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1. Introduction

Localized surface plasmons! ~, ranging from metals to carbon

nanoparticles'), are among the most powerful and popular
label-free measuring'®~”! and sensing techniques'®~'*! nowadays
due to the interesting physics and important applications such as
resonance energy transfer'>'?), field enhancement, and optical
tuning capacity[13]. Incorporating plasmonics with metamateri-
als""*~'®! could produce not only electric moment, but also mag-
netic configuration that achieves effective electromagnetically
induced transparency (EIT)-like [17-19] light properties at nano-
scale dimensions. However, the lifetime of metallic plasmons is
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Plasmonics could provide compact and powerful solutions for manipulating light in deep-subwavelength dimensions, which
is promising for a great range of nanophotonic technologies such as plasmonic rulers and sensors. However, the effective
area of enhanced localized field induced by surface plasmon polaritons is typically restricted to the structural boundaries. In
this work, we propose a method to generate high quality-factor extended electromagnetic fields via hybridizing the super-
radiant state and the quasi bound state in the continuum of graphene metasurfaces. The coupling interaction involved
operates as a three-level system with multiple sharp resonances immune to the polarization, which holds great promise
for developing nanodevices with high sensing capacity in two dimensions.

Keywords: plasmon hybridization; quasi bound state in the continuum; high-@ sensing.

relatively short (tens of optical cycles), which could limit the
control of light in fixed nanostructures. Compared with
noble-metal plasmonic metamaterials™?*~*?), plasmons in doped
graphene!®*~2*) are predicted to break the limitation with longer
lifespan. Furthermore, due to its unique characteristics of ultra-
high electron mobility and tunable carrier density, the electrical
conductivity of graphene can be dynamically tuned by means of
chemical, electrostatic, or optical approach.

With the above appealing physical properties, graphene plas-
mons are promising to construct future compact sensing devi-
ces?”"?), Particularly, the interaction of two or more graphene
plasmons causes hybridization between resonance modes,
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which could be strong enough to produce dramatic modifica-
tions'**~? in the plasmon field profiles and fine adjustment
in the frequency responses. If a plasmon mode is super-radiant,
the scattering cross section usually is large and the quality
(Q)-factor is low due to the radiation coupling with free space.
On the other hand, the subradiant mode typically exhibits larger
Q via destructive interference of different radiation channels,
which is recently proposed as the bound state in the continuum
(BIC)P***. By properly tailoring nanostructures**~”), BIC
could be turned into quasi BIC by introducing symmetry-break-
ing perturbations. Quasi BIC provides resonant states with
ultra-long lifetime in the eigenvalue continuum, which further
makes the graphene plasmons live longer. A typical approach
to excite high-Q plasmon resonancel® is achieved via the cou-
pling between quadrupolar and dipolar modes, which involves
more energy levels yet limited resonances. Since most spectrum
performance in experiments exhibits indistinct resonance lines
and spectral shift, more peaks are desired in a few-level system
for higher sensing accuracy.

To overcome the limitations mentioned above, in this work, a
three-level plasmonic system made of four rotationally aligned
graphene strips is proposed for high-resolution and multi-
line®®*=*! plasmon spectroscopy[42]. We present the intriguing
underlying physics of the meta-atom that generates the super-
radiant state and the quasi BIC. The equivalent system of linearly
coupled Lorentzian oscillators'**~**! is quantitatively described.
Here, different from the typical ‘dark-bright’ arrangement of
plasmons, a broken symmetry to the dark mode is introduced
for extra channels that determine the measured variables such
as nanoscale distance. Additionally, the plasmon hybridization
between the quasi BIC and the super-radiant state enlarges the
effective area of the localized field by mixing the discrete plas-
monic resonance modes, which provide an effective path to
sense physical quantities in two dimensions with high accuracy.

2. Structure and Design

The aim of our design is to produce a polarization-insensitive
multi-line spectrum with extensive localized field area.
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Figure 1(a) describes the graphene metasurface fabricated on
a quartz substrate, and the unit cell is composed of four rotation-
ally arranged graphene strips, where the periods of the unit cell
along the x and y axes are P, = P, = 900 nm. The resonance mode
can be modified via doping and gating since the electron density
in graphene strongly depends on the Fermi energy, which will be
discussed in the later section. With the chemical potential of
0.6 eV and the relaxation time of 0.33 ps, the absorption spectra
of the graphene metasurface with different spacings are investi-
gated, as described in Figs. 1(b) and 1(c). The shorter distance
induces more resonance peaks because the discrete plasmons are
coupled to one another as the distance between graphene strips
decreases. According to the above simulation results, it is easy to
find that different distances correspond to different response
spectra. When the distance between graphene strips changes
in the x or y direction, there is also a distinctive absorption spec-
trum corresponding to it. Therefore, the graphene metasurface
we designed has great application potential in two-dimensional
sensing.

To explore the plasmon hybridization effect, finite difference
time domain (FDTD)[46] simulation is performed with an inci-
dent electromagnetic pulse along the x axis in the frequency
range from 30 THz to 45 THz. In addition to the multiple res-
onances, plasmonic hybridization also contributes to the
enlargement of the effective area of enhanced localized field.
At the discrete plasmonic mode when the spacing is as large
as 150 nm [Fig. 2(a)], the electric field distribution is almost
fixed at the boundary of the graphene strips due to the weak cou-
pling interaction. In the hybridized case, however, the localized
field is significantly enhanced, and the effective area of the local-
ized field extends to two dimensions induced by the coupling
between the super-radiant state and the quasi BIC [magnetic
dipole (MD) and electric dipole (ED) indicated in Fig. 2(d)].
As presented in Fig. 2(b), when d is reduced to 100 nm, the dis-
crete plasmonic resonance modes are mixed so that the electric
field is distributed in the gaps. When d = 50 nm [Fig. 2(c)], the
enhanced localized field is further expanded beyond the boun-
daries of graphene strips. In this case, the coupling between
super-radiant modes [ED; and ED, indicated in Fig. 2(d)]
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Fig. 1. (a) Schematic view of the proposed graphene metasurface, where the width of graphene strip w= 300 nm, length a= 650 nm, period L = 900 nm, and the
polarization is along the xaxis. (b) Dispersion map of absorption with different spacings d offset by unity for clarity. (c) Simulated absorption spectra as a function

of separation d between graphene strips and frequency.
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Fig. 2. Localized field distribution 2D plot at 38 THz with different spacings: (a) d=150 nm, (b) @=100 nm, and (c) d'=50 nm in the hybridized mode. (d) Indication of
the electric dipole (ED) moment and the orthogonal magnetic dipole (MD) moment involved with the super-radiant state and the quasi BIC, respectively.

contributes as well. The hybridization of the ED/MD resonances
is typically applied to analyze the optical responses, which will be
further discussed in what follows.

3. Results and Discussions

To quantitatively describe the hybridization process of the meta-
surface, which consists of the artificial states of the super-radiant
state [|1) = A, (w)e®] and the quasi BIC [|2) = A,(w)e™'], a
three-level plasmonic system is proposed with the resonance
states |1), |2) and the ground state |0). Corresponding resonance
frequencies are denoted as y;, @y,, and the damping factors are
41, 6, due to the intrinsic dissipation of the system. The super-
radiant state induced by the ED moment and the quasi BIC
induced by the MD moment hybridize with the external field
(Ey = Epe™") having the coupling strength g; and g,, respec-
tively. Defining k as the coupling constant between states |1)
and |2), the field amplitude of both states can be represented
as linearly coupled Lorentzian oscillators,

)--(2£) o
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Solving Eq. (1) above, the amplitudes of super-radiant and quasi
BIC resonances are given as
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The amplitudes of both states exhibit EIT performance. In the
analogue of the metastable level of an atom, as described in
Fig. 3(b), the dipole-allowed transition process between the
super-radiant mode and light is from |0) to |1), the coupling
interaction between the quasi BIC by symmetry breaking and
the incident light is from |0) to |2), and the hybridization
between the bright mode and the dark mode is from |1) to
|2). Two destructive interference processes occur between
the pathways |0) — |1) and |0) — [1) — |2) — |1), as well as the
pathways [0) —|2) and |0) —|2) —|1) —|2). Figure 3(a)
presents the band structure and Q value of the inherent BIC
for |2). Ataround 38 THz, the Q value of its resonance frequency
reaches the maximum at the I" point, and the radiation loss is
close to zero. In practice, due to in-plane/out-of-plane symmetry
breaking, the BIC converts into quasi BIC with radiation losses
and sharp resonance. It can be found in the Fig. 4(d) that super-
radiant state and the quasi BIC manifest themselves like EIT. For
the proposed structure in this work, via breaking the symmetry
of the vertically aligned strips, state |2} is also coupled with inci-
dent light and introduces an extra channel in the spectrum for
higher resolution.
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Fig. 3. (a) G-factor and band structure of BIC mode in the graphene metasurface. (b) Level scheme for the resonances in a schematic three-level system. The

super-radiant mode is indicated by blue and the BIC-based mode by green.
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Fig. 4. Absorption spectra and localized field distribution at resonances around 38 THz. (a) Symmetry-protected BIC composed of vertically aligned graphene
strips. (b) Quasi BIC via breaking symmetry. (c) Super-radiant (bright) mode composed of horizontal graphene strips. (d) Three-level system for multi-line spec-

trum via hybridization.

Starting from the symmetric configuration with x-polarized
excitation, the optical properties of the graphene metasurface
are further explored. Excitation of the quasi BIC can occur when
the structural symmetry is broken, giving rise to a high-Q trans-
parency window inside the outer resonance profile and localized
field at the boundaries [Fig. 4(b)]. Besides the quasi BIC (state
|2)), via hybridizing the quasi BIC with bright state located at
around 50 THz [Fig. 4(c)], another resonance line appears (state
|1)) in the spectrum. But, there is some difference between state
|1) and the resonance around 50 THz; the former is an excited
state, and the latter is the eigenstate. It is clear that the bright
state and the quasi BIC are separately coupled with the incident

light, and the near field distribution is significantly expanded
when the discrete plasmons are coupled. Consequently, owing
to the introduction of quasi BIC and the hybridization process
with the surface plasmon polarization, more sharp resonances
can be generated in this three-level system with an enhanced
localized field in two dimensions, which is immune to the
polarization.

To further understand the system robustness to the relaxation
time induced by the concentration of defective impurities, sim-
ulations for the optical spectra are performed based on the
FDTD algorithm. As illustrated in Fig. 5(a), when the Fermi
energy level is fixed at 0.6 eV, as the relaxation time (r)
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Fig. 5. (a) Absorption spectra versus different relaxation times. (b), (c) Dispersion maps with different lengths and widths of graphene strips. The separation

between graphene strips is 45 nm.
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Fig. 6. Simulated absorption spectra as a function of polarization angle ¢ and
frequency with 45 nm separation between graphene strips.

decreases, the graphene conductivity decreases, and the electric
field becomes weaker. However, the disturbances of relaxation
time have little impact on the spectra. This is due to the fact that
the BIC-based resonance is exclusively associated with the
change of conformation and incident angle. Additional insight
into the relationship between the optical resonance and the
structural parameter is given in subsequent discussions.
When the width of the graphene strip is fixed at 300 nm, as
the length increases, the size of the graphene structure gets
larger. Consequently, the effective area of the localized field is
enhanced accompanied with a strengthened mutual coupling
of plamons, and more absorption peaks are generated in the
absorption spectra. Similarly, when the length of graphene strips
is fixed at 650 nm, as the width increases, the effective area of the
localized field gets larger. As such, the coupling between plas-
mons becomes stronger, and more resonances appear in the
spectra. In addition, with the change of length and width, the
location of its resonant frequency will also change. As the length
increases, the corresponding resonance absorption peak belong-
ing to the bright mode is red-shifted, as shown in Fig. 5(b); as the
width increases, its bright mode absorption peak is blue-shifted,
and the dark mode absorption peak is red-shifted, as shown in
Fig. 5(c). The dependence of the calculated spectral positions of
multiple resonances on the structural feature provides high-def-
inition information on the spatial change of the system.

Apart from relaxation time and structural feature, the effect of
incident polarization is also investigated. Changing the polariza-
tion angle from 0° to 45°, the spectra as plotted in Fig. 6 show
that the designed structure is immune to the incident polariza-
tion, which is important in practical wide-angle settings.

4. Conclusion

In conclusion, by exploiting the mechanism of plasmon hybridi-
zation induced by quasi BIC, a high-Q polarization-insensitive
graphene metasurface oriented for sensing in two dimensions is
designed. The effective area of the localized electromagnetic field

Vol. 20, No. 4 | April 2022

is significantly enlarged via hybridizing different resonance
modes, resulting in multi-line spectra in a three-level system,
which is immune to the polarization angle of incident light.
In addition, the robustness to relaxation time and the effect of
structural features on the spectra are also calculated. The pro-
posed graphene-based structure holds great potential for devel-
oping compact nanoscale devices with two-dimensional high
sensing capacity.
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