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Graphene is a two-dimensional material with great potential for photodetection and light modulation applications owing 
to its high charge mobility. However, the light absorption of graphene in the near-infrared range is only 2.3%, limiting the 
sensitivity of graphene-based devices. In this study, we propose a graphene perfect absorber based on degenerate critical 
coupling comprising monolayer graphene and hollow silicon Mie resonator array. In particular, the monolayer graphene 
achieves perfect absorption by controlling the period and holes of the Mie resonators. The proposed graphene perfect 
absorber can significantly improve the sensitivity of graphene-based devices. © 2022 Optica Publishing Group

 

 

Graphene with ultra-high charge mobility [1] has great potential for 
applications in high-speed photodetection [2–4] and light modulation 
[5,6]. However, for normal incident light, the absorption of monolayer 
graphene is only 2.3% in the near-infrared (NIR) range [7] due to ultra-
short interaction length, limiting the sensitivity of graphene-based 
devices.  The absorption of graphene can be improved by placing it on 
plasmonic metasurfaces based on localized surface plasmon resonance 
[3,8]. In particular, plasmonic metasurfaces are subwavelength-thick 
thin films composed of artificial nanostructures. Moreover, the electric 
field near plasmonic metasurfaces is enhanced at resonance, improving 
the interaction between light and graphene. However, metals are lossy 
in the NIR range, and a significant fraction of the incident light is 
attenuated by plasmonic metasurfaces. Consequently, the absorption of 
the monolayer graphene is still limited (e.g., 10% [3]). 

Dielectric metasurfaces made of lossless materials support Mie-
type resonant modes, including electric dipole (ED), magnetic 
dipole (MD), and toroidal electric dipole (TED) modes [9–11]. By 
combining graphene with lossless dielectric metasurfaces, 
graphene has the potential to achieve perfect absorption because 
the lossless dielectric metasurfaces do not attenuate the incident 
light. However, for conventional Mie resonators, such as cylindrical, 
cubic, and spherical Mie resonators, the enhanced field at resonance 
is primarily confined to the interior of the Mie resonators [12]. 
Hence, these Mie resonators cannot achieve high absorption of 
graphene.  

The absorption of graphene can be changed by modifying the 
geometry of Mie resonators to control the field distribution and 
radiative loss γ of the resonant modes [9]. The field distribution of 

the resonant modes is related to material loss δ because the 
absorption of graphene is enhanced when the enhanced field 
extends outside the Mie resonators and overlaps with graphene in 
space. Thus, by matching γ with δ (the condition of critical coupling), 
graphene placed on nanodisk Mie resonators based on magnetic 
dipole quasi-bound states in the continuum resonance achieves 
nearly 50% absorption [13]. In previous studies, perfect absorption 
of monolayer dielectric Mie resonators was achieved by degenerate 
critical coupling (DCC) of Mie-type resonant modes [14–17]. We 
hypothesize that this concept applies to combining graphene and 
dielectric Mie resonators.  

In this study, we propose a graphene perfect absorber 
comprising graphene and hollow Mie resonators whose perfect 
absorption relies on the DCC of the TED and MD modes. We show 
that the γ of the TED mode can be tuned by changing the period of 
the Mie resonators. In addition, the hole in the Mie resonators 
provides an additional parameter to tune the peak wavelength of 
the TED mode.  

Fig. 1 shows the cuboid Mie resonator used in this study with 
lengths lx and ly and height h. The cuboid is shaped to be suitable for 
exciting the TED mode because a strong coupling between 
resonators is required to excite the TED mode [18]. In particular, a 
cuboid Mie resonator array enables strong near-field coupling 
between the resonators. We can control the γ of the TED mode by 
varying the period of the cuboid Mie resonators (See Supporting 
Information S1 for a comparison between the cuboid and nanodisk 
Mie resonators). Fig. 1b shows the multipole resonant modes of the 
cuboid Mie resonator in air. The multipole decomposition relies on 
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induced current density in a Cartesian coordinate, which can be 
obtained from electric field distribution [11]. After obtaining the 
electric field distribution of the Mie resonator using a commercial 
3D electromagnetic simulator (Ansys Lumerical FDTD), we 
perform the multipole decomposition based on an open-source 
MATLAB multipole expansion script [19] (see Supporting 
Information S2). The results show that the cuboid Mie resonator 
supports ED, TED, and MD resonant modes. This study does not 
consider higher-order modes, such as electric quadrupole (EQ) and 
magnetic quadrupole (MQ) modes, because the optical response of 
the quadrupole modes cannot be tuned by changing the period of 
the Mie resonators [10].  The ED is located at approximately 2000 
nm. The TED appears at wavelengths shorter than 1900 nm, and 
the MD dominates at 1900 nm. The TED moment in the Cartesian 
coordinate used in this study is the higher-order term of an ED 
moment in a Spherical coordinate system [11,19]. For Mie 
resonator arrays in this study, the ED and TED have only one peak 
in spectra; therefore, there is only one even mode in the DCC system. 
The linewidth of the peak can be adjusted by controlling the 
destructive interference between the ED and TED. 

 

Fig. 1. (a) Schematic of a cuboid silicon Mie resonator in air. (b) Multipole 
decomposition of the silicon Mie resonator with lx = 672 nm, ly = 700 nm, and 
h = 315 nm. The incident electric field is polarized in the x-direction. 
Scattering efficiency is defined as the ratio of the scattering cross-section of 
the cuboid Mie resonator to its geometric cross-section. (c) Schematic of an 
even and an odd mode. 

In this study, perfect absorption of graphene is achieved based on 
the DCC, which can be divided into the degenerate and critical 
coupling. For a mirror-symmetric system (e.g., a dielectric Mie 
resonator in air), an input beam from one port can be considered a 
combination of two pairs of counter-propagating beams with half 
the amplitude of the incident electric field. One pair of beams 
without phase difference can be coupled to even modes (e.g., TED 
mode). The other pair of beams with phase difference can be 
coupled to odd modes (e.g., MD mode). As shown in Fig. 1c, the TED 
is the even mode creating a symmetric electric field distribution in 
the forward and backward directions, while the MD is the odd mode 
creating an asymmetric electric field distribution. Owing to different 
symmetries, the even and odd modes are orthogonal and 
uncoupled [14,15]. Therefore, the two modes can be excited at the 
same wavelength (degenerate in wavelength). The absorption is a 
linear sum of the absorption of the even and odd modes. If γ of the 

even and odd modes matches δ, the modes are critically coupled 
and reach 50% absorption. We can achieve perfect absorption by 
satisfying the conditions of degenerate and critical coupling. Note 
that the wavelengths of the even and odd modes must be far from 
that of other higher-order modes to describe the behavior of the 
two modes with coupled-mode theory (CMT) [15]. The absorption 
equation based on the CMT is shown as follows [15]: 

𝑨𝑨 = 𝟐𝟐𝜸𝜸𝟏𝟏𝜹𝜹𝟏𝟏
(𝝎𝝎−𝝎𝝎𝟏𝟏)𝟐𝟐+(𝜸𝜸𝟏𝟏+𝜹𝜹𝟏𝟏)𝟐𝟐

+ 𝟐𝟐𝜸𝜸𝟐𝟐𝜹𝜹𝟐𝟐
(𝝎𝝎−𝝎𝝎𝟐𝟐)𝟐𝟐+(𝜸𝜸𝟐𝟐+𝜹𝜹𝟐𝟐)𝟐𝟐

, (𝟏𝟏)  

where ω, ω1, and ω2 are the resonant frequencies of the incident 
light, TED, and MD modes, respectively, and γ1, δ1, γ2, and δ2 are the 
radiative and material losses of the TED and MD modes, 
respectively. According to Eq. 1, the absorption becomes unity at the 
resonance satisfying the degenerate (ω = ω1 = ω2) and the critical 
coupling (γ1 = δ1, γ2 = δ2).  

 

Fig. 2. (a) Schematic of a Mie resonator array without graphene. (b) 
Reflection spectral map of the Mie resonator array of lx = 672 nm, ly = 
700 nm, h = 315 nm, px = 810 nm, and py = 800−1200 nm without 
graphene.  The dotted line marks the wavelength of the Rayleigh 
anomaly. Reflection spectra at (c) py = 1200 nm and (d) py = 800 nm. 

We study the collective response of Mie resonator arrays. Fig. 2a 
shows a schematic of the Mie resonator array used for the 
simulation (see Supporting Information S2 for the setting of the 
FDTD simulation). The crystalline silicon Mie resonators with 
period px and py are placed on a quartz substrate. The incident light 
is x-polarized. Therefore, the excited ED is along the x-direction. We 
note that the change in py significantly affects the peak linewidth of 
the ED mode, as shown in Fig. 2b. As py decreases, the peak 
linewidth of the ED mode also decreases. The white dotted line 
indicates the wavelength of the Rayleigh anomaly. Lattice 
resonances occur when the wavelength of the Rayleigh anomaly is 
close to that of the dipole modes [20,21]. However, the TED mode is 
excited by the arrays of the small periods; therefore, the wavelength 
of the Rayleigh anomaly is much smaller than that of the TED mode. 
Hence, we do not consider the Rayleigh anomaly. Fig. 2c shows the 
reflection spectrum of the Mie resonator array with py = 1200 nm. 
The reflection peak at 1945 nm is mainly due to the ED mode. To 
confirm the resonant mode, we plot the field distribution at 1945 
nm in Fig. 3a, 3c, and 3e. Note that the ED induces a circular 
magnetic current loop. Moreover, the interaction between the Mie 



resonators in the y-direction is slightly strong. Hence, we can 
conclude that the ED mode dominates at 1945 nm. 

As py decreases, the interaction of the Mie resonators in the y-
direction is enhanced, and the TED mode is excited, which has a 
radiation pattern similar to that of the ED mode [11,18]. Fig. 2d 
shows the reflection spectrum at py = 800 nm. The reflection peak 
at 1838 nm exhibits a Fano-like spectral feature due to the 
interference of radiation fields between the ED and TED modes [22]. 
The destructive interference of the ED and TED modes can reduce 
γ. In particular, for a single Mie resonator, the destructive 
interference between the radiation of these two modes leads to a 
nonradiative mode, often referred to as an anapole [11,19,23]. Here, 
we call it the TED mode. To confirm the resonant mode, we plot the 
field distribution at 1838 nm in Fig. 3b, 3d, and 3f. Fig. 3f shows a 
strong interaction between the resonators in the y-direction with 
two electric poloidal current loops inside the resonator. Moreover, 
Fig. 3d shows the anti-parallel MDs induced by the electric poloidal 
current loops. Finally, the anti-parallel MDs induce the TED in Fig. 
3b. These field distributions, especially the anti-parallel MDs in Fig. 
3d, are representative characteristics of a low γ TED mode 
[18,22,24,25].  

 

Fig. 3. Field distributions (total fields) of the Mie resonators with lx = 672 
nm, ly = 700 nm, h = 315 nm, px = 810 nm, and py = 800 and 1200 nm. 
Electric field distribution for (a) py = 1200 nm at 1945 nm and (b) py = 
800 nm at 1838 nm. Magnetic field distribution for (c) py = 1200 nm and 
(d) py = 800 nm. Top-view electric field distribution for (e) py = 1200 nm 
and (f) py = 800 nm. 

Subsequently, monolayer graphene is put on the Mie resonator 
array, as shown in Fig. 4a. The monolayer graphene used in this 
simulation is from the build-in material database of Lumerical 
FDTD, which is based on the surface conductivity material model 
[26]. Fig. 4b shows the absorption spectral map of graphene 
absorbers with varying py. For py = 1200 nm, the absorption at 1943 
nm is only 13.3% (γ > δ). If the resonant mode is critically coupled 
(γ = δ), absorption can be 50% [14,15]. As py decreases, γ of the 
resonant mode decreases and becomes close to δ. Hence, the 
absorption of graphene increases. At py = 800 nm, the absorption at 
1840 nm is as high as 46.3% (γ ≈ δ) (see Supporting Information S3 

for the effect of px). We present the optimization of the graphene 
absorber to achieve higher absorption in the following paragraphs. 

 

Fig. 4. (a) Schematic of the Mie resonator array with graphene. (b) 
Absorption spectral map of the Mie resonator arrays of lx = 672 nm, ly = 
700 nm, h = 315 nm, px = 810 nm, and py = 800−1200 nm with 
monolayer graphene. 

The TED and MD modes should degenerate in wavelength to 
achieve perfect absorption based on the DCC. In particular, we can 
use the hollow Mie resonators shown in Fig. 5a to adjust the peak 
wavelength of the TED mode. Fig. 5b shows the reflection spectral 
map of the Mie resonators with the different widths of hole wx and 
wy. As wx and wy increase, the peak wavelength of the TED mode has 
a larger blueshift than that of the MD mode. This is because the TED 
mode is associated with the collective polarization of the Mie 
resonator material. The effect of the appearance of holes is similar 
to that of reducing the length of the Mie resonators. Therefore, the 
peak wavelength of the TED mode is sensitive to the change in the 
wx and wy. However, the MD mode arises from a circular 
displacement current loop, the formation of which requires 
sufficient retardation of the incident electric field by the resonators. 
Hence, the peak wavelength of the MD mode is primarily affected by 
the h of the Mie resonators. Thus, by increasing the width of the 
holes, the peak wavelength of the TED mode can approach that of 
the MD mode. The two modes degenerate in wavelength at wx = wy 
= 210 nm.  

 

Fig. 5. (a) Schematic of the hollow Mie resonators with monolayer 
graphene. (b) Reflection and (c) absorption spectral maps of the hollow 
Mie resonators with lx = 672 nm, ly = 700 nm, wx = wy = 0−250 nm, h = 
315 nm, px = 810 nm, and py = 800 nm. (d) Absorption spectra of the 
hollow Mie resonators of wx = wy = 210 nm with and without graphene. 



Fig. 5c shows the absorption spectral map of the graphene 
absorbers with different wx and wy. For wx = wy = 0 nm, the 
absorption of graphene at 1840 nm is 46.3%. The absorption of 
graphene increases slightly with increasing wx and wy, increasing to 
56% at wx = wy = 100 nm. This result is because the γ approaches δ 
as wx and wy change. However, if wx and wy increase further, the 
absorption of graphene almost disappears. The absorption is only 
5% at wx = wy = 160 nm.  This is because the nearly complete 
destructive interference of the TED and ED modes leads to a non-
radiative TED mode, and the excitation of the TED mode from the 
far field is strongly suppressed. With increasing wx and wy, the 
complete destructive interference is not satisfied. At wx = wy = 210 
nm, the TED mode achieves critical coupling and the TED and MD 
modes degenerate in wavelength. Hence, the graphene achieves 
perfect absorption, as shown in Fig. 5d. If we remove the graphene, 
the absorption of the hollow Mie resonators is close to 0 since silicon 
is lossless in the NIR region. Hence, the monolayer graphene 
absorbs more than 99.6% of the incident light at 1570 nm. We note 
that the Q-factor of the absorption peak at 1570 nm is 
approximately 340, implying a photon lifetime of at least a few 
hundred femtoseconds (fs) in the hollow Mie resonators (see 
Supporting Information S4 for variation of the electric field with 
time). The photon lifetime in the hollow Mie resonators is longer 
than the graphene carrier relaxation time dominated by intraband 
carrier-carrier scattering, demonstrated to be less than 10 fs [27]. 
The ultrafast relaxation allows graphene to absorb light 
continuously. 

Finally, we study the angle-dependent absorption of the 
proposed graphene perfect absorber. For p-polarized incident light, 
the perfect absorber achieves 80% absorption at an incident angle 
of 8° (see Supporting Information S5). The absorption of the perfect 
absorber decreases with increasing incident angle. This is because 
the peak wavelength of the MD mode is angle-dependent [10,20]. At 
an incident angle greater than 8°, the TED and MD modes are not 
degenerate in wavelength. For s-polarized incident light, the 
absorption of the graphene is greater than 80% at an incident angle 
of 14° (see Supporting Information S5). 

In conclusion, we proposed a graphene perfect absorber based 
on the DCC that comprises hollow silicon Mie resonators and 
monolayer graphene (see Supporting Information S6 for 
comparing absorbers). We tuned the γ of the TED mode by varying 
the period of the Mie resonators. The hole of the hollow Mie 
resonators introduces an additional parameter to adjust the peak 
wavelength of the TED mode. Thus, by changing the period and the 
hole of the Mie resonators, the monolayer graphene can achieve 
perfect absorption (99.6%) based on the DCC. Surprisingly, the 
sensitivity to the incident angle of light of the proposed perfect 
absorption is minimal. For p-polarized light with an incident angle 
of 8°, the absorption of graphene exceeds 80 %. For s-polarized light, 
the graphene perfect absorber can absorb 82% of the incident light 
at an incident angle of 14°. The proposed graphene perfect absorber 
has great potential in light modulation, sensing, and photodetection 
applications. In addition to graphene, we believe that the concept of 
the DCC-based perfect absorber can also apply to other lossy 2D 
materials. Hence, our study also provides an excellent platform for 
enhancing light-matter interactions in 2D materials.  
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