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Dynamical control of perfect absorption plays an indispensable role in optical switch and modulators. However, it
always suffers from the limited modulation range, small depth, and susceptible absorption efficiencies. Here, we
propose a new strategy based on Friedrich–Wintgen bound states in the continuum (F–W BICs) to realize a
tunable perfect absorber with large dynamic modulation range. For proof of concept, we demonstrate a pentaband
ultrahigh absorption system consisting of graphene gratings and graphene sheets through elaborately tuning F–W
BIC. The nature of the F–W BIC arises from the destructive interference between Fabry–Perot resonance and
guided mode resonance modes in the coherent phase-matching condition. The radiation channels are avoided
from crossing. The BIC can be dynamically modulated by engineering the Fermi level of graphene gratings, which
breaks the traditional modulation methods with an incidence angle. Remarkably, the perfect absorber with this
F–W BIC approach achieves the largest modulation range of up to 3.5 THz. We believe that this work provides a
new way to dynamically engineer perfect absorption and stimulates the development of multiband ultracompact
devices. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.481020

1. INTRODUCTION

Surface plasmon polaritons (SPPs), which are generated by the
coupling between photons in the incident light source and elec-
trons on a metal or insulator, can break the diffraction limit of
conventional optics and localize light in the subwavelength
range. Thus, SPP-based metamaterials hold potential applica-
tions in sensing, imaging, and communications [1–3]. In par-
ticular, SPP-based perfect absorbers have been widely studied,
such as the dual-band absorber based on the dielectric grating
and Fabry–Perot cavity [4], the narrowband absorber based on
multiridge gratings [5], and the broadband absorber based on
tungsten ring-disc array [6]. However, the majority of absorbers
can only be statically regulated, seriously hindering their prac-
tical application. Graphene, due to its ultracompact configura-
tion, low loss, and flexible tunability, has become the research
focus. In general, perfect absorption can be achieved when the
radiation loss and absorption loss of the graphene system
are equal [7]. The variation of the Fermi level of graphene

inevitably leads to the difference between radiation loss and ab-
sorption loss. In addition, as the Fermi level of graphene de-
creases, the coupling between the in-plane electric field and
the interband absorption of graphene becomes weaker, result-
ing in a lower absorption rate of the system [8–16]. Thus, it is a
challenge to ensure the perfect absorption of the system while
dynamically regulating the frequency. Despite the fact that a
small number of devices can obtain perfect absorption of dy-
namic regulation, the frequency modulation range is less than
2 THz [17–22].

Originally derived from the quantum theory, the bound
states in the continuum (BICs) refer to the isolated eigenvalues
of the single-particle Schrödinger equation of positive energy
states in the continuum [23]. Subsequently, it was extended to
many fields, such as electromagnetism [24], acoustics [25],
fluid dynamics [26], and optics [27]. The optical BICs behave
as a resonant state with zero linewidth and infinite quality
factor (Q-factor). Kivshara et al. discussed the potential
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mechanism of the optical BIC [28] and proposed a polarization-
insensitive quasi-BIC [29]. This feature was verified experimen-
tally in the transmission of the metasurfaces. Remarkably, the
optical BIC is employed into the field to generate higher har-
monics up to the 11th order [30]. An accidental BIC is the un-
expected disappearance of the coupling between the bound state
and the continuum by tuning the parameters of the system
[31,32]. It can be subdivided into the Fabry–Perot (F–P)
BIC [33] and Friedrich–Wintgen (F–W) BIC [34]. The F–P
BIC arises from the destructive interference between two iden-
tical resonant modes when the phase difference between them is
an integer multiple of π. The F–W BIC occurs from a destruc-
tive interference between two different excitation modes, and
their radiation channels avoid crossing. However, it is worth not-
ing that in the modulation of the F–W quasi-BIC, one mode
gradually disappears to form the BIC, and the other mode
changes to a limited extent due to the complicated underlying
physics [35–37]. Until now, introducing the F–WBIC tuned by
the Fermi level to achieve the dynamic modulation of perfect
absorption remains unresolved and is very desirable.

In this work, we propose a new strategy to realize a tunable
perfect absorption based on F–W BICs. First, a pentaband ul-
trahigh absorber arising from the interaction of Fabry–Perot
resonance (FPR) and guided mode resonance (GMR) is dem-
onstrated. The absorption rates of three modes in the penta-
band absorber are higher than 98%, which are far better
than other single-band [38,39], dual-band [40–44], and multi-
band [45–48] absorbers. Further studies show that statically
modulating the width of graphene gratings can lead to a strong
coupling between FPR and GMR modes, resulting in an F–W
BIC. Theoretical analysis based on the coupled-mode theory
(CMT) [49,50] reveals the strong coupling between the two
modes and fits well with the absorption spectrum of the
numerical simulation. To demonstrate the BIC, the band struc-
ture of the proposed system is shown, with the real part of the
complex frequency of the BIC coinciding with the BIC posi-
tion of the absorption spectrum. The free-space radiation in the
field distribution of the BIC is zero, which further proves that
the F–W BIC is an eigenstate of the system. Furthermore, the
F–W BIC realized by the dynamic modulation of the Fermi
level of graphene gratings can break the traditional modulation
with the incidence angle. Most interestingly, thanks to the for-
mation of the F–W BIC, the like-FPR mode can be dynami-
cally modulated while ensuring its perfect absorption. The
modulation range is up to 3.5 THz, which is much higher than
that of other perfect absorbers [17–22].

2. STRUCTURAL DESIGN AND ANALYSIS

Figure 1 represents the proposed model. The monolayer gra-
phene is sandwiched in the dielectric, the graphene grating is
placed on top, and the substrate is gold. The graphene surface
conductivity can be expressed as [51]

σg �
ie2EF

πκ2�ω� iτ−1� , (1)

where ω is the angular frequency of the light source, EF is the
graphene Fermi level, e is the electron charge, κ is the reduced
Planck constant, and τ is the carrier relaxation time, which can

be represented by τ � μEf ∕�ev2F �. The Fermi velocity and
carrier mobility of the system are vF � 106 m∕s and
μ � 1 m2∕�V · s�, respectively [52]. A side view of the system
is plotted in Fig. 1(b) to show the structure more clearly.
The period of the structural unit is P � 490 nm, the width of
the graphene grating is w � 400 nm, the refractive index of the
SiO2 is n � 1.6, and the distance between the graphene grating
and graphene sheet is h1 � 12 nm. Since the carrier concen-
tration of single-layer graphene can be as high as 4 × 1018 m−2,
the Fermi level of graphene can reach 1.17 eV [53]. Thus, the
Fermi level E 0

f of graphene gratings and the Fermi level Ef of
graphene sheets are set to a maximum of 1.0 eV.

In this paper, the finite-difference time-domain (FDTD)
method is adopted to explore the absorption spectrum of
the proposed system. A transverse magnetic (TM) wave is used
as an excitation source to irradiate the system vertically. The
Bloch period condition and the perfectly matched boundary
are set in the x direction and y direction, respectively. The sim-
ulation temperature and time are 300 K and 8000 fs, respec-
tively. Mesh accuracy is 5 nm in both the x and y directions.
The gold mirror is used to block the transmission of TM waves,
so the absorption of the system is A � 1 − R.

3. SIMULATION RESULTS AND DISCUSSION

Since an F–WBIC is a strong coupling between two modes, we
first analyze the specific mode. The TM-polarized wave as an
excitation source can produce an excellent pentaband absorber
with absorption rates above 90%, of which three bands are as
high as 98% or more, as shown in Fig. 2(a). Since the imped-
ance mismatch between the regions with and without an upper
graphene grating, the graphene surface plasmon polaritons
(GSPPs) propagating along the x direction reflect back and
forth between the two boundaries, forming a standing wave.
For visual observation, the positive and negative charges of
the electric field distribution are represented by “+” and “−.”
This standing wave can also be called lateral FPRs [54], which
can be expressed as

ωFPR � Kc

2wnM
: (2)

Here, nM is the effective refractive index of the standing wave,
and c is the light velocity. K , corresponding to the mode order
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Fig. 1. (a) 3D schematic diagram composed of graphene gratings
and graphene sheets; (b) 2D side view of the proposed system; the
specific parameters are as follows: P � 490 nm, w � 400 nm,
h1 � 12 nm, h2 � 1350 nm, h3 � 100 nm, E 0

f � Ef � 1.0 eV.

Research Article Vol. 11, No. 3 / March 2023 / Photonics Research 457



of the FPR mode, is the number of the electric field nodes
[Figs. 2(b)–2(e)], which is equal to integer multiples of the
half-wavelength. The vertically incident TM-polarized light
can only excite the odd mode of the FPR because the effective
charge dipole provides the restoring force for the collective os-
cillating wave [55]. In addition, graphene gratings enable mo-
mentum matching between incident light and GSPPs to excite
GMR [Fig. 2(f )], which can be expressed as [56]

ωGMR �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2EF

κ2ε0εrP

s
: (3)

Here, ε0 is the permittivity in vacuum, and εr is the relative
permittivity of the SiO2.

To explore modes corresponding to different excitation
mechanisms, the electric field diagrams of different modes in
the y direction are shown in Figs. 2(b)–2(f ). As we predicted,
FPR modes are generated in the F–P cavities constructed from
graphene gratings and graphene sheets, and the corresponding
K are 1, 3, 5, 7, respectively. A first-order GMR mode appears
on the outside of graphene gratings and graphene sheets. It is
worth noting that the coupling between the FPR (K � 7) and
the GMR (K � 1) modes occurs due to their close proximity,
so those two modes are named like-FPR and like-GMR modes.
The ultrahigh absorption of the system is mainly manifested by
three aspects. On the one hand, the FPR resonance mode
(K � 1, 3, 5, 7) interacts with graphene gratings and the gra-
phene sheets to enhance the light absorption. On the other
hand, the GMR mode excited by the graphene grating similarly
enhances the absorption. In addition, the strong coupling be-
tween the FPR (K � 7) and GMR modes further enhances the
light localization.

To observe the formation process of the F–W BIC, the ab-
sorption spectrum as a function of the width of the graphene
grating is shown in Fig. 3(a). An avoided resonance crossing
with a Rabi splitting is observed around 33 THz. Due to the
destructive interference between FPR (K � 3) and GMR
modes at the phase-matching conditions [57], an F–W BIC
is generated at an off-Γ point. The hybridization of FPR

and GMR modes forms a new polaritonic-optical quasi-particle
[58,59]. In short, the nature of the F–W BIC is a destructive
interference between two different resonance modes, and their
radiation channels avoid crossing. The BIC at w � 168 nm
and quasi-BIC (white circle) at w � 144 nm are denoted in
Fig. 3(b). The yellow circle in Fig. 3(a) is also the strong cou-
pling between the different modes, one of which does not com-
pletely disappear even though their radiation channels avoid
crossing, which occurs because the two modes do not reach
the suitable phase-matching condition. Therefore, the position
of yellow circle also can achieve an F–W BIC by modulating
the parameters to achieve the correct phase-matching condi-
tions. The absorption spectra at different w [Fig. 3(c)] indicate
an avoided crossing behavior with Rabi splitting. The Rabi en-
ergy can reach 18.9 meV when w � 176 nm [60].

The strong coupling between FPR and GMR modes can be
resolved by CMT [Fig. 4(a)]. The An stands for the FPR or
GMR mode, and its amplitude is an. γon � ωn∕2Qon and
γin � ωn∕2Q in are the inter-external and inter-internal loss co-
efficients of the two modes. Qon and Q in are the inter-external
and inter-internal loss quality factor, and they can be satisfied
by 1∕Q � 1∕Qon � 1∕Q in�Q is the total quality factor of
quasi-BIC or like-FPR mode). The coupling coefficient be-
tween modes can be represented by μ12 and μ21. Ain∕out

n

(n � 1, 2) indicates the incident or outgoing wave along the
positive or negative direction of the mode. The interaction be-
tween the two modes can be represented as�

γ1 −iμ12
−iμ21 γ2

�
·
�
a
b

�
�

�
−γ1∕2o1 0

0 −γ1∕2o2

�

·
�
Ain
1� � Ain

1−

Ain
2� � Ain

2−

�
, (4)

where γ1�2� � iω − iω1�2� − γi1�2� − γo1�2�. The coupling
between FPR and GMR satisfies the energy conservation,

Ain
2� � Aout

1�e
iφ, Ain

1− � Aout
2− e

iφ: (5)

Fig. 2. (a) Absorption spectra of the proposed system; (b)–(f ) electric
field distribution of different modes in the y direction.
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Fig. 3. BIC formation in the hybrid FPR–GMR system.
(a) Absorption spectrum as a function of the width of the graphene
grating; (b) cross sections of the absorption spectra at w � 168 nm
and 144 nm show the appearance of the collapsed F–W BIC to
quasi-BIC. (c) Avoided crossing and linewidth vanishing due to the
coupling of FPR and GMR modes at different w.
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Here, φ is the phase difference between the FPR and GMR
modes. For one of two modes, energy conservation still holds,
which can be expressed as

Aout
n� � Ain

n� − anγ
1∕2
on , n � 1, 2. (6)

Due to the presence of the substrate gold, the electromagnetic
waves emitted from the GMR mode return to continue inter-
acting with the one, which can be expressed as

Ain
2- � Aout

2�e
2iϕ: (7)

Thus, the reflection coefficient r of the coupling system can be
obtained by

r � Aout
−

Ain�

� e2i�φ�ϕ� −
γ1∕2o1 a1�1� e2i�φ�ϕ�� � γ1∕2o2 a2eiφ�1� e2iϕ�

Ain�
:

(8)

The specific coefficients are as follows:

a
Ain�

� γ1∕2o1 �1� e2i�φ�ϕ��k2 − γ1∕2o1 eiφ�1� e2iϕ�
k1k2 � χ2

, (9)

b
Ain�

� γ1∕2o2 eiφ�1� e2iϕ� − γ1∕2o1 eiφ�1� e2i�φ�ϕ��χ2
k1k2 � χ1χ2

, (10)

where

χ1 � iμ12 � γ1∕2o1 γ1∕2o2 eiφ�1� e2iϕ�,
χ2 � iμ21 � γ1∕2o1 γ1∕2o2 eiφ�1� e2iϕ�, (11)

k1 � γo1e2i�φ�ϕ� − γ1,

k2 � γo2e2iϕ − γ2: (12)

Therefore, the absorption rate of the system is A � 1 − r2. The
coupled absorption spectrum between FPR and GMRmodes at
w � 144 nm is shown in Fig. 4(b), and the results of CMT are
consistent with the data of the FDTD.

To demonstrate the F–W BIC, the band structures and the
corresponding Q-factor evolution of the FPR–GMR hybrid
system are plotted in Fig. 5. The band structures of the
FPR and GMR modes avoid crossing, marking the formation
of an F–W BIC [61]. The position of the band structure cor-
responding to the maximum value in the Q-factor evolution is
BIC. The Q value is finite due to absorption loss. The real part
of the corresponding complex frequency of the BIC at
kx � 0.068 is 33 THz, which is consistent with the position
of the BIC in the boundary value problem [Fig. 3(b)]. Also, the
electric field distribution of the BIC at kx � 0.068 is repre-
sented in the inset of Fig. 5(a). The rapid decay of the far field
of the eigenmode to 0 further demonstrates the BIC. Therefore,
the F–W BIC of the proposed system is an eigenstate with 0
radiative loss, but it still has absorption loss.

To dynamically modulate the frequency in a graphene sys-
tem while ensuring perfect absorption, the absorption loss and
radiation loss of the system must be equal during the modu-
lation. Thus, dynamic regulation of F–W BICs based on gra-
phene perfect absorbers offers the possibility. In the proposed
structure, E 0

f of graphene gratings can be modulated by the
gate voltage V g , which can be expressed as [62]

E 0
f � κvF

�
πε0εrV g

h1e

�
1∕2

: (13)

Here, ε0 is the permittivity of free space. Ef of the graphene
sheets, which is set to a constant value, does not require a gate
voltage. Thus, we intend to achieve an F–W BIC by modulat-
ing the E 0

f of the graphene grating. The absorption spectrum at
w � 144 nm in Fig. 3(c) is employed as an example of dy-
namic modulation. As E 0

f decreases, both GMR and FPR
modes produce a redshift. The redshift of the GMR mode
can be explained by Eq. (3). For the FPR mode, the reduction
of graphene E 0

f increases the effective refractive index nM of the
FPR mode [63], resulting in a redshift. The destructive inter-
ference between FPR and GMRmodes at the appropriate phase
matching produces an F–W BIC when E 0

f � 0.55 eV. Field
distributions of these two modes in the y direction when

Fig. 4. (a) Schematic diagram of CMT; (b) coupled absorption
spectra of FDTD numerical simulation and CMT fitting at
w � 400 nm.

Fig. 5. (a) Band structures of the proposed FPR–GMR hybrid system. Here, the illustration shows electric field distribution at F-W BIC.
(b) Simulated Q-factor evolution for the GMR band.
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E 0
f � 1.0 eV and 0.3 eV are shown in Figs. 6(b)–6(e). It can

be clearly observed that these two modes exchange energy be-
fore and after the strong coupling. In Fig. 6(f ), the like-FPR
mode achieves dynamic modulation at 34.88–38.38 THz while
also obtaining perfect absorption due to the F–W BIC effect.
The absorption rate of the like-FPR mode increases from
98.17% to 99.70% (near perfect absorption) when E 0

f is re-
duced from 1.0 to 0.5 eV. The frequency modulation range
(MR) of like-FPR mode can reach 3.5 THz, which is higher
than the perfect graphene-based absorbers [17–22] that have
been reported, as shown in Table 1. In addition, the switching
of Fermi levels also enables a dual-frequency asynchronous
switch. The parameters for evaluating the switch performance
are mainly determined by the modulation depth (MD) and
insertion loss (IL), which can be represented by MD �
�Amax − Amin�∕Amax and IL � −10 log10�Amax�, respectively.
In addition, the dephasing time is also an important parameter
that characterizes the sensitivity of the switch, which can be
expressed by DT � 2κ∕Δf , with Δf being the full width
at half-maximum [64]. The MD, IL, and DT of the dual-band
asynchronous switch are 94.72%, 94.98%, 0.012 dB,
0.080 dB, 5.00 ps, and 5.88 ps, respectively. The high MD
and DT and low IL indicate the excellent performance of

the proposed switch. Therefore, based on the dynamically tun-
able F–WBIC, the like-FPR mode ensures its absorption while
dynamical modulating and can also be applied to the dual-
frequency asynchronous switch.

4. CONCLUSION

In summary, we have achieved dynamic modulation of the per-
fect absorption spectrum in a pentaband ultrahigh absorption
system composed of graphene gratings and graphene sheets by
introducing an F–W BIC. The radiation loss of the system is
suppressed due to the destructive interference between FPR
and GMR modes at coherent phase-matching conditions, pro-
ducing an F–W BIC. Its nature originates from the avoidance
of crossing when two different modes are coupled to the same
radiation channel. Remarkably, the largest modulation range,
3.5 THz, is achieved by controlling the Fermi level of the gra-
phene grating with our structure. It holds great promise in ap-
plications like optical switches and frequency modulators with
perfect absorption. We believe this work will provide a new
strategy to develop frequency modulators with perfect absorp-
tion and stimulate the development of multiband ultracompact
devices.

Fig. 6. (a) F–WBIC dynamically modulated by the Fermi energy level of a graphene grating (w � 144 nm); (b)–(e) field distribution of the two
modes in the y direction when E 0

f � 1.0 eV and 0.3 eV; (f ) perfect absorption frequency modulator and optical switch based on F–W BIC.

Table 1. Comparisons among Perfect Absorbers

Reference/Year Material Structure Modulation Range Physical Mechanism

[17]/2021 Metamaterials based on graphene cross and four graphene side stripes 0.4 THz Plasmon-induced absorption
[18]/2021 Graphene-dielectric-metal structure 1.8 THz Graphene surface plasmon resonance
[19]/2022 Graphene layers with four T-shaped stripes and a square ring pattern 0.5 THz Graphene surface plasmon resonance
[20]/2022 Triangle graphene metamaterial 0.7 THz FPR
[21]/2022 Dielectric multilayers integrated with graphene and VO2 1.5 THz Nonreciprocity of the dielectric

graphene multilayers integrated with a
VO2 defect layer

[22]/2022 Metamaterials based on monolayer graphene and gold gratings 2 THz GMR
This work Graphene gratings and graphene sheets structure 3.5 THz F–W BIC
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