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Abstract: The design of tunable and multifunctional metastructures (MSs) is currently a trend
in the terahertz (THz) field. Based on the characteristic that thermal excitation can cause the
phase transition of vanadium dioxide (VO2), a MS that concentrates both cross-polarization
conversion and absorption functions is proposed in this paper, and switching two functions
can be achieved by controlling the temperature. At high temperatures (68°C), the proposed
MS exhibits a narrow-band absorption function in the range of 0.67 THz-0.95 THz. When the
temperature drops below 68°C, VO2 is in the insulated state, and the structure can be considered
as a polarization converter. Simulation results indicate that the broadband cross-polarization
conversion can be realized in 0.69 THz-1.38 THz with a polarization conversion ratio above 90%
and a relative bandwidth of 66.7%. This paper analyzes the amplitude, phase, and surface current
distributions under the polarization conversion function, as well as the impedance, power loss
distributions, and equivalent circuits under the absorption function. In addition, the angular
stability and the influences of the structural parameters on performance are also discussed. The
proposed MS is suitable for complex applications due to its tunability and dual functionality.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With the rapid development of science and technology, the use of electromagnetic waves is be-
coming increasingly common. However, electromagnetic interference risks daily communication,
various electronic devices, and even human health to a certain extent. Therefore, the research on
the absorbers is of strategic importance. Applying the absorption material in the electromagnetic
shielding and electromagnetic protection [1] is gradually gaining attention. Wave absorption
structures are the functional materials that reduce the intensity of the reflected electromagnetic
waves (EMW) by absorbing the incident EMW. Besides, the absorbers can further improve the
target’s stealth performance by reducing its radar scattering cross-section [2]. The phenomenon in
which the amplitude and direction of the electric field for EMW are changed with time at arbitrary
points in space is called the polarization of EMW, which is widely used in antenna radiation
[3], radar detection [4], optical devices [5], communication systems [6] and other fields. For
example, the radiation from most antennas, such as dipoles and butterfly antennas [7], is generally
characterized by a strong orientation, so the device receiving the signal is highly selective
concerning the polarization state. In short, the device that can convert the polarization state for
the EMW is known as the polarization converter. The conventional absorbers and polarization
converters are challenging to be used widely due to the disadvantages of poor stability, heaviness,
thickness, etc. So, the focus of the research move on the absorbers and polarization converters,
which are stable, lightweight, and can be quick to miniaturize and integrate.
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Metastructures (MSs) whose applications are essentially the same as metasurfaces are offshoots
and 3D extensions of metasurfaces [8]. The emergence of MSs is due to the increasing number
of multilayer structures caused by the escalation of application requirements; so the conventional
metasurfaces which are used to define 2D systems are no longer suitable for defining 3D structures.
MSs feature extraordinary physical properties, such as the negative refractive index and the
negative dielectric constant [9], which are not present in natural materials. By the specific design
of the MS unit, the control in both phase and amplitude of EMW can be achieved, resulting in
polarization conversion, absorption, etc. Numerous MSs that can perform polarization conversion
or wave absorption functions have been developed recently. In 2018, a polarization converter can
convert the linear polarized EMW to the circular polarized EMW with an axial ratio (AR) below
3 dB in the band from 2.98 GHz to 3.16 GHz proposed by Akgol et al [10]. Besides, Chen et al.
[11] designed a periodic cylindrical array based on InSb material with a highly thermosensitive
relative permittivity in 2020. High sensing performance can be obtained at room temperature
(300 K) with 99.9% absorptivity at 1.90 THz for the above structure. Moreover, in 2021, the
MS with the linear-to-circular polarization conversion in both 15.0 GHz-21.2 GHz (34.3%) and
27.0 GHz-30.3 GHz (11.5%) where AR can be maintained below 3 dB [12] was presented.

Increasingly, attention is placed on designing multifunctional MSs to meet the needs of more
sophisticated applications. A MS was designed by Dutta et al. [13] in 2021, enabling both the
cross- and the linear-to-circular polarization conversion in the multiple operating bands. Besides,
more controllable materials and devices are also used in designing multifunctional MSs. In 2020,
Li et al. [14] introduced a MS containing the PIN diode whose function can be switched from
perfect transparency to excellent absorption by controlling the external voltages applied across
the diodes. Liu’s team [15] achieved both cross-polarization conversion (36.9 THz-38.8 THz)
and linear-to-circular polarization conversion (35.8 THz and 39.9 THz) on a MS by regulating
the Fermi energy of graphene in 2021. In the same year, Zhang et al. [16] also used graphene
to design a cross-shaped resonant surface and its complementary MSs structure to achieve the
abovementioned functions. The multifunctional and tunable MSs overcome the disadvantages of
conventional MSs, such as limited functionality and the single working band, which provide the
flexibility to adapt to the complicated and constantly evolving communication environment.

Meanwhile, as the research into phase transition materials continues, the advantages of
vanadium dioxide (VO2) in designing multifunctional devices are coming to the fore. Generally
speaking, when the temperature is below 68°C, VO2 with the monoclinic lattice structure presents
the insulating or the semiconducting state, measured by the conductivity. When the temperature
exceeds 68°C, the arrangement of VO2 is transformed into the tetragonal rutile structure while
the state turns to the metallic phase [17–19]. As the phase transition material, the phase transition
temperature of VO2 is relatively low and is easily reached by the thermostats. In addition, VO2
also possesses the advantages of being chemically stable and having a high resistance temperature
coefficient at room temperature [20]. However, the above process is reversible for the phase
change of VO2 by thermal excitation [21], which is significant for the tunability and versatility of
the MSs. Recently, tunable and multifunctional MSs based on the phase transition characteristic
of VO2 have emerged. For example, in 2020, a VO2-based MS that can simultaneously perform
absorption and linear-to-circular polarization conversion functions was proposed [22]. Qiu et al.
also designed a MS [23] with broadband absorption, linear-to-linear polarization conversion, and
linear-to-circular polarization conversion functions. A VO2-graphene-based MS [24] can also be
bi-functional simultaneously, except that the process is complex to simultaneously conditioning
vanadium dioxide and graphene. More, there is the MS with the asymmetric transmission and the
bidirectional absorption switchable in the terahertz, the MS with the functions of both absorption
and electromagnetically induced transparency, the MS that can switch between broadband and
narrowband absorption, and simultaneous realizations of the absorber and transparent conducting
metal in a single MS [25]. In addition, VO2 also shows potential applications in various fields
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such as intelligent windows [26], photocatalysis [27], memristor MSs [28], and infrared thermal
imaging [28].

Different from the functions mentioned above that can be achieved on a MS, in this work,
a tunable multifunctional MS that enables the functions of polarization conversion and wave
absorption is proposed based on the phase transition characteristics of VO2. When VO2 is
at a high temperature, the proposed MS absorbs 90% and more of the EMW in the range of
0.67 THz-0.95 THz. In this case, the design consists of two circular structures with staggered
slots in metal and VO2, a VO2 rectangular resonant patch with the “T” shaped slotted structures,
three layers of the dielectric substrate, and a metal reflector. As the temperature decreases, the
VO2 structures cease to resonate, and the function of the MS switches from the absorption to
the polarization conversion of EMW. At this point, the proposed MS achieves the polarization
conversion ratio (PCR) above 0.9 in the range of 0.69 THz-1.38 THz, with a relative bandwidth
(RB) of 66.7%. The multifunctional MS holds potential for intelligent applications and complex
environments in the terahertz (THz) frequency region.

2. Theoretical model

The detailed schematic views of the proposed MS unit from various angles are provided in
Fig. 1. The periodically arranged (3× 3) array diagram is depicted in Fig. 1(a), demonstrating
certain information regarding the incident waves. Figs. 1(b) and (c) show the side view and the
structural decomposition of the unit separately. This MS unit generally comprises three layers of
resonant patches and a metal reflector plate, separated by three dielectric substrate layers with
different thicknesses. The material used for the dielectric substrate is Polyimide, which possesses
a dielectric constant value of 3.5 [29]. Gold with a conductivity of 4.561× 107 S/m [30] is used
in the top resonant patch and the metal reflector at the bottom, displayed in red in Fig. 1. The
VO2 resonant patches whose conductivity can rise from 20 S/m (296 K) to 1× 105 S/m (341 K)
[31–33] with increasing temperature are indicated in blue. Figure 1(c) presents more visual
details about the resonant patches. A circular structure with three staggered slots along the u-axis
forms the metal resonant patch at the top of the unit. The VO2 resonant patch adjacent to the
above resonant patch differs merely in direction of the slots, which is deflected from the u-axis
to the v-axis. In other words, the VO2 circular resonant patch can be obtained when the metal
resonant patch is rotated 90° clockwise. The third resonant patch on such a MS is formed by
combining five rectangular patches collectively, each of which features four “T” shaped slotted
structures in different orientations. It is worth noting that the rectangular patch placed in the
middle is proportional to the four rectangular patches located at its four corners in size. Further
details on the structural parameters are listed in Table 1.

Table 1. Detailed parameters and values of the proposed MS

Parameters r1 w1 w2 a

Value (µm) 25 5 15 3

Parameters b p l1 l2
Value (µm) 10 60 28 6

Parameters t1 t2 t3 h

Value (µm) 1 28 4 0.2

Parameters k1 k2

Value 0.56 0.45

The modeling and calculations for the proposed MS are performed in HFSS, a commercial 3D
structural electromagnetic field simulation software. In the simulation, it is necessary to construct
the arrangement of the boundless period, which is accomplished by setting the Master-Slave
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Fig. 1. Schematic views of the proposed MS as viewed from various angles: (a) array
diagram illustrated with 3× 3 periods, (b) the side view of the unit and (c) the structural
decomposition of the unit.

boundary condition. To ensure that the x-polarized EMW is incident vertically on the proposed
MS, the Floquet port is set above the resonant unit.

3. Results and discussion

3.1. MS in low temperature (polarization converter)

When the MS is at low temperature, the design consists of a top metal circular resonant patch and
a bottom metal reflector, separated by a three-layer dielectric substrate; at this point, the structure
features the polarization conversion function. The u-axis and v-axis can be derived when the
x-axis and y-axis are deflected by 45° clockwise, respectively. Thus, when the EMW is polarized
along the x-axis, the electric field vector of the incident wave (Einc) can be decomposed in u- and
v-axis directions as follow (where iu and iv denote the corresponding unit vectors):

Einc = Exix = Euiu + Eviv (1)

The electric field vector of the reflected wave (Eref) can be similarly decomposed and expressed
in the form of the following matrix:

Eref = (iu iv ) ⎛⎜⎝
ruu ruv

rvu rvv

⎞⎟⎠ ⎛⎜⎝
Eu

Ev

⎞⎟⎠ (2)

The above can be viewed in Fig. 2(a). In addition, since the resonant structures of the
polarization conversion MSs are generally symmetrical along the u- and v-axis, the cross-
polarized reflection coefficients are expressed in terms of rvu and ruv and are infinitely close to 0
in theory. By further derivation, Eq.(2) is transformed into the following form:

Eref = Excos(45◦)(ruuiu + rvviv) (3)
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Fig. 2. Schematic representation of the incident and reflected polarized EMW.

The co-polarized reflection coefficients can be expanded and expressed as Eqs. (4) and (5).
Moreover, the phase difference is defined as in Eq. (6):

ruu = |ruu |ejφu (4)

rvv = |rvv |ejφv (5)

∆ϕ = ϕuu - ϕvv (6)

If conditions (7) and (8) are both satisfied (where n is the integer), the electric field vector of
the reflected wave (Eref) can be reduced to Eq. (9) eventually.

|ruu | = |rvv | = 1 (7)

∆ϕ = π + 2nπ (8)

Eref = Excos(45◦)ejφv(iu + ej∆φiv) = −Exejφviy (9)

The final result of Eq.(9) demonstrates that the electric field direction of the EMW undergoes
the 90° conversion from the x-axis to the y-axis when the conditions mentioned above are met,
i.e., the polarization conversion is generated.

The derivation of the above equation illustrates the generation of polarization conversion. In
addition, several evaluative indicators need to be specified. A polarization conversion rate (PCR)
greater than 90% is generally hoped for. In the study of reflective polarization conversion MSs,
the values of the polarized transmission coefficients are 0. Therefore, the formula for PCR can be
simplified as follows:

PCR =
r2
yx

r2
yx + r2

xx
(10)

where rxx and ryx are the co-polarized reflection coefficient and the cross-polarized reflection
coefficient separately. Moreover, the operating band and relative bandwidth (RB) for PCR > 0.9
are defined in Eqs. (11) and (12) respectively, where the f H and f L respectively represent the
highest and the lowest frequencies which the PCR over 90%.

∆f = fH − fL (11)

RB =
2 × ∆f
fH + fL

(12)

When VO2 is at low temperature (the structure of VO2 at low temperature is marked in white
as follows), the proposed MS possesses the function of polarization conversion. In Fig. 3(a), the
red curve denotes the cross-polarized reflection amplitude (ryx) while the co-polarized reflection
amplitude (rxx) is depicted by the black dashed line. When the polarization conversion occurs, the
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amplitude of rxx drops sharply, reaching the first resonance point at 0.73 THz, with an amplitude
of 0.116. Following this, the resonance points with lower amplitudes of 0.012 and 0.030 occur at
0.90 THz and 1.25 THz, respectively. Meanwhile, the curve of ryx rises steeply, with amplitude
above 0.8 in the range of 0.69 THz-1.38 THz. The phase difference and the co-polarized reflection
amplitudes are described in Figs. 3(c) and (d) when the electric field directions of EMW are
along the u-axis and the v-axis, respectively. In the range of 0.69 THz-1.38 THz, ruu and rvv
curves whose values are approached 1 are closed to each other. According to the above derivation
of the equations, in the lossless state, the values of ruu and rvv meet Eq.(7). However, since the
proposed MS is lossy, ruu≈rvv≈1 is considered to meet the conditions of the cross-polarization
conversion. Also, within the above band, the phase difference (|∆φ|<180°±37°) approximately
satisfies Eq.(8). Take the data in Fig. 3(a) into Eqs. (10) and (18) to obtain the curves representing
the PCR and absorptivity of this MS, as shown in Fig. 3(b). In 1.69 THz-1.38 THz, the PCR curve
is above the standard line of 0.9, while the absorptivity remained low. It visualizes that when
VO2 is at low temperature, the proposed MS achieves the polarization conversion with the RB of
66.7%, and only a few of the reflected waves are absorbed, which indicates the characteristics of
the low losses and high polarization conversion efficiency in the operating band.

(a) (b)

(c) (d)

180°±37° 

217°

143°

Fig. 3. The curves plots of polarization conversion MS when VO2 is at low temperature:
(a) the co-polarized reflection amplitude and cross-polarized reflection amplitude of incident
EMW when the direction of electric field is along the x-axis, (b) the curves of PCR and
absorptivity, (c) the phase difference and (d) the co-polarized reflection amplitude when the
polarized direction of EMW are along the u- and v-axis respectively.

Surface currents provide a valuable illustration of the principle of polarization conversion. The
surface currents at 0.73 THz and 0.90 THz are displayed in Fig. 4. The blue arrows indicate the
directions of surface currents in the area where they are located, and their components along the
xoy coordinate axis are marked by the black arrows. As exhibited in Fig. 4(a), the surface currents
on the metal resonator are strongest at the three slots whose currents are in the same distribution
at 0.73 THz. The two currents, I1 and I2, with particular strength at the middle slot, are in
opposite directions and their components I1y and I2y on the y-axis are parallel to the currents in
the bottom metal reflector as seen in Fig. 4(b). The electric resonance is generated by I2y, which
is in the same direction as the current on the metal reflector. In contrast, I1y which is opposite to
the current on the metal reflector generates magnetic resonance. However, the components of the
currents I1 and I2 on the x-axis are perpendicular to the currents on the bottom metal reflector,
which have no significance for the generation of resonance. The resonances of the remaining two
slots are identical to those described above and are therefore not described in detail. Overall,
the 0.73 THz resonant frequency is caused by the electric and magnetic resonances combined.
However, the current distribution at 0.90 THz merely produces magnetic resonance, which is
different from 0.73 THz. In Fig. 4(c), both at the slots and the outer edge of the metal resonant
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patch, the surface currents almost flow towards the -u-axis, opposite the currents on the bottom
metal reflector. The loop currents are formed in the dielectric substrate layers. The magnetic
dipole m and the magnetic field H, according to the right-hand rule, are created, where the
magnetic field component Hy parallel to the electric field E is essential for the cross-polarization
of EMW.
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Fig. 4. Surface current diagrams: (a) surface currents on slotted circular metal resonant
patches at 0.73 THz, (b) surface currents on metal reflector plates at 0.73 THz, (c) surface
currents on slotted circular metal resonant patches at 0.90 THz, and (d) surface currents on
metal reflector plates at 0.90 THz.

When the incidence direction of EMW deviates from the z-axis by the specified angles, the
polarization conversion abilities for the proposed MS undergo specific changes. The PCR in the
operating band is consistently above 0.9 during the increasing incidence angle to 33°, as displayed
in Fig. 5. At incidence angles greater than 33°, a slight weakening of the polarization conversion
occurs at 0.79 THz; the PCR is below 0.9 but still above 0.8 at this point. It is worth noting that
as the increase of incidence angle, the operating band broadens somewhat at high frequencies,
from fH = 1.38 THz to fH = 1.41 THz. Explain the deterioration of the polarization conversion
effect at large angles of incidence from the view of the equations. When the electromagnetic
wave is incident vertically on the MS, the propagation phase in the dielectric can be denoted as
2β = 2√εrk0h, where θt and εr indicate the refraction angle and relative permittivity, respectively.
However, when the electromagnetic wave is incident at a large angle, the propagation phase
becomes to 2β = 2√εrk0h/cos θt. The destructive interference resulting from the additional
propagation phase will break the original interference conditions. Therefore, the increasing rise
of incident angle will deteriorate the polarization conversion [32].

Fig. 5. Variation in PCR when the angle of incidence is increased.
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From the top to the bottom, the thickness of the third-layer dielectric substrate for the proposed
MS is noted as t2. From Fig. 6(b), it can be seen that at t2= 24 µm, three resonant frequencies exist
at 0.72 THz ①, 1.04 THz ②, and 1.35 THz ③, respectively. Since PCR> 0.9 can be transformed
to |rxx |<-10 dB, the cross-polarization reflection amplitude greater than -10 dB in the range
0.75 THz-0.90 THz is the direct cause of the depressed PCR curve at low frequencies, as shown
in Fig. 6(a). With the increase of t2, frequencies ① and ② approach each other, resulting in the
reduction of the reflection amplitude between the two mentioned frequencies, and the band with
PCR< 0.9 is improved subsequently. At t2= 28 µm, the three frequencies interact with each other,
creating the high PCR and ultra-broadband effect in the range of 0.69 THz-1.38 THz. However,
during the continuous increase in t2 to 32 µm, frequencies ① and ② merge into a single frequency,
thus weakening the polarization conversion effect. Besides, frequency ③ generates the redshift
that narrows the operating bandwidth. Figures 6(c) and (d) depict the effect of the variation in
the radius of the metallic circular resonant patch on rxx and the PCR. Under the impact of the
metallic resonant patch with r1 = 22 µm, the resulting resonance points are located at 0.83 THz
(marked by ④ in Fig. 6(d)) and 1.14 THz, respectively. The resonance point situated at 1.14 THz
affects a wide range of frequencies, and as r1 increases to 23.5 µm, the resonance point splits into
two, which are noted as frequencies ⑤ and ⑥ accordingly. The increasing r1 causes a significant
red shift in frequencies ④ and ⑤, while the blue shift in frequency ⑥ is relatively small. At
r1 = 28 µm, powerful resonances occur at frequencies ⑤ and ⑥, with rxx reaching -44.7 dB and
-47.7 dB, respectively, whose PCR is almost 100%. Multiple frequencies and appropriate distance
between frequencies are generally two critical factors in maintaining a high PCR and the wide
band. However, frequencies ⑤ and ⑥ are getting further apart due to frequency shifts, resulting
in |rxx | > -10 dB between the two points, which is reflected in the PCR curve as a depression at
the mid frequencies. Combining the bandwidth and PCR performance indicators, r1 = 25 µm is
chosen as the optimal value, at which point the proposed MS enables more than 90% PCR within
0.69 THz - 1.38 THz.

t2

r1

(a) (b)

(c)
(d)

Fig. 6. The change in the PCR and co-polarized reflectance with the variations in the
structural parameters: (a) PCR changes with t2, (b) rxx changes with t2, (c) PCR changes
with r1, and (d) rxx changes with r1.

3.2. MS in high temperature (absorber)

In high temperatures, the MS characterized the absorption function consists of two circular
structures with staggered slots in metal and VO2, a VO2 rectangular resonant patch with the
“T” shaped slotted structures, and three layers of the dielectric substrate and a metal reflector.
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Assuming that EMW is incident from port 1 and transmitted from port 2 of the MS as presented in
Fig. 7, the reflectance and transmittance of the MS can be expressed in terms of the S-parameter
as:

R(ω) = |S11 |
2 (13)

T(ω) = |S21 |
2 (14)

S11

S21

z

x

y

Port 1 Port 2

Fig. 7. Schematic representation of the S-parameters.

Define the absorptivity of the MS as:

A(ω) = 1 − R(ω) − T(ω) (15)

If the perfect absorption of electromagnetic waves by the MS is desired, then it is necessary
to make R(ω)=T(ω)= 0. Thus, the perfect absorption can be achieved by adjusting S11 and
S21. d represents the thickness of the MS which is significant to the dispersion-free [34], k=ω/c
is the transmitted wave number, n= n1+ in2 and z= z1+ iz2 describe the refractive index and
impedance, respectively. At this point, S21 can be expressed as Eq.(16) [35]:

S - 1
21 =

[︃
sin(nkd) −

i
2

(︃
z +

1
z

)︃
cos(nkd)

]︃
eikd (16)

The complex refractive index and complex impedance can also be represented in the following
form:

n(ω) =
√︁
ε(ω)µ(ω) (17)

z(ω) =
√︁
µ(ω)/ε(ω) (18)

Moreover, by adjusting the structure of the MS and its dimensions, the impedance can be made
to match the free space theoretically perfectly, i.e., z= 1. ε and µ should be equal to ensure that
the reflected electromagnetic waves from the MS are zero, i.e., that the waves all enter the MS. At
the same time, the MS should also possess significant losses, i.e., n2 approaching infinity. At this
point, R(ω)=T(ω)= 0, then A(ω)= 1 achieves perfect absorption of the electromagnetic wave.
The specific formulas [36] are derived as follows:

R(ω)
z(ω)=1

= |S11 |
2 =

[︃
z(ω) - 1
z(ω) + 1

]︃2
= 0 (19)

T(ω)
n2→∞

= |S21 |
2 = lim

n2→∞
(e−i(n1−1)kden2kd) = lim

n2→∞
e−2n2kd = 0 (20)

In the analysis of impedance matching, the S-parameter can be used for representation:

z = ±

√︄
(1 + S11)

2 − S21
2

(1 − S11)
2 − S21

2 (21)

If the bottom of the MS is the metal reflector, then S21= 0.
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When VO2 is at a specific high temperature (the structure of VO2 at high temperature is marked
in blue as follow), the proposed MS possesses the absorption effect on incident EMW. As can be
seen from the previous equations on EMW absorption, the ideal impedance matching is essential
for the absorptivity to approach 100%. Figure 8(a) depicts the absorptivity curve of the presented
MS and Fig. 8(b) is the complex impedance diagram. It is clear from Fig. 8(a) that the MS can
absorb over 90% of the EMW in the range of 0.67 THz-0.95 THz in both TE and TM modes.
Absorptivity reaches the maximum of 97% at 0.80 THz. Furthermore, in the above operating
band, the real part of the impedance z (Re) approximates 1, and the imaginary part (Im) is close to
0. Moreover, at 0.80 THz, Re= 1.11, Im= 0.28. The sum of the reflected amplitudes in Fig. 8(c)
is the amplitude of S11, which is taken into Eqs. (13) and (15), resulting in the absorptivity. The
amplitude of rxx decreases rapidly in the range of 0.67 THz-0.95 THz, while the amplitude of
ryx remains stable at less than 0.1. This demonstrates that the MS offers an efficient absorption
effect in the operating band, and the polarization effect is eliminated mainly due to the structure’s
unique design.

(a)

(b)

(c)

Fig. 8. (a) The absorptivity curves of the proposed MS in TE and TM modes, (b) the
normalized complex impedance z of the proposed MS, and (c) the reflection amplitude
curves.

To illustrate the role of the VO2 resonant patches, the circular and rectangular resonant patches
are removed from the proposed MS individually, and the total thickness of the dielectric substrate
remains unchanged; the absorptivity curves are presented in Fig. 9. The simulation results
indicate that the significant absorption effect on the EMW is the rectangular resonant patch with
the “T” slotted structure, which reaches the maximum value of 0.89 at 0.95 THz. However, the
VO2 circular resonant patch weakens the polarization conversion effect of the top metal resonant
patch by rotating it 90° clockwise. When the rectangular resonant patch is not incorporated, the
MS attains an absorptivity of just 56% at 0.84 THz, which can be superimposed on the effect
achieved by the rectangular resonant patch described above. Eventually, 97% absorptivity can be
obtained at 0.80 THz.

The qualitative analysis of the equivalent circuit for the proposed MS is presented. It can
be found that the three-layer resonant patches in the proposed MS can be grouped into two
parts. The metal and VO2 circular resonant patches with staggered slots belong to part 1, and
the rectangular resonant patch with a “T” slot structure is named part 2. The equivalent circuit
of part 1 is shown in Fig. 10(a), where L1 is the self-inductance of the metal circular resonant
patches, C1 is the gap capacitance of the metal circular resonant patches, and R1 represents the
resistance (resistance means the loss which includes the ohmic and radiation loss). Similarly, the
self-inductance, gap capacitance, and resistance of VO2 circular resonant patches with staggered
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Fig. 9. The absorptivity of three structures used to explain the role of the VO2 resonant
patches.

slots are denoted by L2, C2, and R2, respectively [37]. As the structure of the VO2 circular
resonant patch differs from the metal circular resonant patch merely in the direction of the slots,
the two remain uniform in terms of the circuit arrangement. In addition, the coupling capacitance
Cm1 is used to reflect the coupling effect between the two circular resonant patches. The third
layer resonant patch is the combination of a rectangular resonant patch with a “T” slot structure
and four proportionally scaled down patches, which belong to the scaling topology type structure,
the equivalent circuit as shown in Fig. 10(b). The self-inductance L3, gap capacitance C3, and
resistance R3 of the VO2 rectangular patch in the middle form a series circuit, which is connected
in parallel with the self-inductance L4, gap capacitance C3, and resistance R4 of the four VO2
rectangular patches surrounding it, forming the equivalent circuit of part 2 [38]. However, the
whole can be simplified to a series circuit of Leqv, Ceqv and Reqv. Similarly, the coupling effect
between part 1 and part 2 is represented by the coupling capacitance Cm2. Ultimately, Fig. 10(c)
can mean the qualitative equivalent circuit of the proposed MS in the absorption state. As the
MS described has no transmission coefficient, a conventional two-port network is effectively a
single-port network. Complex single-port networks, however, can eventually be reduced to RLC
series resonant circuits.
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Fig. 10. The equivalent circuit models of the (a) the metal and VO2 resonant patches,
(b) the rectangular resonant patch with a “T” slot structure, and (c) the whole unit at 68°C.

After simplifying the complex circuit in Fig. 10(c), the quantitative analysis of the equivalent
circuit will be carried out. It can be observed that the MS creates an effective absorption at
0.80 THz due to the combined effect of the bottom metal reflector, three resonant layers, and the
dielectric substrate. The black curve illustrates the S11 simulated by HFSS in Fig. 11(b), while
the red curve describes the theoretical circuit fitting whose equivalent circuit model is presented
in Fig. 11(a). R= 281.1 ohm, L= 97 pH, and C= 0.000408 pF are selected in series to match the
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impedance of the free space, the S11 simulation curve displays high similarity to the theoretical
circuit curve and hence attains the desired absorption effect.

R

L

C

Incident wave

Reflection wave

(a) (b)

Z0

z

y

x
o

Fig. 11. (a) The equivalent circuit model of the proposed MS at 68°C, and (b) the theoretical
circuit fitting and the S11 simulation curves.

When the MS works at 0.80 THz, the power loss density distributions on the three resonance
layers in the absorption state are described in Figs. 12(a), (b) and (c), respectively. From Fig. 12(a),
it can be observed that the power loss is concentrated in the dielectric substrate at the edges of
the circular metal resonator, especially in areas 1 and 2. In Fig. 12(b), the power loss at the edges
of the circular VO2 resonators (corresponding to the mentioned areas 1 and 2) remains at a high
value. Besides, energy loss also occurs in areas 3 and 4. In the third resonant layer, four small
rectangular resonant patches, especially their “T” shaped slotted structures, play an essential role
in the power loss. Meanwhile, areas 5 and 6, corresponding to areas 1 and 2, still hold a high
power loss. Overall, the excellent absorption effect maintained in 0.80 THz is attributed to the
dielectric substrate under the influences of the three resonant patches and the loss characteristics
of the VO2 units in the proposed MS.
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Fig. 12. The power loss density distributions at 0.80 THz: (a) on the layer of the circular
metal resonant patch, (b) on the layer of the circular VO2 resonant patch, and (c) on the layer
of the rectangular resonant patch with the “T” shaped slotted structures.

The stability of the absorptivity at different polarization angles and incidence angles (described
in Fig. 13 and Fig. 14, separately) shows the device’s adaptability to complex environments
to some extent. Figures 13(a) and (b) depict the variations in absorptivity and S11 when the
polarization angle is changed from 0° to 360° with a span of 30°, respectively. It can be noticed
that S11 is not entirely equivalent when the polarization angle changes, the reason being that the
resonant structure is not centrosymmetric. At polarization angles of 60° and 240°, S11 reaches
a minimum value of 0.04 at 0.77 THz. However, the visible difference in S11 is slight for the
absorptivity. White dashed lines mark the band in Fig. 13(a) with absorptivity above 0.9, and it
can be found that the operating band is noticeably changed only at low frequencies. In terms of
structure and principle, the proposed MS adopts a polarization-canceling design scheme rather
than the conventional symmetrical structure that triggers absorption. As a result, there is a slight
difference in the absorption of waves at different polarization angles. Still, at the same time, it
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results in a more significant absorption effect and a broader bandwidth. Besides, the case of
the different incidence angles is presented in Fig. 14. as the angle of incidence increases, the
operating band is reduced at both low and high frequencies, and the absorptivity is below 0.9 at
incidence angles above 40°.

Fig. 13. (a) The absorption spectra of this MS varies with the polarization angle, and (b) the
S11 varies with the polarization angle.

Fig. 14. Variation in absorptivity when the angle of incidence is increased.

As mentioned before, the thickness of the third dielectric substrate impacts the polarization
conversion efficiency. In addition, S11 experiences redshifts due to an increase in t2, accompanied
by a decrease in the amplitude of S11. Specifically, its center frequency shifted from 0.90 THz to
0.74 THz, while the amplitude of S11 decreased by 1.02 dB, as indicated in Fig. 15(a). As a result
of the above, the absorptivity of the proposed MS increases and shifts to the lower frequencies,
as depicted in Fig. 15(b). However, as the variation of t2 affects both PCR and absorptivity
performance indicators, t2 = 28 µm is set as the optimal value on balance. The parameter k2,
which represents the scaling ratio, causes S11 first to decrease and then to increase, as shown in
Fig. 15(d), where S11 reaches the minimum value of -24.6 dB at k2 = 0.4 and increases again to
-12.3 dB at k2 = 0.45. However, when evaluated in terms of absorptivity, the difference between
the two is only approximately 1%, and the operating band is broadened at high frequencies at
k2= 0.45, as seen in Fig. 15(c); therefore, k2 = 0.45 is chosen as the optimum value. The given
MS achieves an absorptivity of over 90% in the range of 0.67 THz - 0.95 THz. In summary,
changing the parameter value thus leads to variations in the absorptivity; this phenomenon occurs
mainly because of the impedance change. From the perspective of the equation, the difference in
the parameter value leads to variation in S11, which, according to Eq. (21), will directly affect
the impedance value when not having the transmission coefficient. From the perspective of the
circuit, changing the structure will affect the value of the RLC taken in its equivalent circuit,
thus affecting the effect of matching the free-space impedance. Therefore, selecting appropriate
values for the structural parameters is critical to the performance of the MS.
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Fig. 15. The change in the absorbtivity and S11 with the variations in the structural
parameters: (a) absorbtivity changes with t2, (b) S11 changes with t2, (c) absorbtivity
changes with k2, and (d) S11 changes with k2.

4. Conclusion

In summary, based on the phase transition characteristics of VO2, a multifunctional MS that
enables the ultra-broadband polarization conversion and narrowband absorption is proposed in
this paper. The functions are switched by controlling the operating temperature. At the high
temperature, the proposed MS can absorb more than 90% of EMW in 0.67 THz - 0.95 THz. At
low temperatures, the proposed MS can cross-polarize EMW in the range of 0.69 THz-1.38 THz,
and its PCR can be maintained at more than 90% in the operating band, reaching 98% at 0.73 THz
and close to 100% at 0.90 THz as well as 1.25 THz. This multifunctional MS can be applied to
the communication system of 6G, temperature-controlled system, stealth technology, and so on.
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