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Abstract: In this paper, we propose a tunable, multi-band, selective absorber composed of 
multiple layers. Each layer consisted of SiO2/graphene/SiC, and a layer of silver was used as 
the ground plane of the entire structure. Simulation results show that we can passively and 
actively coordinate the resonant frequency of the perfect absorption peak by changing the 
geometric parameters of the array and the Fermi level of the graphene. The absorber is not 
sensitive to the angle of incidence and the direction of polarization. We propose a theoretical 
basis for the formation of multiple absorption peaks. The theoretical calculations are in good 
agreement with the simulation results. In addition, we simulated the three- and four-layer 
structures. The results show that in the terahertz (THz) band, composite structures of three and 
four layers can obtain three and four perfect absorption peaks, respectively. Our results provide 
new insights into the THz band of harmonizable multi-band absorbers that can be applied to 
THz imaging to coordinate sensors and other optoelectronic devices. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Graphene, a new, two-dimensional material composed of carbon atoms with an atomic 
thickness, has various transmission phenomena unique to two-dimensional Dirac fermions [1] 
and remarkable optical properties [2]. Graphene has a broad absorbable frequency domain, 
which can be extended to THz and microwave regions due to its unique linear 
energy-momentum dispersion relationship [3–5]. Because plasma can control 
sub-wavelength-sized light and propagate on the surface of the material-thereby effectively and 
feasibly implementing nanophotonics-in recent years, surface plasma (SP) research has 
received increasing attention. The SP in graphene can be regarded as a collective oscillation of 
its surface electrons, and a certain energy and momentum are obtained by coupling with other 
energies to propagate on the surface of the material [6–8]. Therefore, utilizing the propagation 
characteristics of graphene SP can have many applications, including plasma-based graphene 
modulators [9–12] and sensors [13–15]. 

An electromagnetic (EM) absorber can disable light propagation channels such as reflection 
and scattering, allowing incident light to be absorbed at the operating frequency. It has great 
potential in many applications, such as solar photovoltaic cells and photo-detectors [16,17]. 
Early EM absorbers were created by W.W Salisbury and J. Jaumann to improve radar 
performance and hide other radar systems that operate primarily in the microwave band 
[18,19]. With the gradual emergence of metamaterials [20,21], the working range of EM 
absorbers has gradually expanded to THz and optical frequencies [22–25]. In 2008, C. M. 
Bingham et al. proposed a multi-resonator metamaterial consisting of one, two, and three 
unique sub-lattices with multi-resonant frequencies in the THz frequency domain [26]. 
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Subsequently, X. Liu et al. proposed a space-dependent, supermaterial, perfect absorber that 
works in the mid-infrared region [27]. However, although some of the structures proposed in 
[28–31] can achieve multi-band absorption in the THz band, there are still some 
limitations-such as low absorption efficiency and an inability to achieve a single coordination 
of a certain resonant frequency. 

In this paper, we propose a novel, multi-band, angle-insensitive selective absorber based on 
graphene. Its structure is composed of two layers. In each layer, a square ring monolayer 
graphene is present between the SiC substrate and the SiO2 coating. There is also a silver 
ground plane that reflects EM waves. We simulated the proposed structure using the 
commercial finite element method (FEM) solver COMSOL Multiphysics. We analyzed the 
physical mechanism of selective absorption using the coupled mode theory (CMT). The 
COMSOL simulation results were in good agreement with the CMT numerical results. The 
results show that we can modulate the resonance frequency of the corresponding absorption 
peak by adjusting a certain layer of graphene separately. We can choose any two perfect 
absorption peaks in a relatively wide THz band by passively adjusting the structural 
parameters. Active coordination of perfect absorption can also be achieved by changing the 
Fermi level. Due to the structure’s high degree of symmetry and the locality of the SP 
resonance, our perfect absorber is insensitive to both the incident angle and the polarization 
direction. 

2. Structure and theoretical analysis 

A three-dimensional structure of a graphene-based selective absorber is proposed in Fig. 1(a). 
The red arrows indicate the incident TM wave. The incident plane is the X-Z plane. The red 
cuboid represents silver with a thickness of d2. The blue and the yellow cuboids represent SiC 
and SiO2 layers respectively. In the THz range, the refractive index of SiC [32] can be 
expressed as n = (7.634 + 3.026 × λ2 /(λ2-175.2))1/2 and the dielectric constant of SiO2 [33] can 
be estimated as εSiO2 = 3.9 by static value. The single-layer graphene between the square rings is 
set to the surface current density in a COMSOL simulation because their thicknesses are too 
small. 

In this paper, we use the Kubo formula to describe the surface conductivity of graphene 
layers [34–36]: 
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where σinter and σintra are expressed as the interband and intraband transition contributions, 
respectively. kB,  and e represent the Boltzmann constant, reduced Plank constant, and electron 

charge, respectively. ω is the angular frequency of the incident radiation, Ef is a graphene Fermi 
energy level, τ is the electron-phonon relaxation time, and T is the ambient temperature. As we 
only consider highly doped graphene, we should take into account that Ef kBT and Ef  ω. 

At this time, the Kubo equation can be simplified to a Drude-like model [37–39]: 
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where Ef is set to 0.8eV, τ = μEf /(ev2 F), μ and v F represent the media carrier mobility and the 
graphene Fermi velocity, respectively. We set μ = 1 × 104cm2V−1s−1 [40,41] and v F = 1 × 
106ms−1. As shown in Fig. 1(a), which simulates the structure of the design, the X-Z plane 
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serves as the incident plane of TM radiative, and the periodic boundary conditions are along the 
X and Y directions. 

 

Fig. 1. (a) Three-dimensional diagram of the proposed structure; (b) Top graphene layer; and (c) 
Bottom graphene layer. 

Figure 2(a) shows the dependence of the absorptance on frequency for the simulation 
structure (black curve), the structure with the bottom graphene layer only (red curve), and the 
structure with the top graphene layer only (blue curve). We have structural parameters for the 
absorber: p = 1000 nm, d = 2000 nm, d1 = 100 nm, d2 = 200 nm, p1 = 940 nm, p2 = 140 nm, p3 = 
680 nm, and p4 = 280 nm. The proposed structure obtained two perfect absorption peaks at 
frequencies of 3.67 THz and 4.68 THz, while the structure with the bottom graphene layer only 
and the structure with the top graphene layer only reached the absorption peak at 3.67 THz and 
4.68 THz, respectively. 

Next, we will briefly explain the contribution of the top and lower graphene to the 
absorption spectrum of the proposed structure from the electric field distribution. Figures 2(b) 
and 2(d) show the electric field distribution of the top graphene and the bottom graphene at 3.67 
THz. We can clearly observe that at an incident frequency of 3.67 THz, the electric field 
strength of the bottom graphene is much stronger than that of the top graphene. This indicates 
that the resonance absorption of the proposed structure at 3.67 THz is mainly due to the bottom 
graphene. Similarly, the electric field distribution of the top graphene and bottom graphene at 
4.68 THz are shown in Figs. 2(c) and 2(e), and it can be clearly seen that the resonance 
absorption of the structure is mainly due to the top graphene. 
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Fig. 2. (a) Absorptance vs. frequency for: (1) the entire simulated structure, (2) the structure with 
bottom graphene layer only (w/o the top layer), and (3) the structure with top graphene layer 
only (w/o the bottom layer); electric field distribution in: (b) and (c) the top graphene layer; and 
(d) and (e) the bottom graphene layer, when exciting at the resonant frequencies of 3.67 THz and 
4.68 THz, respectively. 

Now, we will use CMT to explain in detail the two peaks that appear in the absorption 
spectrum of the proposed structure. As shown in Fig. 3(a), the elements A1 and element A2 are 
considered two resonators that describe the coupling mechanism between the top graphene and 
the bottom graphene. The top graphene and the lower graphene are coupled to the incident light 
to form two absorption spectral modes, and then the two absorption spectral modes are coupled. 
This process can be regarded as the first coupling, as shown in Fig. 3(a). This series of 
processes takes place in Fig. 3(d) C-1. Then, as shown in Fig. 3(b), the coupled EM wave is 
reflected by silver and coupled again with the two layers of graphene. This process can be 
regarded as the second coupling, and the series of processes takes place in Fig. 3(d) C-2. After 
that, the coupled wave will be reflected by the bottommost SiC and silver substrate, and then 
coupled with the two layers of graphene to complete the third coupling, as shown in Fig. 3(c). 
This series of processes is shown in Fig. 3(d) C-3. As the number of times this happens 
increases, the coupling effect deteriorates. Moreover, the calculation process becomes 
increasingly complicated. To simplify the calculation process, we only consider the influence 
of C-1 and C-2 coupling on absorption. In Figs. 3(a)-3(c), “in” and “out” are used to describe 
the incident and outgoing radiation waves in the two modes, and the “+” and “-” are used to 
describe the direction of radiation propagation, where “+” is the direction of propagation of the 
incident wave and “-” is the direction of propagation of the reflected wave. 
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Fig. 3. (a)-(c) Representations of the equivalent CMT model of the simulation structure; (d) 
coupling effect illustrated for the simulation structure, and (e) absorptance vs. frequency 
diagrams obtained by CMT and COMSOL. 

Therefore, the two oscillations mA1 and mA2 coupled for the first time, can be expressed as 
[42,43]: 
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and the two oscillations of the second coupling, mA’ 1 and mA’ 2 can be expressed as: 
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where: rA1(2) = (iω-iω1(2)-γi1(2)-γ o1(2)), rA' 1(2) = (iω-iω' 1(2)-γ' i1(2)- γ' o1(2)), ω is the 
angular frequency of the incident wave, ω1(2) and ω' 1(2) are the radiation mode angular 
frequencies of the first and second coupling, μ12 and μ21 are the radiation mode coupling 
coefficient γ i1(2) = τ-1 i1(2) = ω 1(2)/(2Q i1(2)) and γ' i1(2) = τ'-1 i1(2) = ω' 1(2)/(2Q i1(2)) 
are the dacay rate due to the inherent loss of the first and second coupling, γ o1(2) = τ-1 o1(2) = 
ω 1(2)/(2Q o1(2)) and γ' o1(2) = τ'-1 o1(2) = ω' 1(2)/(2Q o1(2)) are the decay rate due to power 
escaping into outside space in the first and second coupling, and Q i1(2) and Q o1(2) are the 
radiation mode quality factors related to internal loss or diffusion loss, respectively. The 
radiation mode quality factor of internal loss can be obtained through the complex refractive 
index of graphene: Q i1(2) = Re(n eff)/Im(n eff), n eff = β/k 0. Simultaneously, Q t1(2) = 1/Q 
i1(2) + 1/Q o1(2), Q t1(2) = f/Δf is the total quality factor of the radiation mode (where f is the 
resonant frequency and Δf expresses the full width at half of the maximum). 

According to the law of conservation of energy, the two radiation modes satisfy the 
following relationship when first coupled: 

 , ,2 1 1 2
in out i in out iA A e A A eθ θ
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and the two radiation modes satisfy the following relationship when coupled for the second 
time: 
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Because the incident wave is incident in the “+” direction during the first coupling, Ain 2- = 
0; for the same reason, A'in 1 + = 0 in the second coupling. At this point, we can get the 
expression of the transmission coefficient by combining formulas (3)-(8): 
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where 
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Thus, the absorptance can be obtained from Eqs. (9) and (10): 

 
2 2

.1A t r= − −  (12) 

Although we use a simplified CMT model, it is in good agreement with the simulation 
results obtained from the COMSOL model, as shown in Fig. 3(e). 

3. Influences of parameter variations on absorption peak 

In order to explore the absorption properties of the proposed structure, we calculated its 
absorption spectra under different parameters, as seen in Figs. 4(a) and 4(b), which show 
absorption spectra when the widths of the outer and inner rings of the bottom graphene are 
changed. When p1 is increased from 900 nm to 960 nm, the left absorption peak shifts toward 
the low frequency direction, the range of motion is relatively large (from 4.08 THz to 3.33 
THz), and both are perfectly absorbed. When w1 is increased from 760 nm to 840 nm, the left 
absorption peak shifts toward the high frequency direction, the moving range is relatively 
small, and both are perfectly absorbed. In the process of changing p1 and w1, the resonance 
frequency and absorptance of the right absorption peaks remain unchanged. Figures 4(c) and 
4(d) represent absorption spectra when the widths of the outer and inner rings of the top 
graphene are changed. When w2 is increased from 280 nm to 360 nm, the right absorption peak 
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shifts toward the high frequency direction, the movement range is relatively small, and the 
absorption peak slightly decreases, but is still greater than 98%. When w3 is increased from 680 
nm to 760 nm, the right absorption peak shifts toward the high frequency direction, the range of 
motion is relatively large (from 4.42 THz to 4.68 THz), and the absorption peak gradually 
increases to achieve perfect absorption. In the process of changing w2 and w3, the resonance 
frequency and absorptance of the left absorption peaks remain unchanged. Figure 4(e) shows 
the absorption spectrum when changing the media carrier mobility of the graphene. When μ is 
increased from 1 m2/Vs to 1.5 m2/Vs, the peak of the absorption spectrum gradually decreases 
and the frequency corresponding to the absorption peak does not change. 

 

Fig. 4. (a)-(e) Absorption spectra after changing parameters p1, w1, w2, w3 and μ, respectively. 
Only one parameter is changed at a time. The original parameters are p1 = 940 nm, w1 = 800 nm, 
w2 = 320 nm, w3 = 720 nm, μ = 1m2/Vs, p2 = p-w1, p3 = p-w2, p4 = p-w3. 

As shown in Figs. 5(a) and 5(b) are TM wave incidence and TE wave incidence, 
respectively. For TM wave incidence, the absorptance of the proposed structure is insensitive to 
incident angles from 0° to 60°. For TE wave incidence, the absorptance of the proposed 
structure is insensitive to incident angles from 0° to 50°. Even if the incident angle reaches 60°, 
the absorptance is ~90%. This is mainly due to the high symmetry of the proposed structure and 
the resonant locality of the SP. This property, which is insensitive to the angle of incidence and 
the direction of polarization, has many practical applications, upon which it has a large effect. 
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In addition, we also simulated the relationship between the absorption spectrum of the TM 
and TE incident waves, and the Fermi level, as shown in Figs. 6(a) and 6(b). It can be clearly 
seen that the proposed structure is not sensitive to the polarization direction of the incident 
wave, and that the absorption spectrum can be tuned by changing the Fermi level. As the Ef 
increases, for both the TM wave incidence and the TE wave incidence, both absorption peaks 
show a shift towards blue, and the absorptance first increases and then decreases. When Ef = 
0.8eV, perfect absorption can be reached. 

 

Fig. 5. Absorptance as a function of the incident frequency and the incidence angle, where (a) is 
the TM wave incident and (b) is the TE wave incident. 

 

Fig. 6. Absorptance as a function of the incident frequency and Fermi level, where (a) is the TM 
wave incident and (b) is the TE wave incident. 

4. Multi-layer composite structures 

Based on the results of the above simulation, we also explored the absorption spectra of the 
three- and four-layer graphene structure, as shown in Figs. 7 and 8. Figure 7(a) shows a 
structure with SiO2/graphene/SiC added to the original structure. The thicknesses of newly 
added SiC and SiO2 are d1 = 100 nm and d2 = 200 nm, respectively. The newly added graphene 
has an outer ring width of p5 = 580 nm and the inner ring width p6 = 190 nm. Figure 7(b) is the 
absorption spectrum of the three-layer graphene structure. Three independent absorption peaks 
appear. The frequencies corresponding to the absorption peaks are 3.67 THz, 4.75 THz, and 
5.81 THz. Although the second absorption peak does not reach perfect absorption, its 
absorptance is still greater than 98%. The first and third absorption peaks achieve a perfect 
absorption effect. 

Figure 8(a) shows a structure in which a layer of SiC/graphene/SiO2 is further added to the 
structure in Fig. 7(a), wherein the newly added SiC and SiO2 are of thicknesses d1 and d2, 
respectively. The newly added graphene has an outer ring width of p7 = 450 nm. The inner ring 
width is p8 = 120 nm. Figure 8(b), the absorption spectrum of the four-layer graphene structure, 
shows the appearance of four independent high absorption peaks and one small absorption 
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peak. The frequencies corresponding to the absorption peaks are 3.67 THz, 4.73 THz, 5.90 
THz, and 6.94THz, respectively. The absorptance of the fourth of the four highest absorption 
peaks is 98.6% and the remaining absorption peaks are perfectly absorbed. 

 

Fig. 7. (a) Side and top views of a three-layer graphene structure with p, p1, p2, p3, p4 values used. 
(Fig. 1, p5 = 580nm, p6 = 190 nm.) Each layer of graphene is between SiC and SiO2, and (b) 
Absorptance spectrum of the three-layer composite structure. 

 

Fig. 8. (a) Side and top views of a four-layer graphene structure with p, p1, p2, p3, p4 values used. 
(Fig. 1, p5 = 580 nm, p6 = 190 nm, p7 = 450 nm, p8 = 120 nm.) Each layer of graphene is between 
SiC and SiO2. (b) Absorption spectrum of a four-layer composite structure. 

5. Conclusion 

In summary, this paper studied a tunable multi-band perfect absorber in the THz range similar 
to the multi-layer SiO2/graphene/SiC. We can choose any two desired perfect absorption peaks 
in a relatively wide THz band by passively adjusting the structural parameters. It is also 
possible to achieve active coordination of perfect absorption by changing the Fermi level. Due 
to the structure’s high degree of symmetry and the locality of SP resonance, our perfect 
absorber is insensitive to both the incident angle and the polarization direction. We also 
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discussed the absorption characteristics of the three-layer structure and the four-layer structure. 
The simulation results show that up to four perfect absorption peaks can be formed in the THz 
band. Therefore, we can select the perfect absorption and absorption peaks of the frequency we 
want in the THz band according to the situation. This strong absorption, the high degree of 
freedom in selecting the absorption frequency and the diversity of two, three, or four perfect 
absorption peaks at the same time have an inestimable potential for practical applications. 
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