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Tailoring the absorption bandwidth of graphene at critical coupling
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The ability to manipulate the absorption bandwidth has enabled a wide range of applications, from narrowband
lasing emission to broadband photodetection. Applying the concept to emerging two-dimensional materials has
the potential to enable breakthroughs in advanced compact photonic and optoelectronic devices. Here we present
a general method for tailoring the absorption bandwidth of graphene via critical coupling in the near-infrared
regime. In a simple two-port resonant structure, dissipative graphene is integrated with a lossless photonic crystal
slab, achieving a significant bandwidth manipulation up to 100 times from ultra-narrowband (<0.50 nm) to
broadband (>50 nm) with a maximum absorption efficiency of 0.5. The modulation mechanism lies in the
intrinsic dependence of bandwidth on the relationship between radiation rate and dissipative loss rate, which is
fulfilled by changing the structure parameters and graphene conductivity. This work offers an effective route to
engineer light-graphene interactions and shows great prospects in designing high-performance graphene-based
devices with enhanced efficiency and flexibility.
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I. INTRODUCTION

Since its successful exfoliation in 2004, two-dimensional
graphene has attracted broad interest owing to its extraordi-
nary electrical and optical properties, spurring the rapid explo-
ration and development in novel photonic and optoelectronic
devices [1]. In the visible and near-infrared range, a major
challenge of graphene-based devices is that light absorption of
undoped monolayer graphene can be as low as 2.3% at normal
incidence stemming from the atomic-scale thickness [2,3],
which severely hinders the quantum efficiency and photore-
sponsivity. On this issue, hybrid configurations with resonant
structures offer myriad strategies to engineer light-graphene
interactions associated with resonance frequency, absorption
efficiency, and bandwidth in a flexible way. Rooted in this un-
derstanding, different methods have been proposed within the
regime by integrating graphene with plasmonic nanoparticles
[4,5], Fabry-Pérot microcavities [6,7], metal gratings [8,9],
one- [10], two- [11,12], and three-dimensional photonic crys-
tals [13], metamaterials and metasurfaces [14,15], showing
the feasibility of various applications, including modulators,
photodetectors, and lasing devices.
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Recently, the concept of critical coupling has been ex-
plored to tailor light-graphene interactions in the visible and
near infrared. The incident light can be maximally absorbed
when the radiation rate of energy out of the resonator equals
the dissipative loss rate in the configuration, which is called
the critical coupling condition. Piper and Fan theoretically
proposed the total absorption of monolayer graphene via
critical coupling to a guided resonance at optical frequencies
and then experimentally demonstrated it [16,17]. Afterwards,
different resonant structures were designed to boost the ab-
sorption efficiency in graphene via the critical coupling con-
dition, and this mechanism also inspired the exploration of ab-
sorption engineering in the whole family of two-dimensional
materials [18–28]. On the other hand, in sharp contrast to
extensive studies on absorption efficiency, little research has
been devoted to the absorption bandwidth in the critical
coupling system. Given the fact that the absorption bandwidth
plays a vital role in practical application scenarios, including
lasing emission [29], color filtering, switching [30,31], light
modulation [32,33], photodetection, and energy harvesting
[34,35], it is clearly of great interest to investigate the band-
width manipulation of graphene in such systems.

In this work, we propose a general method to tailor the
absorption bandwidth of graphene via critical coupling in
the near infrared, using a simple two-port resonant structure
composed of a graphene-covered two-dimensional photonic
crystal slab. Based on the coupled-mode theory (CMT), the
radiation rate and the dissipative loss rate in the system
jointly determine the absorption efficiency and bandwidth.
By adjusting the values of these two rates by tuning struc-
ture parameters and graphene conductivity, we have achieved
bandwidth manipulation from ultra-narrowband (<0.50 nm)
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to broadband (>50 nm). This method demonstrates the large
modulation of absorption bandwidth while maintaining the
efficiency at a theoretical maximum value, which suggests
advantages in efficiency and flexibility of high-performance
graphene-based emitters, detectors, modulators, filters, and
so on.

II. REVIEW OF COUPLED-MODE THEORY

Without the loss of generality, we consider the input-output
behavior of a mirror-symmetric resonator with a single-mode
resonance coupled to two identical ports. Assuming there is
no dissipative loss in the system, the optical behavior can be
described by CMT equations [36–39],

da

dt
= (iω0 − γ )a + DT |s+〉, (1)

|s−〉 = C|s+〉 + Da, (2)

where a is the resonance amplitude of the mode, with |a|2
corresponding to the energy stored in the resonator, ω0 and
γ represent the resonance frequency and radiation rate of
the mode, respectively, |s+〉 = [s1+, s2+]T represents the input
amplitude of plane waves, with |s+|2 equal to the input power
and a similar term for the output, |s−〉 = [s1−, s2−]T , C repre-
sents a 2 × 2 background scattering matrix with reflection and
transmission between the ports in the absence of resonance,
and D gives the coupling constants between the resonance
mode and the ports in the form D = [d1, d2]T . The coeffi-
cients are related by energy conservation and time-reversal
symmetry constraints, and the output amplitude |s−〉 can be
directly described using the scattering matrix S of the system
for externally incident |s+〉,

|s−〉 = S|s+〉 =
[
C + DDT

i(ω − ω0) + γ

]
|s+〉. (3)

For this two-port system with mirror symmetry, the back-
ground scattering matrix takes a special form,

C = exp(iφ)

[
rd itd
itd rd

]
, (4)

where rd and td are the direct reflection and transmission
coefficients, with r2

d + t2
d = 1, and φ is a real constant. Conse-

quently, the scattering matrix S of the system can be deduced
as

S = exp(iφ)

{[
rd itd
itd rd

]

+ γ

i(ω − ω0) + γ

[−(rd ± itd ) ∓(rd ± itd )
∓(rd ± itd ) −(rd ± itd )

]}
. (5)

Here the ± sign represents the even and odd resonance modes.
The intensity reflection coefficient R = |S11|2 and transmis-
sion coefficient T = |S21|2 are derived as

R = r2
d (ω − ω0)2 + t2

d γ 2 ∓ 2rdtd (ω − ω0)γ

(ω − ω0)2 + γ 2
, (6)

T = t2
d (ω − ω0)2 + r2

dγ
2 ± 2rdtd (ω − ω0)γ

(ω − ω0)2 + γ 2
. (7)

Further, we consider the case where the input is incident
from only a single port, with DDT = 2γ and a general time
dependence of a = a0eiωt , the energy stored in the resonator
can be derived from Eqs. (1) and (2),

|a|2 = γ

(ω − ω0)2 + γ 2
. (8)

When a dissipative loss is introduced into such a system
and does not affect the underlying symmetry of the struc-
ture, Eq. (1) can be modified as da/dt = (iω0 − γ − δ)a +
DT |s+〉, where δ is the dissipative loss rate of the system. Then
the stored energy |a|2 can be updated by replacing the term γ 2

in the denominator with (γ + δ)2. As a result, absorption of
the system finally becomes

A = 2δγ

(ω − ω0)2 + (γ + δ)2
. (9)

From the theoretical expressions above, the light absorption
performance of the system is determined by the radiation loss
and the dissipative loss. At the resonance frequency which
determines the position of the absorption spectrum, i.e., ω =
ω0, the absorption is determined by the ratio between γ and δ,

A0 = 2
γ

δ
+ δ

γ
+ 2

, (10)

with a maximum value of A0 = 0.5 when the radiation rate is
equal to the dissipative loss rate γ = δ, satisfying the critical
coupling condition.

In such a system, the transmission and reflection spectrum
exhibits an asymmetric Fano line shape, while the absorption
spectrum shows a symmetric Lorentzian line shape. In gen-
eral, the absorption bandwidth is defined as the full width at
half maximum (FWHM). If the half-maximum absorption A1

occurs at frequency ω1, �FWHM = 2|ω1 − ω0| can be deduced
from Eq. (9),

�FWHM = 2(γ + δ). (11)

Consequently, the bandwidth of the absorption spectrum is
determined by the sum of the radiation rate and loss rate.

III. STRUCTURE DESIGN AND NUMERICAL MODEL

The proposed absorption structure is a two-port system
composed of a monolayer graphene deposited on top of a two-
dimensional photonic crystal slab, as illustrated in Fig. 1. The
photonic crystal slab is made from a sheet of silicon consisting
of a periodic array of cylindrical air holes on a square grid,
which is characterized by lattice period p = 800 nm in both
the x and y directions, thickness h = 100 nm, and air hole ra-
dius initially being set at r = 125 nm. For material modeling,
silicon is selected as the building block owing to its low-loss
feature with a refractive index of n = 3.5, and monolayer
graphene serves as an ultrathin lossy film with controllable
optical surface conductivity. The lossless photonic crystal slab
underneath supports guided resonance with electromagnetic
energy strongly confined within the slab, acting as the leaky
resonator.

The surface conductivity of graphene can be derived by
the random-phase approximation in the local limit, including
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FIG. 1. Schematic of a two-port system with a graphene layer
deposited on a two-dimensional photonic crystal slab.

intraband and interband transitions [40–43],

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
Boltzmann constant, the environment temperature, the re-
duced Planck’s constant, and the incident light frequency,
respectively. τ is the carrier relaxation time and depends on
the carrier mobility μ, the Fermi level EF, and the Fermi
velocity vF with the relationship τ = (μEF)/(ev2

F), where
μ = 10 000 cm2/V s and vF = 1 × 106 m/s are adopted here.
According to Eq. (12), the variations of the graphene conduc-
tivity as a function of incident wavelength and Fermi level are
displayed in Fig. 2. The real part of the graphene conductivity
dramatically decreases once the Fermi level increases from
the Dirac point by half of the photon energy, i.e., EF > h̄ω/2,
because the interband transition is Pauli blocked, leading to
the rapid reducing of graphene dissipative loss. This variation
process can be captured by the steplike behavior in Fig. 2(a).
In contrast, the imaginary part shows a continuous increase
due to the relatively significant intraband transition as the
Fermi level increases in Fig. 2(b). Therefore, the surface con-
ductivity of graphene is subject to the Fermi level EF, offering
the possibility to flexibly tailor the absorption performance of
the system.

FIG. 2. (a) Real part and (b) imaginary part of graphene conduc-
tivity as a function of wavelength and Fermi level.

FIG. 3. (a) Simulated and theoretical reflection spectra and the
corresponding electric field distribution of |Eyz| on the y-z cross-
sectional plane through the center of the air hole for the bare photonic
crystal slab. (b) Contributions of multipole moments, including the
electric dipole (ED), magnetic dipole (MD), electric quadrupole
(EQ), magnetic quadrupole (MQ), and toroidal dipole (TD) to the
far-field radiation of the guided resonance under the Cartesian co-
ordinates. (c) The radiation rate γ of the photonic crystal slab as
a function of air hole radius. (d) The reflection spectra of the bare
photonic crystal slab as a function of incident wavelength and air
hole radius.

The numerical simulations are performed with the finite-
difference time-domain method. In the calculations, a mod-
erate mesh grid is adopted to make a good trade-off be-
tween accuracy, memory requirements, and simulation time.
The plane wave is incident along the −z direction, periodic
boundary conditions are utilized in the x and y directions, and
perfectly matched layer absorbing boundaries are adopted in
the z direction.

IV. TAILORING THE ABSORPTION BANDWIDTH
OF GRAPHENE

A. Dependence of the radiation rate on structure parameters

For a comprehensive understanding of the functionality of
the guided resonance in the structure, the bare silicon photonic
crystal slabs without the top graphene layer are first studied
under normal illumination. It has long been known that the
guided mode in photonic crystal slabs interacts with external
radiation under phase-matched coupling, generating the leaky
guided resonance [44–46]. As Fig. 3(a) shows, the guided
resonance in the bare slab refers to Fano resonance with an
asymmetric line shape, a quasibound state arising from the
coupling of an in-plane discrete guided mode, and continuum
free-space radiation modes [47,48], which are contributed
from multipole moments and can be decomposed under the
Cartesian coordinates in Fig. 3(b). According to Eq. (6),
the theoretical fitting curve of the reflection spectrum based
on CMT matches the simulated result well, and the electric
field distribution reveals that it is the lowest even mode. The
radiation rate of the guided resonance can be obtained as
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γ = 1.95 THz, while the dissipative loss rate is zero due to
the lossless silicon slab here.

Moreover, the external radiation rate γ can be controlled
by the filling fraction r/p associated with the air hole radius
and the period, providing the possibility to tune the optical
response through critical coupling. Here, as the air hole radius
r increases from 50 to 300 nm with the fixed period p =
800 nm, the radiation rate γ increases in Fig. 3(c) because
of the increasing scattering of the guided resonance into the
free space. As a direct consequence, the simulated reflection
spectra exhibit increasing bandwidth across the wavelength
regime of interest, as shown in Fig. 3(d). On the other hand,
the increasing radius r also adjusts the resonance wavelength
to the lower wavelength regions owing to the reducing effec-
tive refractive index of the structure. In principle, the other
parameters, such as period p, thickness h, and the refractive
index n, can also be considered to control γ . It can be inferred
that γ can be adjusted over a wide range by changing these
structure parameters.

B. Narrowing the absorption bandwidth of graphene

When monolayer graphene is integrated into the photonic
crystal slab, it behaves as the only absorption material in the
proposed structure and determines the dissipative loss rate δ of
this two-port system. By simply tuning graphene conductivity,
the dissipative loss rate δ can be varied. As mentioned in
Sec. III, one of the most promising characteristics of graphene
is the dynamically tunable optical surface conductivity associ-
ated with the Fermi level via applying bias voltage, chemical
doping, or optical stimulus. Hence, the absorption bandwidth
of graphene can be manipulated by adjusting the dissipative
rate δ by shifting the Fermi level while maintaining critical
coupling by simultaneously varying the radiation rate γ .
In more detail, δ is supposed to be reduced by decreasing
graphene conductivity with increasing the Fermi level as in
Fig. 2, while γ is simultaneously reduced by decreasing the
air hole radius as in Fig. 3.

Figure 4 illustrates the absorption spectrum of undoped and
doped monolayer graphene with respect to the air hole radius
and incident wavelength. As shown in Fig. 4(a), when the
undoped graphene (with Fermi level EF = 0 eV) is integrated
in the structure, the critical coupling point can be found by
modulation in the two parameters, and the maximum absorp-
tion efficiency of 0.5 is realized for an air hole radius of 125
nm. In Fig. 4(b), the absorption bandwidth of the structure
reaches 9.52 nm. From Eqs. (9) and (11), the theoretical
values of the radiation rate and the dissipative rate are fitted as
γ = δ = 1.95 THz, and the corresponding bandwidth is 9.5
nm, which matches well the simulated result. When graphene
is doped, the Pauli state-blocking effect would become sig-
nificant around 0.4 eV as the Fermi level of graphene further
increases, specifically, the blocking point of the Fermi level
ranges from 0.52 to 0.34 eV, corresponding to the wavelength
regime from 1200 to 1800 nm, which will remarkably reduce
the dissipative loss. Here doped graphene with Fermi levels
of 0.4 and 0.5 eV is taken to show the tunable narrowband
absorption in Figs. 4(c) and 4(e). In these two cases, the
critical coupling occurs by choosing the proper air hole radius
of r = 110 nm and r = 57.5 nm, respectively. As shown in

FIG. 4. Realization of narrowband absorption of graphene via
shifting the Fermi level. (a), (c), and (e) show the absorption spectra
as a function of the incident wavelength and air hole radius, and
(b), (d), and (f) provide the simulated absorption spectra at critical
coupling for monolayer graphene with different Fermi levels of
EF = 0, 0.4, 0.5 eV in the proposed structure.

Figs. 4(d) and 4(f), the absorption bandwidth of graphene
can be narrowed to 5.94 and 0.47 nm. These results indicate
that the narrowband or even ultra-narrowband absorption of
monolayer graphene in the two-port system can be achieved
by simply shifting the Fermi level of graphene at critical
coupling, in turn verifying the bandwidth control from the
relationship between the dissipative loss and radiation rate of
the system.

C. Broadening the absorption bandwidth of graphene

The discussions above demonstrate that the absorption
bandwidth of graphene can be narrowed in a simple way.
On the other hand, how to freely broaden the bandwidth
is another important issue in practical applications, such as
photodetection. According to the tuning strategy, it is expected
that the absorption bandwidth may be broadened by simul-
taneous increases of the dissipative loss rate δ and radiation
rate γ while maintaining the critical coupling condition. It
is interesting that the stacked graphene layers act as isolated
monolayer graphene due to the electrical decoupling, and
herein dissipative loss of graphene shows a linear increase
with the layer number [2,3]. Based on this fact, the increase
of δ could be achieved by increasing the layer number of
graphene. At the same time, the increase of the other parame-
ter, γ , can also be realized by increasing the air hole radius.
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FIG. 5. Realization of broadband absorption of graphene by
changing the layer number. (a), (c), (e), (g), and (i) show the
absorption spectra as a function of incident wavelength and air hole
radius, and (b), (d), (f), (h), and (j) provide the simulated absorption
spectra at critical coupling for graphene with different layer numbers
of N = 1, 2, 3, 5, and 7 in the proposed structure.

In order to investigate the broadband absorption by increas-
ing the layer number of graphene, the absorption spectrum as
a function of wavelength and air hole radius is investigated
and presented in Fig. 5. In the numerical modeling, the rest
of the parameters of the system remain the same as those
in Fig. 4. The layer number of graphene is set to 1, 2, 3,
5, and 7 with the Fermi level fixed as EF = 0 eV. It can be
seen that the bandwidth of graphene absorption continuously

increases as the graphene layer number increases due to the
larger dissipative loss rate δ. Similarly, the critical coupling
points with a maximum absorption efficiency of 0.5 can be
easily found by sweeping the air hole radius r. For example,
the absorption bandwidth of the graphene layer at critical
coupling is 17.69, 27.16, 41.67, and 56.7 nm for a layer
number of 2, 3, 5, and 7 with r = 155, 180, 205, and 225 nm,
respectively. Therefore, the absorption bandwidth of graphene
can be tuned over a wide range in a properly crafted structure,
which essentially provides a promising route for broadband
light-harvesting devices.

V. CONCLUSIONS

In summary, a general method has been proposed to tailor
the absorption bandwidth of graphene at critical coupling
in the near-infrared regime. In the proposed simple two-
port structure, graphene as a dissipative material is incor-
porated with a lossless photonic crystal slab, achieving ma-
nipulation from ultra-narrowband (<0.50 nm) to broadband
(>50 nm) at maximum absorption. The physical mechanism
of the tunable absorption bandwidth is based on the intrinsic
dependence of the bandwidth on the relationship between the
radiation rate and dissipative loss rate, i.e., �FWHM = 2(γ +
δ) at critical coupling condition γ = δ, which is fulfilled by
changing the structure parameter of the photonic crystal slab
and surface conductivity of the graphene layer. By varying
the Fermi level of graphene and the air hole radius, the
narrowband and even ultra-narrowband can be attained over a
bandwidth range from 9.52 to 0.47 nm. Likewise, broadband
absorption at critical coupling is also demonstrated with a
modulation regime from 9.52 to 56.7 nm by increasing the
layer number of graphene. The impressive modulation of
absorption bandwidth in graphene provides a great opportu-
nity to engineer light-graphene interaction in a simple and
robust way and holds great potential for graphene-based opto-
electronic devices, including narrowband light emitters, color
filters, and switching, as well as broadband photodetectors and
energy harvesting devices. Furthermore, our proposed critical
coupling system can also be utilized for active optical devices,
such as light spatial modulators, by simply shifting the Fermi
level of graphene. Finally, the method of tailoring absorption
bandwidth is general, is not limited to graphene, and can be
applied to other lossy two-dimensional materials.
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