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Ultra-Low Loss Graphene Plasmonic Waveguide for
Chip-Scale Terahertz Communication

Lei Sun, Lihao Huang, Yijie Wang, Yu Lian, Guangjing Huang, Huiling Zhao

Abstract—Field-programmable photonic array-based chips will
be key components in realizing high-performance THz commu-
nication in the future. However, the optical diffraction limit pro-
hibits their integration in chip-level sizes. Although plasmonic
waveguides combined with graphene are able to possess mode
transmission at THz wavelengths, their operational problems such
as complex device structures or high transmission losses still cannot
be addressed effectively. In this paper, by relying on a mechanism of
THz surface plasmon mode of graphene and an energy distribution
mechanism of the refractive index difference region, a novel hybrid
graphene plasmonic waveguide is proposed, whose core design part
is a simple gap-slot region. This waveguide’s transmission distance
is one order of magnitude longer than that of the conventional
waveguide while retaining the benefit high energy confinement,
under appropriate parameters. Hence the proposed waveguide
can be an efficient candidate component of field-programmable
photonic arrays for THz communication.

Index  Terms—Graphene, THz

communication.

plasmonic  waveguide,

1. INTRODUCTION

OMPARED to conventional microwave communication
C systems, the unique advantages of THz systems are the
orders-of-magnitude-faster speed and larger transmission band-
width [1]. However, digital electronic field programmable gate
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arrays (FPGAs) [2], which are the most important building
blocks of electronic integrated circuits, are not able to operate
above 1 THz due to the limited cutoff frequency of crystal field
effect transistors [3]. Although THz communications can be
realized through combinations of complex and bulky free-space
optical devices, their large physical dimensions are a bottleneck
for chip-level communication systems [4]. Moreover, field pro-
grammable photonic arrays (FPPAs) [5] based on cascades of
directional photonic couplers allow analog operations such as
tunable optical power coupling ratios and phase shifting between
input and output photonic waveguides, and can be potentially
used for THz communications on a chip level [6], [7]. However,
the communication efficiency of FPPAs is seriously inhibited
by their low degree of integration due to optical diffraction limit
problems in the interior photonic waveguides.
Two-dimensional graphene [8], [9] has metal-like properties
in the THz range and allows a graphene plasmon mode that
guides THz waves under the physical size beyond the diffraction
limit [10], [11]. It can be used in plasmonic waveguides [12]-
[19] for THz communication and therefore potentially applied
in chip-level communication systems based on highly-integrated
FPPAs. However, most graphene plasmonic waveguides [12]—
[19] are subject to a trade-off between energy confinement
and propagation distance. By leveraging the energy distribution
mechanism of materials with large refractive index differences
and lossless slot region properties, our previous design for
a slot-rib-slot graphene plasmonic waveguide [20] generated
hybrid modes that support transmission with sub-wavelength
energy confinement. Due to the fact that a large part of the energy
converged to a graphene gap region, the previously presented
system’s transmission loss is higher compared to traditional
graphene waveguides. In addition, the key feature of this wave-
guide is the hybrid slot-rib-slot region which is composed of
many complex structures and is therefore difficult to fabricate.
Therefore, in this paper we present a simpler hybrid graphene
plasmonic waveguide structure that consists of a high-refractive-
index Si cylinder waveguide surrounded by a low-refractive-
index SiO, background and a grapheme-covered slot filled with
low-refractive-index SiO» background inside a high-refractive-
index Si platform. To the best of our knowledge, this is the first
demonstration of a waveguide suitable for ultra-high integration
and with ultra-low THz transmission loss. According to the
principle of energy convergence in the region of large-difference
refractive index and tip structure [21]-[23], a very large amount
of electromagnetic energy converges at a sub-wavelength scale
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Fig. 1.
modal energy at cutline x = 0; (d) modal energy at cutline y = 0.

near the graphene-slot area, where more energy is concentrated
on the lossless slot region rather than graphene region, and hence
our proposed system has the potential to form the basis for
highly-integrated plasmonic components for THz communica-
tions with low power consumption.

II. STRUCTURE AND MODAL EVALUATION INDEXES

Fig. 1(a) shows the configuration of our designed waveguide,
where a Si waveguide with diameter d is placed on a slot region
(with width and height of w, and ¢, respectively) composed of a
graphene layer, an Si substrate and an SiO»-filled area. A gap re-
gion is sandwiched between the Si waveguide and the slot region,
where the gap height 4 is defined as the shortest distance between
the Si waveguide and the slot region. In this study, the refractive
indices of Siand SiO5 are assumed to be 3.5 and 1.5, respectively,
while the layers and refractive index of the graphene are the
same as those of the traditional plasmonic waveguide working
at 3 THz frequency [13]. Unlike our previously-designed high
energy confinement graphene waveguide [20], whose key struc-
ture is a complex hybrid structure including a sharp graphene tip
and many areas of different materials, the waveguide proposed in
this study is composed of just two types of materials and its core
part is a simple graphene-slot region. Therefore, its fabrication
process is greatly simplified.

A finite element model built using the Comsol software is
used to investigate modal properties of waveguide. In order to
understand the energy distribution of the transmission mode,
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Structure of the designed waveguide: (a) cross section view (inset: 3D view) and energy distribution of the designed waveguide: (b) modal energy; (c)

the energy distribution diagram is shown in Fig. 1(b)-(d). It is
clear that the most of modal energy is confined at the interface
between the gap region and the top surface of the graphene-slot
region. This is because our proposed waveguide supports a
hybrid transmission mode, which combines the properties of
dielectric mode with those of plasmonic mode. The modal
energy of the dielectric and plasmonic modes converge more
easily at the lower refractive index area within high-difference
refractive indices regions and graphene tip region, respectively.

In this paper, three different modal characteristics’ indices,
namely the normalized mode area, the propagation distance and
the figure of merit, are adopted to evaluate the transmission
performance of the designed waveguide. The normalized mode
area is commonly used to measure energy confinement within a
waveguide and can be formulated as [21]:

Aeff
A0

Wi, B [[ W (r)d?r

max(W(r))  max(W(r))
e))
In (1), Ay is the diffraction limited mode area in free space,
which can be expressed as A2/4, while A g is the ratio between
the total modal energy W,, and the maximum energy density

max(W(r)), whose detailed equation form is shown in [21].

The propagation distance, which is used to measure the
transmission loss of waveguides, can be expressed as L =
AJArIm(Nef f), where Im(Nef f) is the imaginary part of the
guided transmission mode’s effective index and X is the working
wavelength. In order to further evaluate the overall performance

Meff = Aeff =
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Dependence of modal properties for the proposed waveguide on d with different s, when setting wg = 0.1 pm and t = 30 pm, as compared with GHPWG

(a) normalized mode area; (b) propagation distance; (c¢) FoM; (d)—(g) energy distribution of our designed waveguide with various d and h: (d) [d, h] = [15, 0.5]
pm; (e) [d, h] = [30, 0.5] pm; (f) [d, h] = [15], [3] pm; (g) [d, h] = [30, 3] pum; (h)—(k) energy distribution of GHPWG with various d and A: (h) [d, h] =
[15,0.5] pm; (i) [d, h] = [30, 0.5] pm; () [d, h] = [15], [3] pmy; (k) [d, 2] = [30, 3] pm.

of the device’s transmission mode, the figure of merit (FoM) [24]
is employed. Its equation form is FoM = L/2\/M.ys /.

III. MODAL PROPERTIES AND DISCUSSIONS

The dependence of the traditional graphene plasmonic wave-
guide (denoted as GHPWG) and the proposed configuration’s
modal characteristics on the diameter d of the dielectric wave-
guide is shown in Fig. 2(a)—(c) for different gap heights A. It
is clear that our designed waveguide has an order of magnitude
higher propagation distance and the same order of magnitude
mode area, both of which result in the figure of merit being
one order of magnitude higher compared with the traditional
graphene waveguide. This phenomenon can be attributed to the
high energy confinement mode converging at the slot region
where the material loss is lower than that of graphene, as
shown in Fig. 2(d)—(k). Moreover, as d and & increase, more

modal energy is concentrated in the gap region, which leads
to a higher mode area and propagation distance. In addition,
compared with our previously investigated waveguide for THz
communication [20], the designed waveguide has a higher FoM
and shows lower transmission loss, owing to its ten times longer
propagation distance.

Fig. 3 shows the changes of the modal properties as a function
of the slot width w for various values of d. As evident from
Fig. 3(a)—(b), alarger slotregion leads to a smaller mode area and
propagation distance, which can be explained by the change of
the modal properties from long-range plasmonic mode to single-
interface plasmonic mode. This is also illustrated in the modal
energy distribution variation, shown in Fig. 3(d)—(f). Moreover,
a larger mode area and propagation distance is obtained by
increasing d, which can be explained by the more dielectric-like
modal properties formed. In addition, the behaviors of the FoM
for different value ranges of d and w, are completely opposite
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Dependence of modal properties for the proposed waveguide on w, with different d, when ¢ = 30 pm, and 7 = 0.5 pm: (a) normalized mode area; (b)

propagation distance; (c) FoM; (d)—(f) energy distribution on Ws when d = 15 pm: (d) ws = 0.1 pm; (e) wg = 1.1 pm; (f) wg = 2.1 pum; (2)—(i) energy distribution

ond when ws = 0.1 pm: (g) d = 15 pm; (h) d =25 pm; (i) d = 35 pm.

(e.g.,(ws <1l pumvswgs>1pumwhend=15 ym ord =25 pum)
and (d = 35 pm vs d = 25 ym when w, changes)), from which
is contributed to find the optimum structure size of waveguide.

In order to determine the influence of the slot height ¢ and
the tuning effect of the graphene photoelectric properties on the
modal properties, the dependence of the modal properties for
the proposed waveguide on ¢ for different chemical potentials
of graphene V were investigated, as shown in Fig. 4. On one
hand, as the slot height ¢ increases, the normalized mode area
and propagation distance decrease gradually, and then tend to
stabilize after t > 13.5 pm, while there is no apparent change
of the FoM. This phenomenon can be attributed to the modal
energy gradually concentrating from the gap region to a sub-
wavelength graphene-slot region, as shown in Figs 4(d)—(f). On
the other hand, an increased chemical potential results in a larger
real and a smaller imaginary part of the graphene’s refractive
index, leading to a transmission mode with a decreased energy
confinement and propagation loss (illustrated from Fig. 4(g)-
(1)), along with a larger propagation distance, mode area and
FoM (illustrated from Fig. 4(a)—(c)).

To fabricate the proposed waveguide structure, a highly pre-
cise Si groove structure can be realized using electron-beam
lithography [25], following which a graphene layer can be
prepared onto the groove surface through oxidation-reduction
[26]. Using plasma-enhanced chemical vapor deposition [27],
an insulating SiOy layer will be deposited on the Si groove
substrate. Then, a highly precise Si cylinder waveguide can

be prepared using the nanoparticle-catalyzed vaporliquid-solid
method [28].

IV. CROSSTALK DISCUSSIONS

Waveguide crosstalk is one of the most important factors
affecting the communication efficiency of chips [29]. Hence,
in this paper, modal crosstalk between two parallel waveguides
with a center-to-center distance S (shown in Fig. 5(a)) is analyzed
through the introduction of the coupling length L., defined as
M2(n. — n,) in coupled mode theory [30], where n. and n,, are
the effective refractive indices of the symmetric and asymmetric
modes, respectively. The influence of the normalized coupling
length L /L versus the normalized center-to-center distance (S
— d)/d for different values of h are investigated, as shown in
Fig. 5(b). It is clear that the normalized coupling length is
always larger than 1, which indicates that crosstalk is fully
suppressed [20]. This can be attributed to the excellent modal
energy confinement performance of our designed waveguide. In
addition, an effective way to reduce crosstalk is to decrease the
gap height A, as seen in Fig. 5(b), due to the resulting increase
in modal energy confinement.

V. SUMMARY

In conclusion, a novel modified graphene plasmonic wave-
guide which consisting of a simple graphene-slot region and
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a dielectric waveguide is proposed for THz frequency cir-
cuit operation. The waveguide can offer a hybrid transmis-
sion mode that has at least ten times lower propagation loss
and considerable energy confinement compared with its tra-
ditional graphene plasmonic waveguide counterparts. The ex-
cellent performance of the waveguide makes it an excellent
and vital component of FPPAs based on photonic chips for
low-loss THz communication. In addition, in order to realize
a long-range plasmonic mode which provides a stable energy

The crosstalk between two parallel waveguides (a) Geometry of cross section; (b) the influence of the normalized coupling length versus the normalized

confinement as well as low-loss transmission, the slot width
and the slot height should be adjusted to be smaller than
1 pm and larger than 13 pum, respectively. Furthermore, in-
creasing the chemical potential of graphene will further re-
duce the transmission loss of the waveguide at the expense
of its energy confinement ability. Our designed waveguide
shows limited crosstalk for chip communication and paves
a new way for ultrahigh-speed signal processing for THz
communications.
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