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Bound states in the continuum (BICs) of plasmonic systems offer a powerful method for enhancing light-matter inter-
action at the nanoscale. The recent emergence of flat-band quasi-BICs has alleviated the limitation of the incident angle
of the excitation light on generating high-quality-factor (high-Q-factor) resonances, which makes it feasible to produce
substantial near-field enhancement by focused light. However, the current works are limited to passive systems with
fixed amplitude and Q-factor, hindering the dynamic tunability of light field enhancement. Here, we design a plasmonic
metasurface integrated with monolayer graphene to achieve tunable flat-band quasi-BICs. Under the illumination of
tightly focused transverse-magnetic (TM) wave, our simulations show that adjusting the chemical potential of graphene
can increase Q-factor from 52.5 to 75.9 and improve absorption amplitude from 81% to 95%. These results pave the
way for dynamically adjustable near-field enhancement with tightly focused light.

Bound states in the continuum (BICs) are nonradiative res-
onant modes overlapped with the spectrum of the radiation
continuum. The concept of BICs was first proposed by von
Neumann and Wigner in quantum models1. It is now consid-
ered to be a universal phenomenon in wave systems including
photonics2, plasmonics3–5, acoustics6, and optomechanics7.
When an open system has structural symmetry, the constraints
of symmetry can completely decouple resonant modes from
all radiation channels. These bound states are classified as
symmetry-protected (SP)-BICs8. BICs can still exist in sys-
tems where symmetry is missing9. A well-known example
is Friedrich-Wintgen (FW)-BIC which is formed by the in-
terference of resonances belonging to different channels10.
In addition, a pair of adjacent identical resonances can form
BICs by canceling the radiation of each other11. The same
mechanism can also be applied to a system consisting of a
single resonance and its mirror image12–14. Theoretically,
true BICs can achieve infinite quality-factors (Q-factors) in
a boundary-free lossless model. In practice, due to geomet-
ric deformation, limited size, and other perturbations, BICs
appear as quasi-BICs with finite high Q-factor. Quasi-BICs
can be excited by optical beams from far field, and the high-
Q characteristic makes quasi-BICs important for generating
sharp resonances and realizing ultrahigh near-field enhance-
ment, which paves the way for miniaturized lasers15–17, ultra-
sensitive sensing18,19, and optical modulation20–22.

High-Q resonances governed by flat-band quasi-BICs have
attracted extensive attention in recent years. Ultralow disper-
sion in the momentum space makes this type of resonance
have strong tolerance to light with low spatial coherence.
Consequently, high-Q quasi-BICs can be excited by tightly
focused light, which fundamentally improves the utilization
efficiency of light energy for near-field enhancement. Specif-
ically, a bionic plasmonic metasurface was demonstrated can
support surface lattice resonances (SLRs) with ultralow angu-
lar dispersion23. Under the joint effect of SP-BIC and FW-
BIC, the SLRs stimulated by transverse-magnetic (TM) po-

larized wave can maintain high Q-factors in the range of in-
cident angles from 0◦ to 60◦. Another work employed deep-
subwavelength periodic structures to realize polarization in-
sensitive flat-band quasi-BICs14. It was found that high-Q
(∼71) resonances can be excited by focused light with numer-
ical aperture (NA) of 0.5. In addition, the energy-momentum
dispersion relation can be tuned by symmetry breaking24. Us-
ing band folding effects, flat band-edge quasi-BICs can be ad-
justed to off-Γ points in the first Brillouin zone25, which can
reduce the damage of angular dispersion on augmented reality
(AR) images at large angle oblique incidence. However, in the
passive systems mentioned above, the Q-factor and resonant
wavelength of the flat-band quasi-BICs cannot be dynamically
adjusted, which limits the scope of application.

The combination of two-dimensional (2D) materials and
metasurfaces provides a solution for realizing active micro-
nano devices26. For example, photonic metasurfaces can
greatly enhance the second harmonic generation from few-
layer GaSe27 and Transition metal dichalcogenides (TMDs)28

by BICs mechanism. Besides, utilizing the photoelectric
properties of 2D materials, quasi-BICs become adjustable by
varying bias voltage29,30. However, the responses of those de-
vices are sensitive to the wavevector direction of the incident
light, rendering challenges for manipulating focused light.

Here, we proposed a plasmonic metasurface integrated with
monolayer graphene to achieve tunable high-Q quasi-BICs for
tightly focused TM polarized light. Ultralow average angular
dispersion of −0.06 nm/deg was found when the elevation an-
gle (θ ) of incidence varies from 0◦ to 40◦. The Q-factor and
resonant wavelength of quasi-BICs can be adjusted by chang-
ing the chemical potential (µc) of graphene. Significant Q-
factor improvement (from ∼52.5 to ∼75.9) was found when
µc increases from 0 eV to 0.6 eV. The designed metasurface
demonstrates dynamically adjustable flat-band BICs, promis-
ing various potential applications including nanolaser, nonlin-
ear enhancement, and biosensing.

The geometry of the proposed metasurface is shown in Fig.
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1a. An array of nano blocks with the same period P in x and y
directions is placed on a silica (SiO2) spacer. The nano block
consists of three pieces of elements, they are a middle sili-
con (Si) layer and two side silver (Ag) layers. The mono-
layer graphene is in the interface between nano blocks and the
spacer layer. The Ag layer at the bottom is mainly for gen-
erating specular reflection. The parameters for the design are
as follows: P = 400 nm, W = 60 nm, L = 160 nm, h1 = 160
nm, h2 = 240 nm, and h3 = 100 nm. The refractive indices of
SiO2 and Si are modeled by the Sellmeier formula31 and data
obtained by Li32, respectively. The complex refractive index
of Ag is obtained from the experimental results33.

Fig. 1. Schematic of graphene-assisted metasurface. (a) The metasurface consists of a bottom Ag 
layer, a middle SiO2 spacer, and a top nano block array. A monolayer graphene is placed between 
the spacer and nano block array. Front and top views of a unit cell are illustrated in the right-hand 
panel. (b) The real and imaginary parts of graphene surface conductivity versus chemical potential at 
1425 nm.
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FIG. 1. Schematic of the graphene-assisted metasurface. (a) The
metasurface consists of a bottom Ag layer, a middle SiO2 spacer, and
a top nano block array. The monolayer graphene is placed between
the spacer and nano block array. The front and top views of a unit cell
are illustrated in the right-hand panel. (b) The real part and imaginary
part of graphene surface conductivity versus chemical potential µc at
the wavelength of 1425 nm.

The optical property of monolayer graphene can be de-
scribed by the Kubo formula34
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where fd(ξ ) = (exp((ξ − µc)/kBT ) + 1)−1 is Fermi-Dirac
distribution, e is the elementary charge, kB is Boltzmann’s
constant, h̄ is reduced Planck’s constant, and ω is the angu-
lar frequency of light. The total surface conductivity σ of
graphene is the sum of the intra-band conductivity σintra and
the inter-band conductivity σinter. At the near-infrared wave-
length band, the real part of graphene surface conductivity
Re(σ) is dominated by the inter-band transition, which af-
fects the Q-factor of resonant modes. On the other hand, the

imaginary part of graphene surface conductivity Im(σ) is de-
termined by the combined effect of inter-band transition and
intra-band transition. It will affect the wavelength of the res-
onant peak. In our simulation, the temperature is T = 300 K,
and scattering parameter is h̄Γ = 5 meV35,36. As an exam-
ple, at the wavelength of 1425 nm, the calculated real part and
imaginary part of σ against µc are shown in Fig. 1b. When
a bias voltage is applied between the graphene and the metal
substrate, µc can be changed37, so the metasurface is electri-
cally adjustable.

In the metal-insulator-metal (MIM) nano block, the free
current in the metal layers and the displacement current in the
insulator can form a closed-loop current38. Hence, a mag-
netic dipole (MD) dominated resonance can be generated.
Moreover, the interference between the MD and the light re-
flected by the Ag substrate can reduce the radiation towards
the z direction, which significantly improves the Q-factor of
resonance13,14. In previous work, it was shown that MD-
dominated BICs could be achieved by adjusting the height of
the spacer layer39. Figure 2a (bottom panel) shows the mag-
netic field of resonance under the normal incidence of TM po-
larized wave in the x-y incident plane, a strong MD polarized
in the y direction can be found. When the incident angle θ of
the TM polarized wave changes (see the top panel of Fig. 2a),
the magnetic polarization keeps in the y direction. Therefore,
in a wide range of incident angles, the TM polarized wave can
effectively excite the MD resonance.

We first used a full-wave solver based on finite element
analysis software COMSOL Multiphysics to model the re-
flectance spectra of the metasurface under the excitation of
TM polarized wave at different incident angles. Because
monolayer graphene is only a single atomic layer thick (∼
0.34 nm), in the simulation it can be considered a 2D material
with no thickness40, and its response to the light field can be
described by the surface current density as J = σE. Figures
2b and 2c show the results in the conditions of µc = 0 eV and
µc = 0.6 eV, respectively. At the incident angle around 70◦

we can find an accidental BIC, of which the coupling with all
radiation channels is inhibited. This accidental BIC can be
classified as Fabry-Pérot (FP)-BICs9, it is formed by the de-
structive interference between MD-dominated resonance with
its mirror image13. When θ decreases from the angle of BIC
condition, the BIC evolves into quasi-BICs with the increase
of spectral linewidth and resonant depth. For both cases of
µc = 0 eV and µc = 0.6 eV, the angular dispersion of the
quasi-BICs is very weak, especially in the range from 0◦ to
40◦ of θ , the quasi-BICs can maintain a very small resonant
wavelength offset (< 3 nm) and a large absorption amplitude
(> 65%). The Q-factors of the excited resonances can be cal-
culated by the formula Q = ωr/∆ω , where ωr is the resonant
angular frequency and ∆ω is the full width of half maximum
(FWHM) of the reflectance spectrum. Figure 2d shows the Q-
factors of quasi-BICs versus θ under two different graphene
chemical potentials. As the incident angle approaches the BIC
condition, the Q-factors can be significantly increased due to
the reduction of radiative loss. In addition, when µc increased
from 0 eV to 0.6 eV, the Q-factors of quasi-BICs are effec-
tively boosted by at least 20. From the results in Fig. 1b, we
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Fig. 2. Reflectance spectra under different incident angle. (a) Schematic of oblique incidence of TM wave in
the x-z incident plane (top panel) and electric field distribution at the resonant wavelength (bottom panel).
(b,c) Reflectance spectra versus incident angle 𝜃 when the chemical potential is 0 eV and 0.6 eV, respectively.
(d) Calculated Q-factor of resonances according to the reflection spectra. (e) Variation of resonant
wavelength with the incidence angle.
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FIG. 2. TM excitation under different incident angles. (a) Schematic of oblique incidence of TM polarized wave in the x-z incident plane (top
panel) and magnetic field distribution at the resonant wavelength (bottom panel). (b,c) Reflectance spectra versus incident angle θ when the
chemical potential is 0 eV and 0.6 eV, respectively. (d) Calculated Q-factors of resonances according to the reflection spectra. (e) Variation of
resonant wavelength with the incident angle.

can find that the real part of σ drops from 6.09×10−5 S to
almost 0 S when µc grows from 0 eV to 0.6 eV, consequently,
the dissipative loss of graphene is reduced and the Q-factors
of quasi-BICs are improved. Therefore, in the proposed meta-
surface, the Q-factors of quasi-BICs can be tuned by adjusting
the radiative loss and dissipative loss at the same time. An-
other merit of the design is that the weak angular dispersion
characteristic of quasi-BICs is not influenced by the change in
graphene surface conductivity. According to the results in Fig.
2e, changing µc just leads to a small shift of resonant wave-
length, while the property of weak angular dispersion keeps
well.

The weak angular dispersion of the metasurface originates
from the intrinsic flat-band characteristic of the deep sub-
wavelength periodic structure. We used the eigenfrequency
solver of COMSOL Multiphysics to analyze the band struc-
ture of the metasurface. In the simulation, the Floquet peri-
odic boundary condition was adopted in the transverse bound-
aries. The wave vector for Floquet periodicity in the x and y
directions are kx and ky, respectively. To match the condition
that the incident plane is x-z plane, ky keeps to be zero, and
kx varies from 0 to 0.54π/P. The calculated band structures
with different µc are shown in Fig. 3a. It can be seen that in
all cases the eigenwavelength just decreases by about 2.4 nm
when kx increases from 0 to 0.36π/P. The correspondence
between θ and kx is given by θ = arcsin(kx/kr), where kr is
the free-space wave vector at the resonant wavelength. It can
be obtained that θ is around 40◦ when kx = 0.36π/P. There-
fore, the angular dispersion is very low with a value of −0.06
nm/deg. In addition, the resonant wavelength is affected by
Im(σ ). When µc grows from 0 eV to 0.4 eV, the resonant
wavelength has a redshift of about 2 nm. After that, continu-
ing to increase µc to 0.5 eV and 0.6 eV will cause a blueshift in
the resonant wavelength. These results are consistent with the

variation trend of Im(σ ) in Fig. 1b, which increases first and
then decreases. The Q-factor of eigenmodes can be defined by
Q = Re(ωe)/Im(2ωe), where Re(ωe) and Im(ωe) are the real
and imaginary parts of the eigen angular frequency, respec-
tively. Figure 3b illustrates that the Q-factors grow with the in-
crease of kx. They reach the maximum around kx = 0.53π/P,
the equivalent incident angle of which is about 70◦. The trend
agrees well with the data obtained from the reflectance spec-
tra. In addition, the Q-factors of eigenmodes increase steadily
as µc grows step by step from 0 eV to 0.6 eV. The reason is
that the increase of µc reduces the graphene dissipative loss
caused by Re(σ ). The maximum average improvement of the
Q-factors is about 23 when kx is in the range of [0, 0.36π/P].
Therefore, the robustness of the high Q-factor and flat band
structure makes the metasurface capable to generate tunable
high-Q resonances under focused light illumination.

The presence of FP-BIC at oblique incidence can be further
demonstrated in the case of eliminating material loss. The
imaginary part of the relative permittivity Im(εr) of Ag is ig-
nored, so Ag is regarded as a perfect conductor. And the real
part of the surface conductivity of graphene Re(σ ) is set to be
zero. In addition, the refractive indexes of all dielectric ma-
terials are real. The results are shown in the lower panel of
Fig. 3. The eigenwavelengths in Fig. 3c agree well with the
results in Fig. 3a, which indicates that the material loss has
little influence on the resonant wavelength. In Fig. 3d, be-
cause Re(σ )≡0, the change of µc does not affect the Q-factor.
We can see that the Q-factors of eigenmodes approach infinity
when kx is about 0.53π/P. The corresponding incident angle is
around 70◦. This result is consistent with the angle at which
the resonant peak disappears in Fig. 2, which provides solid
evidence for the existence of BIC.

Next, we analyze the resonances under transverse-electric
(TE) polarized wave incidence. As illustrated in Fig. 4a, the



4

Fig. 3. Eigenmode analysis of metasurface. (a, b) Resonant wavelength and Q-factor of eigenmodes versus 

x-direction wavenumber kx and the corresponding incident angle 𝜃 of TM polarized wave, respectively. (c, d) 

The results of resonant wavelength and Q-factor, respectively, in the case of ignoring all material loss.
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FIG. 3. Eigenmode analysis of metasurface. (a, b) Resonant wavelength and Q-factor of eigenmodes versus x-direction wave vector kx and the
corresponding incident angle θ of TM polarized wave, respectively. (c, d) The results of resonant wavelength and Q-factor, respectively, in the
case of ignoring all material loss.

magnetic component of incidence is in the x-z plane. The z-
component of magnetic field will increase with θ , hence a
z-direction magnetic dipole can be stimulated by oblique in-
cidence. The reflectance spectra when µc = 0.6 eV are shown
in Fig. 4b. Since the normal incidence cannot excite the z-
direction magnetic dipole, no resonant dip appears. With the
increase of θ , the resonance depth first increases and then de-
creases, and the perfect absorption is reached at about 30◦.
At the same time, the linewidth of the resonance continues to
broaden. This is a typical phenomenon of the evolution from
BIC to quasi-BIC. Then we calculated the Q-factors of eigen-
modes without material loss as shown in Fig. 4e. The Q-factor
approaches infinity when kx = 0, which confirms the existence
of SP-BIC. The results of eigenwavelength are shown in Fig.
4c. The increase of µc from 0 eV to 0.6 eV also causes a
blueshift. The decrease of resonant wavelength is about 12
nm when kx increases from 0 to 0.36π/P. Thus, the corre-
sponding angular dispersion is about -0.3 nm/deg, which is 5
times larger than that of TM incidence. Then, the Q-factors
of eigenmodes with material loss are illustrated in Fig. 4d.
When kx is in the range from 0 to 0.2π/P, the Q-factor can
be significantly improved by increasing µc from 0 eV to 0.6
eV. However, when kx approaches 0.5π/P, the radiative loss
dominates. Consequently, the increase of µc can only slightly
increase the Q-factor.

By comparing the results of TM incidence and TE inci-
dence, TM incidence has the advantages of vertical excitation
and ultraweak angular dispersion, which is more suitable for
field enhancement of focused light. To mimic the condition
of focused illumination, we calculated the average reflectance

spectra (R̄) of the TM polarized wave in the x-z incident plane
covering the θ from 0◦ to 40◦. The expression is

R̄(λ ) =
1
N

40◦

∑
θ=0◦

RTM
θ (λ ), (3)

where RTM
θ

is the reflectance spectrum excited by TM polar-
ized wave at the incident angle θ . N is the number of sampled
θ . Here, θ changes from 0◦ to 40◦ in steps of 2◦, as illustrated
schematically by the inset of Fig. 5. Because the real part of
graphene surface conductivity can cause dissipative loss, the
maximum average reflectance is just ∼0.9 when µc = 0 eV.
In this case, the Q-factor is relatively low at ∼52.5, and the
absorption amplitude is just ∼81%. With the increase of µc
the dissipation caused by σ decreases, hence the Q-factor in-
creases slightly to 56.6 at µc = 0.4 eV. When µc is increased
to 0.6 eV, the real part of σ becomes close to zero. At this
time, the dissipative loss caused by graphene is minimized.
Consequently, the Q-factor of the average reflectance spectra
increases to ∼75.9. In the meantime, the absorption ampli-
tude grows to ∼95%. The further increase of µc from 0.6 eV
to 1 eV has little influence on the real part of σ . Instead, the
imaginary part of σ is significantly decreased. Therefore, the
resonant wavelength decreases by ∼4 nm, while the Q-factor
and resonant depth almost do not change. Conventionally, the
graphene chemical potential does not exceed 1 eV. The res-
onant dips of µc = 0.4 eV and 1 eV are at 1438.5 nm and
1445.5 nm, respectively. Hence, the controllable spectrum
range of flat-band quasi-BICs is about 7 nm. The simulation
results demonstrate that the designed metasurface can realize
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FIG. 4. TE excitation under different incident angle. (a) Schematic of oblique incidence of TE wave in the x-z incident plane (top panel)
and magnetic field distribution at the resonant wavelength (bottom panel). (b) Reflectance spectra versus incident angle θ when the chemical
potential is 0.6 eV. (c) Resonant wavelength of eigenmodes versus x-direction wavenumber kx. (d, e) The Q-factors of eigenmodes in the cases
with and without material loss, respectively.

dynamically adjustable high-Q flat-band quasi-BICs. It pro-
vides a way to regulate the interaction between matter and
tightly focused light.

The TM polarized focused light of the x-z incident plane
mentioned above can be generated experimentally23. To re-
duce the undesired spatial components of incidence, the ob-
jective needs to be partially blocked by opaque tapes to form
a slit along the x-direction as shown in the right panel of Fig.
5. The polarization of the focused light can be controlled by
tuning the polarization of the collimated light incident to the
objective. For example, the x-polarized collimated light pass-
ing through the modified objective will form a focused TM
light. This method enables further experimental testing of the
designed metasurface.

ETM

k
𝟒𝟎°

Fig. 4. Average reflectance spectra at different chemical potential. The
inset represents focused TM waves with  covers from 0° to 40° in the x-z
incident plane illuminate on the metasurface. The right panel illustrates
the method of generating the excitation light by a partially bocked
objective.
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FIG. 5. Average reflectance spectra at different chemical potentials.
The inset represents focused TM polarized waves with θ covers from
0° to 40° in the x-z incident plane illuminate on the metasurface. The
right panel illustrates the method of generating the incident light by
a partially blocked objective.

The proposed metasurface can be fabricated by a stan-

dard cleanroom process, including electron beam lithogra-
phy (EBL), electron beam deposition, and inductively cou-
pled plasma (ICP) etching. A pioneer work has reported the
fabrication of a vertically oriented MIM structure with a 25
nm channel sandwiched between two metal films41, their pro-
cesses support the fabrication feasibility of the structures we
designed. The fabrication and measurement of the designed
metasurface will be carried out in the future.

In this work, we proposed a plasmonic metasurface that can
achieve tunable flat-band quasi-BICs by changing the chemi-
cal potential of graphene. For the incidence of TM polarized
wave, the excited quasi-BICs have ultra-low average angu-
lar dispersion (−0.06 nm/deg) in the range of incident angles
from 0◦ to 40◦. Furthermore, due to the effect of FP-BICs, the
high-Q characteristic of the resonance can be further enhanced
at oblique incidence. Thus, light-matter interaction will be
improved by tightly focused TM polarized light based on the
designed metasurface. More importantly, the flat-band prop-
erty of quasi-BICs is robust during tuning the surface con-
ductivity of graphene. Instead, the Q-factor is adjustable by
changing the dissipative loss of graphene. Consequently, un-
der the illumination of focused TM polarized light with a high
NA of ∼0.64, the Q-factor of the stimulated resonance can be
improved from ∼52.5 to ∼75.9 by increasing µc from 0 eV
to over 0.6 eV. Meanwhile, the absorption amplitude grows
from ∼81% to ∼95%. This work opens up a way to achieve
adjustable flat-band quasi-BICs by combining deep subwave-
length metasurfaces with 2D materials, which can be used in
the fields of nanolaser, nonlinear enhancement, and biosens-
ing.
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