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We present a perfect graphene absorber with a compound waveguide grating at the near-infrared. The analytical
approach is mainly based on the coupled leaky mode theory, which turns the design of the absorber to finding out
the required leaky modes supported by the grating structure. Perfect absorption occurs only when the radiative
loss of the leaky mode matches the intrinsic absorption loss, which is also named the critical coupling condition.
Furthermore, we also demonstrate that the critical coupling of the system can be robustly controlled, and the
perfect absorption wavelength can be easily tuned by adjusting the parameters of the compound waveguide
grating.
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Graphene has attracted research interest as a promising
platform in optoelectronics because of its exceptional
electronic and optical properties. Many graphene-
based devices, such as photodetectors[1], modulators[2],
sensors[3], nanoantennas[4], tunable Bragg reflectors[5], and
absorbers[6–8] have been intensively studied in recent years.
However, there are two inherent limitations in monolayer
graphene, which hinder its further application in active
devices. The first one is that the absorption of graphene
is only 2.3% for normal incident light in the infrared wave-
length region[9]. The second one is that monolayer gra-
phene has no spectral selectivity in both the visible and
infrared spectral ranges. At the same time, it is very diffi-
cult to enhance the absorption efficiency of undoped and
unpatterned monolayer graphene across visible to near-
infrared wavelengths (λ < 2 μm) by exciting graphene
plasmons (GPs). Therefore, resonant dielectric structures,
such as photonic crystal slabs[10] and resonant dielectric
gratings[11–13], have become very popular in enhancing light
absorption of graphene in the near-infrared regions due
to their easy fabrication and low transmission loss. Total
absorption in a graphene monolayer at near-infrared has
been recently proposed via concepts of critical coupling
and guided resonance[14,15]. Meanwhile, the physical
mechanism of critical coupling that is giving rise to total
absorption can be explained by the temporal coupled-
mode theory (TCMT)[16,17]. In our previous study, we
achieve total light absorption at the near-infrared wave-
length with graphene strips by using critical coupling,
which is associated with guided resonance of subwave-
length multilayer grating structures[18]. However, the total

absorption is sensitive to the change of the incident
angle. In a recent study, tunable enhanced absorbers with
spectrum selectivity have been presented using the com-
pound grating structure in Ref. [12]. However, the total ab-
sorption was also difficult to be remained with varying
structural parameters (i.e., gap of the compound grating
structure). Physically, the total absorption of a graphene-
based absorber can be achieved near the condition of criti-
cal coupling, at which the external leakage rate is equal to
the intrinsic loss rate. Thus, it is quite necessary to find a
structure that can still realize critical coupling even when a
small variation of the structure parameters is introduced.
That also means that the critical coupling condition can be
robustly controlled. Besides, most of the structures are de-
signed by rigorous coupled wave analysis (RCWA)[19–21]

and finite-difference time-domain (FDTD)[22], which often
rely on heavy computation and a lack of an intuitive rela-
tionship between critical coupling and structural parame-
ters of the resonant structure.

In this work, we theoretically investigate optical absorp-
tion in monolayer graphene, which is covered on the top of
a compound waveguide grating (CWG)[23,24], at normal in-
cidence using critical coupling based on the coupled leaky
mode theory (CLMT) in the telecommunication wave-
length range[25–27]. The CLMT model, which is an intuitive
theoretical model, considers optical absorption as optical
coupling between the incident light wave and leaky modes
of resonant structures. Using this model, the critical cou-
pling of the resonant system with total absorption can
be evaluated with a straightforward relationship between
eigenvalues of the leaky modes and physical features.
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Here, the critical coupling of the resonant system can be
robustly controlled even with the variations of structural
parameters in the CWG structure, such as grating thick-
ness, grating period, and the gap of the compound grating
ridges. These results are valuable in guiding the design
of perfect active devices, including photodetectors and
modulators.
Figure 1 shows a schematic of the proposed graphene-

based absorber and an x–z cross-section plane of the
device. The presented structure consists of a monolayer
graphene, a CWG, and a dielectric Bragg reflector
(DBR) of 4.5 pair Si∕SiO2 layers. Using the DBR as a
back-reflection mirror, the transmission of the TE-
polarized light can be prevented at normal incidence.
The CWG is composed of a silicon slab waveguide layer
and a silicon grating layer with two different grating
ridges in a period, respectively. The structure is finitely
periodic in the x direction and uniform along the y direc-
tion. The key parameters of the device are defined as
follows: the width of the gap between the two grating ridges
is G. The widths of two grating ridges are denoted as W 1

andW 2, respectively. The grating period of the CWG is P,
and the thicknesses of the grating layer and slab waveguide
layer are described as tg and tb, respectively.
To achieve the critical coupling of the graphene-based

absorber, the absorber can be viewed as a single-mode loss-
less resonator. Here, the scattering loss is negligible. Thus,
the absorption efficiency A can be expressed as the follow-
ing equation by using the TCMT model[14]:

AðωÞ ¼ 4δγ
ðω− ω0Þ2 þ ðδþ γÞ2 ; (1)

where the central resonant frequency is ω0, the external
leakage rate is γ, and intrinsic loss rate is δ. We calculate
the optical spectra of the multilayer structure covered
with and without graphene using the RCWA method, re-
spectively. The spectral linewidth of the resonance of the
multilayer structure with graphene gives us δþ γ, while
that of the resonance of the structure without graphene
gives us the external leakage rate γ. In addition, the cen-
tral resonant frequency ω0 of the resonant graphene-based
absorber can be obtained. According to Eq. (1), total
absorption of the resonant system can be achieved at
the resonance when the external leakage rate is equal to
its intrinsic loss rate.

In the remainder of this work, we study the absorber
with the following parameters. The graphene monolayer
has the thickness of t0 ¼ 0.34 nm, and its refractive index
can be expressed as ngra ¼ 3þ j5.446λ∕3[28]. The refractive
indices of Si and SiO2 are chosen as nSi ¼ 3.477 and
nSiO2

¼ 1.45 for the operation wavelength of 1550 nm,
respectively. The thicknesses of the silica and silicon
grating layers are set to be λ0∕4nSi ¼ 112 nm and
3λ0∕4nSiO2

¼ 802 nm, respectively. Therefore, the effec-
tive refractive index of the grating layer covered with
monolayer graphene can be calculated by

neff ¼
nSitg þ nSitb þ ngrat0

tg þ tb þ t0
: (2)

According to Eq. (2), the effective refractive index can
be estimated as neff ¼ nreal þ inimag, where nreal and nimag

are the real and imaginary parts of the refractive index of
the material, respectively.

In order to intuitively understand the physical mecha-
nism of the presented absorber, we focus on investigating
the resonant light absorption in this structure based
on the CLMT model. The eigenvalue of the leaky mode
in the CWG with a DBR mirror can be calculated for such
a resonant structure using the finite-element method
(FEM)[29,30]. In order to fit the resonant wavelength from
RCWA simulation, a small correction is applied to the
real part of the eigenvalue N , which is expressed by
N ¼ N real − iN imag. Intrinsic absorption loss of the mate-
rials and the radiative loss of the leaky mode are then
described as nimag∕nreal and N imag∕N real, respectively.
Therefore, the absorption efficiency A is described by
means of the corrected eigenvalue of the leaky mode as
follows[31]:

AðλÞ ¼ 4N imag∕N real × nimag∕nreal�
nλλ
n0λ0

− 1
�
2 þ ðN imag∕N real þ nimag∕nrealÞ2

; (3)

where nλ and n0 are the refractive index of the materials at
λ and λ0, respectively, and λ0 is the resonant wavelength.
According to Eq. (3), total absorption of the structure can
be achieved by critical coupling at the resonance wave-
length with N imag∕N real approaching nimag∕nreal.

Fig. 1. Schematic of the graphene-based absorber. (a)Monolayer
graphene covered on the top of the CWG with a DBR mirror.
(b) Cross-section of the absorber for TE-polarized light at nor-
mal incidence.
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As an example, the structural parameters of
the absorber are chosen as follows: P ¼ 710 nm,
W 1 ¼ 200 nm, W 2 ¼ 150 nm, G ¼ 25 nm, tg ¼ 220 nm,
and tb ¼ 270 nm. Here, the input light is assumed as
TE polarization under normal incidence. We calculate
the absorption spectrum of the structure using the RCWA
method and obtain its parameters, such as ω0, γ, and δ.
We further compute the eigenvalues of the leaky mode
of the proposed structure under TE polarization using
the FEM. After we make a small correction using the
resonant wavelength from RCWA simulated results, the
eigenvalue of the leaky mode is expressed as a complex
normalized parameter N ¼ 6.9029–0.0034i.
According to Eq. (2), the effective refractive index

can be estimated as neff ¼ 3.4774þ 0.002i at the wave-
length of 1550 nm, which means the absorption loss
nimag∕nreal ¼ 5.75 × 10−4. Using these parameters, we cal-
culated the theoretical absorption spectrum using Eqs. (1)
and (3), respectively. We compared the theoretical results
obtained from the CLMT model with the results from the
RCWA and TCMTmethods, respectively. As a result, the
CLMT calculated results for the absorber is reasonably
consistent with the other two methods. Therefore, the
resonance of the absorber can be excited under the critical
coupling condition at a resonant wavelength of 1550.8 nm
in Fig. 2.
In order to further verify the efficient absorption of the

resonator at normal incidence under TE polarization, we
plot the electric (E)-field distributions at wavelengths of
1550.8 nm (on-resonant) and 1540 nm (off-resonant), as
shown in Figs. 3(a) and 3(b), respectively. We find that
the E-field intensity distribution around the graphene
monolayer in this structure can be significantly enhanced
for the on-resonant wavelength in Fig. 3(a). Obviously,
the resonance of the absorber is excited at the on-resonant
wavelength. In contrast, the resonant cavity is not excited
for the non-resonant wavelength, as is shown in Fig. 3(b).
It means that the critical coupling can be obtained at a
resonant wavelength by means of the optical coupling be-
tween the incident light and its leaky resonance mode.

We further compute the eigenvalues of the TE eigenm-
odes of the proposed structure with different gap G using
FEM. Comparing the resonant wavelength from the
RCWA simulated results, the eigenvalues N are listed
in Table 1. We can see that the resonant frequency ob-
viously decreases with the increase of G. In other words,
the resonant wavelength exhibits a red shift as G in-
creases. As shown in Table 1, the radiative loss of the
leaky mode of each structure increases with the increase
ofG. The spectrum widths will be controlled by changing
the gap G.

Figure 4 shows the absorption spectrum of the proposed
absorber with respect to wavelength and gap G for TE-
polarized light using RCWA. As shown in the figure, a
good absorption still remains in spite of an obvious change
of the gap G. Meanwhile, the resonant wavelength signifi-
cantly increases with an increasing gap G, whereas the

Fig. 2. RCWA simulation result and theoretically calculated
result of the absorption spectrum for TE polarization light at
normal incidence.

Fig. 3. Electric field amplitude distributions of the graphene-
based absorber for TE polarization under normal incidence
at the (a) on-resonant wavelength of 1550.8 nm and (b) off-
resonant wavelength of 1540 nm.

Table 1. Eigenvalues of TE Eigenmodes Corresponding
to Different Gap G

G (nm) Eigenvalue N N imag∕N real

25 6.9029-0.0034i 4.9254 × 10−4

30 6.8774-0.0044i 6.3977 × 10−4

35 6.8530-0.0050i 7.2702 × 10−4

Fig. 4. Absorption spectra in the structure as a function of wave-
length and gap G using RCWA. The remaining parameters are
set to P ¼ 710 nm, W 1 ¼ 200 nm, W 2 ¼ 150 nm, tg ¼ 220 nm,
and tb ¼ 270 nm.
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linewidth of the absorption spectrum increases with the
increase of the gap G. In other words, the critical coupling
is fairly robust for such a resonant system with the chang-
ing of G. Thus, the proposed compound grating structure
plays an important role in controlling the absorption re-
sponse of monolayer graphene at the near-infrared.
Figure 5 shows the absorption spectrum of the structure

with respect to different grating thickness tg and slab
thickness tb for TE-polarized light calculated with the
CLMTmodel. The resonant absorption peak can be tuned
by changing the grating thickness tg and the silicon slab
thickness tb while maintaining G and P. As the grating
thickness increases, the resonant wavelength shows red
shifts, as shown in Fig. 5(a). Similarly, increasing the slab
thickness pushes the resonant wavelength to a long wave-
length, as illustrated in Fig. 5(b). We can see that total
absorption is maintained in spite of significant changes
of the resonant wavelengths while simultaneously and
independently varying grating thickness and silicon slab
thickness. It means that the critical coupling of the reso-
nant system is fairly robust. Meanwhile, the linewidth of
the absorption spectrum of the absorber is significantly
determined by the gap G. This indicates that radiative
loss of the leaky resonance can be sufficiently controlled
by the gap of the CWG structure.
In summary, we have presented a graphene-based per-

fect absorber based on a CWG with a back reflector. The
optical absorption of the graphene-based structure was
studied by the CLMT. Critical coupling of the absorber
can be robustly controlled in spite of the change of its
structure parameters. The proposed absorber has poten-
tial applications in developing high-performance optical
devices, such as photodetectors and modulators.
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