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Topologically protected plasmonic modes located in-
side topological bandgaps are attracting increasing at-
tention, chiefly due to their robustness against disorder-
induced backscattering. Here, we introduce a bilayer
graphene metasurface that possesses plasmonic topo-
logical valley interface modes when the mirror symme-
try of the metasurface is broken by horizontally shift-
ing in opposite directions the lattice of holes of the top
layer of the two freestanding graphene layers. In this
configuration, light propagation along the domain-wall
interface of the bilayer graphene metasurface shows
unidirectional features. Moreover, we have designed
a molecular sensor based on the topological properties
of this metasurface using the fact that the Fermi en-
ergy of graphene varies upon chemical doping, namely
molecular adsorption in our case. This effect induces
strong variation of the transmission of the topological
guided modes, which can be employed as the underly-
ing working principle of gas sensing devices. Our work
opens up new ways of developing robust integrated
plasmonic devices for molecular sensing. © 2020 Opti-
cal Society of America
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Research in topological photonics, inspired by the theory of
quantum Hall effect in solid-state physics, has led to the dis-
covery of novel and unique phenomena, such as unidirectional,
defect-immune, and scattering-free propagation of light [1-6],
which have the potential to contribute to the development of
robust on-chip ultracompact nanophotonic devices. Topological
photonic modes could be achieved by gapping out symmetry-
protected Dirac cones, for example, through time-reversal sym-
metry breaking induced by magneto-optical effects under an
external static magnetic field, or spatial-inversion symmetry
breaking induced by spatially asymmetric perturbations [1-3].
Currently, a variety of experimental platforms are available for
topological photonics, including metamaterials, photonic crys-
tals, and evanescently coupled waveguides and optical-ring
resonators [3].

Valley degree of freedom, which is associated to the
conduction-band minima (or valence-band maxima) in
graphene-like two-dimensional (2D) materials [4], has recently

been introduced to photonics [5], too. These materials exhibit
nontrivial Berry curvature distribution in the momentum space
around each valley, which gives rise to a valley-dependent topo-
logical index associated to the integral of Berry curvature around
a valley [4]. Furthermore, a domain-wall interface separating
two topologically distinct valley photonic crystals can support
valley-momentum locked modes localized at the interface, simi-
lar to the quantum-valley Hall effect [5]. Until now, valley-Hall
photonic modes have been mostly studied in bulk materials,
such as photonic crystals [1-3], being less explored in 2D pho-
tonic platforms, including graphene [7]. This 2D material is
becoming a promising platform to achieve passive and active
topologically protected plasmonic modes [8, 9], due to its high
carrier mobility and long relaxation time [10, 11]. Equally im-
portant, recent advances in nanofabrication techniques make it
possible to achieve graphene based plasmonic nanostructures
with particularly complex geometrical configurations[12, 13].

In this paper, we design a bilayer graphene metasurface to
realize, to the best of our knowledge for the first time, valley
topological plasmonic modes by utilizing a novel mechanism
of mirror symmetry breaking between the top and bottom free-
standing layers of a graphene metasurface, by horizontally shift-
ing in opposite directions the lattice of holes of the top layer. As
such, the symmetry-protected Dirac cones are gapped out and,
consequently, a topological nontrivial frequency gap emerges.
Furthermore, topologically guided valley modes are observed
along a domain-wall interface with respect to which the com-
posite metasurface is mirror symmetric. Our full-wave numer-
ical simulations, based on solving the full set of 3D Maxwell
equations via the finite element method, verify that the light
propagation along the domain-wall interface shows indeed uni-
directional feature. Employing this unique feature of unidirec-
tional 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.

The schematic of the proposed topological bilayer graphene
metasurface is shown in Fig. 1. It consists of two freestanding,
optically coupled graphene plasmonic crystals with the same
unit cell. Note that the conclusions of this study remain quali-
tatively valid if one assumes that the two graphene layers are
separated by a certain dielectric material instead of air, the only
changes being of quantitative nature. Moreover, the hole lattice
of the left- and right-hand side domains of the top graphene
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Fig. 1. Schematic of the bilayer graphene metasurface. (a) The
metasurface contains a domain-wall interface oriented along
the x-axis, which is constructed by shifting the hole lattices

of the two halves of the top graphene layer (purple) w.r.t. the
bottom layer (green) along the positive and negative directions
of the y-axis. (b) Top view of the unit cell with lattice constant,
a, and horizontal shift, s. Hole centers O and O’ correspond

to the unit cells of the bottom and top layer, respectively. (c)
Bird’s eye view of the unit cell with a separation distance, h,
between the two layers.

layer are horizontally shifted, in opposite directions and nor-
mally onto an interface lying along the x-axis, by a certain dis-
tance, s. Each domain consists of a hexagonal graphene plas-
monic crystal with a hole in the unit cell. The top and bird’s-eye
views of the unit cell are given in Figs. 1(b) and 1(c), respectively.
In this work, we fix the lattice constant 2 = 400 nm, the radius of
holes * = 100nm, and the distance between the top and bottom
graphene layers 1 = 90 nm.

The optical properties of graphene are described by its electric
permittivity, €, which is given by Kubo’s formula [11]:
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where w is the frequency, T is the temperature, j is the chemical
potential, hg = 0.5nm is the graphene thickness, @ = 1 — iwT,
and ¢ = 27|pc|/h, with T being the relaxation time. Note that
dispersive and dissipative effects are incorporated in our simula-
tions via the frequency-dependent complex surface conductivity
of graphene, defined as 05 = —iegwhe(eg — 1). In our analy-
sis, T = 300K and T = 50ps, and we set i = 0.2eV unless
otherwise stated.

Unlike the case of the mirror-symmetric bilayer graphene
metasurface (s = 0), in the case of a metasurface with s # 0, the
frequency maxima and minima are not necessarily located at
the high-symmetry points of the first Brillouin zone (FBZ) [14].
Thus, in order to properly identify the frequency band gap, the
plasmonic bands of this bilayer graphene metasurface have been
evaluated in the entire FBZ and the results are given in Fig. 2 (we
have used the Wave Optics Module of COMSOL Multiphysics
5.4). When the distance / between the top and bottom graphene
layers in Fig. 1(c) is large, the optical near-field coupling be-
tween the two layers can be neglected. As a consequence, each
graphene layer, which is a plasmonic crystal, possesses decou-
pled Dirac cones protected by Dgj, point symmetry group [15].
This is indeed verified by the bands presented in Fig. 2(a), where
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Fig. 2. (a) Band diagram of a bilayer graphene metasurface
with s = 0, in which the coupling between the top and bottom
graphene nanohole crystals is very weak. (b) Band diagram
of a composite bilayer graphene metasurface in which the
coupling between the top and bottom graphene plasmonic
crystals is relatively strong, namely # = 90nm and s = 100 nm,
as depicted in Fig. 1(c). Since the mirror symmetry of the com-
posite graphene metasurface is broken in this case, a nontrivial
bandgap corresponding to the beige region emerges.
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the Dirac cones located at 14 THz of each graphene plasmonic
crystal perfectly overlap. In order to enhance the optical cou-
pling between the top and bottom graphene layers, the distance
h is reduced to h = 90 nm and, to break the mirror symmetry be-
tween the top and bottom graphene layers, a shift of s = 100nm
is introduced as explained above. As a result, the Dgj,-symmetry-
protected Dirac cones are gapped out, and a frequency band gap
emerges. Specifically, the band diagram of the bilayer graphene
metasurface exhibits a 0.21 THz topological gap from 13.96 THz
to 14.17 THz, as depicted in Fig. 2(b). Note that all the results
reported here remain qualitatively the same for smaller s but the
frequency bandgap would be narrower. Thus, if s is reduced to
70nm, the bandgap would decrease by ~10 %.

Since the bilayer graphene metasurface has hexagonal sym-
metry, it possesses six Dirac cones (see Fig. 2) with two non-
equivalent valleys at K and K’ symmetry points. The integral of
the Berry curvature around each valley defines the valley Chern
number of Cx x» = £1/2 [5]. Moreover, the two valleys at K and
K’ are related to each other via rotations of the metasurface by
/3, t, and 57t/3. Therefore, in order to construct a domain-
wall interface that can possess topological interface modes, one
can place together two bilayer graphene metasurfaces with s # 0
in a mirror-symmetric manner, i.e. rotated by 7t w.r.t. each other,
as per Fig. 1(a). Consequently, the difference of the valley Chern
number across the domain-wall interface at each valley is +1
or —1. In this way, we can obtain a pair of valley-momentum
locked interface states, where the interface state at one valley
has a positive velocity whereas the other has a negative one.

The projected band diagram of a finite bilayer graphene meta-
surface consisting of 20 unit cells along the y-axis and periodic
along the x-axis is computed, and the results are presented in
Fig. 3(a). In this figure, the green regions represent the bulk
states and the topological interface modes are marked by red
lines. Note that since the bilayer graphene metasurface has a
finite number of unit cells along the y-axis, there are additional
edge modes in Fig. 3(a). More specifically, the blue lines in this
figure indicate edge modes confined at the metasurface bound-
aries rather than the domain-wall interface. In particular, we



Letter ‘

Optics Letters 3 ‘

(a)

Frequency (THz)

topological mode|

1 o __}.;pr

periodic

edge mode

0 0.2 0.4 0.6 0.8
kx(WM)

Fig. 3. (a) Projected band diagram (green region), topological
interface modes (red lines), and non-topological edge modes
(blue lines), determined for a finite bilayer graphene metasur-
face with width of 20 unit cells and s = 100 nm. (b), (c) Field
distributions of a topological interface mode and edge mode,
marked by (D and @) in Fig. 3(a), respectively.

find that the edge modes generally appear in pairs, at the top
and bottom boundaries, and their influence on the domain-wall
interface topological modes can be neglected when the number
of unit cells of each domain along y-axis is larger than about 7.
However, additional functionality can be achieved in a photonic
system in which these modes become optically coupled [16, 17].

In order to gain deeper physical insights into the properties
of these interface and edge modes, their corresponding field
distribution are further investigated. To be more specific, the
field distribution of the interface mode (D in Fig. 3(a), given
in Fig. 3(b), is highly confined at the domain-wall interface,
whereas the field distribution of the edge mode @) in Fig. 3(a),
presented in Fig. 3(c), is confined at the boundary of the finite
metasurface.

Importantly, we also demonstrated the unidirectional char-
acter of light propagation along the domain-wall interface. To
illustrate this, we simulated the composite bilayer graphene
metasurface with absorbing boundary conditions, but left a cer-
tain air space along the z-axis to allow for the radiation losses.
A monochromatic light source with frequency of 14.16 THz was
used to excite the proposed composite bilayer graphene metasur-
face. In order to study the chirality-momentum locking property,
which arises from the valley-Hall effects induced by the intrin-
sic chirality associated to each valley [4], the excitation source
was constructed by placing at the corners of a small hexagon
six electric dipoles, marked by circles in Fig. 4. In our simula-
tions, the phase difference between neighboring dipoles is set
to £71/3, so as to implement right-circularly polarized (RCP)
and left-circularly polarized (LCP) sources, respectively. More
specifically, as illustrated in Fig. 4(a), a RCP light source is placed
at the center of the composite bilayer graphene metasurface, and
unidirectional propagation of light along the negative direction
of the x-axis of the domain-wall interface is observed. Similarly,
as shown in Fig. 4(b), a LCP light source located at the center
of the metasurface, created by reversing the phase difference
between adjacent dipoles, excites at the interface a topological
mode that propagates along the positive direction of the x-axis.

The unidirectional propagation feature of the topological in-

SRR R RS AR R R R I A AR R R I R R R AR R A ACAC)
ﬁﬁﬁ%%&&&&&%%&&&&%iﬁﬁﬁ;;gﬁﬁﬁﬁﬁf
8660686686860086686600866866066868866886
8666868 8666866686086666688
8868 6606666666666608686

86 668646 06 peeeB8EEEEB8E866688
6666668 §6666066660666606
6668686 86666066660666
66660666006660866660666086

6666086869 0866866866866666668868
66606860686086666668666666886
AERAAAANAARRANANAARARAANAARAEAH

Fig. 4. (a) Unidirectional propagation along the negative direc-
tion of the x-axis, when the finite metasurface is excited by a
right-circularly polarized source. (b) The same as in (a), but for
a left-circularly polarized source. In this case, the topological
interfacial mode propagates along the positive direction of the
x-axis.

terface 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 in-
terfacial topological mode can be used as the key component of
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 [18]. Gen-
erally, the chemical potential ji. of graphene is proportional
to the Fermi velocity and the carrier density np, which can be
tuned via molecular doping, which is a particular type of chemi-
cal doping [19]. As such, graphene based sensors can be used
to detect the concentration of specific gases in the environment,
by measuring the concentration of the corresponding molecules
adsorbed onto a graphene sheet. To be more specific, as shown
in Fig. 5(a), the proposed bilayer graphene metasurface is used
to design a molecular sensor based on the large variations of
its optical properties induced by small changes of its chemical
characteristics.

The sensor consists of three bilayer graphene metasurfaces,
marked as regions I, II, and III, the lengths of these regions be-
ing I1, I, and I3, respectively, and the corresponding chemical
potentials yi;; = pep = 3 = 0.2eV. The gas molecules can be
adsorbed only in the region II, and upon their adsorption pi»
varies. In practice, this can be achieved by covering the regions
I and III with some material, e.g., polymethyl methacrylate —
PMMA. To add specificity to our analysis, we assume that the
gas is NO;. The relation between the variation of the chem-
ical potential induced by NO, gas with concentration, Cno,,
is Ape = aCNo,, Where the experimentally determined value
of wis @ =~ 5.4 x 1073 eV/p.p.m [20-22]. The variation of the
chemical potential in the region II, in turn, leads to a variation
of the graphene permittivity, and consequently to a shift of the
frequency of the topological band gap associated to region II.
This means that, if the frequency of the input light in region I
is in the band gap of this region, the corresponding topologi-
cal interfacial mode can be switched to a leaky bulk mode in
the region II. Since the leaky bulk modes are particularly lossy,
the output power P,;; collected in the region III will sharply
decrease.

In order to validate these ideas, we have studied the light
transmission in the proposed graphene metasurface based
molecular sensor. To this end, a monochromatic light source
with frequency of 14.16 THz is placed in the center of the region
I. The lengths of the region I (/1) and region III (I3) are 184 and
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Fig. 5. (a) Schematic of the proposed molecular sensor. The
topological interfacial mode carries an input power and out-
put power in the regions I and III, respectively. An additional
bilayer graphene metasurface in the region II is sandwiched
in-between the regions I and III, and is used to detect the con-
centration of adsorbed molecules of a certain gas (NO; in our
case). (b) Light transmission, defined as the ratio between the
output and input power, vs. the concentration Cyo, of NO;
gas, determined for Iy = 8a and I = 14a. (c) Dependence of
the sensitivity of the molecular sensor on the concentration
CNO2 of N02

124, respectively. Moreover, we computed the transmission of
the optical power, 7, defined as the ratio between the output
powet, Py, collected in the region IIl and the input power P,
in the region I, namely 1 = P,,t/ P;,. These calculations were
performed for two different values of the length of region II,
namely for [ = 8a and I, = 144, and the corresponding results
are summarized in Fig. 5.

It can be seen in Fig. 5(b), where we plot the dependence of
the transmission on the concentration of molecules adsorbed in
region II, that the transmission # decreases steeply when the con-
centration Cnp, of the NO, gas adsorbed in this region increases.
In Fig. 5(b), the dots represent the numerically computed data,
whereas the solid lines indicate the fitting of the results via a
third-order polynomial. These results prove that, as expected,
the longer the length of the region Il is, the larger the slope of the
transmission curve is, which means that the radiation loss of the
input power in the region Il is larger. Note also that when C > 5
p.p-m., the transmission in the case when I, = 14a is larger than
when I, = 84, which is attributable to the constructive interfer-
ence of the mode propagating in region II, and which undergoes
multiple reflections at the interfaces between this region and
regions I and III. When the concentration Cyy, is larger than
about 9 p.p.m, most of the input power is scattered out into
radiation modes, so that the transmitted power is almost zero in
this case. Moreover, we have also studied the sensitivity of the
metasurface sensor, o, which is defined as the absolute value of
the first-order derivative of the transmission with respect to the
concentration of NO, molecules adsorbed in region II, that is,
o = |dn/dCno,|. As shown in Fig. 5(c), the proposed molecular
sensor can be used to detect the gas variations in a broad range
of molecular concentrations, its sensitivity being particularly

large for small concentrations of adsorbed molecules.

In conclusion, we have proposed a novel mechanism to re-
alize valley-Hall topological plasmon transport in a bilayer
graphene metasurface. In order to create a topological nontrivial
valley bandgap, the lattice of holes of the top layer of the two
freestanding graphene layers is horizontally shifted by a certain
distance with respect to the bottom layer, such that the mirror
symmetry between the top and bottom layers is broken. More-
over, to produce a valley-Hall topological plasmon mode within
the nontrivial bandgap, a domain-wall interface is constructed
by placing together two bilayer graphene metasurfaces in a way
in which the composite metasurface is mirror-symmetric with re-
spect to the interface. The results of our numerical computations
show that the proposed domain-wall interfacial waveguide sup-
ports topological modes that exhibit unidirectional propagation
feature. This property is further used to design a molecular sen-
sor based on the fact that the chemical potential of graphene can
by tuned via gas molecule adsorption. Our work could have an
important impact on the development of integrated plasmonic
devices and key applications pertaining to molecular sensing.
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