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ABSTRACT: This paper presents a switchable terahertz metamaterial device based on vanadium dioxide (VO2). By leveraging its phase
transition properties, the device achieves broadband absorption and polarization conversion functionality through the insulator-to-metal
transition (IMT) induced by temperature modulation. When VO2 is metallic, the device functions as a broadband absorber achieving an
absorption rate exceeding 90% within the frequency range of 2.2 to 4.4 THz. Conversely, when VO2 is in its insulating state, the device
enables polarization conversion of incident terahertz waves. Simulation results reveal that in this state, the cross-polarized reflection
coefficient (Ryx) exceeds 0.8, while the co-polarized reflection coefficient (Rxx) is significantly suppressed, indicating efficient con-
version from co-polarization to cross-polarization within the 1.4 to 2.1 THz range. Notably, the polarization conversion rate approaches
unity in this frequency band. Additionally, the study investigates the influence of the structure’s geometric parameters, incident angle,
and polarization angle on its performance. The results demonstrate that the device exhibits robust tolerance to variations in these parame-
ters, as well as low manufacturing precision requirements. The proposed multifunctional switchable terahertz metamaterial device holds
significant potential for applications in terahertz research, polarization filtering, and terahertz invisibility technologies.

1. INTRODUCTION

Terahertz waves, occupying the electromagnetic spectrum
between infrared light and microwaves with frequencies

ranging from 0.1 to 10 THz [1], have garnered significant at-
tention in recent years due to the rapid advancements in op-
toelectronics technology. These waves demonstrate immense
potential across a wide range of applications, including com-
munication, sensing, imaging, medicine, and non-destructive
testing [2]. However, the development of materials capable of
effectively manipulating terahertz waves remains a challenge,
due to the limited availability of natural materials with suitable
properties. To address this issue, researchers have engineered
a new class of artificial materials — metamaterials — which
exhibit unique electromagnetic properties not found in nature.
Metamaterials [3] represent a novel class of artificially syn-

thesized materials, composed of periodically arranged electro-
magnetic resonant units, exhibiting physical phenomena and
characteristics not found in natural materials. Owing to their
light weight, low cost, and ease of fabrication, metamaterials
have found extensive applications in infrared imaging [4], en-
ergy harvesting [5], electromagnetic cloaking [6], sensors, and
modulators [7, 8]. Consequently, researchers have conducted
substantial studies on terahertz devices, proposing applications
such as terahertz absorbers [9, 10] and polarization convert-
ers [11–13]. Previous research often featured singular function-
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alities with post-fabrication structural rigidity, severely limiting
practical applications. Presently, most terahertz metamaterial
designs demonstrate singular functions. Therefore, to expand
the applications of metamaterial devices, functional materials
like graphene, vanadium dioxide (VO2), and GeSbTe are inte-
grated with metamaterials, leveraging their tunable properties
to achieve adjustability or reconfigurability in metamaterials.
In comparison to alternative phase change materials, VO2, as a
phase-change material, undergoes rapid phase transitions, with
conductivity changes spanning 4–5 orders of magnitude [10].
These transitions can be controlled by simple conditions such
as temperature and electric field. Thus, VO2 has begun to see
widespread use inmetamaterials and various reconfigurable de-
vices.
To date, most metamaterials have been able to achieve a

single function. Although various structures of terahertz ab-
sorbers and polarization converters based on metamaterials
have emerged, these designs often suffer from complex struc-
tures and difficult tuning issues. Li et al. have proposed a multi-
functional terahertz metamaterial based on nanoimprinting that
achieves broadband absorption with an absorption rate of over
80% in the range of 0.82 THz to 0.93 THz. Additionally, within
the 1.16 THz range, the material exhibits a transmittance rate
of over 80% [14]. Wu et al. introduced a ring-shaped, ultra-
wideband tunable metamaterial perfect absorber, achieving ter-
ahertz absorption rates as high as 90% in the 2.34 to 5.64 THz
frequency range [15]. Fang et al. presented a dual-mode tunable
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FIGURE 1. Schematic diagram of the designed switchable metamaterial, (a) (e) 3D schematic view and (b) (d) schematic of Pattern layers, (c) side
view.

polarization conversion metasurface combining graphene and
vanadium dioxide (VO2), which, when VO2 is in its insulat-
ing state, enables significant asymmetric transmission (AT) at
0.42 and 0.77 THz. Conversely, when VO2 is metallic, the con-
verter switches to reflection mode, exhibiting broadband polar-
ization conversion for both forward and backward incidences.
Additionally, the conductivity of graphene can be modulated by
changing the gate voltage, thus achieving dynamic control of
the polarization conversion bandwidth in reflection mode and
asymmetric transmission in transmission mode [16].
This study leverages the phase transition properties of vana-

dium dioxide (VO2) to propose a functionally switchable ter-
ahertz metamaterial device capable of broadband absorption
and cross-polarization conversion. When VO2 is in its metallic
state, the device operates as a broadband absorber. Its struc-
ture consists of a bottom-to-top arrangement of a VO2 film,
a U-shaped metal layer, a polyimide (PI) dielectric layer, and
an upper layer of VO2 rings. Conversely, when VO2 is in
its insulating state, the device functions as a polarization con-
verter. In this mode, the active components include upper VO2

rings, an upper PI dielectric layer, U-shaped metal, VO2 film, a
lower PI dielectric layer, and a bottom metal substrate. Fur-
thermore, the study systematically investigates the influence
of structural parameters, incident angle, and polarization angle
on the device’s absorption and polarization conversion perfor-
mance. Compared to traditional materials and static metama-
terials, the proposed VO2-based switchable metamaterial of-
fers significant advantages, including dynamic tunability, mul-
tifunctional integration, and flexible design freedom. Leverag-
ing the phase transition properties of VO2, the device achieves
seamless switching between broadband absorption and polar-
ization conversion, which is challenging to realize with conven-
tional approaches. This design not only enhances the function-
ality of terahertz devices but also provides a versatile platform
for applications in communication, imaging, and sensing.
The schematic diagram and specific parameters of the meta-

material unit structure in this article are shown in Figure 1. The
metamaterial cell structure is composed, from bottom to top, of
a bottom metal substrate, PI (with εPI = 3.5 + 0.00945i) [16],
VO2 film, U-shaped metal, PI, and ring-shaped VO2. Through

simulation and optimization analysis, the obtained optimal pa-
rameters are P = 50µm, R = 16µm, r = 6µm, a =
31.25µm, b = 12.5µm, h1 = h3 = 10.5µm, and h2 =
0.6µm. The thicknesses of the VO2 ring patch, U-shaped
metal, and bottom metal substrate (with σAu = 4.561 ×
107 S/m) are 0.1µm, 0.6µm, and 0.6µm, respectively.
In this study, simulations are performed using the commer-

cial software COMSOL Multiphysics. Periodic boundary con-
ditions are applied in the x and y directions to model the in-
finite periodic nature of the structure, while perfectly matched
layers (PMLs) were used in the z direction to absorb outgo-
ing waves and minimize reflections, ensuring accurate simu-
lation results. The incident wave propagated through the en-
tire structure in the −z direction, and numerical simulations
were conducted for the structure in the 0.8 to 7 THz frequency
range. At terahertz frequencies, the optical dielectric constant
of VO2 can be described by the Drude mode [17]: ε(ω) =
ε∞−ω2ρ(σ)/(ω2+ iγω), where ε∞ = 12 represents the high-
frequency dielectric constant; ωρ(σ) denotes the plasma fre-
quency related to conductivity; and γ represents the collision
frequency. In addition, a positive relationship between ω2

ρ and
σ (ω2

ρ = σ/σ0ω
2ρ(σ0)) can be used to represent the plasma

frequency at σ, where σ0 = 3 × 102 Ω−1cm−1, ωρ(σ0) =
1.4×1015 rad/s, γ = 5.57×1013 rad/s. Set the relative permit-
tivity of insulating VO2 to 12. The phase transition process of
VO2 shows significant changes in conductivity and permittiv-
ity [18]. In our study, VO2 conductivities of 2 × 105 S/m and
20 S/m were selected to define the metal state and insulation
state, respectively [19]. These two numerical values were used
to simulate the phase transition process of VO2.

2. RESULTS AND DISCUSSIONS

2.1. When Vanadium Dioxide (VO2) Is in Its Metallic Phase, the
Proposed Switchable Metamaterial Operates as a Broadband
Absorber
As illustrated in Figure 2, when the conductivity of VO2

reaches 2 × 105 S/m, indicating a metallic state, the proposed
switchable metamaterial device functions as a broadband ab-
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FIGURE 2. (a) Absorption of the designed metamaterial device with VO2 patches and without VO2 patches. (b) Plots of relative impedance and
absorption curves.

sorber. During the simulation analysis, the finite element anal-
ysis method was employed to investigate the absorptive prop-
erties of the metamaterial device. The terahertz absorption rate
of the device can be expressed by the formula derived from the
simulated reflection absorption (S11) and transmission coeffi-
cient (S21):

A = 1−R− T = 1− |S11|2 − |S21|2 (1)

The reflectance is denoted by R = |S11|2, which is derived
from the parameters, while the transmittance is represented by
T = |S21|2. In the studied terahertz frequency range, the trans-
mission (T ) of the designed metamaterial device is always 0
owing to the existence of metal plates or metallic VO2 films at
the bottom in both states, and the thickness of the metal plates
or VO2 films is much larger than the skin depth of terahertz
waves, leading to suppressed transmission. Consequently, the
terahertz absorption rate of the device can be further expressed
by the following formula:

A = 1−R− T = 1− |S11|2 (2)

The intrinsic mechanism behind the absorption characteris-
tics of the metamaterial is studied using impedance matching
theory. By employing the S-parameter retrieval method, the
real and imaginary parts of the relative impedance of the meta-
material structure are calculated. The absorption rate and rela-
tive impedance can be expressed as [17, 20]:

A (ω) = 1−R (ω)=1+

∣∣∣∣Z − Z0

Z + Z0

∣∣∣∣2=1−
∣∣∣∣Zr − 1

Zr + 1

∣∣∣∣2 (3)

Zr = ±

√
(1 + S11 (ω)

2 − S21(ω)
2
)

(1− S11 (ω)
2 − S21(ω)

2
)

(4)

In the given formula, Z0 and Z represent the effective
impedance of free space and the effective impedance of the
structure, respectively. The relative impedance of the struc-
ture to free space is denoted by Zr = Z0/Z. According to
impedance matching theory, when the impedance of the meta-
material structure matches that of free space, the absorption rate
of the metamaterial absorber reaches its maximum value (at this
point, the relative impedance Zr = 1). Figure 2(a) illustrates
the absorption rates with and without the annular VO2 patch.

It is evident that the introduction of the annular VO2 patch sig-
nificantly enhances the overall absorption rate and bandwidth.
Without the VO2 patch, the overall absorption rate is only about
0.2, whereas with the VO2 patch, the peak absorption rate ap-
proaches 1. Notable absorption peaks are observed at 2.6 THz
and 3.5 THz, with the absorption rate exceeding 90% in the fre-
quency range of 2.2 to 3.9 THz. The bandwidth ratio can be
expressed as (fmax − fmin)/[(fmax + fmin)/2], where fmax and
fmin represent the maximum and minimum frequencies with an
absorption rate greater than 90%, respectively. The calculated
bandwidth ratio is 66.7%.
In Figure 2, we compare the absorption rates with and with-

out the VO2 annular patch to illustrate its impact on the over-
all absorption performance. The annular VO2 patch further
enhances the absorption performance by optimizing the distri-
bution of the electromagnetic field and improving impedance
matching with free space. The presence of the annular patch
increases the overall absorption rate and bandwidth, as demon-
strated in Figure 2(a). As demonstrated in Figure 2(b), the rela-
tive impedance of the structure is matched with the impedance
of free space. Within the range of 2.2 to 3.9 THz; the real part
of the impedance approaches 1; and the corresponding imagi-
nary part approaches 0, resulting in high absorption within this
frequency band.
In pursuit of the optimal parameters for the metamaterial

structure, a study was conducted on the geometric dimensions
of the metamaterial, such as period P and the inner radius of
the annulus (r). Figure 3 illustrates the investigation into how
these structural parameters affect the metamaterial’s absorption
rate.
As shown in Figure 3(a), an initial simulation analysis was

conducted on the periodicity P of the metamaterial. When P is
greater than 50µm, an increase in P results in a decrease in the
overall absorption bandwidth, a reduction in the absorption rate
at the first peak, and a slight increase at the second peak. Con-
versely, whenP is less than 50µm, a decrease in the periodicity
P leads to a slight increase in the overall bandwidth. Consider-
ing the manufacturing difficulties associated with excessively
small dimensions, a periodicity of P = 50µm was selected for
continued simulation studies. Subsequently, the impact of the
annulus inner diameter r on the absorption rate was simulated.
As depicted in Figure 3(b), when r > 6µm, an increase in r
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FIGURE 3. The absorption spectrum varies with (a) the period of P , (b) the radius of r in the upper VO2 patch.

(a) (b)

(c) (d)

FIGURE 4. The absorption spectrum varies with (a) f = 2.5THz, (b) f = 3.6THz, (c) f = 4.3THz, (d) f = 4.8THz.

shows a downward trend in the overall absorption rate. When
r < 6µm, a decrease in r slightly increases the absorption rate
at the first peak, followed by a reduction after the first peak.
Similarly, to avoid manufacturing challenges due to very small
metamaterial dimensions, an inner diameter of r = 6µm was
chosen for the study. In summary, the optimal absorption rate
is achieved when the parameters are set to P = 50µm and
r = 6µm.
To gain a deeper understanding of the working mechanism

of the absorber, Transverse Electric (TE) polarized terahertz
waves were utilized. The electric field distribution on the sur-
face of the top VO2 annulus was studied at frequencies of
2.5 THz, 3.6 THz, 4.3 THz, and 4.8 THz, as illustrated in Fig-
ure 4.

The influence of geometric parameters, such as the dimen-
sions of the VO2 rings and the shape of the U-shaped metal
structure, on the device’s performance can be attributed to their
impact on the resonant frequency and electromagnetic field dis-
tribution. For instance, increasing the radius of the VO2 rings
shifts the resonant frequency, thereby altering the absorption
and polarization conversion characteristics. To better compre-
hend the physical mechanism of vanadium dioxide (VO2) as
an absorber in its metallic state, the electric field distribution
at several peak frequencies during the incidence of the wave
was analyzed. As indicated by Figure 4, the electric field is
primarily concentrated on the inner and outer sides of the VO2

annulus. In its metallic state, the VO2 in the middle layer has
a thickness greater than the skin depth. The incidence of elec-
tromagnetic waves on the VO2 annular surface induces local-
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FIGURE 5. (a) Absorption rate of broadband absorption with diverse incident angles. (b) Absorption spectra of the wide-band absorber with different
polarization angles when σ = 2× 105 S/m.

ized surface plasmon resonance (SPR), which causes the accu-
mulation of electric charges to form electric dipoles. Multiple
electric dipole resonances and coupling between adjacent units
result in peak absorption. The broadband absorption effect is
caused by superposition of resonances. As shown in Figure 4,
at frequencies of f = 2.5THz, f = 3.6THz, and f = 4.8THz,
the absorption rate is high, with the electric field focused on the
inner and outer sides of the annulus. However, at f = 4.3THz,
as depicted in Figure 4(c), the electric field is mainly distributed
at the left and right ends of the outer side of the annulus, result-
ing in a weaker surface plasmon resonance and, consequently,
a lower absorption rate at this frequency.
Finally, with practical applications in mind, the effects of the

incidence angle and polarization angle on the performance of
the absorber were studied. Figure 5(a) depicts the relationship
between the absorption rate and incidence angle. The designed
absorber maintains a stable absorption rate with a large toler-
ance for the incidence angle, retaining good performance even
at an incidence angle of 75◦. Within the broad range of 0◦ to
75◦ incidence angles, the absorption peaks exhibit a redshift
as the incidence angle increases. Figure 5(b) presents the im-
pact of the polarization angle on the absorption performance
when terahertz waves impinge perpendicularly on the meta-
material structure. Due to the symmetry of the structure, the
absorption rate remains almost unchanged within the range of
0◦ to 75◦ polarization angles, indicating polarization indepen-
dence. The absorber’s simple structure and large tolerance for
incidence and polarization angles make it suitable for electro-
magnetic shielding to block terahertz radiation in devices. It
also holds promise for enhancing image contrast and improv-
ing image quality in terahertz imaging applications.

2.2. When VO2 Is in the Insulating State, the Proposed Switch-
able Metamaterial Operates as a Broadband Cross-Polarization
Converter in the 1 to 3 THz Frequency Band
Based on the fundamental theory of electromagnetic waves,
the components of a linearly polarized wave in two orthog-
onal directions differ by 0◦ or 180◦ [21]. Decomposing the
electric field vector of the incident electromagnetic wave ac-
cording to the uov coordinate system, if the amplitudes of the
co-polarized reflection in the two orthogonal components are
equal, and the phase difference is 180◦, a 90◦ phase shift can

be achieved, resulting in a polarization conversion from copla-
nar to cross-polarization. For an x-polarized electromagnetic
wave incident perpendicularly, if the x-polarized wave is con-
verted to a y-polarized wave after reflection, then the reflected
electromagnetic wave through the terahertz polarization con-
verter will have a phase difference in the u and v directions
(∆φ = |φuv − φuu|). When the phase difference is approxi-
mately 180◦, and Ruu ≈ Ruv , the incident x-polarized wave
is rotated by 90◦ after reflection by the polarization converter
and is reflected back as a y-polarized wave. To understand the
working principle of the designed metasurface as a linear po-
larizer, the electric field component along the y-axis can be de-
composed into two orthogonal u and v components, with refer-
ence to the x and y axes at ±45◦ [22]. A y-polarized incident
electromagnetic wave can be divided into u and v components,
as shown in Figure 7(a). The metasurface exhibits anisotropy
along the u and v axes, with mirror symmetry along the u axis.
We studied the incident and reflected electric fields along the
u and v axes, denoted by Eui and Evi, Eur, and Evr, respec-
tively. After decomposing the incident and reflected electric
fields into u and v, they can be expressed as [23–25]:

Ei = uEui + vEvi (5)
Er = uRuuEui + vRvvEvi (6)

In the formula, when the incident electromagnetic wave is
u-polarized and v-polarized, the reflected polarization compo-
nents are denoted by Ruu and Rvv , respectively.
The polarization conversion ratio (PCR) refers to the effi-

ciency with which an electromagnetic wave transitions from
one polarization state to another. The PCR is defined as [26–
28]:

PCR =
|Ryx|2

|Ryx|2 + |Rxx|2
(7)

In the formula, Rxx represents the co-polarized reflection co-
efficient, while Ryx denotes the cross-polarized reflection co-
efficient.
Additionally, it is defined that ∆φ = φxx − φyx, the phase

difference ∆φ = 2kπ ± π
2 is an integer multiple of k (where

k is an integer), and the reflected wave will be converted into a
circularly polarized wave [29, 30].
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FIGURE 6. (a) Reflection curve. (b) Polarization conversion rate when σ = 20 S/m. (c) Phase. (d) Phase difference.

Figure 6 presents the simulated reflection coefficients and
PCR for a linearly polarized wave incident perpendicularly on
the broadband polarization converter. As can be seen from
Figure 6(a), within the frequency range of 1.4–2.5 THz, the
cross-polarized reflection coefficient Ryx is above 0.8, achiev-
ing the planned conversion functionality. Figure 6(b) reveals
that within the frequency range of 1.4–2.3 THz, the cross-linear
polarization conversion efficiency exceeds 80%, and within
1.4–2.1 THz, it approaches 1, enabling a near-perfect cross-
polarization conversion. Under the condition of |Ryx| =
|Rxx| [31, 32], it is known from Figure 6(d) that at frequencies
of 1–1.1 THz, ∆φ is approximately −90◦, and at frequencies
of 2.1–3 THz, ∆φ is about 90◦. At frequencies of 1–1.1 THz
and 3.0–3.2 THz, the linearly polarized wave can be converted
into a circularly polarized wave.
To better analyze the mechanism behind polarization con-

version, the current density of the gold structure layer and gold
substrate layer was examined at 2 THz. Figures 7(c) and 7(d)
illustrate the decomposition of the current components (P1, P2,
and P3) in the upper and lower layers at 2 THz. It is observed
that the x-component of P1 (P1x) is opposite in direction to
P2 and the x-component of P3 (P3x), which couple to form an
electromagnetic resonance. This resonant interference super-
position endows the metamaterial with wide-band polarization
conversion properties.
Subsequently, to identify the optimal parameters for the

metamaterial structure, a parametric study was conducted on
its geometric dimensions, including the period (P ), gap width
(b), side length (a), and the thickness of VO2 (h2). Figure 8
demonstrates the influence of these dimensional parameters on
the metamaterial’s polarization conversion rate.

Figure 8(a) illustrates the relationship between the polar-
ization conversion ratio (PCR) and the periodicity P of the
metamaterial when other parameters remain constant. As P
increases from 46µm to 54µm, the overall resonance peaks
redshift towards lower frequencies, and the PCR slightly de-
creases. Considering the manufacturing difficulties associated
with very small dimensions, a periodicity of P = 50µm was
chosen to achieve a relatively optimal PCR size. Figure 9(b)
demonstrates the relationship between the PCR and gap width
b when other parameters are unchanged. As the gap width in-
creases by 0.5µm from 11.5µm to 13.5µm, the PCR tends to
decrease at lower frequencies and gradually increases at higher
frequencies. Taking into account this variation, a gap width of
b = 12.5µm was selected. Figure 9(c) investigates the effect
of a (the U-shaped metal bottom side length, which is shown
in Figure 1(d)) on the PCR. When a = P/1.5, the overall
PCR is relatively low; when a = P/1.6, the PCR is close to
1; however, the frequency range is narrower. As the size of a
decreases, the conversion efficiency gradually decreases, hence
a = P/1.6was chosen. Figure 8(d) examines the impact of the
VO2 thickness h2 on the PCR, indicating that the thickness of
h2 has almost no effect on the PCR.
The angle of terahertz waves significantly influences the po-

larization conversion characteristics of metamaterials. To eval-
uate the angular stability of the polarization converter, sim-
ulations are performed to analyze the effects of variations in
the incidence angle and polarization angle on its performance.
Figure 9 illustrates the impact of these angular variations on
the polarization conversion efficiency (PCR). As shown in Fig-
ure 9(a), as the incidence angle increases from 0◦ to 45◦, the
PCR exhibits a slight decrease in the low-frequency range and
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FIGURE 7. (a) Polarized electric field decomposed into u and v. (c) (d) The surface current density of gold structure layer and gold substrate layer
at 2 THz.

(a) (b)

(c) (d)

FIGURE 8. The influence of structural parameters on polarization conversion rate (a) P , (b) b, (c) a, (d) h2.

a slight increase in the high-frequency range. This behavior in-
dicates that the device maintains robust performance across a
wide range of incidence angles (0◦–45◦). Figure 9(b) demon-
strates that the PCR remains nearly constant with increasing
polarization angle, which is attributed to the symmetric design

of the metamaterial device, making it insensitive to polarization
angle variations.
Due to its excellent angular stability and polarization conver-

sion performance, the proposed device holds significant poten-
tial for applications in terahertz radar systems. By controlling
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(a) (b)

FIGURE 9. (a) PCR with diverse incident angles and (b) PCR with different polarization angles.

TABLE 1. Comparison of the present MMA with others.

Ref. Material Frequency (THz) Absorption Polarization converter Flexible
[33] PI, copper 0.72, 1.4, 2.3 89%, 98%, 85% no yes
[34] VO2, mica, gold 0.24, 0.46 99.7%, 99.3% no no
[35] VO2, mica, gold no No 0.4–1.1 THz yes
[20] VO2, SiO2, Graphene 0.98–1.63 Above 90% no yes
[36] Graphene, VO2 0.7, 2.1, 3.9 and 0.8–2.4 Above 90% no no

Our paper VO2, PI, gold 2.2 ∼ 4.4 Above 90% 1.4 ∼ 2.5THz yes

(a) (b) (c)

(d)(f) (e)

FIGURE 10. Proposed potential manufacturing processes for terahertz switchable metamaterials.

the polarization of emitted electromagnetic waves, the device
can extract polarization information from targets, thereby en-
hancing target recognition and imaging capabilities. Addition-
ally, the polarization converter can be utilized in terahertz com-
munication systems, where signal polarization adjustment can
optimize transmission efficiency and mitigate interference.
Table 1 provides a comparison of our proposed structure with

several previously published works. Our results show that,
compared to existing designs, our structure offers a simpler
yet highly versatile solution capable of multifunctional switch-
ing. Furthermore, it exhibits low manufacturing process re-
quirements and robust performance stability under variations
in incidence angle and polarization angle. These advantages

make the proposed structure highly promising for practical ap-
plications requiring consistent and reliable performance.

2.3. Terahertz Metamaterial Device Manufacturing Process

The proposed metamaterial is designed for the ease of fabri-
cation [3, 37, 38] with the manufacturing process illustrated in
Figure 10. The specific steps are as follows: (a) Gold Film
Deposition: A gold film is electroplated onto a silicon sub-
strate. The substrate is first cleaned, and an adhesion layer
(e.g., chromium or titanium) is deposited to ensure strong bond-
ing. The gold film is then electroplated to a thickness of sev-
eral hundred nanometers, ensuring uniform coverage. (b) Poly-
imide Dielectric Layer: A polyimide dielectric layer is spin-
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coated onto the gold film and cured at high temperatures (300–
350◦C), forming a stable dielectric layer several micrometers
thick. (c) VO2 Thin Film: AVO2 thin film is deposited onto the
polyimide surface usingmagnetron sputtering and patterned via
photolithography. Photoresist is applied, exposed, and devel-
oped, followed by etching to achieve the desired VO2 pattern.
(d) U-shaped Metal Layer: The U-shaped metal layer is fabri-
cated through photolithography and metallization. Photoresist
is spin-coated and patterned via exposure, after which a metal
layer (e.g., gold or aluminum) is deposited. The resist is then
lifted off to form the U-shaped structure. (e) Additional Poly-
imide Layer: Another polyimide dielectric layer is spin-coated
and cured, covering the U-shaped metal structure to ensure uni-
formity and stability. (f) VO2 Annular Layer: A VO2 thin film
is deposited onto the polyimide layer using magnetron sput-
tering and patterned via photolithography to form an annular
structure.
This detailed fabrication process ensures the precise con-

struction of the proposed metamaterial, enabling its unique
functional properties and performance.

3. CONCLUSION

In summary, leveraging the phase transition properties of VO2,
this paper proposes a switchable terahertz metamaterial device.
Through simulation analysis and optimization of geometric pa-
rameters, it is demonstrated that this multifunctional switchable
metamaterial can act as a terahertz absorber and polarization
converter. When VO2 is metallic, this multifunctional device
can be used as a broadband absorber. The results show that in
the 2.2 ∼ 4.4THz frequency range, the absorption rate exceeds
90%. When VO2 is an insulator, the structure serves as a po-
larization converter. In this state, within the 1.4 ∼ 2.5THz
frequency range, simulation results show that reflection coeffi-
cients Rxx and cross-polarized reflection coefficients Ryx are
observed, with with Ryx being the cross-polarized reflection
coefficient greater than 0.8. In the 1.4 ∼ 2.1THz frequency
range, the polarization conversion rate is close to 1. At frequen-
cies of 1–1.1 THz and 3.0–3.2 THz, linearly polarized waves
can be converted into circularly polarized waves. The designed
metamaterial structure is simple, with switchable functionality.
Moreover, the properties of the metamaterials were simulated
at various sizes, revealing their remarkable tolerance to dimen-
sional variations. This high tolerance ensures that manufactur-
ing errors have minimal impact on the performance and func-
tionality of the metamaterials. As a result, the device is suit-
able for a wide range of applications including electromagnetic
shielding, terahertz imaging, and terahertz communication.
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