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Abstract—We present a broadband terahertz metamaterial 

absorber, of which the unit cell is made up of two cirular split 

rings, a dielectric substrate and a metallic ground. The 

simulation results show that the absorber achieves a broadband 

absorption from 0.85THz to 1.926THz with the absorptivity 

beyond 90% at normal incidence, and the bandwidth is 

1.076THz which is 77.52% with respect to the central frequency. 

The broadband and high absorption is mainly resulted from the 

strong electromagnetic resonance and overlapping of resonant 

frequencies. Moreover, the proposed absorber has a property of 

wide angle absorptivity for both TE and TM polarizations, and 

thus can play an important role in terahertz imaging, detecting 

and stealthy technology.  

 
Index Terms—terahertz; metamaterial; broadband 

absorption; split ring 

 

I. INTRODUCTION 

In recent years, metamaterials have attracted increasing 

attentions due to their exotic electromagnetic properties that 

are unavailable in nature, such as negative refractive index[1], 

invisibility[2], perfect lensing[3], and perfect absorbing[4]. 

Because of those novel properties, many devices[5-7] based 

on metamaterials have been demonstrated. One burgeoning 

branch of the practical devices is metamaterial absorber, 

which can achieve a nearly perfect absorption at the 

resonance frequencies. The first perfect metamaterial 

absorber was demonstrated by Landy et al[8] in 2008.The 

absorber with a classic sandwiched structure composed of a 

split ring resonator, a dielectric substrate, and a metallic cut 

wire achieved its peak absorption of 88% at 11.5GHz. Since 

then, a great number of metamaterial absorbers have been 

proposed in different frequency ranges including 

microwaves[9-10], terahertz[11-12], visible and infrared 

bands[13-14]. Due to the remarkable advantages of near unity 

absorption, ultra-thin thickness and tunability, metamaterial 

absorbers have many potential applications in 

micro-bolometer, spectral imaging, photodetector and solar 

cells. However, most of the reported absorbers have common 

drawbacks of single working frequency and narrow 

absorption bandwidth, which greatly limits their practical 

applications. In order to solve the problem, dual-band[15-17], 

multi-band[18-20] and broadband[21-22] absorbers were 

demonstrated in the past few years. Especially in the cases 

such as broadband sensor and modulator, micro-bolometer, 

broadband antireflection coatings, absorbers with broadband 

width are required. Generally, there are two major methods to 

expand the absorption bandwidth: one effective method is 

vertically stacking multiple metal-dielectric layers[23-25], 

another approach is to form a coplanar structure consisted of 

multiple resonators of different sizes[4,26]. However, with 

the increasing of metal-dielectric layers, the first method 

requires strict processing, and the fabrication may become 

inconvenient and time-consuming. The second method has 

the disadvantages of large unit size and limited working 

frequency. So, when pursuing the large absorption bandwidth, 

many researchers also devote to designing simpler structures. 

Recently, Bhattacharyya et al[27-28] presented a simple 

structured metamaterial absorber which achieves an octave 

bandwidth in the microwave range. Their studies show great 

significance in the structure design of metamaterial absorber. 

In this paper, different from the two methods mentioned 

above, we present a simple structured metamaterial absorber 

of three layers composed of double circular split rings and a 

grounded metallic film separated by a dielectric substrate. 

The simulation results exhibit a broadband absorption from 

0.85THz to 1.926THz with the absorptivity beyond 90% at 

normal incidence, and the bandwidth is 1.076THz which is 

77.52% with respect to the central frequency. The high 

absorptivity can also be achieved at wide incidence angles for 

both TE and TM waves. To illustrate the absorption 

mechanism, the surface current distributions, energy density 

of electric field and energy density of magnetic field are 

introduced. Furthermore, the concept of the presented 

absorber can also be applied to a double square split rings 

structure and can be scaled up to work at microwave 

frequency regimes. Thus, the idea of the presented absorber 

provides us more flexible structures and wider working 

frequencies. 

II. STRUCTURE AND DESIGN 

The current paper presented a perfect metamaterial 

broadband absorber working at terahertz regime. The 

structural schematic diagram of the absorber unit cell and the 

direction of incident wave are illustrated in Fig.1. The unit 

cell is a classic three layered structure composed of two 

double splits circular rings and a metallic continuous film 

separated by a dielectric substrate. The repeat period is 

P=Px=Py=70μm，the radii of circular rings are r1=30μm, 

r2=27μm, r3=16μm, r4=13μm, and the gap of the split ring 

w=w1=w2 is set to be 4μm. The presented absorber was 

simulated and optimized based on the commercial finite 

difference time domain (FDTD) solver CST Microwave 

Studio 2012, where we set unit cell boundary condition along 
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the lateral directions and open(add space) boundary condition 

along the z-direction. In our simulation, the double splits 

circular rings and metallic continuous film were made of 

lossy gold with a conductivity of σ =4.56×107S/m and a 

thickness of 0.4μm. The dielectric material was typical lossy 

polyimide with a dielectric constant of ε=3(1+i0.06)[29] and 

a thickness of 26μm. The absorptivity A(ω) can be obtained 

by[30] A(ω)=1-R(ω)-T(ω), where R(ω) represents the 

reflectivity, T(ω) represents the transmissivity. Because of the 

existence of bottom continuous metallic film, the 

transmissivity is zero, and the absorptivity can be expressed 

as A(ω)=1- R(ω). 

 
Fig. 1.  Schematic diagram of the proposed metamaterial absorber unit cell 

III. SIMULATION RESULTS AND DISCUSSION 

The simulation results of the absorption curves are 

depicted in Fig.2. As shown in Fig.2, a broadband absorption 

from 0.85THz to 1.926THz with the absorptivity beyond 90% 

for both TE and TM waves is achieved. In Fig.2, TE and TM 

waves get exactly the same absorption curve, and it is mainly 

due to the symmetry of the absorber structure. Then we 

extract the effective permittivity, effective permeability and 

effective impedance of the current design via inversion of S 

parameters[31] as shown in Fig.3 and Table 1. In Fig.3(c), it 

can be observed that from 0.85THz to 1.926THz, the real part 

of the effective impedance is closely near unity(Re(z)≈1) 

which indicates matching to the free space, and the imaginary 

part is close to zero(Im(z) ≈0). The derived effective 

impedance shows a great agreement with the absorptivity. 

Table 1 shows the calculated data at the three peak 

absorptions. The real part of permeability is negative, which 

indicates a realization of magnetic metamaterial[32]. And 

from the equation /z   [33], we find that the 

calculated effective impedance of the medium also matches 

well with the free space impedance at the three peak 

frequencies. 
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Fig.2.  Simulated absorption spectra for both TE and TM waves. 

In order to reveal the physical origin of the proposed 

broadband absorber, surface current distributions, energy 

density of electric field and magnetic field at the three peak 

absorptivity frequencies, which are 0.91THz, 1.374THz and 

1.772THz, are depicted in Fig.4. 

 
Fig.3.  Calculated (a) real and imaginary part of the effective permeability 

(b) real and imaginary part of the effective permittivity (c)real and imaginary 

part of the effective impedance of the proposed absorber. 

Table 1  The real and imaginary part of the effective permittivity, effective 

permeability and effective impedance at the frequencies of three peak 

absorptions  

Frequency 

(THz) 

εeff μeff zeff 

Re Im Re Im Re Im 

0.91 46.23 258.1 -77.11 347.20 1.15 0.23 

1.374 18.30 198.1 -19.21 207.50 1.02 0.09 

1.772 31.65 151.4 -32.21 154.20 0.99 0.21 

It is clear that at 0.91THz and 1.374THz, the current flow and 

electromagnetic energy are mainly concentrated at the outer 

ring, and at 1.772THz, they concentrate at both the inner and 

outer rings. The three absorption peaks are corresponding to 

three resonant frequencies, respectively. The resonances can 

be equivalent to LC resonant circuits[34], as shown in Fig.4, 

the current flow starts from the area where the energy density 

of electric field is maximum, and it passes the area where the 

energy density of magnetic field is maximum. The energy of 

electric field is mainly concentrated at the splits which can be 

equivalent to capacitive elements that responsible for electric 

resonance, and the energy of magnetic field is mainly 

concentrated on the metallic line which can be equivalent to 

inductive elements that responsible for magnetic resonance. 

The energy distributions of the three peak resonances indicate 

strong electric and magnetic resonances in the absorber 

structure, and it mainly occurs at the top metallic layer. The 

energy is then converted into heat energy by the 

electromagnetic resonances. Thus, from the overlap of the 

three resonant frequencies, absorption of broadband width 

can be obtained. Furthermore, to get an insight of the loss 

mechanism, we simulate the absorption spectra under two 

different loss conditions (lossy and loss-free) of the dielectric 

layer. The results are depicted in Fig.5. As observed from the 
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absorption spectra, the three absorption peaks (resonant 

frequencies) are maintaining the same and so is the 

bandwidth with the absorptivity greater than 90%. Most 

importantly, from Fig.5, we can know that almost all the 

energy of the incident waves is dissipated in the top metallic 

layer (i.e. ohmic losses), which is very different from the 

previous study.[11,29]. And it makes the absorber less 

sensitive to the material of the dielectric layer and may have 

great potential applications in some areas where the metallic 

absorption is needed. The simulated results show an excellent 

agreement with the analysis above. 

 
Fig.4.  Surface current distributions, energy density of electric field and 

magnetic field of the metamaterial absorber. 
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Fig.5.  Dependence of the absorption spectra of the proposed absorber on 

two different loss conditions (lossy and loss-free) 

We next investigate the influence of different incident 

angles on the absorption performance in Fig.6. As for TE 

wave in Fig.6(a), a broadband absorption can be maintained 

to 30° with the absorptivity nearly beyond 80%, with the 

increase of the incident angle, the absorptivity drops sharply, 

especially around 1.374THz. This is because when the 

incident angle increases, the magnetic component of the 

incident wave decreases and can no longer induce effective 

magnetic resonances. And at 1.374THz, the peak absorption 

is mainly due to the strong magnetic resonance, so with the 

magnetic flux decreasing, the peak absorption drops sharply. 

For TM wave in Fig.6(b), the broadband absorption can be 

maintained to 45°with the absorptivity beyond 80%. When 

the incident angle increases to 60°, within the broadband 

width, the absorber still has a good absorptivity greater than 

70%. The main reason is that the magnetic flux remains 

unchanged when the incident angle increases, thus the 

magnetic resonance in the absorber can be effectively induced. 

Additionally, the relationship between the absorption and the 

incident angles at 0.91THz, 1.374THz and 1.772THz is 

presented in Fig.6(c). At 1.374THz, the good absorptivity 

beyond 80% remains to 50°, and at 0.91THz and 1.772THz, 

the absorber remains a good absorptivity beyond 80% to 70°. 

In conclusion, the proposed absorber can achieve wide angle 

absorption. 

 
Fig.6.  Absorption of the absorber at different incident angles for (a)TE and 

(b)TM waves and (c)the absorption change at the three peak frequencies with 

increasing incident angle for both TE and TM waves 

Furthermore, the influences of some geometric parameters 

on the absorption mechanism are discussed. Firstly, the 

dependence of the absorption on radius change of the outer 

and inner ring of the metamaterial absorber is studied and 

depicted in Fig.7. As it is shown in Fig.7, with the radii of the 

outer and inner ring increasing, red-shift appears at the lower 

and higher frequency, respectively. It can be concluded that 

the outer ring mainly account for the lower frequency 

resonance and the inner ring mainly account for the higher 

frequency resonance. The results show a great agreement 

with the surface current distributions that we discussed above. 

And we can also use the LC circuit model to explain the 

influence of the radius and the resonant frequency is given 

by[26]  

 
1 1

2 / 2
f

lLC
   (1) 

where l is the diameter of the metallic circular ring. From the 

equation, it is obvious that the resonant frequency is inversely 

proportional to the diameter of the circular ring. When the 

radius increases, the resonances move to lower frequencies 

accordingly. 

 

Fig.7.  Dependence of the absorption spectra on radius change of the (a) 

outer ring and (b) inner ring. 
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In order to investigate the influence of the thickness of 

dielectric substrate, the absorption curve is simulated when 

the thickness t is set to be 26μm, 26.5μm, 27μm, 27.5μm and 

28μm, respectively. The simulation result is depicted in Fig.8, 

which shows a small change in the absorptivity and the 

absorption band width. And it also can be observed that a 

slight red-shift occurs at the central frequency. This can be 

explained by the propagation phase which is given by[35] 

 

2

4 sin
r

p

t  





  (2) 

where φp is the propagation phase, t is the thickness of the 

dielectric layer, εr is the real part of permittivity, θ is the 

incident angle and λ is the terahertz wavelength. Because εr=3, 

θ=0°are fixed values and φp is also considered to be a fixed 

value for the incident wave is plane wave, the value of t/λ is 

fixed. It means t is proportional to λ and is inversely 

proportional to the resonant frequency f. So, with the 

thickness of the dielectric substrate increasing, the central 

frequency is red shift. 
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Fig.8.  Influence of the thickness of dielectric substrate on absorption 

Although, the aforementioned absorber is the circular 

split-ring shape, the design idea can also be applied to other 

type structures. For example, it works well for the square 

split-ring structure shown in Fig.9(a). The parameters of the 

unit cell are as follows: P=Px=Py=70μm, l1=28μm, l2=24μm, 

l3=17μm, l4=13μm, w1=w2=4μm, and the thickness of the 

dielectric substrate t is set to 26μm and the material is 

polyimide with effective electric permittivity εr=3 and 

tangential loss tanσ=0.06. The metal is Au with a thickness of 

0.4μm and conductivity of 4.56×107S/m. Fig.9(b) shows the 

simulated absorption curve. It is obvious that the square 

split-ring absorber achieves a broadband absorption of 

0.834THz from 0.77THz to 1.604THz with the absorptivity 

beyond 90%, and the FWHM (Full Width at Half Maximum) 

is 105% (with respect to the central frequency). By adjusting 

the dimensions of the circular split-ring absorber, the 

absorption can be realized in the microwave regime. The unit 

cell of the adjusted absorber is shown in Fig.9(c) and the 

parameters are as follows: P=Px=Py=10mm, r1=4.3mm, 

r2=3.9mm, r3=3mm, r4=2.6mm, w1=w2=0.4mm. The dielectric 

layer is FR-4 of 3.8mm with effective electric permittivity 

εr=4.3 and tangential loss tanσ=0.025, the material of the 

metallic layers is copper with a thickness of 0.035mm and 

conductivity of 5.8×107S/m. Figure8(d) shows the simulated 

absorption curve in microwave range. As shown in Fig.9(d), 

the presented absorber has a broadband absorption of 

4.23GHz from 5GHz to 9.23GHz with the absorptivity 

greater than 90%, and the FWHM is 4.98GHz which is 71.14% 

with respect to the central frequency. 

 

Fig.9.  The unit cell of the terahertz absorber(a) and the microwave 

absorber(c). Simulated absorption curves for the proposed terahertz(b) and 

microwave (d) absorbers  

IV. CONCLUSIONS 

In conclusion, we have presented a broadband terahertz 

metamaterial absorber which is composed of two circular 

split rings and a grounded metallic film separated by a 

dielectric substrate. Simulation results show that the absorber 

achieved a broadband absorption greater than 90% from 

0.85THz to 1.926THz for both TE and TM waves, and the 

width is 1.076THz. The absorption mechanism is illustrated 

by investigating the surface current distributions and energy 

density of electromagnetic field. It is found that the high 

absorptivity is mainly due to strong electromagnetic 

resonance in the absorber structure. We also studied the 

influences of incident angles and some geometric parameters 

on the performance of the metamaterial absorber. The 

geometry parameters and absorption bandwidth of the 

proposed absorber has been compared with some other 

absorbers listed in Table 2. It is found that the bandwidth with 

absorptivity above 90% of the proposed absorber has been 

increased greatly as compared to [11] [12] [22] [26]. The idea 

of the proposed design is not limited to circular split ring 

absorber, it can also be applied to some other type like the 

square split ring structure. And by changing the dimensions of 

the absorber structure, a broadband absorber can be easily 

realized in the microwave range. Therefore, it provides us a 

flexible and feasible approach to choose the structure type 

and the working frequency range of the metamaterial absorber. 

The proposed broadband metamaterial absorber has many 

potential applications in terahertz spectrum imaging, 

detecting and stealthy technology. 
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Table 2  Comparison of the proposed structure with a few reported broadband absorber structures 

Absorber 
Centre frequency 

(THz) 

Unit cell size 

(μm) 

Thickness 

(μm) 

Bandwidth with absorptivity above 

90%(with respect to centre freqency) 

Wang et al.[11] 1.96 85 10.0(0.067λ0) 15.30% 

Wen et al.[12] 4.79 20 3.4(0.056λ0) 17.12% 

Cheng et al.[22] 6.64 38 0.7(0.015λ0) 12.05% 

Huang et al.[26] 0.90 78 8.5(0.025λ0) 11.11% 

Proposed structure 1.388 70 26.0(0.087λ0) 77.52% 
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