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Controlling light absorption of graphene at critical coupling through magnetic dipole quasi-bound
states in the continuum resonance
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Enhancing the light-matter interaction in two-dimensional (2D) materials with high Q resonances in photonic
structures has boosted the development of optical and photonic devices. Herein we intend to build a bridge
between the radiation engineering and the bound states in the continuum (BIC), and present a general method to
control light absorption at critical coupling through the quasi-BIC resonance. In a single-mode, two-port system
composed of graphene, coupled with silicon nanodisk metasurfaces, the maximum absorption of 0.5 can be
achieved when the radiation rate of the magnetic dipole resonance equals to the dissipate loss rate of graphene.
Furthermore, the absorption bandwidth can be adjusted more than two orders of magnitude, from 0.9 nm to
94 nm, by simultaneously changing the asymmetric parameter of metasurfaces, the Fermi level, and the layer
number of graphene. This work reveals the essential role of BIC in radiation engineering and provides promising
strategies in controlling light absorption of 2D materials for the next-generation optical and photonic devices,
e.g., light emitters, detectors, modulators, and sensors.
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I. INTRODUCTION

Metasurfaces have received increasing attention due to
their extraordinary characteristics. They are composed of pe-
riodic arrays of subwavelength resonators whose arrangement
and interaction can modify the properties of electromagnetic
waves, such as amplitude, phase, polarization, and propaga-
tion direction [1,2]. In particular, those metasurfaces made
of high-index dielectric materials have recently emerged as
essential elements in the field because they show a very
high diversity of available functionalities while avoiding the
ohmic losses associated with their plasmonic counterparts
[3,4]. Their non-radiative states, with near-infinite lifetime
and perfect energy confinement, are desirable. The excita-
tions of guided mode [5–7], trapped mode [8–12], toroidal
mode [13–17], anapole mode [18–20], and supercavity mode
[21,22] fundamentally linked to the physics of bound states in
the continuum (BIC) are nicely observed in dielectric metasur-
faces, which provide an approach to extreme light localization
and radiation engineering.

In recent years, enhancing the light absorption of two-
dimensional (2D) materials with photonic structures has been
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demonstrated for high-efficiency optical and photonic de-
vices [23]. Jessica R. Piper designed the complete controlling
of the critical coupling within a hybrid graphene/photonic
crystal structure, where graphene absorbs up to 100% of
light in the optical regime when the radiation rate of the
guided mode in the photonic crystal is equal to the absorption
rate in graphene [24,25]. Afterwards, this mechanism in-
spired various designs of photonic crystal integrating with the
whole family of 2D materials, including graphene [26–31],
transitional metal dichalcogenides [32–37], black phosphorus
[38–41], and halide perovskites [42]. Actually, the radiation
engineering is in principle a general way for controlling
light absorption, not limited to a specific mode in a cer-
tain resonator, e.g., guided mode in photonic crystal, but
also applicable to other resonance modes in seemly different
structures. With this consideration, the potential of dielectric
metasurfaces for critical coupling is highly desirable in that
they can provide unprecedented diverse arrangements and
thus achieve full control of light absorption.

In this work, we show a close relationship between the
radiation engineering at critical coupling and the symmetry-
protected BIC. Based on this, we propose a critical coupling
system composed of silicon nanodisk metasurfaces supporting
magnetic dipole quasi-BIC resonance and graphene. When the
radiation rate of the resonance mode is equal to the dissipation
loss of graphene, the maximum absorption of graphene is
achieved under critical coupling conditions. Furthermore, the
absorption bandwidth can be adjusted more than two orders of
magnitude by changing the structure parameters of nanodisk,
the Fermi level, and the layer number of graphene. This work
demonstrates the key role of BIC physics in the radiation en-
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gineering and sets an example of designing the novel critical
coupling system based on dielectric metasurfaces, which hold
great potential for the next-generation 2D material optical and
photonic devices.

II. THEORETICAL DERIVATIONS

Based on the temporal coupled-mode theory (CMT), we
consider a single-mode optical resonator with amplitude a
coupled with two identical ports. For this system, the dynamic
equations can be written as [43,44]

da

dt
= (iω0 − γ − δ)a + DT |s+〉, (1)

|s−〉 = C|s+〉 + Da, (2)

where ω0 is the resonance frequency, γ and δ represent the
radiation and the dissipative loss rates, respectively. |s+〉 =
[s1+, s2+]T and |s−〉 = [s1−, s2−]T are amplitudes of incoming
and outgoing waves. C is the scattering matrix of the direct
(non-resonant) process, which describes the transmission and
reflection between the ports in the absence of the resonator,
whereas D is the coupling matrix accounting for coupling
between each port and resonance state a. This takes the form
D = [d1, d2]T , with D†D = 2γ and CD∗ = −D, due to the
electromagnetic reciprocity and energy conservation. With the
incoming wave amplitude |s+〉, the amplitude of the resonance
mode is

a = DT |s+〉
i(ω − ω0) + (γ + δ)

. (3)

The light absorption at the frequency ω can be expressed as

A = 〈s+|s+〉 − 〈s−|s−〉
〈s+|s+〉 = 2δ|a|2

〈s+|s+〉
= 2δγ

(ω − ω0)2 + (γ + δ)2
. (4)

It is easy to find that the absorption spectrum satisfies the
Breit-Wigner distribution, and this formula predicts a sym-
metric Lorentzian curve characterized by three parameters,
ω0, γ , and δ. It can be seen that the absorption reach its
maximum at the resonance frequency ω = ω0, and the peak
A0 is determined by the ratio between γ and δ,

A0 = 2
γ

δ
+ δ

γ
+ 2

. (5)

When the critical coupling condition γ = δ is satisfied there is
a theoretically maximum A0 = 0.5 for this single-mode, two-
port system. Moreover, the absorption bandwidth defined as
the full width at half maximum (FWHM), � FWHM = 2|ω1 −
ω0| with A1 = A0/2 at ω1, can be derived as

� FWHM = 2(γ + δ) = 4γ . (6)

In order to get full control of the light absorption, the
radiation rate γ , i.e., the inverse radiation lifetime, should
be meticulously engineered according to the deep physical
mechanism of BIC. For photonic structures satisfying the
in-plane symmetry, the symmetry-protected BIC exists in the
momentum space, which means the radiation channel is to-
tally forbidden, and it can be treated as a resonance with

infinite lifetime and vanishing linewidth γ = 0. As the ge-
ometric parameters evolve, the in-plane symmetry is broken
due to the perturbation, the BIC will turn to the quasi-BIC
with infinitesimal inverse radiation lifetime γ > 0, and a radi-
ation channel with the background field is opened, generating
a leak mode with asymmetric Fano line shape. To describe
this sort of situation, γ can be calculated analytically by the
sum of radiations from each port and incoming and outgoing
waves [45,46],

γ = c
∑
i=x,y

|Di|2, (7)

with the coupling amplitude Di,

Dx,y = − ω0√
2S0c

(
px,y ∓ 1

c
my,x + ik0

6
Qxz,yz

)
, (8)

where S0 is the area of unit lattice, and p, m, and Q are
the components of electric dipole, magnetic dipole, and elec-
tric quadrupole moments in the irreducible representations,
respectively. Considering a situation where the in-plane sym-
metry along the y axis is broken, it follows that Dx = 0, since
the electric filed components Ey and Ex are classified as even
and odd functions with respect to symmetry. Moreover, mx

and Qyz are both equal to zero because of the up-down mirror
symmetry, Ey(−z) = Ey(z). Then a simplified expression is
obtained:

γ = ω2
0

2S0
|py|2. (9)

py = ±αp0 is defined as the net dipole moment in an asym-
metric resonator, where p0 is the electric dipole moment in the
corresponding symmetry case, and α is the so-called asymme-
try parameter. The radiation rate of quasi-BIC can be rewritten
as a function of asymmetry parameter:

γ = ω2
0

2S0c
|p0|2α2. (10)

When the critical coupling condition is satisfied, the absorp-
tion bandwidth � FWHM can be reached by a simple expression
via substituting Eq. (10) to (6),

� FWHM = 2ω2
0

S0c
|p0|2α2. (11)

It can be found that the absorption bandwidth at critical
coupling is proportional to the square of the asymmetric pa-
rameter, i.e., � FWHM ∝ α2, and all the variables in Eq. (11)
are decided by the geometry parameters of photonic structure.
Following this, the light absorption at critical coupling can be
precisely controlled in quasi-BIC metasurface systems.

III. NUMERICAL RESULTS AND DISCUSSIONS

Here we consider a typical example where the 2D mate-
rial graphene is deposited on top of nanodisk metasurfaces
supporting magnetic dipole quasi-BIC resonance, as shown
in Fig. 1. The nanodisk itself has mirror symmetry in the
out-of-plane direction. The graphene adds dissipative loss to
the system, but it is so thin that it hardly breaks the up-down
symmetry. The unit cell is periodically arranged with a lattice
constant p = 1000 nm, and the radius and thickness of the
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FIG. 1. Schematic of the proposed critical coupling system com-
posed of graphene on top of silicon nanodisk metasurfaces.

nanodisk are R = 300 nm and h = 100 nm, respectively. An
off-centered hole with a variable radius r is introduced with
a fixed distance d = 150 nm away from the center of the
nanodisk. The in-plane symmetry is thus broken, which allows
for the establishment of a radiation channel and transition of
the resonance state from the symmetric-protected BIC into the
quasi-BIC.

Due to the high refractive index and negligible absorp-
tion in the study range of near infrared, silicon is chosen to
be the construction material of nanodisk metasurfaces. For
simplicity, a real constant nSi = 3.5 is adopted. The optical
conductivity of graphene is derived from the random phase
approximation (RPA) in the local limit, including intraband
and interband contributions [47,48],

σg = 2e2kBT

π h̄2

i

ω + iτ−1
ln

[
2 cosh

(
EF

2kBT

)]

+ e2

4h̄

[
1

2
+ 1

π
arctan

(
h̄ω − 2EF

2kBT

)

− i

2π
ln

(h̄ω + 2EF)2

(h̄ω − 2EF)2 + 4(kBT )2

]
, (12)

where e, kB, T , h̄, and ω are the electron charge, the Boltz-
mann constant, the room temperature, the reduced Planck’s
constant, and the incident light frequency, respectively. τ

is the relaxation time and depends on the carrier mobility
μ, the Fermi level EF, and the Fermi velocity vF with the
relation τ = (μEF)/(ev2

F), where moderate measured values
μ = 10000 cm2/V · s and vF = 1 × 106 m/s are adopted. The
optical conductivity of graphene can be efficiently controlled
by varying the Fermi level. As shown in Figs. 2(a) and 2(b),
the real part of optical conductivity reduces obviously once
the Fermi level increases from the Dirac point by half photon
energy due to the Pauli blocking in the near-infrared, while
the imaginary part continuously increases. The tunable optical
conductivity of graphene lays the foundation for the control of
the dissipative loss rate in the critical coupling system.

FIG. 2. (a) Real part and (b) imaginary part of optical conductiv-
ity of graphene as a function of wavelength and Fermi level.

The full-wave numerical simulations are performed using
the finite-difference time-domain method (FDTD Solutions,
Lumerical Inc., Canada). In the following calculations, a mesh
grid of 20 × 20 × 20 nm, together with an auto shutoff min
1e − 07, is adopted to make a good trade-off between ac-
curacy, RAM capacity, and running time. The convergence
test results, including the maximum field intensity and the
estimated running time, are attached in the Supplemental Ma-
terial [49]. The y-polarized plane wave is incident along the
-z direction, and accordingly, periodic boundary conditions
are utilized in the x-y plane. The perfect matching layers are
adopted in the z direction.

To understand the radiation engineering through meta-
surface governed by BIC, we first perform resonance mode
analyses without the presence of graphene. At a radius of the
off-centered hole r = 75 nm, the quasi-BIC obtains an energy
exchange with the continuum free-space radiation modes,
and manifests itself as a sharp Fano resonance. As shown in
Fig. 3(a), The transmission spectrum exhibits an asymmetric
line shape with a narrow dip at 1420.91 nm, which is well
fitted by the classical Fano formula within the CMT frame-
work [50,51]. The radiation rate of the resonance mode can
be extracted as γ = 1.315 THz, while the dissipative loss rate
is zero, since silicon is considered a lossless material here.
The corresponding near field distribution in the x-y plane
is shown in Fig. 3(b). The maximum enhancement of the
electric field is located at the center of the off-centered hole,
and the overlaid arrows indicate the circulation distribution
of the displacement current, which reveal that the incident
light is strongly trapped within the metasurface by the mag-
netic dipole moment oscillation along the z direction. To
further confirm the magnetic dipole quasi-BIC resonance, the

FIG. 3. (a) Simulated and fitted transmission spectra of nanodisk
metasurfaces. (b) Magnitude of the electric field across the unit cell
at the resonance, overlaid with arrows indicating the direction of
displacement current.
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FIG. 4. (a) Transmission spectra of nanodisk metasurfaces as a
function of the radius of the off-centered hole. (b) Values of the
radiation rate γ as a function of the asymmetry parameter α. Inset:
the asymmetry parameter is defined as α = 
S/S, where 
S and S
are the areas of the off-centered hole and the nanodisk, respectively.

contributions of multipole moments to the far-field radiation
are decomposed under the Cartesian coordinate system. As
shown in the Supplemental Material, the radiation power of
the magnetic dipole moment (MD) is at least an order of
magnitude greater than that of other multipole moments at the
resonance, which reveals the dominating role of the magnetic
dipole, and in return validates the single-mode assumption in
the theoretical derivations [49].

The quasi-BIC resonance is closely related to the radia-
tion leakage, hence the radiation rate and the transmission
bandwidth can be adjusted through manipulating the ge-
ometry parameters. With the evolution of the radius of the
off-centered hole, the transmission spectra show an increasing
bandwidth at the magnetic dipole quasi-BIC resonance, as
shown in Fig. 4(a). The bandwidth expansion can be attributed
to the increase in the radiation rate with the asymmetry degree.
In a quantitative description, here we define the asymmet-
ric parameter as the ratio of the area of the hole to that of
the nanodisk, i.e., α = 
S/S. The values of radiation rate
γ as a function of the asymmetry parameter α for the pro-
posed nanodisk metasurfaces are summarized in Fig. 4(b).
A quadratic dependence of γ on α can be nicely observed,
which is consistent with the theoretical derivation in Eq. (10)
for the quasi-BIC resonance in asymmetric metasurfaces. To
investigate the array effects in the magnetic dipole quasi-
BIC resonance, the responses of the finite sized arrays of
resonators, i.e., the individual nanodisk, 3 × 3, 5 × 5, 7 × 7,
and 9 × 9 nanodisk arrays, are considered in the Supplemental
Material [49]. The required size of the nanodisk array for a
robust magnetic dipole quasi-BIC resonance is not expected
to be large.

To construct a critical coupling system, a monolayer
graphene is introduced as a lossy component on top of nan-
odisk metasurfaces, which determines the dissipative loss rate
of the system. When the radiation rate of the quasi-BIC reso-
nance equals the dissipative loss rate of graphene, i.e., γ = δ,
the critical coupling condition is satisfied and the maximum
absorption of 0.5 is achieved. We first focus on the realization
of narrowband absorption at critical coupling when graphene
becomes doped. As mentioned above, the real part of optical
conductivity of graphene shows a steplike decline if the Fermi
level increases from the Dirac point by half photon energy,
i.e., EF > h̄ω/2, which will remarkably reduce the dissipative
loss. To this end, the Fermi levels of 0.4 eV and 0.5 eV

FIG. 5. Realization of narrowband absorption of graphene by
shifting the Fermi level. (a) and (c) show the absorption spectra as
a function of wavelength and radius of the off-centered hole, and
(b) and (d) provide the corresponding absorption spectra at critical
coupling for monolayer graphene with different Fermi levels of
EF = 0.4 and 0.5 eV.

are considered in the wavelength of interest. The absorption
spectra are plotted as a function of wavelength and radius of
the off-centered hole, as shown in Figs. 5(a) and 5(c). The
white contour line accurately draws the outline of the FWHM.
It can be seen that the absorption bandwidth rapidly declines
to an ultra-narrow profile when the Fermi level increases
from 0.4 to 0.5 eV. The corresponding critical coupling points
can be found by sweeping the wavelength and radius. As
shown in Figs. 5(b) and 5(d), the maximum absorption is
achieved at 1408 nm with r = 85 nm for EF = 0.4 eV, and
at 1454.48 nm with r = 45 nm for EF = 0.5 eV, respectively.
The values of the radiation rate and dissipative loss rate can be
extracted as γ = δ = 2.254 and 0.201 THz. As a result of the
simultaneous decreasing of γ and δ, the absorption bandwidth
shrinks by more than one order of magnitude from 9.02 nm to
0.9 nm.

The above discusses the realization of narrowband absorp-
tion of graphene by shifting the Fermi level. On the other
hand, the possibility of broadband absorption can also be
explored by simultaneously increasing the radiation rate of
the quasi-BIC magnetic dipole resonance and the dissipate
loss rate of graphene, which may have potential in broadband
applications, such as photodetection, light energy harvesting,
and so on. To maximize the dissipate loss, the monolayer
graphene deposited on top of silicon nanodisk metasurfaces
is replaced with multilayer graphene at the charge neutral
point, i.e., EF = 0 eV. The optical conductivity shows a lin-
ear increase with the layer number [52,53]. As shown in
Figs. 6(a), 6(c), 6(e), 6(g), and 6(i), the absorption spectra
are plotted as a function of wavelength and radius of the
off-centered hole, in which the absorption bandwidth increase
continuously when the layer number increases from N = 1 to
7. The corresponding critical coupling points can be found by
sweeping the wavelength and radius. As shown in Figs. 6(b),
6(d), 6(f), 6(h), and 6(j), the maximum absorption is achieved

155432-4



CONTROLLING LIGHT ABSORPTION OF GRAPHENE AT … PHYSICAL REVIEW B 102, 155432 (2020)

FIG. 6. Realization of broadband absorption of graphene by
adding the layer number. (a), (c), (e), (g), and (i) show the absorption
spectra as a function of wavelength and radius of the off-centered
hole, and (b), (d), (f), (h), and (j) provide the corresponding absorp-
tion spectra at critical coupling for multilayer graphene with different
layer numbers of N = 1, 2, 3, 4, and 7.

at 1400.54 nm with r = 90 nm for N = 1, at 1365.73 nm with
r = 110 nm for N = 2, at 1344.84 nm with r = 120 nm for
N = 3, at 1325.75 nm with r = 130 nm for N = 4, and at
1285.83 nm with r = 145 nm for N = 7, respectively. The
values of the radiation rate and dissipative loss rate can be
extracted as γ = δ = 2.712, 7.44, 9.078, 12.505, and 21.375
THz. As a result of the simultaneous increasing of γ and
δ, the absorption bandwidth expands by nearly one order of
magnitude from 10.87 nm to 94.53 nm.

FIG. 7. Quadratic dependence of the absorption bandwidth
� FWHM (black line) and the radiation rate γ (grey line) on the asym-
metry parameter α.

Finally, we examine the dependence of the absorption
bandwidth on the asymmetry parameter. The values of � FWHM

are estimated from the absorption spectra of Figs. 5 and 6,
corresponding to the cases with different Fermi levels and
layer numbers of graphene. As shown in Fig. 7, � FWHM is
proportion to the square of α (black line), i.e., � FWHM ∝ α2,
and in particularly, the slope of such linear fitting is approxi-
mately four times that of the radiation rate γ (grey line), which
verifies the theoretical prediction in Eq. (11). It should be
noted that the quadratic dependence of the radiation rate γ on
the asymmetric parameter α holds for the Fano resonance gov-
erned by the BIC physics in asymmetry metasurfaces, which
is not limited to the magnetic dipole resonance, but also goes
for other non-radiative states such as toroidal mode, anapole
mode, and supercavity mode. Therefore, the quadratic scala-
bility of � FWHM at critical coupling, together with the light
absorption controlling strategy, shows general applicability.

IV. CONCLUSIONS

In summary, we develop a general method to control light
absorption at critical coupling through the quasi-BIC reso-
nance, and demonstrate it in a typical single-mode, two-port
system composed of graphene coupled with silicon nanodisk
metasurfaces. When the radiation rate of the magnetic dipole
resonance is equal to the dissipate loss rate of graphene,
the critical coupling condition is satisfied and the maximum
absorption of 0.5 is obtained. By simultaneously changing
the asymmetric parameter of metasurfaces, the Fermi level,
and the layer number of graphene, the absorption bandwidth
can be flexibly adjusted more than two orders of magnitude
from 0.9 nm to 94 nm in the near-infrared. More interestingly,
the quadratic dependence of the absorption bandwidth on the
asymmetry parameter is predicted and verified, which reveals
out the key role of BIC physics in the radiation engineer-
ing. Beyond the proposed example, the theoretical method
can be applied to various types of critical coupling systems,
in principle, where different atomically thin 2D materials
coupled with asymmetric metasurfaces supporting quasi-BIC
resonance. With this consideration, this work not only gains
a deeper physical insight into the metasurface-mediated BIC
physics, but also paves a way towards smart design of 2D
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material devices such as light emitters, detectors, modulators,
and sensors.
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[51] F. Wu, J. Wu, Z. Guo, H. Jiang, Y. Sun, Y. Li, J. Ren, and H.
Chen, Phys. Rev. Appl. 12, 014028 (2019).

[52] J. Hass, F. Varchon, J. E. Millán-Otoya, M. Sprinkle, N.
Sharma, W. A. de Heer, C. Berger, P. N. First, L. Magaud, and
E. H. Conrad, Phys. Rev. Lett. 100, 125504 (2008).

[53] Q. Li, L. Cong, R. Singh, N. Xu, W. Cao, X. Zhang, Z. Tian, L.
Du, J. Han, and W. Zhang, Nanoscale 8, 17278 (2016).

155432-7

https://doi.org/10.1103/PhysRevLett.121.193903
https://doi.org/10.1103/PhysRevA.100.063803
https://doi.org/10.1039/C5NR03060A
https://doi.org/10.1039/C6CP03731C
http://link.aps.org/supplemental/10.1103/PhysRevB.102.155432
https://doi.org/10.1038/nature12289
https://doi.org/10.1103/PhysRevApplied.12.014028
https://doi.org/10.1103/PhysRevLett.100.125504
https://doi.org/10.1039/C6NR01911K

