1550 nm.

Fig. 4. Dependence of (a) the real component of the EMI and (b) the losses
on the W and μc, where H = 20 nm and λ = 1550 nm.

TABLE I
OPERATION PERFORMANCE OF DIFFERENT TYPES OF OPTICAL MODULATORS

References ER 3 dB Bandwidth Consumption

This Study 13.75 dB/μm 190.5 GHz 7.68 fJ/bit
Ming Liu et al. [21] 0.1 dB/μm 1.2 GHz NA
Ming Liu et al. [22] 0.16 dB/μm ∼1 GHz NA
Shengwei Ye et al. [23] 6.8 dB/μm 100 GHz 17.6 fJ/bit
Wei Du et al. [24] 22.13 dB 149 GHz NA
CiyuanQiu et al. [45] >10 dB 80 GHz NA

will increase the interaction between the graphene and the elec-
tric field. Hence, it helps to increase the real component of the
EMI [34], [37]. However, a small value of H makes the layers
more difficult to fabricate, requiring us to take the fabrication er-
ror tolerance of the modulator into consideration. Based on the
overall consideration of the various factors mentioned above,
H = 20 nm was determined to be an appropriate height for
this modulator. Moreover, our simulations show the position of
graphene-hBN-graphene in the low-index layer cannot change
the performance of the modulator.

We then investigated the effect of the HPW slab width on the
EMI and losses. Fig. 4(a) shows the dependence of the real com-
ponent of EMI on μc and W. Similarly to the HPW, W helps to
improve the mode confinement and increase the ER. The losses
in this optical modulator originate from: material absorption. A
wider W will increase the absorption due to the expansion of
the contact area, whereas the mode confinement will be greatly
enhanced. Therefore, more energy is confined in the low-index
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Fig. 5. (a) The real component of the EMI (blue line), the imaginary com-
ponent of the EMI (green line), (b) the loss for the optimized modulator and
electric field of the cross section in the modulator used for the insert, where W
= 200 nm and H = 20 nm.

layer in contact with the graphene, leading to a higher value
for ER. However, a wider W has a larger footprint, which is a
disadvantage for nano-scale photonic integrated circuits (PLCs)
and such an improvement is insufficient if W is larger than
200 nm. As discussed, W = 200 nm is an optimized value for
the trade-off between the mode confinement and the footprint.

The imaginary and real components of the EMI and the
losses for this modulator with the optimized geometric pa-
rameters are shown in Fig. 5. The losses are maximized at
∼0.525 eV, indicating that this modulator suffers from large
losses when light travels through it. Therefore, this point
may be defined as the “off” state. The losses reach a mini-
mum value at ∼0.405 eV, which can be set as another work-
ing point, the “on” state. As previously mentioned, changing
the applied voltage corresponds to a change in the chemi-
cal potential. This allows the optical modulator to operate in
either the “off” or the “on” state. The voltage difference be-
tween the “off” and “on” states can be determined from |μc | =
�vF (πn0)1/2 = �vF (πε0εr |(Vg − VDirac |/de)1/2 . In order to
estimate the 3-dB modulation bandwidth and energy consump-
tion, we used a simple parallel-capacitance model for calcula-
tion. The two layers of graphene are the two parallels of the ca-
pacitance, while the hBN is employed as the dielectric material.
Hence, the chemical potential can be tuned via an applied volt-
age, μc = �νF (πn0)1/2 = �νF (πε0εr |Vg − VDirac |/de)1/2 ,
where vF ≈ 1.1 × 106 m/s is the Fermi velocity, n0 is
the carrier concentration in graphene, Vg is the applied basis
voltage, VDirac is the voltage offset caused by natural dop-
ing, εr is the dielectric constant of hBN and d is the thick-
ness of hBN. The voltage difference ΔV between the “on”
and “off” stage could be calculated from the equation men-
tioned above. The 3-dB modulation bandwidth is estimated
by f3dB = 1/(2πRC). The capacitance could be calculated by
C = ε0εrS/d, where S (0.2 μm × 3 μm) is the area of ca-
pacitance. The resistance R comes from two sides: graphene-
electrode contact resistance Rc and graphene sheet resistance

Rg . However, the graphene sheet resistance is very small com-
paring with the contact resistance. Hence f3dB = 1/(2πRC) =
1/[2π(Rc + Rg )C] ≈ 1/(2πRcC), where we use Rc = 400 Ω
-μm as the contact resistance [44]. The energy consumption is
calculated by Ebit = 1

2 C(
√

2
2 ΔV )2 , where C is the capacitance

of this modulator, ΔV is the difference between the working
point voltage. This modulator can achieve a 39.75 dB ER using
only a 3 μm long active region. The estimated capacitance is C
= 3.13 fF, and the variation in the voltage is ΔV = 3.13 V. The
3-dB modulator bandwidth is estimated to be 190.5 GHz, and
the energy consumption is only 7.68 fJ/bit. Compared with other
graphene-based optical modulators, the as-proposed modulator
possesses better performance in some aspects. The following
table lists some reported graphene-based modulators. Note that
the last two references are for micro-ring based modulators,
and therefore, the ER units are different from the others. Those
improvements are the results of field enhancement, small con-
tact resistance and small capacitance. The modulator based on
the HPW can improve the interaction between the electric field
and the graphene compared to Liu et al. [21], [22], in which
the evanescent field was employed. Therefore, to improve the
strength of the mutual interaction, multi-layer graphene needs
to be used instead. Ye et al. embedded the graphene in the sili-
con waveguide to increase the interaction, leading to an ER of
6.8 dB μm [23]. However, stronger interactions can help achieve
a higher 3-dB bandwidth with lower energy consumption. As
discussed above, the 3-dB bandwidth is inversely proportional to
the capacitance, whereas the power consumption is proportional
to the capacitance. Hence, to achieve a high 3-dB bandwidth and
a low energy consumption modulator, the capacitance needs to
be sufficiently small.

Owing to the unique linear energy band structure in graphene,
it exhibits broadband wavelength operations from the visible
to the mid-infrared and even the microwave frequency range
[2], [42], [43]. This property causes the graphene to act as
a type of broadband optical material for different optical de-
vices including a saturable absorber [48]–[50], optical detector
[18]–[20], and optical modulator [21]–[26], [44]. To examine if
the as-proposed graphene modulator could operate as a broad-
band device, we investigated the wavelength dependent response
of the graphene-based optical modulator. The modulator pos-
sesses good mode confinement and operates from 1200 nm to
1800 nm, as shown in Figs. 6 and 7. With an increase in the op-
erating frequency, the working point shifts towards the higher
voltage regime because graphene has a higher shift point. The
ER, ΔV and energy consumption decrease when the work-
ing wavelength shifts higher due to the permittivity properties
of the graphene. However, the 3-dB modulation bandwidth is
maintained at the same level due to the permittivity of the hBN
being approximately constant over the wavelength range. These
results demonstrate that our modulator has a relatively wide
wavelength tolerance and could work over a wide wavelength
range without changing anything except the applied bias volt-
age.

Graphene could achieve up to a 500 GHz 3-dB bandwidth
in theory [21], which is more than twice that of ours. The
consumption should be reduced to less than 1 fJ/bit in order
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Fig. 6. Broadband wavelength operation: (a) real component of the EMI and
(b) losses.

Fig. 7. The performance of the as-proposed optical modulator under broad-
band wavelength operation. (a)–(d) are ER, 3-dB modulation bandwidth, voltage
difference between “OFF” and “ON,” and energy consumption, respectively.

to integrate into high speed applications. A higher ER, higher
bandwidth, lower consumption and smaller footprint may be ap-
propriate future research goals for our program. By integrating
hybrid plasmonic waveguides with other novel two-dimensional
materials such as MoS2 [51]–[53] and black phosphorus [54],
[55], more functional devices with excellent performances may
emerge and our work might contribute to the development of
future 2D-material based optical modulators.

III. CONCLUSION

We have demonstrated a conceptual new optical modulator
structure based on graphene and HWP as well as investigated its
properties. Our simulations show that the geometric parameters
of the HPW could significantly change the confinement mode
and losses. By optimizing the width of the HPW and the height of
the low-index layer in the HPW, this modulator could achieve
a 39.75 dB extinction rate and a 190.5 GHz 3-dB modulator
bandwidth with only a 3 μm long active region and 7.68 fJ/bit
of energy consumption. Furthermore, this modulator can work
over a wide wavelength range. Our work may offer new insight
in designing high performance broadband optical modulators.
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