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ABSTRACT In the study of modern optics, the work of terahertz metamaterial absorbers is mostly

multi-band perfect absorbers and ultra-wideband perfect absorbers. In contrast, in practical applications,

metamaterial absorbers with adjustable resonance frequency or amplitude play an essential role in many

forms. Here, we firstly designed an ultra-wideband terahertz metamaterial perfect absorber, achieving over

99% perfect absorption in the 6.6-8.9 THz range. Secondly, based on the absorber, phase change material

VO2 was added to improve the structure, and three tunable terahertz metamaterial absorbers based on VO2

were designed, respectively realizing broadband movement and conversion between broadband and multi-

band. Also, the terahertz absorber with dynamic tuning characteristics can flexibly control the absorption

performance, providing an excellent platform for the realization of terahertz filtering, modulation, and so on.

INDEX TERMS Broadband, multiband, active tuned, vanadium dioxiderption, high quality factor.

I. INTRODUCTION

At present, the use of photoelectric methods to realize the

dynamic and controllable characteristics of metamaterials has

attracted more and more attention from experts. Vanadium

dioxide, like a phase change material, it is well known

that the transition from insulation state to metal state can

achieve at 340 K temperature [1]–[4]. With the rise of heat,

the lattice structure of vanadium dioxide gradually changed

from a monoclinic structure to a four-angle structure, and its

conductivity increased steadily in the process of temperature

rise [5]–[9]. Therefore, based on the above characteristics,

vanadium dioxide has been widely used in the development

of thermal responsive photonic electronics and thermal

equipment [10], [11].

The associate editor coordinating the review of this manuscript and
approving it for publication was Sukhdev Roy.

In recent years, active and tunable absorbers have

received more and more attention [12]–[21]. However, some

adjustment methods still need to change some conditions for

implementation artificially. So how to achieve true active

tunability is a significant development direction of metama-

terial absorbers now. In 2010, Huang et al. made a metal

gold/vanadium dioxide gasket/metal gold composite meta-

material to study the mechanism of the light response. They

found that the nanostructures, with vanadium dioxide pads,

could be used as dynamic light switches for temperature

control [22]. In 2012, Katsetal made a nanoscale metamate-

rial device that used a thin film layer of vanadium dioxide

with a loss of dielectric constant much smaller than the inci-

dent wavelength on the sapphire substrate to achieve perfect

absorption.

Moreover, the light absorption of 99.75% was realized

near the nonmetallic-metallic phase transition of vanadium
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dioxide itself [23]. In 2015, Kocer et al. made a heat-

adjustable short-wave infrared resonance absorber by heating

the hybrid alloy-vanadium dioxide nanostructure array above

the phase transition temperature of vanadium dioxide [24].

In 2017, Zhu et al. generated a ‘‘bow-tie’’ type periodic

cell structure and connected vanadium dioxide blocks at the

feed point of a single structure to make a surface metamate-

rial efficient absorber. Experimental results indicate that the

structure can achieve an adjustable bandwidth of 360 nm in

the near-infrared region. In the terahertz frequency region,

the conductivity of vanadium dioxide varies by orders ofmag-

nitude following a phase transition [25]. In 2019, the sailors

designed a terahertz absorber consisting of a circular res-

onant ring structure with the electromagnetic response to

four frequency bands. The terahertz multi-band absorber was

designed and simulated by changing the geometric size of the

top metal ring pattern, the dielectric thickness of the middle

layer, and the conductivity change rate of the photosensitive

silicon at the top metal ring [26]. In the same year, Xia et al.

designed a photonic crystal structure of the doped siliconwith

absorption effect is designed to achieve wide-band absorption

in the 0.29 to 0.31 THz band, and the photonic crystal has a

significant effect on the thermo-optic effect, thereby achiev-

ing the function of temperature adjustment [27]. In 2019,

Wei et al. designed a large-angle mid-infrared absorption

switch by introducing the phase change material GST [28].

In 2020, Song et al. proposed a multi-layer metamaterial with

switchable function based on the phase change characteristics

of vanadium dioxide. The combination of the two absorption

peaks can make the absorption rate in the wide spectral

range of 0.393 THz to 0.897 THz more than 90%. In addi-

tion, the research group proposed multi-layer vanadium

dioxide-based metamaterial with dual functional properties

of absorption and polarization conversion, which can convert

linear plane waves into their corresponding cross-polarized

waves at 2.0-3.0 THz. The frequency is more than 90%

efficient [29], [30].

In this paper, an ultra-wideband terahertz metamaterial

absorber is proposed, in which the absorption layer is com-

posed of four T-shaped structures, achieving over 99%

perfect absorption in the range of 6.6 THz to 8.9 THz.

The mechanism of broadband absorption is analyzed by

drawing the electric field and current density diagrams at

various frequencies. Besides, we introduced a vanadium

dioxide, a phase change material based on a broadband

metamaterial absorber. In addition, the basic structure is

improved, and three arrangements are designed to realize

an active tunable terahertz metamaterial absorber. Its three

structures are VO2-silica-gold-VO2-silica-gold, gold-silica-

VO2-silica, gold-silica-VO2-gold. Also, it is proved by

simulation that the three structures above can make the

absorption bandwidth of the original absorber rise and

fall, transfer, and transform the super-bandwidth absorption

into multi-band absorption. This actively tunable terahertz

metamaterial absorber plays a vital role in many practical

applications.

FIGURE 1. Schematic diagram of the base absorber : (a) one unit
structure of the absorber, (b) main components of the absorber, and
(c) schematic diagram of the absorption layer.

II. DESIGN, SIMULATION, EXPERIMENT, AND THEORY

The model structure of the primary uwb terahertz metama-

terial absorber is shown in figure 1. The absorber continues

the basic metal-dielectric-metal structure [31]–[35]. In the

absorber, the metal materials are all gold, and the conven-

tional silica is selected as the medium material. In the final

designed structure, from bottom to top, there are the reflection

layer, the medium layer and the absorption layer, with the

thickness h1=16 um, h2=6.34 um and h3=0.05 um, respec-

tively, and the period P of the absorber is set as 35 um. The

tod of four T-shaped structures, and each T-shaped structure

is composed of two rectangles of the same sizep absorption

layer is compose. The length and width of the boses are

8 um and 2 um, respectively. The distance between the top

of the corresponding T-shaped structure and the bottom of

the T-shaped structure is h4=9 um, and the gap between

the tail of the T-shaped structure and the bottom of the

absorber is h5=3 um. In the selection of material properties,

the relevant parameters of gold are represented by the Drude

model, and the relative permittivity of silica in the dielectric

layer was set as 2.13. We use a finite element method for

modeling (COMSOL). We set the boundary conditions of the

metamaterial absorber to Floquet. The periodic boundary and

the Floquet regular port allow the metamaterial absorber we

design to become an infinite array in space. In the process

of simulation, the gold at the bottom can well block the

incident light, and the transmission (T) of the structure is

almost 0 (T=0). So absorption can be expressed as A=1-R

(reflection) [36]–[40].

In the basic structure, the basic principle is to minimize the

reflection coefficient by matching the impedance with the

free space and eliminate the transmittance by maximizing

the metamaterial loss. The top of the periodic array of metal

array structure for a metamaterial structure absorbing ability

is essential, when the electromagnetic wave incident to meta-

materials structure of the upper metal structure, because of

its particular geometric parameters and geometry structure,

will take place at a particular frequency electromagnetic res-

onance, based on the Drude model, real ε1 and imaginary part

of dielectric constant ε2 can be expressed as [42], [43]:

ε1(ω) = ε∞ −
ω2
pτ

2

1 + ω2τ 2
(1)

ε2(ω) = ωτ
ω2
pτ

2

1 + ω2τ 2
(2)
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Angular frequency of the incident electromagnetic wave ω,

ωp is plasma frequency, τ as the relaxation time, ε∞ for Drude

constant. When ωτ ≫1, a dielectric constant real component

can be represented as:

ε1(ω) = ε∞ −
ω2
p

ω2
(3)

From the above equation, we can see that as ε approaches

infinity, the real part of the permittivity is ε∞. ε∞ reflect the

contribution from the polarization of the inner electrons.

In addition to generating resonance, the periodic metal

structure array at the top of the infrastructure has another

critical function, which is to form impedance matching.

By matching the impedance of the structure array with the

free space, the reflection of the electromagnetic waves on the

surface of the metamaterial absorbing structure can be zero.

Such impedance matching can be achieved through specific

resonance or plasmon coupling, and metamaterials can be

regarded as homogeneous materials at a macroscopic level.

Themedium layer in themiddle of the infrastructure ismainly

used to provide space for the electromagnetic wave incident

into the absorption structure and absorb the event electromag-

netic wave. For ordinary absorbers, to give enough absorption

space for electromagnetic waves, materials with relatively

sizeable refractive index are generally used to reduce the

thickness of the dielectric layer. However, for the absorption

structure of metamaterials, the effect of the dielectric layer is

not only limited to the absorption of electromagnetic waves

but also the electromagnetic resonance satisfying the struc-

ture of metamaterials.

In this paper, only the simulation results are considered,

and the critical processes for the preparation of the structure

are described as follows: (I) liquid phase method or molec-

ular beam epitaxy (MBE) for the preparation of VO2 films.

(II) preparation of gold arrays by electric beam evaporation

and ultraviolet (UV) lithography; (III) make dielectric layer 2;

(IV) preparation of a VO2 array by UV lithography and

subsequent reactive ion etching.

III. RESULTS AND DISCUSSION

A. ABSORPTION CURVE AND MECHANISM

OF INFRASTRUCTURE

Figure 2 shows the absorption curve of the absorber under

the foundation structure. We can find in the absorber

in 6.5-8.95 THz frequency range you have incredibly high

broadband absorption, within the scope of the average

absorption can reach more than 98.6%, and 99.9% in many

places have high absorption. Compared with other people’s

work, the absorption bandwidth has been greatly improved,

as shown in table 1 [44]–[48]. To this, we combine the

absorber in figure 3 electric field, and current density distribu-

tion on the absorption mechanism of the absorber are studied.

In figure 3, we give the distribution of electric field and

current density at 7, 8, and 9 THz, respectively. In figure 3,

it can be known that the reason for broadband absorption is

mainly caused by the resonance coupling of four T-shaped

structures. However, due to the influence of polarization

FIGURE 2. The absorption curve of the absorber in the range
of 4.5-9.5 THz when the incident angle is 20◦.

TABLE 1. Some latest information on VO2 absorbents.

FIGURE 3. (a) and (b) Show the electric field density and surface current
distribution of the absorber of 7 THz, 8THz, and 9.00 THz, respectively.

direction, the resonance of two T-shaped structures in the ver-

tical direction is relatively stable and prominent. In contrast,

the resonance coupling in the horizontal direction is relatively

small. When the electric field at these three frequencies and

the current surface diagram are respectively corresponding

to the absorption curve, we can better explain the absorption

reasons. At 7 and 8 THz, we can find that both the top and the

tail of the T-shaped have strong electric fields, while at 9 THz,

the generated electric fields mainly exist at the junction of

the T-shaped, so the absorption at 9 THz is lower than other

places. Also, by observing the current distribution and the

pointing vector of the surface current, we can find that the
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FIGURE 4. The absorption images of the scanning dielectric layer
thickness (are shown in (a) and (b)). The absorption images of the
scanning absorption layer thickness are shown in (c) and (d). The
absorption images of the scanning different angles of incidence (0-80◦)
are shown in (e) and (f).

current loop can be formed between the four T characters

at 7 and 8 THz. In contrast, the current flow at the front end

of only T character is steady at 9 THz.

Considering the errors that may occur in the actual man-

ufacturing process of the structure, we continue to analyze

the influence of the structural parameters on the resonance.

In figure 4, we plot the thickness of the different dielectric

layers, the width of the absorbing layer, and the absorption

layer when the incident angle is altered. When the thickness

of the dielectric layer is changed, the absorption curve has a

significant red shift phenomenon. However, when we change

the thickness of the absorber dielectric layer in a smaller

range, the absorber still has high broadband absorption char-

acteristics, as shown in figure 4 (a) and (b). As can be seen

from figure 4 (c) and (d), the absorption value gradually

decreases with the increase of the absorption layer thickness.

This is because metal materials can support the SPP in visible

light, but higher losses and shorter propagation distances will

reduce the mass of surface waves. In addition, the absorption

rate increases with the increase of incidence angle. This is

because as the incident angle increases, the absorption grad-

ually increases. At first, as the reflection of electromagnetic

waves increases under high oblique incidence, the absorption

decreases with increasing angle. Then, when the incident

angle is increased, the magnetic dipole oscillation of the

entire absorber is efficiently excited, so that strong absorption

characteristics are maintained at large angles. Generally,

the absorber has a good absorption effect on electromagnetic

waves with a broader incident angle. Therefore, in the actual

structure preparation process, the effects of layer thickness

and cell size on the resonance peaks are small.

B. ABSORPTION CURVE AND MECHANISM

OF VO2 ABSORBER

We can use the Drude model to describe the optical dielectric

constant of vanadium dioxide in the terahertz band [49]–[53]:

ε (ω) = ε∞ −
ω2

ρ(σ )

ω2 + iγω
(4)

where ε∞ = 12 is the relative dielectric constant of vana-

dium dioxide at high frequencies, ω2
ρ(σ ) is the conductance

dependent plasma frequency, and γ is the damping frequency.

In addition, we can see that ω2
ρ(σ ) and σ are proportional to

the carrier density in the free space. Therefore, the plasma

frequency can be approximated as an expression.

ω2
ρ (σ ) =

σ

σ0
ω2

ρ(σ0) (5)

where σ0 =3∗103�/cm, ωρ(σ0) =1.5∗1015 rad/s,

γ =5.75∗1013 rad/s. In the terahertz band, we use parameters

such as changing the structural size of the top metal of

the absorber to achieve impedance matching between the

dielectric layer of the electromagnetic metamaterial absorber

and free space. That is, we can adjust the parameters ε and

µ simultaneously. In this way, we can make them match

the impedance z =
√

µ/ε of free space. In this way,

the reflectance can be reduced in a specific frequency band.

When the change of external temperature causes the phase

transition of vanadium dioxide, the conductivity of vanadium

dioxide changes accordingly, thus breaking the impedance

matching with the original structure and the space medium

layer, so that the electromagnetic wave is strongly reflected,

resulting in the decline of absorption. Similarly, when the

temperature conditions remain unchanged, the thickness of

vanadium dioxide decreases, and the electromagnetic wave

transmission increases, which also leads to the absorption

decline. We plot the relationship between conductivity and

temperature, as shown in figure 5.

According to the relationship between the dielectric func-

tion of the material and the electrical conductivity, we can get

the electrical conductivity relationship of the VO2 film at dif-

ferent temperatures during the phase transition as [54]–[56]:

σ = −iε0ω(εC − 1) (6)

Among them, σ is the conductivity of the composite sys-

tem, ε0 is the dielectric constant of the vacuum, and the

dielectric function εC of the composite system is related to

temperature. We offer the relationship between temperature

and conductivity, and here we give several corresponding

values. At 313 K, the conductivity is 130 S/m; at 333 K,

the conductivity is 820 S/m; at 340 K, the conductivity

is 21700 S/m; at 342 K, the conductivity is 158000 S/m;

at 353 K, the final conductivity is 212000 S/m.

VOLUME 8, 2020 85157
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FIGURE 5. Schematic diagram of the relationship between conductivity
and temperature.

FIGURE 6. (a) Is the main component of structure I type vanadium
dioxide metamaterial absorber, (b) is the absorption curve of structure 1
type vanadium dioxide metamaterial absorber.

C. STRUCTURAL TYPE I VANADIUM DIOXIDE

METAMATERIAL ABSORBER

Figure 6 (a) shows that we add two more layers of VO2 and

one layer of SiO2 to the basic structure. The model of VO2

terahertz metamaterial active tunable absorber was estab-

lished. We call it to structure I-vanadium dioxide metama-

terial absorber. The structure from top to bottom is a periodic

array layer composed of VO2, a dielectric layer (I), a peri-

odic array layer composed of gold, a VO2 layer, a dielectric

layer (II), and a final layer of Au. To make the absorber have

dynamic and adjustable absorption characteristics, we have

added two layers of VO2 to the previously designed primary

absorber. One layer is designed for a specific unit structure,

and the other layer acts as a dielectric layer. VO2 can change

the internal lattice structure through some effects such as light

and heat so that it can be transformed from the insulating

phase to themetal phase. In the tunable structure we designed,

the conductivity of VO2 can be controlled by light, so that

the temperature change can be controlled. In addition, this

structure is equivalent to adding a dielectric layer and an

absorption layer, so it is equal to combining two absorbers

together. When the temperature of the absorber is higher than

the phase transition temperature of VO2, VO2 is in the metal

phase at this time, and the effect is similar to Au. At this

time, it is equivalent to the role of a metal mirror. Light does

not pass through this layer structure so that the following

structure can be ignored. At this time, the structure only has

the top three layers functioning to form an absorber. The

active part of the structure is the VO2 periodic array, the

dielectric layer (I), and the VO2 layer. When the temperature

of the absorber is lower than the phase transition temperature

of VO2, then VO2 is in the insulating phase. Therefore, VO2

used in this structure can be considered as a dielectric layer.

At this time, the absorbedmultilayer structure is similar to the

three-layer primary structure in the basic absorber. Therefore,

we can control the phase change of VO2 by adding VO2 to the

central absorber and then realize the active tunable absorption

of the absorber.

From the above analysis, we know that temperature affects

the conductivity of VO2, so we draw the absorption curve pat-

tern with the change of conductivity of the absorption under

this structure in figure 6 (b). By observing the absorption

curve, we can discover that the absorber produces several

chaotic absorption peaks when the conductivity is low, and

the position of the absorption peak is consistent with that of

the infrastructure. However, as the gradual increase of the

conductivity, the absorption peak gradually improves. When

the conductivity is 500, the absolute absorption peak appears

at 2 THz. When the conductivity then rises high enough,

we have broadband absorption in the absorber, and broadband

is much broader than in the previous infrastructure.

FIGURE 7. (a) Is the main component of structure II type vanadium
dioxide metamaterial absorber, (b) is the absorption curve of structure 2
type vanadium dioxide metamaterial absorber.

D. STRUCTURAL TYPE II VANADIUM DIOXIDE

METAMATERIAL ABSORBER

Figure 7 (a) is a schematic diagram of a structural II VO2

terahertz metamaterial active adjustable absorber. This struc-

ture adds a layer of VO2 to the construction of the origi-

nal absorber and replaces the metal material at the bottom

with a dielectric material. From top to bottom, the periodic

array layer-dielectric layer-VO2 layer-point dielectric layer

is composed of gold. When the temperature of VO2 is low,

the structure is equivalent to a metal-dielectric structure and

still absorbs part of the incident light. However, since the

bottom is made of a dielectric material, projected light is

generated. When the temperature of VO2 rises to the phase

transition temperature, the structure is equivalent to a base

formed by adding a dielectric layer under the original base

structure, and the influence on the absorption curve is not

significant.

The absorption curve under this structure is shown in

figure 7 (b). We can find that when the temperature is low,

the absorption value is shallow due to the presence of trans-

mitted light in this absorber, but it can still be equivalent to
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a broadband absorption of 40%-50% at 6-10 THz. As the

temperature increases (that is, the conductivity increases),

we can see that absorption increases significantly. At conduc-

tivity of 10000, there is more than 70% broadband absorption

at 4-9 THz. When VO2 is completely transformed into the

metallic phase, it is evident that the structural absorber has an

absolute absorption peak and a small broadband generation.

Comparing the absorption peak with the frequency of the

absorption broadband, we find that the absorption peak is

before 6.5-9 THz, which is in perfect agreement with our

previous infrastructure.

FIGURE 8. (a) Is the main component of structure III type vanadium
dioxide metamaterial absorber, (b) is the absorption curve of structure 3
type vanadium dioxide metamaterial absorber.

E. STRUCTURAL TYPE III VANADIUM DIOXIDE

METAMATERIAL ABSORBER

Figure 8 (a) is a model diagram of a structural III VO2 ter-

ahertz metamaterial active adjustable absorber. The junction

is somewhat similar to structure II, in that it is made up of

a layer of VO2 on top of the original infrastructure, but the

material at the bottom is still gold, and the periodic array

layer from top to bottom is Au-dielectric layer-VO2 layer-Au

layer. When the temperature of VO2 is low, the structure is

equivalent to a metal-dielectric-metal structure, which is very

similar to the basic structure. However, because the relative

dielectric constants of VO2 and SiO2 are not the same, the

dielectric layer formed by the combination of the two is also

thicker than the basic structure, so the resonance absorption

generated will also be very different from that before. When

the temperature of VO2 rises to the phase transition tempera-

ture, the structure is equivalent to that VO2 forms a reflective

metal layer together with gold at the bottom, so the absorption

is somewhat similar to that of structure II.

The absorption curve under the absorber is shown

in figure 8 (b). We can find that when the electrical conduc-

tivity of the absorber is low, the absorber when in the dual-

band terahertz metamaterial absorber, but absorption value

is not high, the dielectric layer and absorbing layer to pro-

duce resonance mode, when the conductivity increased VO2,

absorption curve and structure can be found two absorption

curve is similar, this is because at this point, the structure of

two and three structure at the top of the absorbing layer and

in the middle of the dielectric layer is entirely consistent. The

order of the VO2 with Au layer under the influence on absorp-

tion is not very big, mainly have the effect of absorption of

transmitted light.

IV. CONCLUSIONS

To sum up, we firstly designed an ultra-wideband terahertz

metamaterial perfect absorber, which achieved over 99%

perfect absorption within the range of 6.6-8.9 THz, and

mapped the surface electric field and surface current density

distribution to study the absorption mechanism. Secondly,

based on the absorber, phase change material VO2 was

added to improve the structure, and three tunable tera-

hertz metamaterial absorbers based on VO2 were designed,

respectively realizing broadband movement and conversion

between broadband and multi-band. In addition, the terahertz

absorber with dynamic tuning characteristics can flexibly

control the absorption performance, providing an excellent

platform for the realization of terahertz filtering, modulation,

and so on.
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