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Giant bandwidth tailoring of perfect light absorbers:
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The ability to adjust the absorption bandwidth of an optical absorber with high efficiency can facilitate the
development of novel photonic and optoelectronic devices. In this work, based on the temporal coupled-mode
theory, we establish a connection between the absorption bandwidth of an absorber and radiation engineering
with the symmetry-broken quasi-BIC and propose a BIC-inspired strategy to tailor light absorption at critical
coupling with a wide range of functionality. Based on this, the manipulation of the broadband or narrow-band
quasi-BIC-governed graphene perfect absorber is realized, and the corresponding absorption bandwidth at
critical coupling can be drastically adjusted by more than three orders of magnitude. Moreover, we predict
and verify the quadratic scalability of the absorption bandwidth on the asymmetry parameter of the quasi-BIC
structure, essentially arising from the powerful physics of BIC in radiation engineering. Present work not only
provides a profound physical insight into the tailoring functionalities of radiation and in particular absorption by
BIC, but also affords new possibilities for research into active optical devices.
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I. INTRODUCTION

Light absorption is of fundamental significance in many
technological applications including photonic [1,2] and op-
toelectronic devices [3,4]. To decrease material consumption
and improve the integrability, it is highly desirable to design
the high-performance absorber with nanoscale thickness and
low volume, which meanwhile could also inevitably weaken
the ability to confine light. Recent studies have demonstrated
through coupling with carefully designed resonant structures,
such as photonic crystal (PhC) slab [5–8], metamaterial and
metasurface [9–12], or plasmonic structure [13–16], the ef-
ficiency of the absorbing material could be enhanced. The
physical interpretations of these works can be attributed to
critical coupling concept that the optimal absorption could
be realized when absorption rate γa of the absorbing ma-
terial matches radiation rate γr of the photonic resonator.
However, many works have concentrated on the absorption
enhancement while little attention has been paid to the band-
width of the absorption. Usually, the way of multimode
resonators is used to realize broadband absorption [17–19],
and a high-Q optical resonance is used to realize narrow-band
absorption [20–22]. These works fall short of providing satis-
factory enhancement of absorption and bandwidth tunability,
meanwhile mainly rely on surveying geometrical features of
structure to tailor the bandwidth of an absorber. Obviously, to
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find a simple and general way to manipulate light absorption
performance is certainly desired.

With the concept of critical coupling, the light absorption
performance is essentially linked with the radiation engineer-
ing of the resonant structure. To tailor the light absorption, the
resonant structure with wide radiation capability is needed.
Benefiting from low intrinsic loss, all-dielectric structures
have been shown to be a promising platform for advanced
control and manipulation of light governed by radiation leak-
age only [23–25]. Especially, the recently emerged concept
of bound states in the continuum (BICs) in all-dielectric
nanophotonics enables a new solution for effective engineer-
ing of radiation behavior [26–29]. BICs are peculiar states
with the energy lying in the delocalized states in the contin-
uum, but counter-intuitively cannot couple with the radiating
channels and remain perfectly localized states in space with
an infinite lifetime. Through altering structure parameters or
introducing defects and perturbations to break the structural
symmetries, BICs could collapse to quasi-BICs with finite
lifetime and radiation capability [23]. This functionality is
highly desirable and would hold great potential in tailoring
light absorption performance.

In this paper, a BIC-inspired strategy for designing an
optimal absorber with widely tailored functionality of ab-
sorption bandwidth is presented. We employ the temporal
coupled-mode theory (CMT) to establish a close link between
the absorption bandwidth of an absorber at critical coupling
condition and a symmetry-broken quasi-BIC. It shows that
to achieve perfect absorption, a symmetric-broken quasi-BIC
resonance structure with a single radiation port is preferably
required. To tailor absorption bandwidth, it needs to adjust γr
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FIG. 1. (a) Schematic of a single-mode optical resonator excited
from port j and coupled out through m free-space ports. The orange
arrows indicate the incoming and outgoing waves of each port.
(b) Absorption performance of a resonator with m ports. Maximum
absorption occurs at the resonance frequency and critical coupling
condition γr = γa, which is marked by hollow dot. The white arrow
corresponds to the absorption bandwidth at critical coupling. (c) Ab-
sorption at the resonance frequency of a single port resonator as a
function of γr/γa. (d) Absorption at critical coupling of a single port
resonator as a function of frequency.

and γa at critical coupling simultaneously over a wide range. It
is found that γr of symmetry-broken quasi-BIC with a single
radiation port can be adjusted significantly by the structure
asymmetry parameter. γa can be controlled by changing the
amount of the absorbing material and its position in the res-
onance structure. Based on that, the absorption bandwidth
of an absorber can be tailored by more than three orders
of magnitude while maintaining perfect absorption. Interest-
ingly, the quadratic scalability of the absorption bandwidth on
the asymmetry parameter, governed by the powerful physics
of BIC in radiation engineering, is predicted and verified. This
work reveals the mighty capability of BIC for radiation and
absorption engineering and would provide conceptual strategy
to develop perspective optical devices such as light harvesting
and emitting devices, sensors, detectors, and modulators.

II. THEORETICAL ANALYSIS

To reveal the physical property of the optimal absorption of
an absorber, we first turn to a generalized resonator model of
the CMT, shown in Fig. 1(a). The diagram considers a single-
mode optical resonator, coupled to input S+ and output S−
waves with m ports. The dynamic equations for the amplitude

a of the resonance mode can be described by the following
form [30–32]:

da

dt
= −iω0a − (γr + γa)a + (〈d|∗)|s+〉, (1)

|s−〉 = C|s+〉 + |d〉a, (2)

where ω0 is the resonant frequency, γr represents the external
radiation rate and γa is the intrinsic dissipative rate mainly
originating from material absorption, respectively. It should
be noted that the CMT theory is strictly valid only when
the resonance width is far smaller than the resonance fre-
quency. The vectors |s±〉 = (s1±, s2±, . . . , sm±)T and |d〉 =
(d1, d2, . . . , dm)T contain the amplitude of the flux of input
(+)/output (−) plane waves and the coupling coefficient from
the resonance to each port. Note that the mode and wave
amplitudes are normalized such that |a|2 and 〈s±|s±〉 repre-
sent the energy stored in the resonance and power carried
by the input/output wave, respectively. C is a unitary matrix
describing the direct response between input and output waves
in the nonresonant case, CC+ = I . Under excitation from the
arbitrary port, for example, with input from s j+, the amplitude
of the resonance mode can be derived as

a = d js j+
−i(ω − ω0) + (γr + γa)

. (3)

As an essential consequence of time-reversal symmetry and
energy conservation, the radiation rate γr cannot be arbitrary
(or even geometrical) factor and is constrained by the coupling
coefficients |d〉. It obeys the constrains with 〈d|d〉 = 2γr and
C|d〉∗ = −|d〉. Then the light absorption of the optical res-
onator with input from port j can be derived as

A = 〈s+|s+〉 − 〈s−|s−〉
〈s+|s+〉 = 2γaa∗a

〈s+|s+〉

= 2γad∗
j d j

(ω − ω0)2 + (γa + γr )2
. (4)

We further assume the resonance mode coupled to each port
with the same rate, it has d∗

j d j = 2γr/m. Therefore, we have a
simple expression for light absorption of an optical resonator
with m ports,

A = 1

m

4γaγr

(ω − ω0)2 + (γa + γr )2
. (5)

Obviously, the absorption formula exhibits a symmetric
Lorentzian lineshape, shown in Fig. 1(b). It shows that the
absorption performance is mainly determined by four param-
eters, m, ω0, γa, and γr . It can be seen that when further
away from ω0, i.e., |ω − ω0| � 0, the absorption vanishes,
which implies the effect of resonance-enhanced absorption.
The absorption peak of value A0 happens on resonance ω =
ω0, A0 = 4/[m(γr/γa + γa/γr + 2)]. It can be seen that A0 is
determined by the ratio between γr and γa. When γr = γa, the
absorption of a single-mode resonator with m ports reaches its
maximum

Amax = 1/m. (6)

This is so-called critical coupling [33], shown with a white
hollow dot in Fig. 1(b). It shows that the maximum absorption
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of an optical resonator is inversely proportional to the num-
ber of its ports. The perfect absorption can be realized for
a single-port absorber with critical coupling γr = γa, shown
in Fig. 1(c). Moreover, the absorption bandwidth can be ob-
tained. The absorption bandwidth �FWHM is defined as the
full width at half maximum (FWHM). Assuming the half-
maximum absorption A0/2 occurs at the frequency ω1, it has
A0/2 = 4γaγr/[m(ω1 − ω0)2 + m(γa + γr )2]. The absorption
bandwidth can be achieved as

�FWHM = 2|ω1 − ω0| = 2(γa + γr ). (7)

It indicates that �FWHM is independent of the number of ports,
but depends on the sum of two rates, shown with white double
arrow line in Fig. 1(b).

To summarize, the absorption efficiency of a resonant ab-
sorber is related to the number of its ports m and the ratio of
two rates γr/γa. The number of ports m naturally determines
the upper limit of absorption, and whether this upper limit
can be achieved is determined by γr/γa. The absorption band-
width �FWHM is proportional to γr + γa. The larger (smaller)
γr + γa is, the wider (narrower) �FWHM will be and vice versa.
Specifically, the absorption performance of four cases with
γr = 10−3ω0, 10−2ω0, 10−1ω0, and ω0 for a single-port res-
onator at critical coupling is shown in Fig. 1(d). It is found that
the absorption bandwidth can be dramatically tailored with
perfect absorption. Thus, to manipulate absorption bandwidth
while maintaining high absorption efficiency of an absorber,
γr and γa need to be simultaneously adjusted at critical cou-
pling. At critical coupling condition,

�FWHM = 4γa = 4γr . (8)

γa represents the intrinsic absorption coefficient of an ab-
sorber and can be adjusted through changing the amount of
the absorbing materials. γr links to the optical mode of a res-
onator and its structure parameters. γr should be engineered
as widely as possible to match γa. Therefore, the radiation
capability of the resonant structure directly dominates the
absorption bandwidth.

The BIC-inspired mechanism makes it possible to fully
engineer light radiation γr . Especially, the quasi-BIC Fano
resonance corresponding to a collapse of the symmetry-
protected BIC due to a broken structural symmetry has
priority. An ideal symmetry-protected BIC exists within the
continuum, but without any radiation ports to the free space
due to symmetry-induced destructive interference, namely
γr = 0. Once a perturbation δ is introduced to break the in-
plane inversion symmetry, the radiation ports are opened and
such a BIC transforms into a quasi-BIC with γr > 0. Based
on perturbation theory, a universal behavior of the quadratic
dependence of γr of quasi-BIC on the asymmetry parameter δ

has been demonstrated [23,34],

γr = γ0δ
2, (9)

where γ0 is a constant independent from δ. Substituting
Eq. (9) to Eq. (8), the dependence of �FWHM on δ at critical
coupling can be obtained as

�FWHM ∝ δ2. (10)

It shows that �FWHM at critical coupling also exhibits the
quadratic dependence on δ, similar to that of γr , closely

FIG. 2. (a) Schematic of the quasi-BIC structure integrated with
graphene. The quasi-BIC structure is constructed by 1D symmetry-
broken dimerized LiNbO3 (LN) lattice structure deposited atop
a multilayer dielectric Bragg reflector (DBR) with nine pairs of
Si3N4/SiO2. The structure has p = 800 nm, d = 0.25p, g = 0.25p,
hg = 220 nm, hs = 270 nm, hSi3N4 = 192 nm, and hSiO2 = 268 nm.
The width perturbation �d is used to break in-plane inversion
symmetry. The asymmetry parameter δ is denoted by δ = �d/d .
(b) Reflection (green curve), transmission (black curve) and absorp-
tion (red curve) spectra of the DBR under normal incidence.

associated with the physics of BIC. Thus, this universal rule
provides a simple but rigorous way to accurately manipulate
the absorption bandwidth of an optical absorber with perfect
efficiency.

The following is an example of a model structure in which
a quasi-BIC photonic crystal slab structure implemented on
a multilayer dielectric Bragg reflector (DBR) is employed
to tailor the absorption bandwidth of the absorbing material
graphene. This structure has only a single-port radiation capa-
bility due to the suppression of transmission by the DBR, and
Amax = 100%. Based on this quasi-BIC system, it is shown
how to tailor the absorption bandwidth of an absorber with
perfect absorption.

III. STRUCTURE DESIGN AND NUMERICAL
MODEL OF QUASI-BIC STRUCTURE

Specifically to construct quasi-BIC structure, 1D
symmetry-broken dimerized lattice structure deposited atop a
DBR is adopted, as shown in Fig. 2(a). 1D symmetry-broken
dimerized lattice structure consists of two layers: the upper
layer is dimerized LiNbO3 (LN) grating with height hg and
the lower layer is unetched LN film with thickness hs. The
unit lattice of the dimerized LN grating consists of two
adjacent stripes separated by an air gap of width g. The
periodicity of the unit lattice of the dimerized LN grating is
p, and the widths of two stripes are d + �d and d − �d ,
respectively. The width perturbation �d is used to break
in-plane inversion symmetry. The asymmetry parameter δ

is denoted by δ = �d/d . The DBR consists of nine pairs
of Si3N4/SiO2 layers, where the thicknesses of Si3N4 and
SiO2 layers are hSi3N4 and hSiO2 , respectively. The numerical
simulations are conducted by 2-D rigorous coupled-wave
analysis (Diffract MODE, RSOFT) [35]. In the calculations,
the plane wave source is incident along the −z direction
with its polarization parallel to the x direction and the
periodic boundary condition is set in the y direction. The
refractive indices of Si3N4 and SiO2 are set as 2.02 and
1.45, respectively. The permittivity of LN are set the same as
Ref. [20].
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FIG. 3. (a) Side views of the symmetric grating (left) and the symmetry-broken dimerized grating (middle and right) deposited atop a
DBR mirror. All three grating structures have a periodicity of p = 800 nm. The stripe width of the symmetric grating is 0.75p. For the
symmetry-broken dimerized gratings, the air gaps are slightly offset from the center of the stripe by 0.04p, with widths of 0.04p (middle) and
0.25p (right) respectively. (b) Reflection bands and (c) field profiles in the unit lattice for BIC (left) and quasi-BIC (middle and right).

In order for the quasi-BIC to radiate in only one port, the
DBR must be completely reflective of light, i.e., DBR band
gap. A DBR consists of multiple layers of two materials with
different refractive indices, whose reflective properties depend
on the material index n, thickness, and number of pairs of
DBR. In general, the higher the refractive index contrast, the
more broadband reflection can be achieved. To approach near
perfect reflection, the more pairs of DBR would be beneficial.
The quarter-wavelength thickness is required to achieve DBR
band gap at the target wavelength λ0, λ0/4n. In this work,
Si3N4/SiO2 is considered due to the feasibility of both materi-
als in nanofabrication. The target center wavelength is focused
on the 1.55 µm communication band. This naturally leads to a
thickness of 192 nm for Si3N4 layer and 268 nm for SiO2 layer
for an optimal band gap of Si3N4/SiO2 DBR. From Fig. 2(b),
it can be seen that an almost perfect band gap emerges at
normal incidence in the wavelength range from 1.45 to 1.7 µm
for nine pairs of Si3N4/SiO2 DBR. So the quasi-BIC structure
has only one backward reflecting port. For 1D symmetry-
broken dimerized lattice structure, the structure parameters
are set as follows: p = 800 nm, d = 200 nm, g = 200 nm,
hg = 220 nm, and hs = 270 nm.

To confirm the radiation engineering capability through
our proposed quasi-BIC structure, we first focus on the sym-
metric grating and asymmetric dimerized grating deposited
atop a DBR, whose side view shown in Fig. 3(a). For an
optical resonance structure, it satisfies R + T + A = 1. If the
quasi-BIC structure is lossless (A = 0), then this results in
all light being reflected back (R = 1) due to the presence
of DBR mirror (T = 0), making the optical mode invisible.
Thus, to see the quasi-BIC resonance mode of a single-port
quasi-BIC structure, there are two possible ways. One is to
destroy the single-port system by decreasing the pair number
of the DBR so that the leaky quasi-BIC can become visible.
The evolution of the quasi-BIC spectra with the pair number
of the DBR is shown in the Supplemental Material [36]. The
other is to introduce some loss. Here, the latter is chosen for a
more accurate and clearer view of the quasi-BIC. A weak loss
is simply introduced by an increase in the imaginary part ni of
LN with ni = 0.002. Figure 3(b) shows the corresponding re-
flection bands of the symmetric and asymmetric structures in
Fig. 3(a) (lossless results shown in the Supplemental Material
[36]). The leaky guided resonances from grating lattice scat-
tering can be clearly observed [37], but disappear at normal
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incidence for the symmetric grating with stripe width 0.75p,
as shown in the left of Fig. 3(b). This indicates the existence of
symmetric-protected BIC at-� point [26]. When introducing a
small gap perturbation (gap width 0.04p) into the unit lattice
of symmetric grating, the symmetry of the grating is broken
and it becomes a symmetry-broken dimerized lattice structure.
The reflection band retains the tendency of the original sym-
metric grating, with the exception of the symmetric-protected
BIC at � point, which transforms into a quasi-BIC with a finite
radiation capability, as shown in the middle of Fig. 3(b). When
increasing gap perturbation (gap width 0.25p), the bandwidth
of the symmetric-broken quasi-BIC at � point becomes wider,
indicating a further increase in its radiation capability, as
shown in the right of Fig. 3(b). Figure 3(c) further demon-
strates the similarity of the electric and magnetic field profiles
between BIC and quasi-BIC. For the BIC, the symmetry of
the field is identical to that of its own grating structure. With
increasing gap perturbation, i.e., breaking the grating struc-
ture symmetry, the field becomes more asymmetric, forming
a leaky quasi-BIC. Therefore, we demonstrate the existence
of quasi-BIC in the asymmetric dimerized grating structure,
originating from the distortion of the symmetric-protected
BIC in the symmetric grating structure.

The radiation capability of the quasi-BIC may be exten-
sively adjusted by asymmetric parameter. For our proposed
quasi-BIC dimerized lattice structure, the asymmetric param-
eter is changing the widths of two stripes, denoted by δ =
�d/d . As changing asymmetric parameter, the size of gap
width g is always 0.25p. The quasi-BIC in the right of Fig. 3 is
a situation in the process of changing the asymmetric param-
eters. The specific quantitative relationship between radiation
rate γr of quasi-BIC and asymmetric parameter δ is explored
as follows. Figures 4(a) and 4(b) show the reflection spectra of
at-� quasi-BIC as a function of wavelength and δ (the detailed
results of the evolution of the reflection band and field profiles
shown in the Supplemental Material [36]). The corresponding
reflection spectra of the lossless quasi-BIC structure (the de-
tailed result of spectra evolution shown in the Supplemental
Material [36]) are also shown in Fig. 4(b) (dashed curves).
It is found that the reflection spectra of symmetric-broken
quasi-BIC show an increasing bandwidth with the evolution
of δ. Noted that the resonance dip of the quasi-BIC vanishes
for the symmetric structure δ = 0. This is a special case
of another symmetric grating with periodicity p/2 and strip
width d , different from the one shown in the left of Fig. 3.
The guided resonance of this special symmetric grating with
periodicity p/2 could not be excited due to the mismatch with
reciprocal lattice vector, actually corresponding to trapped
mode or bound state below light cone. The origin of the
quasi-BIC in dimerized lattice structure with periodicity p can
be also thought of as bound state in symmetric grating with
periodicity p/2 being folded into the continuum by periodic
weak scattering. The asymmetric parameter δ actually corre-
sponds to the ability of periodic weak scattering. The larger
the δ, the more likely it is that the bound state will radiate
out, giving a higher radiation rates γr . The values of γr of the
quasi-BIC can be extracted by fitting absorption spectra with
the CMT. As show in Fig. 4(c), the theory agrees excellently
with the simulation result for the case of δ = 0.2. Figure 4(d)
summarizes γr of the quasi-BIC resonance as a function of δ.

FIG. 4. (a), (b) Evolution of the reflection spectra of the quasi-
BIC structure (with weak loss by introducing the imaginary part ni =
0.002 of LN) under normal incidence with respect to wavelength
and structure asymmetry parameter δ. The dashed curves in panel
(b) show the reflection spectra of the lossless quasi-BIC structure.
(c) Simulated reflection spectrum (black curve) of the quasi-BIC
structure with δ = 0.2 and fitted result by the CMT (red dotted
curve). (d) Radiation rate γr and absorption rate γa of the quasi-
BIC resonance as a function of δ (log-log scale). It shows almost
unchanged γa and quadratic scalability of γr of quasi-BIC on δ.

A quadratic dependence of γr for small perturbation δ (below
0.6) can be clearly observed. The quadratic scalability of γr

of quasi-BIC becomes weak for δ > 0.6, but γr still increases
with δ. This is consistent with the theoretical derivation of γr

of quasi-BIC in Eq. (9). It is found that γr can be adjusted
by over three orders of magnitude by changing δ from 0 to 1.
This is likely to facilitates perfect absorber with precise and
substantial adjustment of the bandwidth.

IV. BROADBAND AND NARROWBAND
ABSORPTION PERFORMANCE

To construct a critical coupling system, graphene as a
lossy component is integrated into the proposed quasi-BIC
dimerized lattice structure. As shown in Fig. 2(a), graphene
is sandwiched between the dimerized LN grating and the
unetched LN film. The thickness and optical constant of
graphene are adopted from Ref. [38]. From the above the-
ory, it is clear that to broaden the absorption bandwidth of
an absorber with optimal efficiency, it needs to increase γa

and to satisfy the critical coupling condition γa = γr . An
effective way to increase γa of graphene is increasing its
layer numbers L. The absorption spectra of graphene with
different L as a function of the asymmetric parameter δ and
wavelength are shown in Fig. 5. From Figs. 5(a)–5(e), L
are 1, 3, 6, 9, and 12, respectively. It can be seen that the
absorption of bare graphene without the quasi-BIC dimerized
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FIG. 5. (a)–(e) Absorption spectra of graphene with different layers L as a function of wavelength and structure asymmetry parameter δ

(upper), and corresponding graphene absorption at critical coupling (lower). From panels (a)–(e), L are 1, 3, 6, 9, and 12, respectively. The
corresponding critical coupling conditions are δ = 0.175, 0.32, 0.475, 0.64, and 0.9, respectively, which are marked by black arrows (upper).
The black dashed curves show the absorption of bare graphene with different L (lower). Inset in panel (e) shows detailed maximum absorption
of graphene for L = 12 (red curve), 13 (black curve), 14 (blue curve), and 15 (purple curve).

lattice structure is proportional to L’s. Through coupling
with the quasi-BIC dimerized lattice structure, the absorp-
tion efficiency of graphene can be dramatically enhanced,
even approaching perfect absorption at critical coupling. The
critical coupling points for different L (marked by arrows in
Fig. 5) can be found by adjusting the asymmetric parameter δ.
Importantly, δ required to achieve perfect absorption at critical
coupling of graphene increases with its L. This is because
increasing graphene layers L corresponds to an increase in
γa, so that a larger γr , corresponding to a larger asymmet-
ric parameter δ, is required to match the critical coupling.
In addition to achieving perfect absorption by integrating
with the quasi-BIC dimerized lattice structure, the absorption
bandwidth �FWHM of graphene, typically at critical coupling
can be also continuously broadened with increasing L. For
monolayer graphene, its critical coupling condition occurs
at δ = 0.175, and the absorption bandwidth �FWHM is only
about 10 nm. The maximum L of graphene for which critical
coupling could still be maintained (at δ = 0.9) is 12, and
the corresponding �FWHM is increased up to 11 times that of
the monolayer graphene case. By further increasing the layer
numbers L of graphene (L > 12), the absorption efficiency
starts to deviate slightly from perfect absorption at critical
coupling, but �FWHM can still be further increased. As can
be seen from Fig. 1(c), to decrease the absorption efficiency,
a large difference between γa and γr is required. Therefore,
it is highly possible to continue increasing L of graphene to
broaden �FWHM while maintaining a near perfect absorption.

Except for broadband absorbers with high efficiency, the
narrow-band and ultra-narrow-band absorbers are also impor-
tant for such fields as selective filter [39], sensitive sensor
[40] or active switch [41]. Following the strategy of tailoring
bandwidth, to narrow down absorption bandwidth, both the
radiation rate γr of the quasi-BIC and the absorption rate γa of
graphene should be reduced simultaneously under the critical
coupling condition. To decrease γr , the high-Q (quality factor)

quasi-BIC induced by slightly breaking structure symmetry
is preferentially used. However, there seems to be a limit for
γa, as it is directly determined by the amount of absorbing
material, and the minimum γa seems to be the monolayer
graphene case. If γa cannot be decreased further, then it would
make a mismatch with γr , certainly depressing the absorption
performance. It is interesting that γa of the absorbing material
is also influenced by the field distribution of the resonance
mode, and can therefore be altered by varying the position of
monolayer graphene in the quasi-BIC structure. The distance
of monolayer graphene outwards away from the unetched LN
film in the proposed quasi-BIC dimerized lattice structure
is denoted as D. Figure 6 shows the absorption spectra of
monolayer graphene with different D as a function of the
asymmetric parameter δ and wavelength. As in the case of
the broadband absorber, the critical coupling points for dif-
ferent D’s can also be determined. It can be seen that the
absorption bandwidth �FWHM of monolayer graphene with
perfect absorption can be adjusted substantially. Obviously,
it shows an decrease of �FWHM with increasing D. From the
field distribution of the quasi-BIC distribution in Fig. 3(c),
the field energy of the quasi-BIC is mainly stored inside
the dimerized lattice structure. It indicates that the further
away from the high-intensity field region of the quasi-BIC
(with increasing D), the fewer photons could be absorbed
by monolayer graphene, which naturally leads to an effec-
tive decrease in γa. Therefore, to realize perfect absorption
at critical coupling condition γr = γa, it needs to decrease
γr corresponding to lower asymmetric parameter δ. From
Figs. 6(a)–6(d), the critical coupling conditions occur specif-
ically at δ = 0.175 for D = 0 nm, δ = 0.08 for D = 220 nm,
δ = 0.035 for D = 350 nm, and δ = 0.012 for D = 500 nm,
respectively. The corresponding rates can be extracted as γa =
γr = 1.58, 0.35, 0.0775, and 0.0105 THz, respectively. The
absorption bandwidth of monolayer graphene at critical cou-
pling could be shrunk over two orders of magnitude from 10
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FIG. 6. (a)–(d) Absorption spectra of graphene with different positions D as a function of wavelength and structure asymmetry parameter δ

(upper), and corresponding graphene absorption at critical coupling (lower). From panels (a)–(d), D are 0, 220, 350, and 500 nm, respectively.
The corresponding critical coupling conditions are δ = 0.175, 0.08, 0.035, and 0.012, respectively, which are marked by black arrows (upper).
The black dashed curve in panel (a) shows the absorption of bare monolayer graphene. Inset in panel (d) shows detailed maximum absorption
of graphene for D = 500 nm.

to 0.09 nm. Thus, by simultaneously adjusting the asymmetric
parameter δ of the quasi-BIC structure and the positions D
of monolayer graphene in the structure, the narrow-band or
even ultra-narrow-band absorption of graphene with perfect
absorption can be realized.

To visually compare the functionality in tailoring absorp-
tion of graphene, Fig. 7 summarizes the results shown in
Figs. 5 and 6. The broadband absorption of graphene at critical
coupling with different layers L and narrow-band absorption
at different positions D are shown in the upper and lower
panels of Fig. 7(a). The wavelength of each absorption spec-
trum is normalized by its own resonance wavelength λ/λ0.
It can be clearly found that �FWHM of graphene at critical
coupling can be sufficiently adjusted by changing its layers L
or positions D in the quasi-BIC structure. The corresponding
γa and γr as a function of L (grey-green area) or D (purple
area) are shown in Fig. 7(b). The intersection of two coloured
areas corresponds to that of monolayer graphene intercalated

FIG. 7. (a) Critical coupling absorption of graphene with differ-
ent layers L (upper) or different positions D (lower) in the quasi-BIC
structure versus normalized resonance wavelength. (b) Decay rates
of graphene with different L and D in the quasi-BIC structure fitted
from the spectra in Figs. 5 and 6 via the CMT. The arrows show the
trend of increasing L and D, respectively.

between the dimerized LN grating and the unetched LN film.
The arrows represent the trend of increasing L and D, respec-
tively. As increasing L or D, both rates are tailored along the
line of the critical coupling γa = γr , and the perfect absorber
is always achieved. The difference is that the total damping
rate γa + γr is manipulated in the opposite direction. For
increasing graphene layers L from 1 to 12, the total damping
rate γa + γr is effectively increased. When increasing to 13
layers of graphene, the graphene absorber transfers into the
undercoupling regime (γa > γr), but can maintain an absorp-
tion efficiency close to 100%. Importantly, γa + γr is still
increased with L, indicating a continuous increase in the ab-
sorption bandwidth. On the other hand, for increasing D of
graphene, i.e., further away from the strong field area of the
quasi-BIC, γa + γr is decreased, indicating a narrower band-
width. It can be predicted that, since γr of the quasi-BIC could
be adjusted down to zero (BIC) by slightly breaking structure
symmetry, �FWHM could be infinitely narrow. This requires
γa to be close to zero, corresponding to graphene located
in the ultra-weak field area. These results demonstrate the
powerful ability of the quasi-BIC to manipulate the absorption
bandwidth over a wide range.

To investigate the dependence of the absorption bandwidth
�FWHM on the asymmetry parameter δ, �FWHM of graphene
with different layers L and its positions D in the quasi-BIC
structure are extracted from the absorption spectra in Figs. 5
and 6, respectively. As can be seen from Fig. 8, the values
of �FWHM are well fitted by the square of δ (orange line),
demonstrating the tailored quadratic dependence of �FWHM on
δ. The dependence of �FWHM on δ exhibits a similar behavior,
but shifted with value of lg 4 relative to that of the radia-
tion rate γr . The result verifies our theoretical derivation in
Eq. (8) that gives lg �FWHM = lg 4 + lg γr . It is worth noting
that the quadratic scalability of the absorption bandwidth at
critical coupling on the asymmetry parameter is essentially
governed by the powerful physics of the symmetry-broken
BIC in radiation engineering, which is in principle not
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FIG. 8. Dependence of the absorption bandwidth �FWHM of the
quasi-BIC-governed graphene absorber at critical coupling and γr of
the quasi-BIC resonance on the structure asymmetry parameter δ.

limited to a leaky guide mode in the dimerized lattice struc-
ture in this work, but is actually applicable to others such as
trapped modes or supercavity modes in plasmonic and dielec-
tric structures [42–44]. Meanwhile, this concept could also be
applied to other absorbing materials such as transition-metal
dichalcogenides [45] and black phosphorus [46]. Therefore,
the proposed BIC-inspired strategy for tailoring optimal ab-
sorber shows general applicability, possibly providing an
efficient approach for the design of next-generation photonic
devices.

The angular dependence of the quasi-BIC-governed
graphene absorber at critical coupling is further investigated.
Figures 9(a) and 9(b) show the broadband case in Fig. 5(e) and
the narrow-band case in Fig. 6(b), respectively. It can be seen
that both broadband and narrow-band quasi-BIC-governed
graphene absorbers exhibit an almost perfect absorption re-
sponse over a wide angular range. At incidence angle above
18 degrees, the absorption efficiency and bandwidth drop off
rapidly. This is because that the dispersion band of the quasi-
BIC extends beyond the DBR band gap, giving the quasi-BIC
another forward leaky port. As a result, the whole quasi-BIC-
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FIG. 9. (a) Broadband and (b) narrow-band light absorption of
quasi-BIC-governed graphene absorber at critical coupling as a
function of wavelength and incidence angle. The critical coupling
structures in panels (a) and (b) are the same as Figs. 5(e) and 6(b),
respectively.

governed graphene absorber with another leaky port cannot
fulfill the perfect absorption condition in a single port. This
result is consistent with our theoretical analysis in Eq. (6)
that the maximum absorption efficiency of a single optical
resonator is inversely proportional to its port number m. The
role of the DBR as a mirror therefore strongly influences the
absorption performance. The absorption spectra of graphene
as a function of the pair number of the DBR are shown
in the Supplemental Material [36]. It can be seen that the
reflection of the DBR, in particular the absorption efficiency
of graphene increases in the pair number of the DBR. The
perfect absorption can be achieved when the DBR behaves as
a fully reflective mirror. The absorption performance can also
be adjusted by introducing a DBR defect mode (shown in the
Supplemental Material [36]). It suggests that the DBR defect
mode allows the quasi-BIC to leak out toward the DBR, re-
sulting in lower absorption (see Supplemental Material [36]).

V. CONCLUSION

In conclusion, we derive the key parameters determin-
ing absorption performance, i.e., absorption efficiency and
absorption bandwidth of an optical absorber, and link it
with radiation engineering of the symmetry-broken quasi-
BIC. Based on this, we propose a BIC-inspired strategy to
tailor light absorption at critical coupling. Taking absorbing
material graphene integrated with the lossless symmetry-
broken dimerized lattice structure deposited atop a DBR as
a model, the manipulation of the broadband or narrow-band
quasi-BIC-governed graphene absorber with perfect absorp-
tion is demonstrated. By simultaneously adjusting the layer
number of graphene and the asymmetry parameter of the
quasi-BIC structure, the absorption bandwidth of the quasi-
BIC-governed perfect absorber can be increased up to 11
times. Meanwhile, by adjusting the position of monolayer
graphene in the quasi-BIC structure, the perfect absorber with
more than two orders of bandwidth decrease can also be
realized. We predict and verify that the absorption bandwidth
at critical coupling is quadratically tailored as a function of
the asymmetry parameter, which essentially arises from the
robust physics of BIC in radiation engineering. The proposed
BIC-inspired strategy shows general applicability in differ-
ent physical implementations of critical coupling systems, in
principle, that atomically thin 2D materials integrated with
various symmetry-broken quasi-BIC structures. This work
therefore would offer a scheme for the development of high-
performance devices with flexibility such as photodetectors,
modulators, and sensors.
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