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For an optical absorber, its efficiency and bandwidth determine ultimately its light-collection performance.
A general way to realize the high-efficiency absorption and manipulate the absorption bandwidth is certainly
important and highly desired. In this paper, based on the coupled-mode theory, a general strategy for tailoring
the bandwidth of an absorber (to broaden or narrow it) is presented. A graphene-based absorber integrated with
a lossless resonator is designed, and it is shown that by increasing the layer number of graphene and adjusting
structure parameters, the broadband absorber at critical coupling could be realized. Meanwhile, by adjusting
the location of graphene in the structure, an ultra-narrow-band absorber could also be realized. Present work of
controlling both efficiency and bandwidth of an absorber would be particularly favorable for applications in light
harvesting, light emitting devices, and optical modulators.
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I. INTRODUCTION

The efficiency and bandwidth of an absorbing material play
a vital role in practical applications, such as photothermal ma-
terial [1–3] and a photovoltaic device [4–6]. Recently, critical
coupling has attracted much interest because of the possibility
to enhance the light absorption [7]. It is believed that the
maximum and even perfect absorption could be realized if
γa = γr , where γa is absorption rate of the absorbing material
and γr is radiation rate of the photonic resonator. Various res-
onator structures, such as a photonic crystal (PhC) slab [8–11],
metamaterial and metasurface [12,13], plasmonic structure
[14–17], or dielectric waveguide [18–20] were designed and
utilized. However, many works exploiting a single resonator to
realize critical coupling, focused on the absorption efficiency
and payed little attention to the bandwidth of the absorption.
For broadband absorbers, the method of multimode resonators
was preferentially employed [21,22]. To realize narrow-band
absorption, the high-Q (quality factor) mode was often used
[23,24]. These works concerned mainly the detailed structure
parameters, obviously a simple and generic physical picture to
manipulate the absorption bandwidth freely would be attrac-
tive.

In this paper, a general strategy for tailoring the bandwidth
of an absorber with high efficiency is presented. Based on
the coupled-mode theory (CMT) [25,26], a generic formula
is derived to show that the absorption efficiency and espe-
cially the bandwidth of an absorber are mainly determined
by the relationship between γa and γr of a resonator. For
optimal absorption efficiency, i.e., critical coupling γa = γr is
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satisfied, the larger (smaller) γa + γr is, the wider (narrower)
the absorption bandwidth will be and vice versa. From such
analysis, both γr and γa need to be simultaneously adjusted
over a wide range. To adjust γr , the lossless PhC slab is con-
sidered. It is shown that, by adjusting the structure parameters,
such as the filling fraction and the slab thickness, γr can be
varied as wide as two orders of magnitude. Meanwhile, it is
also shown that γa can be adjusted by changing the amount
of the absorbing material and its location in the resonance
structure as wide as two orders of magnitude. Thus, the
absorption bandwidth of an absorber can be tailored whereas
the absorption efficiency could be maintained at a maximum
value. Possibly, this paper presented would open up a new
path to design the advanced photodetectors and modulators.

II. THEORETICAL ANALYSIS

Consider a single-mode optical resonator as shown in
Fig. 1(a), whose optical behavior with amplitude a of the
resonance mode coupled with m ports can be described by
a CMT equation [25,26],

da

dt
= −iω0a − γra − γaa + DT S+, (1)

S− = CS+ + aD. (2)

where the vectors S+ = (S1+, S2+, . . . , Sm+)T , S− =
(S1−, S2−, . . . , Sm−)T , and D are the amplitude of the
flux of incoming and outgoing plane waves through each port
and the coupling coefficient to all ports, respectively. The
scattering matrix C describes the direct transmission between
incoming and outgoing waves. As shown before, γr is the
radiation coupling rate of the resonance mode, and γa is the
intrinsic absorption rate of the system.
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FIG. 1. (a) Schematic of an optical resonator system coupled
with m free-space ports. The arrows indicate the incoming and
outgoing waves. (b)–(d) Three key parameters describing absorption
performance of a resonance absorber, (b) resonance frequency ω0,
(c) intensity, and (d) bandwidth of absorption. ω0 is determined by
the resonance mode the resonantor could support. The absorption
intensity and bandwidth are determined by two rates, absorption rate
γa and radiation rate γr . The ratio γa/γr and sum γa + γr determine
absorption intensity and bandwidth, respectively.

Suppose, for the resonance mode a = a0e−iωt , Eq. (1) gives

a = DT S+
−i(ω − ω0) + (γr + γa)

. (3)

Due to energy conservation and reciprocal theorem, D+D =
2γr and CD∗ = −D. Therefore, DT = i(

√
γ1,

√
γ2, . . . ,

√
γm)

and
∑m

j=1 γ j = 2γr , where γ j is the coupling constant of port
j. Light absorption of this system can be derived as

A = S∗
+S+ − S∗

−S−
S∗+S+

= 2γaa∗a

S∗+S+

= 2γaγ j

(ω − ω0)2 + (γa + γs)2
. (4)

Assume the resonance mode coupled to each of the m ports
with the same rate γ j, γ j = 2γr/m, and the absorption can be
rewritten as

A = 4

m

γaγr

(ω − ω0)2 + (γa + γr )2
. (5)

It is clear that the absorption peak of value A0 occurs at the
resonant frequency ω0,

A0 = 4

m

γaγr

(γa + γs)2
= 4

m

1
γa

γs
+ γs

γa
+ 2

. (6)

The absorption intensity or efficiency is determined by the
ratio between γa and γr . When the absorption rate is equal
to the radiation rate γa = γr , namely, critical coupling, the
absorption reaches its maximum,

Amax = 1

m
. (7)

That is, the maximum absorption efficiency Amax of a single
optical resonator is closely related to its port numbers. For a
given resonator, the port number is known, and then, Amax can
be determined.

Moreover, from Eq. (5), the absorption shows the symmet-
ric Lorentzian line shape. The absorption bandwidth �FWHM is

defined as the full width at half maximum (FWHM). Suppose
the half maximum absorption A1 occurs at frequency ω1, it has

A1 = 4

m

γaγr

(ω1 − ω0)2 + (γa + γr )2
. (8)

From �FWHM = 2(ω1 − ω0) and A0 = 2A1, the absorption
bandwidth can be easily obtained as

�FWHM = 2(γa + γr ). (9)

From Eqs. (5), (6), and (9), it can be seen that the absorp-
tion performance of a system given is determined by three
parameters ω0, γa, and γr . The resonance frequency ω0 deter-
mines the working frequency of a device and is determined by
the resonance mode the system could support [Fig. 1(b)]. The
absorption intensity represents the working efficiency of the
system and is related to the ratio between γa and γr (γa/γr )
[Fig. 1(c)]. At the resonance frequency, the intensity reaches
its maximum value if the critical coupling condition γa = γr

is satisfied. The bandwidth is also an important parameter
for a real device for optical signal processing and sensing
applications. Equation (9) shows the absorption bandwidth
is just twice the total damping rate γa + γr [Fig. 1(d)]. This
shows that adjusting the total rate can manipulate the absorp-
tion bandwidth. With simultaneous adjustment of γa and γr at
critical coupling, controllable bandwidth of absorption can be
realized. Therefore, it is realistic to manipulate the absorption
bandwidth with high efficiency.

Next, as a model structure the absorbing material graphene
integrated with lossless PhC slab is presented (another case
that graphene-based absorber integrated with all-dielectric
metamaterial is shown in the Supplemental Material [27],
which includes Ref. [28].). This system has two ports (m = 2)
and Amax is 50%. It will be shown how to change the structural
parameters to adjust γr and γa and how to tailor the absorption
bandwidth of an absorber.

III. REALIZATION OF A BROADBAND ABSORBER

γr of a resonator is one of the most important parameters,
its range is directly related to the manipulation of the absorp-
tion bandwidth. γr is determined by the optical mode of a
resonator and its structure parameters. In the present paper,
the lossless PhC slab is adopted as the resonator. Due to the
scattering of a periodic structure, guided modes in a high-
refractive-index slab couple to the external radiation, forming
leaky guided resonances [29]. Figure 2(a) shows a schematic
of the investigated Si3N4 PhC slab. Simulation results are
obtained by using two-dimensional rigorous coupled-wave
analysis (diffract mode, RSOFT). The refractive index of Si3N4

is set as n = 2. Although the thickness h of the slab and
the periodicity p of the structure are fixed as h = 100 and
p = 500 nm, respectively, the filling fraction d/p is changed,
where d is the diameter of the air hole. Figure 2(b) shows the
simulated refection spectra at normal incidence as a function
of wavelength and filling fraction represented by the diameter
of the air hole. It can be seen that the bandwidth of the
reflection spectra of all resonance modes first increases and
then decreases with increasing filling fraction.

Here, only the lowest-order guided resonance among
600–700 nm wavelengths is considered. From both the
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FIG. 2. (a) Schematic of a Si3N4 PhC slab which is a square
lattice at each lattice point located one cylindrical air hole. (b) The
reflection spectra as a function of wavelength and filling fraction
represented by the diameter of the air hole at normal incidence.
(c) shows the distribution of |E |2 on the x-z cross-sectional plane
through the center of air hole where the diameter of the air hole is
d = 200 nm. The scale bar is 200 nm. (d) The reflection spectra of
the PhC slab with p = 500, h = 100, and d = 200 nm. The CMT
results (dashed red curve) agree excellently with the simulation (solid
black curve). (e) γr of the resonance guided mode as a function of air
hole diameter for different thicknesses of the slab.

electric-field distribution of the simulation [Fig. 2(c)] and
the CMT, this lowest-order resonance mode is an even (TE-
like) mode. γr can be obtained by fitting transmission and
reflection spectra near a guided resonance with the CMT [30].

Figure 2(d) shows the reflection spectrum for d = 200 nm
and γr = 0.019 × 1014 s−1. It can be seen that the theory
agrees excellently with the simulation result. As shown in
Fig. 2(e), γr of the guided resonance exists as a maximum
value. This phenomenon is understandable. For the ultrasmall
filling fraction, i.e., for the short diameter of the air hole,
the slab is more like a uniform Si3N4 film. The ability of
the periodic structure to scatter guided resonance into the
free space is weakened, resulting in a longer decay time for
guided resonance and low γr . In the extreme case where the
filling fraction is zero, the guided resonance is entirely trapped
inside the slab, and γr would be 0. On the other hand, for
the ultralarge filling fraction, i.e., for the big air holes, the
slab seems like the air film. The low index-contrast slab could
hardly support the guided mode, also resulting in a low γr .
Thus, there must be a maximum γr within.

Other parameters, such as the thickness h, refractive index
n of the slab, as well as different periodic structures are also
considered to adjust γr . Here, the case with changing h is
given. As shown in Fig. 2(d), for a fixed periodicity of p =
500 nm, the maximum γr can be further increased by one-
third of the case of d = 100 nm by adjusting h. Therefore,
in principle, by adjusting structure parameters or select other
modes, γr could be adjusted over a wide range.

To realize broadband absorber with optimal efficiency,
based on the above analysis, it needs to increase γa and satisfy
the condition γa = γr . Increasing the amount of the absorbing
material is an effective way to increasing γa, and in the
present paper, it is performed by increasing layer numbers L
of graphene. As shown schematically in the inset of Fig. 3(a),
the graphene is intercalated at the center plane of the PhC slab.
The graphene thickness and its optical constants are set as
the same as Ref. [31]. From Figs. 3(a)–3(e), L is 1, 2, 4, 7,
and 8, respectively. On one hand, the absorption efficiency of

FIG. 3. (a)–(e) Upper black curves correspond to the graphene absorption for different layers at the critical coupling condition, and the
lower panels show absorption spectra as a function of wavelength and filling fraction. Critical coupling points are marked by arrows. From
(a)–(e), the layer numbers of graphene are increased as 1, 2, 4, 7, and 8, respectively. The red curves show the absorption of bare graphene
with different layer numbers. The inset in (a): schematic of graphene located at the center plane of the slab. The inset in (e): detailed maximum
absorption of graphene for eight (black curve), nine (red curve), and ten (blue curve) layers. For the PhC slab, p = 500 and h = 100 nm.
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FIG. 4. (a) Absorption of graphene with different layers versus normalized resonance wavelength. Solid black, green, red, and blue curves
represent the absorption of graphene with one, three, six, and eight layers, respectively, whereas dashed blue, black, and red curves in the inset
(a) represent eight-, nine-, and ten-layer graphene, respectively. (b) Absorption efficiency of a two-port absorber at resonance wavelength as a
function of absorption rate γa and radiation rate γr . Hollow dots represent γa and γr of the graphene-based absorber integrated with the PhC
slab for different layers of graphene. The arrow shows the increasing trend of graphene layers. Parameters of the PhC slab are the same as
those shown in Fig. 3.

bare graphene without the PhC slab is proportional to L (red
curves), far below Amax. Combined with the PhC slab results
in a remarkable increase in the graphene absorption efficiency,
even approaching Amax, i.e., critical coupling. The critical
coupling points (where the arrow marks in Fig. 3) for different
L’s can be easily found by changing the filling fraction. On the
other hand, it can be found that the absorption bandwidth of
graphene combined with the PhC slab continuously increases
with L [panels (a)–(e)]. Specifically, the absorption bandwidth
of monolayer graphene at critical coupling is only around 10
nm [Fig. 3(a)]. As shown in [Figs. 3(a)–3(e)], the absorp-
tion bandwidth at critical coupling is significantly increased
with L. The maximum L of graphene that critical coupling
still could be satisfied is 8 [Fig. 3(e)], and the absorption
bandwidth is increased up to 11 times that of the monolayer
graphene case. Further increasing graphene layers (L > 8),
even though the absorption efficiency would drop down [the
inset in Fig. 3(e)], the absorption bandwidth can be further
increased. Additionally, in some cases, there will be two

filling fractions satisfying the critical coupling condition. As
seen in Fig. 3(d), it is at d = 387.5 nm (black solid curve) and
480 nm (black dashed curve) for seven-layer graphene, but the
absorption bandwidth of the two is almost the same.

Figure 4(a) summarizes the results shown in Fig. 3 and
shows the absorption at critical coupling as a function of nor-
malized resonance wavelength. It can be found that, at critical
coupling, the bandwidth of graphene can be sufficiently in-
creased with layers. Figure 4(b) shows γa and γr as a function
of L, which can be obtained by fitting absorption spectrum
via the CMT. The arrow shows the trend of increasing layers
of graphene. From one- to eight-layer graphene, both rates
are manipulated along the line of the critical coupling and
the direction of the increasing total damping rate γa + γr [see
Fig. 4(b)]. When increasing to nine-layer graphene γa > γr ,
the absorber evolves into the overcoupling regime, but γa +
γr is continuously increased. The absorption efficiency as a
function of γa and γr is also shown on a contour. Even though
γa and γr deviate from the critical coupling condition for

FIG. 5. (a) and (b) show the narrow-band and ultra-narrow-band absorptions of monolayer graphene at two different locations versus the
wavelength for the odd mode, respectively. One is at 20 nm outside the boundary of the slab (a) whereas another is at the center plane of the
slab (b). The insets in (a) and (b) are schematic cross-sectional views of the graphene-based absorber integrated with the PhC slab. (c) shows
the distribution of |E |2 at the resonance wavelength 561.66 nm on the x-z cross-sectional plane passing through the center of the air hole for
d = 200 nm. The scale bar is 100 nm.
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FIG. 6. (a) and (b) show the narrow-band and ultra-narrow-band absorptions of monolayer graphene located at 100 and 200 nm outside
the boundary of the slab versus the wavelength for the even mode, respectively. The insets in (a) and (b) are schematic cross-sectional views
of the graphene-based absorber integrated with the PhC slab. (c) γa and filling fraction of the PhC slab at critical coupling as a function of the
distance of graphene away from the center plane of the slab.

L > 8, the absorption efficiency is still nearly 50% [inset in
Fig. 4(a)]. This implies that there are wide ranges of tunability
in optimized graphene-based optical absorbers, and the light
harvesting materials with high performance could be realized.

IV. REALIZATION OF NARROW-BAND AND
ULTRA-NARROW-BAND ABSORBERS

The discussion above is focused on how to broaden the
bandwidth of an absorber with high efficiency. In fact, the
narrow-band and ultra-narrow-band absorbers also have their
valuable applications for selective band-stop filters [32] and
active plasmonic switching [33]. In the following, a quite
simple method to narrow down the bandwidth freely is pro-
posed and even an ultra-narrow-band absorber could be re-
alized. According to the theory presented above, in order to
achieve narrow-band absorption, simultaneous reduction of
γa + γr is required under the condition of critical coupling.
From the above results, the narrowest absorption bandwidth
at critical coupling based on the TE-like mode is about 10
nm for monolayer graphene. To further decrease bandwidth,
intuitionally thinking, the higher-Q mode with lower γr would
be helpful. However, if γa remains unchanged, it would lead
to the mismatch with γr and certainly depress the absorption
performance. Interestingly, it is found that γa of the absorbing
material is not only determined by its intrinsic absorption
coefficient, but also closely related to the field distribution of
the resonance mode and the location of the graphene in the
resonator.

The narrow-band resonance guided mode around wave-
length 500 nm as shown in Fig. 2(b) is first considered.
Figure 5(c) shows the distribution of |E |2 at the resonances
on the x-z cross-sectional plane passing through the center
of the air hole. The odd resonance (TM-like) in Fig. 5(c)
has a nodal plane along the center plane of the PhC slab
and stores more energy outside the slab. Figure 5 shows the
critical coupling results of monolayer graphene located in two
different locations. One is at 20 nm outside the boundary of
the slab (area of higher-field intensity) [Fig. 5(a)] whereas
another is at the center plane of the slab (area of lower-
field intensity) [Fig. 5(b)]. Obviously, at critical coupling, the
bandwidth of the latter is less than the former. This means
far away from the high-field intensity area, less light coupled
to the resonator could be absorbed by absorbing material,

leading to effectively lower γa. As shown in Fig. 5(b), the
narrow bandwidth could be reached as 0.2 nm.

The even resonance (TE-like) mode can also be used to
realize the narrow-band absorber. Contrary to the distribution
of the odd resonance mode, the even mode shown in Fig. 2(c)
has an antinode, and more energy is stored inside the slab. Ac-
cording to the theory presented above, the farther away from
the high-field intensity area, the lower γa and the narrower
the bandwidth will be. In Fig. 6(a), compared to the result
in Fig. 3(a), the bandwidth of graphene at 100 nm outside
the boundary of the slab is only around 0.9 nm. Farther, as
200 nm away from the slab boundary where the electric field
becomes weaker, the bandwidth could be further decreased to
0.14 nm. γa and the filling fraction of the PhC slab at critical
coupling as a function of the distance of graphene away from
the center plane of the slab are also plotted in Fig. 6(c). It
should be noted that, because γr of the PhC slab could be
as low as 0, the absorption bandwidth could be infinitely
narrow. This corresponds to the location of the absorbing
material in the ultra-weak-field area. Moreover, according to
Kirchhoff’s reciprocity, the structure’s emissivity equates to
its absorptivity, this method would also have possible potential
applications in selective narrow-band emitters.

V. CONCLUSION

In conclusion, based on the CMT, the key parameters
determining absorption performance of an optical absorber
have been derived, especially for efficiency and bandwidth.
For optimal absorption efficiency, i.e., under the condition of
critical coupling γa = γr , the larger (smaller) γa + γr is, the
wider (narrower) the absorption bandwidth will be and vice
versa. This generic theory can facilitate the design of tailoring
the bandwidth of an absorber with high efficiency. Taking
absorbing material graphene integrated with the lossless PhC
slab as a model, manipulation of the broadband or narrow-
band absorber at critical coupling has been demonstrated.
By increasing the layer number of graphene and adjust-
ing structure parameters, an optimal-efficiency absorber with
11 times bandwidth increase could be realized. Meanwhile,
by adjusting the location of graphene in the structure, the
ultra-narrow-band absorber at critical coupling has also been
demonstrated. In principle, the absorption bandwidth could
be nearly infinitely narrow. This paper would be valuable for
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applications in light harvesting and emitting devices, optical
modulators, filters, and so on.
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