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Abstract. The integration of multiple varied functionalities into a single and compact EM-based 

device is greatly demanded in EM integration due to their miniaturized configurations. In this 

paper, a broadband and high-efficiency bifunctional metasurface employing vanadium dioxide 

(VO2) is proposed for the terahertz (THz) frequencies. Due to the dielectric-to-metal transition 

of VO2, the metasurface can be dynamically tuned from a reflecting surface to a broadband 

absorber under low-temperature conditions. When VO2 is in the dielectric phase, the designed 

metasurface shows excellent refection (> 96 %) in a broad frequency range from 0.5 THz to 4.5 

THz. Once VO2 is heated up and transited to its metal phase, the proposed metasurface structure 

efficiently absorbs normally incident EM waves in the frequency range of 1.29 THz to 3.26 THz 

with an average absorption of 94.3 %. Moreover, the high absorption characterization of the 

proposed metasurface is maintained with a wide incident angle and is polarization-insensitive 

due to its symmetric structure, which makes it suitable for THz applications. 

Keywords: Vanadium dioxide, metasurface, broadband absorber. 

Classification numbers: 2.11, 2.2.2, 2.10.1. 

1. INTRODUCTION  

Recently, metasurface, a two-dimensional (2D) metamaterial (MM) type, has attracted 

interest as it can provide a compact and efficient design solution for electromagnetic (EM)-

based devices. Recently, various planar metasurface EM devices with compact size have been 

demonstrated to exhibit similar functionalities to their bulk counterparts. Therefore, the use of  

super-thin metasurfaces to manipulate EM waves has been extensively studied including 

communications [1, 2], sensing [3], imaging [4], and data storage [5, 6]. However, most designs 

are confined to a mono-functional operation, which significantly hinders the promising 

application of the metasurface-based EM devices. The tunable and multifunctional metasurfaces 
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enable to facilitate switchable functionalities and multiple functionalities which are extremely 

essential and useful for integrated optics and microwaves, well alleviating the aforementioned 

issues. Therefore, the idea of an EM device that possesses multiple diversified functionalities is 

greatly desired in EM integration. 

Several methods have been reported so far to realize multi-functional metasurface using 

mechanical actuation [7 - 9], optical [10], electrical [11, 12], or thermal [13 - 24] approaches. In 

[9], the authors used an origami-based stretchable MM structure to switch between reflector 

function and absorber function in the microwave frequency band. However, the mechanical 

method uses an additional bending system to switch metasurface structure to a desired working 

mode, therefore, it is very difficult to apply this approach to the THz band where the dimensions 

of unit cells are very small (a few tens of micrometers). For the thermal approach, incorporating 

conventional metasurfaces with phase-change materials (PCMs) such as vanadium dioxide 

(VO2) [13 - 19] or chalcogenide GeSbTe (GST) alloys [20 - 24] is an effective method for the 

THz band. Under temperature control, PCMs switch between dielectric and metal phases 

leading to PCM-based metasurfaces that can exhibit multi-functions with a single physical 

design. Vanadium dioxide is particularly intriguing because it possesses a reversible phase 

transition at low temperatures, which is essential for obtaining low-power devices. In general, 

the GST transition threshold temperature is higher, and repeated cycling is limited by 

deterioration caused by amorphous crystalline phase transitions. The use of PCM can be 

considered as an effective way to realize multifunctional metasurfaces. Despite the tremendous 

progresses in PCMs-based metasurfaces with dynamic responses, switchable metasurfaces with 

several capabilities that can be actively switched over a wide frequency range remain mostly 

studied. 

In this paper, we present a broadband and high-efficiency bifunctional metasurface 

employing VO2 for the applications of terahertz (THz) band. The metasurface structure shows 

excellent refection (> 96 %) in the dielectric phase of VO2 and efficient absorption (above                  

90 %) in a wide frequency band when VO2 turns to a metal phase. Moreover, the high 

absorption property of the proposed metasurface is maintained with a wide incident angle and is 

polarization-insensitive due to its symmetric structure, which makes it suitable for THz 

applications. 

 

Figure 1. Diagram of a unit cell of the proposed metasurface structure: (a) 3D view and (b) top view. 

2. STRUCTURE DESIGN AND METHOD 

As depicted in Fig. 1, the unit cell of the bifunctional metasurface consists of a VO2 pattern 

on the top layer, acting as a resonator, and a continuous gold sheet at the bottom, acting as a 
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ground plane. The top layer and bottom layer are separated by a polyimide layer (ϵ=3.5, tanδ 

=0.0027). In our simulation, the relative permittivity of VO2 material is described by Drude 

model:  ( )     
  
 ( )

      
, with epsilon infinity      , the collision frequency        

     rad/s, and the plasma frequency can be given by   
 ( )   

 

  
  
 (  )with      

   and   (  )        
   rad/s. It is worthy to note that VO2 is a phase transition material 

that shows the transition behavior from the insulator phase to the metal phase with increasing 

temperature above the heating point temperature of 68 
o
C [14].  The conductivity   of VO2  

material in the insulator phase and  metal phase is 200 S/m and        S/m which corresponds 

to a resistivity of 0.5 Ω.cm and 0.       Ω.cm, respectively [14]. 

The absorption performance of the metasurface structure is simulated using CST 

Microwave Studio 2013. The absorption ( ( )) of the metasurface structure can be determined 

from the transmittance ( ( )), and reflectance ( ( )), as  ( )     ( )   ( ). Since the 

continuous gold layer is thicker than the penetration depth of the THz wave, T(ω) can be 

neglected. Therefore, the absorptance is determined from the reflectance as  ( )     ( ). 

The dimension of the unit cell is tuned to achieve the optimum performance of the 

proposed bifunctional metasurface structure. The optimum dimensions are listed in Table 1. 

Table 1. Optimum parametricvalue of the proposed bifunctional VO2 metasurface. 

Parameter P h S R 

Value (µm) 38 17 20 16 

3. ABSORPTION PERFORMANCE AND MECHANISM 

Figure 2 shows the absorption spectra of the metasurface structure under different 

conductivity levels of VO2. It is worthy to note that the dielectric and metal phases of VO2 are 

assumed to have conductivity of 2×10
2
 S/m and 2×10

5 
S/m, respectively. As shown in Fig. 2, 

when the conductivity changes from 2×10
2 

S/m to 2×10
5 

S/m, the absorptance continuously 

increases from 4 % to 98 %. This phenomenon is mainly attributed to the variation of VO2 

permittivity since the change of the imaginary parts of the permittivity under different 

conductivity levels is much larger than that of the real part. 

With changes in the phase of VO2 from dielectric to metal, the results in Fig. 2 demonstrate 

that the proposed metasurface structure can achieve active tunability from wideband reflector to 

wideband absorber. To further study tunable behavior mechanism of the metasurface structure, the 

surface electric field distribution at different conductivity levels of VO2 is simulated as shown in 

Fig. 3. When the conductivity of VO2 is low, i.e. 2×10
2
 S/m, the electric field distributes uniformly 

on the top layer of the metasurface indicating that VO2 is transparent to EM waves in the THz 

band. In this case, most EM waves can penetrate the dielectric layer and reflect back from 

the ground plane resulting in a low absorption performance as observed in Fig. 2. 

With increasing the conductivity from 2×10
3
 S/m to 2×10

5
 S/m, VO2 transforms from the 

dielectric to the metal phase, which results in the electric field being gradually coupled with the 

inner edge of the VO2 pattern. The resonant response of the VO2 pattern is enhanced and a sharp 

increase in the absorption performance of the metasurface structure can be observed as in Fig. 2. In 

addition, the surface electric field distributions at 68 
o
C (with a conductivity of 8×10

4
 S/m) and 74 
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o
C (with a conductivity of 2×10

5
 S/m) are almost the same (not shown here). This is due to the fact 

that VO2 is completely transformed into its metal phase at 68 
o
C. Therefore, the resonant response 

produced by the VO2 metasurface structure does not improve as the temperature rises above 68 
o
C. 

 

Figure 2. Absorption spectrum of the metasurface structure with different conductivity levels of VO2. 

 

Figure 3. Distribution of the surface electric field at the resonant frequencies corresponds to perfect 

absorption of 1.56 THz and 2.95 THz and different conductivities of the VO2. 

The physical mechanism behind the perfect absorption characteristic of the metasurface 

structure can be explained using the impedance matching theory. As aforementioned, the 

transmitted EM wave is blocked by the ground plane, therefore, a perfect absorption of the 

metasurface structure can be achieved by minimizing the reflection. According to the matching 

theory, the reflection reaches a minimum when the effective impedance of a structure matches that 

of free space. The absorptance,  ( ), and the relative impedance,  ( ), can be obtained by Eqs. 

(1) and (2), respectively. 

 ( )     ( )    |
 ( )   

 ( )   
|

 

 (1) 

 ( )  
   ( )

  
 (2) 

where    ( ) is the input impedance of the metasurface structure,   ( ) is the effective 
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impedance of the free space,  ( ) is the relative impedance between the absorber and the free 

space. As shown in Fig. 4, the real part of the relative impedance of the metasurface structure is 

close to 1 in the frequency range from 1.25 to 3.5 THz while the image part is close to 0 in this 

band. This confirms that a good impedance matching between the air and metasurface structure is 

achieved resulting in a perfect absorption performance as shown in Fig. 1(b). 

 

Figure 4. Relative impedance of the metasurface structure for metal phase of VO2 versus frequency. 

To confirm the potential of the metasurface structure for practical applications, we investigate 

the absorption performance of the structure versus different incident angles under TE and TM 

polarizations. The absorption performance of the metasurface structure is realized in both the metal 

phase and dielectric phase of the VO2 layer. In the metal phase, in the TE polarization (Fig. 5(a)), 

the proposed metasurface structure works effectively with various values of incident angles under 

60
o
. As the incident angle θ increases, the absorption level is stable while the absorption bandwidth 

slightly moves to a higher frequency. 

In the TM mode (Fig. 5(b)), the absorption level is also stable, but the absorption band 

significantly shrinks as θ increases. It can be observed that when θ is above 40
o
, two separate 

frequency bands show a strong absorption level. This means that the higher resonance of the 

metasurface structure moves significantly to a higher frequency band while the lower resonance 

does not change much. The distinction between the TE and TM modes may be explained by the 

fact that the absorption spectrum of the metasurface structure contains both magnetic and electric 

resonances [9]. In general, each of these two resonances responds differently to the incident angle. 

In the TE mode, for example, the magnetic resonant frequency is purely defined by geometric 

parameters and is unaffected by the incident angle, whereas its strength steadily decreases as the 

incident angle increases. Meanwhile, in the TM mode, the free electron density in the resistive 

pattern changes upon the change in the electric field at a certain incident angle, and strongly 

influences both magnetic and electric resonance frequencies [9]. 

Figs. 5(c) and (d) show the absorption performance of the metasurface structure in the 

dielectric phase of VO2. It can be observed that the absorption level of the proposed structure is 

very weak at all of the incident angles and polarization angles. This result demonstrates that most 

incident EM waves are reflected and the metasurface structure is exhibited as a wideband reflector. 

We also investigated the robustness of the proposed metasurface structure in the metal phase 

and dielectric phase of the VO2 layer under different values of polarization angle ( ) as shown in 
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Fig. 6. In this case, the incident wave was set perpendicular to the metasurface to observe the 

dependence of polarization angles. 

When VO2 is in the metal phase as can be seen from Fig. 6(a), the metasurface structure 

indicates a polarization-independent behavior, where the absorption and absorption bandwidth are 

nearly unchanged throughout the range of polarization angles from 0
o
 to 90

o
. This result is 

straightforward due to the symmetry of the proposed structure. 

 

Figue 5. Absorption spectrum of the proposed metasurface structure versus incident angle for TE and TM 

polarizations: (a),(b) metalphase, and (c),(d) dielectric phase. 

As shown in Fig. 6(b), when VO2 turns to the dielectric phase, we can see that the absorption 

level of the metasurface structure is almost zero for any value of the polarization angle between 0
o 

and 90
o
. This observation demonstrates that the metasurface structure acts as an insensitive-

polarization THz wave reflector when VO2 is in the dielectric phase. 

The novelty and performance of the proposed bifunctional metasurface structure may be 

analyzed by comparison with some previous works on switchable/tunable THz absorbers as shown 

in Table 2. In this table, the absorption bandwidth includes operating band (in THz) and fractional 

bandwidth (in percent) which is defined as the ratio of the absolute bandwidth of absorption above 

90 % to the central frequency of the absorption band. The incidence-insensitive angle is the 

maximum incident angle of the EM wave that the absorbance is still maintained above 80 % in the 

absorption bandwidth. Moreover, the number of layers of each structure is also taken to evaluate 

their fabrication difficulty. It can be seen from Table 2 that our design utilizes an easy-to-fabricate 

structure that also introduces the highest fractional bandwidth and a wide                                                

incidence-insensitive angle. 
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Figue 6. Absorption spectrum of proposed metasurface structure versus polarization angle in: (a) metal 

phase and (b) dielectricphase of theVO2 layer. 

Table2. Performance comparison between the proposed structure with previous works. 

Ref 

Operating 

Band (THz)/ 

Fractional 

bandwidth (%) 

Absorbance 

Incidence-

insensitive 

angle 

Polarization-

independent 

Num. 

layers 

Switchable 

material 

Switchable 

method 

10. 
0.73 - 1.00 

(30.8 %) 
> 90 % N/A N/A 3 i-FLG Optical 

11. 
1.18 - 1.64 

(32.6 %) 
> 90 % 60

o 
Yes 6 Graphene Electrical 

12. 
1.50 - 2.75 

(58.8 %) 
> 90 % 70

o 
Yes 3 

BDSs 

(AlCuFe) 
Electrical 

18. 
0.74 - 1.62 

(75.0 %) 
> 90 % 55

o 
Yes 6 VO2 Thermal 

19. 
1.85 - 4.30 

(79.7 %) 
> 90 % 15

o 
Yes 3 VO2 Thermal 

This 

work 

1.29 - 3.26 

(86.6 %) 
> 90 % 60

o 
Yes 3 VO2 Thermal 

4. CONCLUSIONS  

A high efficiency and wideband bifunctional metasurface structure operating as a nearly 

perfect absorber or reflector based on a phase-change material of vanadium dioxide (VO2) was 

proposed. The absorption and reflection of the metasurface structure were numerically investigated 

at different levels of the VO2 conductivity. The results showed that in the metal phase of VO2, the 

metasurface structure exhibited a near-perfect absorber with an absorption of above 90 % in a wide 

frequency band from 1.29 THz to 3.26 THz. When VO2 was in the dielectric phase, the proposed 

metasurface structure acted as a metallic mirror, reflecting all incoming THz waves in the 

frequency region. In addition, the proposed structure demonstrated that it could work effectively 

over a wide range of incident angles up to 60
o 

and showed independent polarization behavior as 

well. The obtained results indicated that the proposed structure could be considered as a good 

candidate for bifunctional metasurface devices for THz applications. 
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