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Abstract 

In this paper, a broadband tunable terahertz absorber based on tightly coupled 
patterned graphene is designed. The absorber consists of a graphene-dielectric-gold 
structure, and the ultrathin graphene in the top layer adopts a hybrid patterned pattern 
to overcome the defects of low absorption rate and narrow absorption band in a single 
patterned pattern. The impedance matching theory is introduced to effectively illustrate 
the physical mechanism of absorption occurrence. The dynamic modulation of the 
broadband absorption amplitude is achieved by changing the Fermi energy level of 
graphene. In addition, the physical mechanism by which the absorber achieves perfect 
absorption is further explained by observing the surface current distribution of the 
proposed structure. Due to the high symmetry of the top graphene array, the absorber 
still has the ideal absorption effect in a wide range of incidence angles. Therefore, this 
broadband tunable absorber has good prospects for applications in the terahertz range, 
such as modulators, sensors, stealth and optoelectronic switches, etc. 
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1. Introduction 

Metamaterials are some artificially designed composite materials with physical properties that 
natural materials do not possess. The material properties of metamaterials in terms of acoustics, 
electricity, magnetism or optics are determined by both the matrix and the microstructure in 
the matrix, in which the microstructure plays a decisive role. Electromagnetic metamaterials 
are an important application of metamaterials in electromagnetism. With the use of micro and 
nano processing technology, terahertz magnetic metamaterials are also realized in the 
laboratory. Terahertz magnetic metamaterials break through the limits of natural materials and 
obtain magnetic response at high frequencies, which have broad application prospects in many 
fields such as superlenses, absorbers, and invisibility cloaks[1]. 

Terahertz absorber is a functional device with high absorption rate of incident electromagnetic 
waves, which is in demand for applications in wireless security, radar communication, selective 
transceivers, etc. Since natural materials are difficult to achieve perfect absorption in the 
terahertz band, metamaterials have become a research hotspot in this field[2][3][4][5][6]. 
However, the spectral positions and corresponding functions of most absorbers are usually 
fixed and there are not many absorbers that can achieve ultra-broadband absorption, which 
greatly limits their application scenarios[7][8]. Therefore, tunable multifunctional 
metamaterials are ideal for terahertz intelligent systems. 

Graphene is a single layer distribution of carbon atoms in a planar hexagonal lattice and can be 
considered as a two-dimensional structure of graphite[9]. Graphene has greater carrier 
mobility at room temperature, and its carrier concentration can also be controlled by 
electrostatic gating. The absorption properties of graphene can also be modified by dynamically 
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tuning its Fermi energy level. Therefore, graphene has attracted much attention due to its 
unique electrical and optical properties, and has become an important platform for building 
integrated active plasma devices in the wide wavelength range from infrared to terahertz, and 
tunable metamaterial absorbers based on graphene have emerged[10][11][12][13]. In 
practical communication systems, it is important to selectively transmit and receive terahertz 
signals. In electromagnetic radiation interference systems, fast switching of the interference 
band and adjustment of the interference amplitude are also necessary.However, the current 
absorption bandwidth and adjustable range are still some distance away from meeting the 
expectations of practical applications. 

In this paper, a broadband tunable terahertz absorber based on a patterned graphene-
dielectric-metal structure on a super-surface is implemented in the terahertz range. The 
optimal absorption efficiency is achieved by tuning its structuring parameters in simulation 
experiments, with the band width of absorption greater than 90% reaching 0.73 THz and the 
highest absorption rate reaching 98%. By changing the Fermi energy level of graphene, the 
absorption spectrum can be freely tuned so that the absorption peak and band width of the 
absorber can be dynamically changed. And the graphene adopts a mixed pattern combination 
mode to overcome the defect that the conventional absorber can only reach resonance at a 
specific frequency. 

2. Structural design and simulation methods 

The cell structure of the graphene-based terahertz absorber is shown in Figure 1. Obviously, 
the proposed design adopts the classical "sandwich" structure design scheme. The bottom layer 
is a metal reflector layer, which can effectively block the incident terahertz waves. The middle 
layer is an insulating medium of silicon dioxide (SiO2) with a relative permittivity of 3.9 and a 
thickness of ts = 30 um. The top layer is patterned with graphene arrays in a discrete coupled 
external circular and internal cross-shaped structure. As can be seen in Figure 1, the period of 

the absorber in the x and y directions are set to yP and xP ， x yP P .
 
The radius of the outer ring 

of the top outer graphene circle is R，and the radius of the inner ring is r . The inner cross 

pattern has a length of l，and a width of w . The specific values of the structural parameters 

optimized by the simulation software are shown in Table 1. 

Table 1. Structured parameters of the proposed super-surface cell. 

Parameter     gt     st    mt    p    R    r    l     w  

Value/ m      0    30   0.1   73   35  25   18   30 

 

 
Fig. 1. Schematic diagram of the cell structure of the proposed graphene-based terahertz 

absorber. 
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In simulation modeling, graphene is often considered to be a very thin surface in a two-
dimensional material, so it can be modeled as a two-dimensional surface impedance layer. In 
addition, the surface conductivity of graphene  is mainly determined by the angular frequency
w , Fermi energy level fE , relaxation time , and ambient temperatureT . In the terahertz band, 

the surface conductivity of graphene is mainly divided into the intraband conductivity 
contribution and the interband conductivity contribution, expressed as follows： 

interintra                                                                   (1) 

In the target terahertz frequency range, the surface conductivity of graphene depends mainly 
on the in-band conductivity contribution, so the conductivity model of graphene can be 
simplified to the Drude model，described as[14][15]： 
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Here, e  denotes the electronic charge, defined as the approximate Planck constant, and they 
are both constant. It is clear from Eq. (2) that the surface conductivity of graphene changes 
strongly with its Fermi energy level, thus enhancing or weakening the coupling effect of the top 
layer graphene array to the incident terahertz wave and further changing the absorption 
amplitude. For an absorber operating in the terahertz band, the symbol A is usually used to 
denote the absorption rate, T to denote the transmittance, and R to denote the reflectance, so 
the absorption efficiency of the absorber can be expressed as： 

2 2

11 211 1 | | | |A R T S S                                                        (3) 

where 11S denotes the reflection coefficient and 21S denotes the transmission coefficient. The 

absorbance can be calculated by using the post-processing template of the simulation software. 
In the modeling process, the thickness of the metal reflector layer at the bottom of the absorber 
is considered to be larger than the skinning depth of the incident wavelength. Therefore, the 
transmittance of the super-surface can be considered as 0. Bringing 0T into equation (3), the 
absorption efficiency of the proposed device can be obtained as: 

2

111 1 | |A R S                                                                   (4) 

In other words, the device can absorb the incident terahertz wave to the maximum extent when 
the super-surface has the lowest reflection efficiency. In the absorption mechanism of terahertz 
band, the impedance matching theory can be used to quantify the reflection efficiency of the 
absorber. Let the impedance of free space be Z0 and Z1 be the effective impedance of the 
absorber, then the reflectivity can be expressed as： 
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Of which， 1 1 1 0 0 0Z Z    ， .
 
 is the equivalent permeability and   is the equivalent 

permittivity of the unit structure. From the equation (5), it can be seen that when the effective 
impedance of the absorber 1Z is equal to the effective impedance of the free space 0Z , that is, 

when 
0

0

1

1








 ，the effective reflectivity of the structure reaches a minimum value. On the 

other hand, the thickness of the bottom metal reflector layer is greater than the skinning depth 
of the incident wavelength. This means that the absorber is able to absorb the incident terahertz 
wave to the maximum extent, i.e., impedance matching is achieved.        

The proposed model is simulated and calculated by CST Microwave Studio simulation software. 
The proposed structural cell is meshed using the finite element method (FEM). x Linearly 
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polarized terahertz waves are incident vertically along the negative direction of the z-axis. The 
unit cell boundary condition is used in the x and y directions of the device, while the open (add 
space) boundary condition is used in the z direction. 

3. Results and Discussion 

As shown in Fig. 2(a), the absorption, reflection, and transmission spectra of the proposed 
design are obtained using a finite element-based simulation method. It is clear that the 
absorption amplitude is higher than 90% in the broadband frequency range of 1.12-1.92 THz, 
and the bandwidth reaches 0.7 THz. In addition, it can be seen from the figure that the 
reflectance of the model is almost zero and shows a complementary state to the absorption 
curve because the structural parameters meet the impedance matching condition, which 
remains consistent with the theoretical derivation mentioned above. Moreover, because this 
absorber model has an underlying metal plate, the transmittance of the absorber is almost zero, 
which can absorb the energy carried by the incident wave to the maximum extent. To further 
illustrate the physical mechanism of broadband absorption occurrence, we plot the real and 
imaginary parts of the relative impedance of the absorber in the target frequency range in Fig. 
2(b). It can be seen from the figure that the real part of the relative impedance approaches 1 
while the imaginary part approaches 0 for the frequency range in which broadband absorption 
occurs, indicating that the proposed design matches well with the free space, which basically 
corresponds to the simulation results obtained in Fig. 2(a). 

 
Fig. 2. (a) Absorption, reflection and transmission curves of the device for terahertz waves at 

vertical incidence. (b) Relative impedance of the device when perfect absorption occurs, 
including the real and imaginary parts. 

 
Fig. 3. Surface current distribution at the first resonant frequency of 1.29 THz (a) top layer 
and (b) bottom layer. Surface current distribution at the second resonant frequency of 1.73 

THz (c) top layer and (d) bottom layer. 
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In fact, as shown in Fig. 2(a), there are two peaks in the frequency range where the broadband 
absorption occurs, which reach 99.1% and 98.9%, respectively. Therefore, to further 
understand the physical mechanism behind the broadband absorption, we monitored the 
surface current distribution at the frequency point where the peak absorption occurs. As shown 
in Figure 3, the current distributions on the graphene layer and the metal reflector layer of the 
absorber at the resonant frequency are depicted, respectively. As can be seen in Fig. 3(a) and 
Fig. 3(b), the direction of the surface current generated by the graphene layer is top-down at 
the resonant frequency of 1.29 THz, while the flow direction of the surface current generated 
by the coupling of the metal reflector layer is bottom-up. In other words, surface currents with 
opposite flow directions are formed between the top and bottom layers, indicating that the first 
resonant frequency arises from a typical magnetic dipole resonance. On the contrary, at the 
second resonance frequency, the surface currents generated by coupling between the top and 
bottom layers flow in exactly the same direction, indicating that the occurrence of absorption 
originates from the typical electric dipole resonance mode. Thus, broadband absorption arises 
from the superposition of magnetic dipole resonance and electric dipole resonance. 

 
Figure. 4. (a) Effect of Fermi energy level of graphene on the absorption spectrum. (b) Effect of 

different top layer graphene arrays on the absorption spectrum. 

The dynamically tunable properties of the absorption spectrum are verified in Fig. 4(a) without 
changing other structural parameters. The change of the external bias voltage is simulated in 
the simulation by changing the Fermi energy level of graphene. Obviously, when the Fermi 
energy level of graphene gradually decreases from 0.7 eV to 0.1 eV, the bandwidth of the 
absorption curve will gradually decrease and gradually transform to double-band absorption. 
At the same time, the coupling with the incident wave will be gradually weakened due to the 
decrease of the metallicity of graphene. Therefore, the absorption amplitude will gradually 
decrease. In other words, we can achieve the effective modulation of the incident wave by 
changing the Fermi energy level of graphene. To better investigate the absorption mechanism 
of this terahertz absorber, we depict in Fig. 4(b) the absorption curves based on isolated 
graphene rings, isolated cross graphene, and a mixed pattern of both. It can be seen that the 
absorption spectrum shows a broadband response when the mixed pattern is present, 
achieving a perfect absorption efficiency higher than 98% at both frequencies of 1.29 THz and 
1.73 THz. In contrast, when the absorber integrated with isolated cross and ring graphene 
patterns is simulated separately, the absorption efficiencies are below 70%. The above results 
effectively illustrate that the mutually coupled patterned graphene structures can enhance the 
absorption effect. 
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Fig. 5. (a) Effect of incidence angle on absorption spectrum. (b) Effect of different dielectric 

layer thickness on absorption spectrum. 

From the practicality of the super-surface, the effect of obliquely incident terahertz waves on 
the absorption efficiency is simulated in Fig. 5(a). It is clear that the proposed design has a high 
symmetry, so its broadband absorption spectrum has a desirable performance over a wide 
range of incidence angles. Specifically, as the incidence angle gradually increases from 0°to 50°, 
the proposed design has a broadband absorption effect while maintaining an absorption 
efficiency of more than 80%. In addition, as the incident angle increases further, the amplitude 
of the broadband absorption band decreases further and gradually transforms into a double-
band absorption. From the perspective of impedance matching, the effect of the dielectric 
thickness on the absorption efficiency was obtained using simulation software, as shown in Fig. 
5(b). Obviously, as the dielectric layer thickness gradually increases from 28 mm to 32 mm, the 
proposed super-surfaces all achieve the effect of broadband absorption, but the peak 
absorption rate at the second resonant frequency gradually decreases. Moreover, the 
bandwidth with absorption rate greater than 90% appears to become wider and then narrower 
as the thickness of the dielectric layer increases. In other words, when the dielectric thickness 
is 30 mm, the effective impedance of the structure is best matched with the effective impedance 
of the free space. The bandwidth with absorbance greater than 90% reaches 0.74 THz. 

4. Conclusion 

In this paper, a terahertz absorber based on coupled patterned graphene is designed based on 
numerical simulations to achieve a broadband high absorption property in the target frequency 
range. The simulation results show that the absorber has an absorption rate higher than 90% 
in the frequency range of 1.06 THz-1.84 THz when the Fermi energy level of graphene is 0.7 eV. 
By observing the surface current distribution, the mechanism by which the absorber achieves 
high absorption rate is clearly understood. By adjusting the Fermi energy level of graphene, 
dynamic modulation of the broadband absorption amplitude can be achieved. In addition, the 
absorption spectra of top-coupled patterned graphene were verified separately, effectively 
illustrating the design principle of the structure. Moreover, the design can still maintain good 
absorption in a wide range of incidence angles. Based on the above properties, the proposed 
graphene-based terahertz absorber has potential applications in the fields of sensing, imaging, 
and stealth. 
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