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ABSTRACT

Topologically protected plasmonic states with wide topological band gaps provide unprecedented robustness
against disorder-induced backscattering. In this study, we design a graphene bi-layer metasurface that possesses
valley-Hall topological plasmonic modes in a nontrivial bandgap. In particular, the breaking of spatial-inversion
symmetry of two graphene layers is achieved via a horizontal shift of the hole lattice of the top layer, which
leads to topologically protected edge modes in the nontrivial bandgap. The corresponding band dispersion of
the topological edge modes shows unidirectional propagation features. Moreover, we have designed a sensitive
molecular sensor based on such graphene bi-layer metasurfaces, using the fact that the chemical potential of
graphene varies upon adsorption of gas molecules. This effect leads to a marked variation of the transmission of
the topological mode, and thus a sensing device with large sensitivity can be realized.
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1. INTRODUCTION

Topologically protected states are promising edge states inspired by the quantum Hall effect of topological
insulators.'® Topological modes have novel and unique features, such as unidirectional propagation, are robust
against imperfections, and do not display disorder-induced backscattering, properties that have found use in new
integrated photonic devices.2* Topological edge modes could be achieved by breaking the symmetry-protected
feature responsible for the generation of Dirac cones. For example, the time-inversion symmetry could be broken
by adding an external magnetic field whereas the spatial-inversion symmetry can be broken by introducing an
asymmetric perturbation in a structure with inversion symmetry. Importantly, many photonic platforms, such
as meta-waveguides, photonic crystals, and metamaterials, are suitable for the implementation of the new ideas
emerging from topological photonics.?™®

Degrees of freedom commonly used in condensed matter physics, such as spin and valley, have recently been
introduced in the topological photonics.!™¢ Two-dimensional (2D) materials with honeycomb lattice, such as
graphene, exhibit nontrivial Berry curvature, and therefore can be used to study quantum phenomena such as
the valley-Hall effect.>%%7 By breaking the spatial-inversion symmetry in such materials, two photonic edge
modes with opposite propagation directions could be achieved, their propagation direction being determined by
the sign of the valley Chern number.” 8

The valley-Hall topological photonic modes of 2D materials have not been widely studied yet.® In order
to alleviate this problem, in this paper we design a bi-layer graphene metasurface to realize valley topological
plasmonic modes by utilizing a novel mechanism of mirror symmetry breaking between the top and bottom
graphene layers, by horizontally shifting in opposite directions the lattice of holes of the top layer. Furthermore,
topologically guided valley modes are observed along a domain-wall interface constructed by placing two
metasurfaces together in a mirror symmetric manner. Employing this feature of unidirectional propagation
and the tunable optical response of graphene, a molecular sensor based on this newly proposed topological
metasurface is designed and its sensitivity and functionality are quantitatively characterized.
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2. TOPOLOGICAL VALLEY PLASMON TRANSPORT IN GRAPHENE BI-LAYER
METASURFACES

In this section a graphene bi-layer metasurface structure is designed to possess valley topological plasmonic modes
in a nontrivial bandgap. The method used is to break the spatial-inversion symmetry of the graphene structure
by horizontally shifting the two halves of the hole lattice of the top layer by a certain distance, s, as shown in
Fig.1. As a consequence, the three-dimensional (3D) band structure shows a nontrival gap which is opened at
the symmetry-protected Dirac point. Under these circumstances, topological edge modes are observed along a
mirror symmetric interface generated by combining together two graphene bi-layer metasurfaces. In addition,
we show that the light propagation along the mirror-symmetric interface of the topological edge modes displays
unidirectional propagation features.

2.1 Optical Properties of Graphene

Graphene is a 2D-material platform that can be use to achieve topologically protected plasmonic modes, due to
its extremely high carrier mobility and long life-time.” 1! Recently, advances in nanofabrication techniques have
made possible the fabrication of graphene structures suitable to study topological plasmonics.!?'3 The optical
properties of graphene are described by its electric permittivity €4, which can be evaluated by Kubo’ formula:'4
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where w is the frequency, @ = 1 — iw, and & = 27|u|/h. In our simulations, 7' = 300K, 7 = 50 ps, hy = 0.5 nm
and p. = 0.2eV are the temperature, relaxation time, graphene thickness, and chemical potential, respectively.
Unless otherwise specified, the default value of the chemical potential of graphene is 0.2eV.

2.2 Modeling of Graphene Bi-layer Metasurfaces

The schematic of the proposed graphene bi-layer metasurface is illustrated in Fig.1. The bi-layer metasurface
is composed of two layers of graphene with the same rhombic unit cell. The two halves of the hole lattice of
top layer are horizontally shifted in opposite directions w.r.t. the bottom lattice by a certain distance, s after
one of the two top lattices has been rotated by 7/3. As indicated in Fig. 1(a), this leads to the formation of
a mirror-symmetric domain-wall interface along z-axis. As we will demonstrate in what follows, this interface
behaves as a plasmonic waveguide that possesses topological plasmonic modes. The hole lattices of the top and
bottom layers consist of hexagonal arrays of holes with radius, r, the lattice constant being a. The top view and
bird’s eye view of the unit cell are given in Fig.1(b) and 1(c), respectively. Here, we use a a = 400 nm, the hole
radius 7 = 100 nm, and the separation distance between the top and bottom layers, h = 90 nm.

Figure 1. Schematic of graphene bi-layer metasurfaces. (a) Bi-layer metasurfaces is composed by shifting two halves of
top graphene layer (fuchsia) with respect to the bottom graphene layer (purple) along +y and -y axis, which generates a
domain-wall interface with a mirror symmetry. (b) Top view of the unit cell with a shift distance s along y-axis between
the top garphene later with respect to the bottom graphene layer. O and O’ correspond to the centers of the bottom
and top rhombic cells with lattice constant a, respectively. (c) Three-dimensional view of the unit cell with a separated
distance h of two layers along z-axis.



2.3 Band Structure Analysis

Unlike a hexagonal lattice of holes, which has the symmetry points called I';, K and M, the positions of high
symmetric points in the first Brillouin zone (FBZ) of the 3D lattice, as depicted in Fig. 1(c), are no longer the
same as those in the 2D case.!> Thus, the band diagram of this 3D graphene metasurface in the whole FBZ
has been determined, the results being presented in Fig. 2. When the distance h between the top and bottom
graphene metasurfaces is large, namely the optical coupling between them can be neglected, each graphene
metasurface possesses decoupled Dirac cones.!® Figure 2(a) indicates the overlap of Dirac cones of the two
graphene layers. The frequency of the six degenerate Dirac points is about 14 THz. In order to enhance the
coupling between the top and bottom graphene metasurfaces, the separation distance h is reduced to h = 90 nm,
which results in a strong near-field coupling. Figure 2(b) shows the effect of this interaction. Thus, due to the
strong coupling between the metasurfaces, it possible to achieve a symmetry-inversion breaking by a introducing
a horizontal shift, as described above. In turn, this symmetry breaking perturbation leads to the formation of a
topological nontrivial bandgap at the location of the Dirac points, which extends from 13.96 THz to 14.17 THz.

Starting from these ideas, we determined the band diagram of a properly designed graphene bi-layer
metasurface and the results are given in Fig. 3(a). The topologically protected edge modes are marked by
red lines while the dark red regions represent the projection of bulk modes. As a structure with finite width
along y-axis (10 unit cells), the graphene bi-layer metasurface embedded air has other types of edge modes, too,
marked with blue lines in Fig.3(a). These modes are formed at the edges of the metasurface and are trivial
modes. The edge modes that are locates at these edges generally appear in pairs inside the gap, e.g. points (D
and @ and points @) and @ shown in Fig.3(a).

In order to gain deeper physical insights into the physics of these two different types of edge modes, we
determined the field distributions of the modes corresponding to the points marked in Fig. 3(a). Thus, Fig.
3(b) and Fig. 3(c) show the field profiles of the edge modes located at the upper and lower boundary of the
metasurface, respectively. The points (D) and @) and points ) and @ in Fig. 3(a) indicate two pairs of edge
modes located at the opposite boundaries of the metasurface, and can be clearly distinguished from topological
interfacial modes. Moreover, the first pair of edge modes correspond to pure guided modes whereas the latter
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Figure 2. 3D band diagrams of bilayer graphene metasrufaces in the FBZ. (a) Band diagram when the weak coupling
between the top and bottom graphene metasurfaces could be neglected. (b) Band diagram when the coupling between the
top and bottom graphene metasurfaces is enhanced by reducing the separated distance h = 90nm. (c¢) Band diagram in
which a 100 nm shift distance s between the top and bottom graphene metasurfaces causes the spatial-inversion symmetry
broken, where the distance h = 90nm and the shift s = 100 nm is demonstrated in Fig. 1(c), a nontrivial gap emerges in
the frequency range from 13.96 THz to 14.17 THz.
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Figure 3. (a) Band diagram of a finite bilayer graphene metasurface with a width of 10 unit cells and domain-wall interface
generated by shifting two halves of the top layer w.r.t the bottom graphene layer (s = 100nm). Topological interface
modes and non-topological edge modes are represented by red and blue lines, respectively, whereas the bulk modes
correspond to the maroon region. (b) Field distribution of a non-topological edge mode located at the upper boundary of
the graphene metasurfaces, marked by D and @ in (a). (c) Field distribution of a non-topological edge mode located at
the lower boundary, marked by @ and @ in (a). (d) Field distribution of a topological interface mode marked by point
® in (a). (e) Spatial distribution of the E,, E,, and E. components of the topological modes marked by red lines in (a).

one to leaky guided resonances. Furthermore, at the frequency of 14.16 THz, located inside the bandgap, there
is another mode indicated in Fig. 3(a) by the red dot ), the corresponding field distribution being presented
in Fig. 3(d). This field profile clearly shows that the optical field of this mode is confined at the domain-wall
interface. The symmetry properties of the interfacial topological modes are illustrated in Fig. 3(e), where we
present the spatial profiles of the three components of the electric field. Thus, with respect to the interface, the
field components E, and E, are symmetric whereas the field component F, is antisymmetric.

2.4 Topological Properties of Interfacial Modes

Our computational investigations demonstrate an important property of the interfacial topological modes, namely
their unidirectional propagation. Thus, in practice, the topological graphene metasurface is generally a finite finite
system, namely the graphene metasurface is truncated in z- and y-direction. In order to break the periodicity
along the z-axis, absorption boundary conditions are used for the z and y-axis, whereas free boundary conditions
are used for the z-axis. In Fig. 4(a), the line corresponding to the frequency 14.16 THz is inside the bandgap
and only crosses the topological bands at two points, i.e. points ) and 2). These two points have opposite
k vectors and sign of the slope of their corresponding dispersion curves, which leads to mode propagation in
opposite directions along the domain-wall interface.

In order to study the valley-Hall chirality-locking property of the topological interfacial modes, a source of
monochromatic circularly polarized light with frequency 14.16 THz is placed at the domain-wall interface. More
specifically, six electric dipoles with phase that increases clockwise are placed at the six corners of a hexagonal
unit cell, with the phase difference between adjacent dipoles being set to £7/3, so as to generate left-circularly
polarized (LCP) waves and right circularly polarized (RCP) waves, respectively. In the case of RCP excitation,
as shown in Fig.4(b), the topologically protected mode only propagates along the interface in a negative z-axis



15 SOOI
©060606660800000
. 06664 90064 ¢
666866606666686
~N
T | —. .
E s
>
[&]
=
()
=)
g
o 13
12

-1 -08 -06 -04 -0.2 0 0.2
k. (x/a)

Figure 4. Unidirectional propagation of topological interface modes along the domain-wall interface at 14.16 THz. (a)
Projected band diagram in which there are two clear topological edge states (points @ and @) with opposite slopes
at the frequency 14.16 THz. (b) Unidirectional propagation along —z-axis, marked by (@ in Fig.4(a), when the finite
graphene metasurfaces is excited by a right circularly polarized (RCP) source. (c) Unidirectional propagation along
+z-axis, marked by @) in Fig.4(a), when the finite graphene metasurfaces is excited by a left circularly polarized (LCP)
source.

direction, which corresponds to point @ in Fig. 4(a). By contrast, the mode propagates in the positive z-axis
direction in the case of LCP excitation, corresponding to the point @) in Fig. 4(a).

3. GRAPHENE-BASED GAS MOLECULAR SENSOR

The unidirectional propagation feature of the topological interface mode of the bilayer graphene metasurface
investigated in this work can find applications to efficient photonic nanodevices. To illustrate this, in what
follows we demonstrate how the interfacial topological mode can be used to design a molecular sensor. Thus,
graphene is a particularly promising 2D material for sensing applications, chiefly due to its tunable chemical
potential and high optical damage threshold.

Taking advantage of the unidirectional propagation feature of the topological interface mode in the proposed
bilayer graphene metasurfaces, an efficient molecular sensor has been designed. Graphene is an ideal 2D-material
platform for sensing, chiefly because of its highly tunable chemical potential and large optical damage threshold.
The chemical potential p., is a key physical parameter of graphene, that is proportional to the Fermi velocity
and the carrier density, ng. The chemical potential of graphene could be tuned via the molecular doping as a
well-known type of chemical doping,!” which can be used to engineer the chemical potential of graphene with
high precision. By detecting the concentration of adsorbed gas molecules, this graphene-based sensor could
measure the gas concentration in the environment. The schematic of the proposed graphene-based molecular
sensor is illustrated in Fig. 5(a). The sensor consists of three graphene bi-layer metasurface regions, namely
region I, IT and III. The length of each region is I, l2, and I3, respectively, and the initial chemical potential of
each region is 0.2 eV, namely p.1= pea=fic3 = 0.2eV. The input LCP source is placed at the center of the region
I, and the output power is collected in the region III. The region II is exposed to the environment and detects
the gas molecules.

The induced concentration of electrons or holes is increased due to the gas molecules adsorbed in the region II,
which results in the increment of the graphene chemical potential p.o in the region II. The variation of garphene
permittivity leads to a shift of the corresponding frequency of the topological nontrivial bandgap of region II.
When the frequency of the input light in region I is fixed inside the band gap at 14.16 THz, the light propagation
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Figure 5. Molecular sensor based on bilayer graphene metasurfaces. (a) Schematic of the graphene-based molecular sensor.
The input LCP source is pumped at the center of region I, the output power is measured in region III. The middle region
1T is designed to detect the concentration of the NO2 gas molecules, based on the fact the chemical potential of this region
would be changed if there are gas molecules adsorbed on it. (b) Transmission of the topological mode with respect to
the concentration C of NO2 gas molecules in the presence of wa = 8a and ws = 14a. The inset shows the linear relation
between the NOz concentration (Cno,) and the corresponding chemical potential pc2 in region II.

mode in region II can be switched from a guided interfacial mode into a leaky bulk mode. Since the topological
mode propagating from the region I is scattered and lossy in the region II, the output power P,,; measured in
region III will rapidly decease.

In order to verify this prediction, and quantify the performance of the proposed sensor, we have studied
the transmission of the topological mode through the three-region structure. To be more specific, in many
experiments experiments'® 20 the harmful gas NO; is studied, so we consider this gas in our analysis, too. As
shown in the upper inset of Fig. 5(b), the linear relation between chemical potential change Ao and the
concentration of NOs gas molecules is expressed as Ay = aCno,, where the linear parameter a ~ 5.4 x 1073
eV /p.p.m is taken from measurements.2’ A monochromatic input power of 0.2 W, at the frequency 14.16 THz, is
inserted at the center of the region I. The length of region I (I1) and region III (I3) are 18a and 12a, respectively.
Using full-wave simulations, we calculated the transmission of the molecular sensor, which is defined by the ratio
between the output power P,,; measured in region III and the input power P, in region I, namely n = P,/ Pin.
In two cases corresponding to two different lengths of region IT (I3 = 8a and Iy = 14a), as shown in Fig. 5(b), a
large variation of transmission 1 with respect to the gas concentration Cno, is observed. The dots indicate the
simulated results, and are fitted by a three-order polynomial function marked by the solid lines. As expected, the
longer the length ws of the region II is, the larger the slope of the transmission curve is. When the concentration
Cno, is increased to 9.26 p.p.m, most of the input power of topological interfacial modes is radiated and
scattered, which means that the transmitted power and the light transmission both approach to zero. Moreover,
the sensitivity of this graphene-based molecular sensor is defined as the absolute value of the first-order derivative
of transmission with respect to the concentration of gas molecules detected in region II, namely o = |’ (Cno,)|.
Our simulation results show that the corresponding average sensitivity of this graphene-based molecular sensor
can be as large as 0.2. When the harmful gas molecules are adsorbed onto the metasurface, the variation of
transmission 7 of the power can indicate the concentration of gas molecules. This phenomenon can lead to a
novel gas molecular graphene sensing application with a high sensitivity.

4. CONCLUSION

In conclusion, we presented a graphene bi-layer metasurface structure that possesses valley-Hall topological
plasmonic modes. By creating a horizontal shift of the top graphene metasurface with respect to the bottom
one, the spatial-inversion symmetry of the graphene plasmonic crystal is broken so that a nontrivial valley
bandgap with a bandwidth of 0.21 THz is formed. When a mirror symmetric domain-wall interface is constructed,
topologically protected edge modes emerge inside the topologically nontrivial bandgap and the corresponding
light propagation shows unidirectional features. We also demonstrated that by tuning the chemical potential of



graphene via chemical adsorption of gas molecules, one can shift the frequency of the corresponding bandgap.
This phenomenon has been subsequently used to design a sensitive molecular sensor. This work may open up a
new way to achieve novel plasmonic sensors?! and other efficient photonic devices.
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