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Abstract: We propose a simple multifunctional terahertz absorber based on the simulation. The device
consists of a gold layer, a SiO, dielectric layer, and a VO, top layer. The modulation mechanism of
this device is to utilize the thermally induced phase transition characteristics of vanadium dioxide
material. The simulation results show that when the temperature is 312 K, the device has the effect of
complete reflection of terahertz waves. When the temperature is 345 K, the device has almost perfect
absorption of terahertz wave in the range of 4.7-9.7 THz, and the spectral absorptivity is modulated
in the range of 0~0.999. The electric field conditions at different temperatures were plotted to further
explain the reasons for the performance transition of the device. The terahertz device was explained
using impedance matching theory. In addition, the influence of different structural parameters on
absorption rate was studied, providing reference for practical applications. At the same time, the
device is polarization-insensitive and insensitive to the incident angle. When the incident angle
changes from 0°to 45°, the device still has a stable absorption effect. The device has great application
prospects in terahertz stealth, modulation, and other fields and provides ideas for the design of
related devices.
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1. Introduction

Terahertz wave refers to the electromagnetic wave with the frequency of 0.1-10 THz.
Terahertz wave has the characteristics of low photon energy, short pulse, and strong pene-
trability and has broad application prospects. Terahertz absorption has unique advantages
in communications, imaging, astronomy, radar, defense, medical, detection, etc., so it is
now necessary for the development of terahertz technology. For example, terahertz can
achieve wireless transmission rates of more than 10 Gbit/s in communication, which is
impossible to achieve in microwave. And for the use of explosives in the terahertz band of
different absorption spectra, terahertz can also detect and identify explosives [1-4]. How-
ever, most substances in nature are difficult to absorb terahertz wave by electromagnetic
response with terahertz wave, which leads to the slow development of terahertz absorp-
tion devices [5,6]. However, since Landy et al. first proposed metamaterial absorbers in
2008, terahertz absorbers of corresponding structures have been extensively studied and
rapidly developed [7]. This absorber is composed of a metal layer, dielectric layer, and
metamaterial layer. It has the characteristics of simple structure, high absorptivity, thin
thickness, and frequency selectivity. It has great applications in the fields of electromagnetic
stealth [8], electromagnetic detection [9,10], biological detection [11], and sensing [12-15].
However, most metamaterial absorbers only work in a single wave band, with narrow ab-
sorption bandwidth, and are unable to achieve dynamic adjustment of absorption efficiency,
which has great limitations and cannot be widely used [16-19]. Therefore, the design of
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a new terahertz absorber with wide absorption bandwidth, high absorption efficiency,
dynamic adjustment of absorption efficiency, and wide application range has become a
key research field. In recent years, due to the emergence of VO, [20-22], graphene [23-25],
liquid crystal [26,27], and other materials, the conductivity and dielectric properties of
metamaterials can be changed by changing the physical conditions such as temperature,
light, and electricity, so as to realize the dynamic adjustment of absorption rate.

VO, is a phase-change material. When the temperature reaches about 340 K, its con-
ductivity will change by four orders of magnitude. At this time, VO, undergoes a reversible
phase transition from an insulating phase to a metallic phase [28-30]. Therefore, devices
designed using vanadium dioxide can achieve asymmetric transmission of electromagnetic
waves, transmission of terahertz metasurface, and active tuning of terahertz waves by
controlling temperature [31-34]. In 2018, Song et al. [35] achieved an absorption rate of over
90% in the absorption bandwidth range of 0.33 THz using a broadband tunable terahertz
absorber based on vanadium dioxide metamaterial. In 2020, Huang et al. [36] designed an
active controllable dual broadband terahertz absorber based on vanadium dioxide hybrid
metamaterial, with an absorption rate exceeding 80% in the range of 0.56-1.44 THz and
2.88-3.65 THz. In 2020, Liu et al. [37] designed a dynamically tunable broadband terahertz
absorber based on vanadium dioxide hybrid metamaterials, with an absorption rate of over
90% within the absorption bandwidth range of 1 THz. Although the above-mentioned ab-
sorbers realize the dynamic adjustment of the absorption rate by changing the temperature,
there are still disadvantages such as narrow absorption bandwidth, small adjustment range,
and insufficient absorption rate. Therefore, a broadband, high-absorption, dynamically
tunable terahertz absorber is a feasible research direction.

In this paper, a terahertz regulator composed of VO,-5i0,-Au is designed based on
theoretical simulation, which can perfectly absorb terahertz waves in the ultra wideband
range of 4.7-9.7 THz. By changing the temperature, the phase transition of vanadium
dioxide can be realized, and the device can convert between complete reflection and
perfect absorption. When the temperature is 312 K, the device has the effect of complete
reflection of terahertz wave. When the temperature is 345 K, the device has almost perfect
absorption effect for terahertz wave in the range of 4.7-9.7 THz. At the same time, the
device is insensitive to the incident angle. When the incident angle changes from 0° to
45°, the device still has a stable absorption effect. This makes the device have a wide
range of applications and low limitations in practical applications. The terahertz modulator
designed in this paper has great application potential in terahertz stealth, detection, filtering,
thermal transmitter, modulation, and other fields and provides a new feasible scheme for
related design.

2. Structural Design and Analysis

The terahertz regulator structure proposed in this paper is a periodic structure, as
shown in Figure 1. A representative prototype of the EM consists of three layers. The
bottom reflecting layer is composed of gold film, whose thickness is much greater than
the maximum skin depth of terahertz wave in gold, so that the transmissivity is 0, and
the electromagnetic wave cannot penetrate. Therefore, the absorptance of our designed
absorber can be approximated as A = 1—-R, where R = [511 | 2 [38-40]. The intermediate
dielectric layer is composed of SiO, with a dielectric constant of 2.13, which provides a
transmission space and consumption path for terahertz waves incident on the absorber to
dissipate in the absorber [41,42]. The surface resonance layer is composed of vanadium
dioxide and has a specific pattern. Three-dimensional electromagnetic simulation software
COMSOL was used to optimize the parameters and analyze the results. After optimization,
the optimal structural parameters are as follows: P =35 um. R =155 um. a =5 pm.
b=2um. h=10 um. d =7.5 um. t = 0.05 um. The process flow of the regulating valve
is given in Figure 1d. Firstly, sputtering creates a gold bottom layer 10 um thick and
140 pm long and wide. Then, a SiO; dielectric layer with a thickness of 7.5 um and a length
and width of 140 um was generated by chemical vapor deposition; then, the top layer
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thickness of VO, is 0.05 um and a length and width of 140 pm was generated by magnetron
sputtering; and finally, the surface layer was patterned by lithography. In this way, we
use numerical simulation to theoretically guide the actual preparation of the THZ device,
which has certain reference significance.

Magnetron
sputtering

= ‘
e—+—— |
Micronstructures (d) ’

Figure 1. (a) Terahertz regulator structure array; (b) top view of periodic elements; (c) side view of
the periodic elements; (d) flow chart of regulator process preparation.

The Drude model allows characterization of the dielectric parameters of vanadium
dioxide in the terahertz band, as shown in Equation (1) [43]:

wp
e(w)yop = €0 — w(w +1v) 1)
(0}
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Here, € is the dielectric parameter at a high frequency, which has a value of 12, and
wp is the plasma frequency related to conductivity, as illustrated in Equation (2). The
initial value of the plasma frequency is wpy = 1.45 x 101 s71, og = 3 x 10° Sm~!, and
the collision frequency y = 5.75 x 103 s~1. The conductivity o will vary with the phase
change of the vanadium dioxide film. From the relationship between the dielectric constant
and the conductivity of the material, we are able to obtain the relational equation for the
conductivity of vanadium dioxide films at various temperatures in the phase transition
process, as shown in Equation (3) [44].

o= —iggw(ec — 1) 3)

Here, o denotes the conductivity of the composite system, and ¢ represents the
dielectric constant in a vacuum. ¢, is a temperature-dependent function.

3. Results and Discussions

Through the simulation software, the absorption spectra of the regulator in the heating
process (312 K-345 K) and cooling process (306 K-339 K) were calculated. As shown in
Figure 2a, the absorption performance of the regulator for terahertz waves can be adjusted
by changing the temperature, and the spectral absorptivity is modulated in the range of
0~0.999. The device has a temperature lag of 6 K during heating and cooling, which shows
good memory, and the performance of the device can still maintain a controllable state. The
performance of the device is discussed and analyzed below using the heating process.

1.0 1.0
_ | fr=4.5THz [r=7-1THz
0.81- 0.8 ‘ f8.3THz
s g
2 - o= Af=5.0THz A>96.2%
«5_0.6-: £0.61 ‘
Bt — Tt
204] 204
< 0.4 | 20.41
< <
0.2+ 0.2 TE
= T™M
0.0+—== 0.0 : . . . .
0 2 4 6 8 10 0 2 4 6 8 10
Frequency(THz) Frequency(THz)
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Figure 2. (a) Absorption spectra of the regulator during heating and cooling; (b) spectrogram in TE
and TM mode (T = 342 K).

Since A + R =1, when the temperature is low (312 K), we see that the absorption rate
of the device is almost 0, so the regulator shows a complete reflection of electromagnetic
waves. As the temperature increases, the absorption capacity increases continuously. When
T = 345 K, the device achieves near perfect absorption in the ultra wideband range of
3.7-8.7 THz. In addition, as shown in Figure 2b, in TE and TM modes, the absorption
spectral curve of the regulator to terahertz wave is almost completely coincident, this is due
to the high symmetry of the device [45], which makes the device polarization insensitive.

In order to explore the performance transition of the regulator (full reflection broad-
band absorbs perfectly), the electric field intensity distribution of the device during the
heating process (TE mode, f = 7.1 THz; vertical incidence) was plotted. As shown in
Figure 3a, the electric field intensity gradually increases with the increase of temperature.
And then, the electric field intensity increases slowly in the range of 312~340 K. However,
when the temperature exceeds 340 K, the electric field intensity increases rapidly, and its
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order of magnitude increases from 10° V/m to 107 V/m. This is caused by the phase transi-
tion of the top VO, film at this time and the transformation of the internal structure [46], as
shown in Figure 3b. In the process of vanadium dioxide thermally induced phase transition,
with the increase in temperature, some scattered metal phase transition points begin to
appear in the vanadium dioxide film, and these metal phase transition points will gradually
diffuse with the increase in external temperature, forming a large metallic region, and
finally covering the entire film [47]. In the process of vanadium dioxide thermally induced
phase transition, the VO, film is the coexistence of the insulating phase and metal phase.
At the same time, the spatial heterogeneity of vanadium dioxide phase transition has a very
strong impact on its macro dielectric properties. In this phase transition process, VO, films
have different electromagnetic responses to terahertz waves, which will affect the overall
absorption effect of the device.

Vim
x10¢
3.0

Vim
X10¢
5.0

(@)

T

T=340 K T=341K T=342 K
(b)
VO, in insulation < ; > VO, in metal
Heating process
phase

phase

T=312 K T=338 K T=339 K

Vim Vim Vim :
x10¢ X107 X107

6.0 10
I ﬂ 0.1

T=340 K

Figure 3. (a) shows the electric field distribution on the surface of the regulator during the temperature
rise from 312 K to 342 K (TE mode, f = 7.1 THz; vertical incidence); (b) properties transformation of
vanadium dioxide films during heating.

When the temperature rises to about 340 K, the internal crystal structure of vanadium
dioxide film changes from an insulating state to a metallic state, and the change of crystal
structure leads to a huge mutation in the photoelectric properties of vanadium dioxide [48].
VO, conductivity has changed up to four orders of magnitude, as shown in Figure 4.
The conductivity of vanadium dioxide is 100 S/m and 158,000 S/m at T = 312 K and
T = 342 K, respectively. In practice, there may be some deviation due to humidity, oxidation,
impurity doping, and other factors. VO, can be considered an insulator or a metal at
two temperatures. The corresponding device structure can be considered as a metal-
dielectric-insulator (MDD) and metal-dielectric-metal (MDM). Among them, a MDD cannot
form an effective resonant cavity, so that the terahertz wave incident on the surface is
almost completely reflected, achieving the effect of high reflection. MDM is a classical
resonant cavity, which can resonate the electromagnetic wave at a specific frequency and
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produce high absorption [49,50]. In fact, the surface plasmon resonance (SPR) caused by
the matching of the frequency of the device structure and the frequency of terahertz wave is
the reason for the high absorptivity of the device. At the same time, according to the above
phenomenon, the influence of higher-order diffraction can also be excluded. Therefore,
this structure can make the regulator convert between the perfect reflection effect and
the perfect absorption effect of ultra wideband by adjusting the temperature, which has a
broader application prospect. The mechanism of broadband absorption at T = 345 K (MDM
structure) will be discussed in detail below.

250,000

—aA— Heating —w— Cooling

A:A/‘

200,000 } /"//

150,000

100,000

c (S/m)

50,000

v
OF v—‘-—‘—'vhll‘é
300 320 340 360
Temperature (K)

Figure 4. VO, conductivity as a function of temperature.

In order to explore the broadband absorption mechanism at T = 345 K (MDM struc-
ture), the electric field distribution of the device at T = 345 K (vanadium dioxide in metal
state) under three absorption peaks (f1, f2, f3) was plotted, and the electric field of the
incident light was polarized along the Y direction. As can be seen from Figure 5a,b,d e,
the electric field intensity distribution is particularly strong in the polarization direction,
mainly distributed on the upper and lower sides of the vanadium dioxide disk and the
edge of the elliptical frame in the X direction. This local electric field enhancement is
due to the matching of the frequency of the vanadium dioxide resonant structure and
the terahertz frequency, which causes the localized surface plasmon resonance [51,52]. In
fact, the perfect absorption phenomenon at two frequencies is the result of resonance [53].
When the resonance occurs, the energy of the incident wave is tightly bound around the
near-field of the VO, structure and gradually dissipated by the structure of VO, and the
underlying gold film, forming nearly 100% perfect absorption. In addition, it can be seen
that the electric field intensity distribution at the frequencies of 1 and f2 are almost the
same. This indicates that the resonances of f1 mode and f2 mode are the same or similar.
From Figure 5c¢ f, it can be seen that the phenomenon of local electric field enhancement on
the elliptical structure also exists in the Y direction, and the local field enhancement on the
disk becomes distributed on both sides of the Y direction. This indicates that the complete
absorption in the f3 mode is caused by the plasmon resonance there, which is mainly
related to the resonant structure composed of the elliptical structure in the Y direction and
the oblique edge part of the disk [54]. These three resonance modes are all localized surface
plasmon resonance phenomena in nature. The structure frequency of the device designed
in this paper can match the frequency of terahertz wave in a wide range, which is the cause
of broadband absorption.
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Figure 5. (a—c) and (d—f) show the electric field distribution and electric field component EZ distribu-
tion on the regulator surface at T = 342 K, respectively.

In addition, we also calculate the relative impedance Z. We know that when the
equivalent impedance of the absorber matches the impedance of the free space, the relative
impedance Z = 1, the device will reach the critical coupling condition, thus showing strong
electromagnetic absorption characteristics. The expression of the relative impedance Z is as
follows [55,56]:

(1+511)* -3,

Z ==+
2
(1-5Sn)"—53

4)

Figure 6 shows the real and imaginary parts of the relative impedance of the absorber
in the operating interval. At the beginning, the real part of the impedance of the device
is relatively dense. Then we can see that in the blue box that the real part of the relative
impedance of the device is close to 1, and the imaginary part is close to 0 (T = 345 K) in the
range of good absorption benefit. This indicates that the reflection of the system is well
suppressed, corresponding to a perfect absorption state. The numerical simulation results
in Figure 6 are in agreement with the theoretical results, which proves that the perfect
absorption occurs in the range of 3.7-8.7 THz.

In the above discussion, the performance of the device under ideal conditions was
calculated and analyzed. But in the actual production process, the structural parameters
and production process, often errors appear [57,58]. These issues will have a certain
impact on the performance of the device in practical applications, and errors in production
processes can also have a certain impact on the performance of the device. The following
will discuss and analyze the various structural parameters of the regulator and explore their
impact on performance. From Figure 7a—c, it can be seen that the structural parameters
play a major role in the top VO, pattern, with the radius R being the most prominent. As R
increases, the absorption bandwidth and intensity gradually increase from 9 to 12 um. The
spectrum corresponding to the length of the ellipse within the range of m remains almost
unchanged, and the absorption spectrum corresponding to the width b of the ellipse only
experiences some bandwidth reduction. This is because as the size of VO, changes, the
original resonant unit on it is destroyed, causing a mismatch with the external terahertz
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wave frequency, and it is unable to excite the resonant mode at this frequency. The most
prominent reason for the influence of radius R is that R is the dominant parameter of the
size of the VO, structure, and an increase or decrease in R can cause the distribution and
generation of small resonant units on the VO, structure. The thickness h of the intermediate
medium layer and the thickness t of the top absorption layer are two crucial parameters
that have a significant impact on the performance of the regulator. From Figure 7d, it can
be seen that as d increases, the absorption bandwidth remains almost unchanged, but the
absorption range undergoes a significant red shift. As can be seen from Figure 7e, the
device can maintain good performance when the thickness of VO; is within the range of
50-75 nm. Then with the increase of its thickness, the absorption rate at the high frequency
decreases gradually. This provides an effective direction and approach for adjusting the
operating frequency range of the device [59,60].

Real(Z)
T) 2t Imag(Z)
&
=
[+
=
7]
="
E
*]
>
05
[
p—
%)
=7

Frequency (THz)

Figure 6. Schematic diagram of the relative impedance of the device in the range 0-10 THz at high
temperatures (T = 345 K).

Finally, we must consider that terahertz waves transmitted in actual space may not
always interact with the device in a normal incidence form but may also be incident
from other different directions. Therefore, it is necessary to design devices with wide-
angle characteristics [61,62]. This feature is of great significance for practical applications.
The device structure obtained through continuous adjustment of structural parameters,
geometric patterns, and simulation optimization has high environmental adaptability, as
shown in Figure 8. From Figure 8, it can be seen that when the incident angle changes
within the range of 0°-45°, the absorption performance remains almost unchanged and
can still maintain a high absorption of 5 THz ultra wideband. However, as the incidence
angle continues to increase, the absorption effect begins to decline. This can be understood
as the energy of the incident electromagnetic field in the intermediate medium decreasing
as the angle increases, and the strong electric magnetic resonance cannot be effectively
driven (in the case of oblique incidence, only some resonance units are excited or no units
are excited) [63]. Overall, the device can still maintain excellent performance over a wide
angle range. This means that this design can maintain flexible application in practice.
Additionally, our structure is very simple. The design consists of only three layers, with a
simple structure and easy processing and production. In addition, the designed device can
not only achieve perfect absorption and complete reflection function switching but also
greatly improve the absorption performance. At a temperature of 345 K, the absorption
bandwidth reaches an astonishing 5.0 THz, which spans half the terahertz band, while its
average absorption rate is still above 96.2%. Table 1 shows a comparison between our work
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and existing ones [64-69]. From the table, we can see that our work has certain advantages
in many aspects.

Absorption Absorption

1.000 1.000
0.875 0.875
0.750 0.750
0.625 0.625
0.500 0.500
0375 0375
0.250 0.250
0.125 0.125
0.000 0.000
0 2 4 6 8 10 0 2 4 6 8 10
Frequency(THz) Frequency(THz)
(b) (©)
S0 0.10 =4
0.875 0.875
0.750 0.09 0.750
0.625 0.625
0.500 0.500
0375 0375
0.250 0.250
0.125 0.125
; 0.000 0.000
0 2 4 6 8 10 ' 6 8
Frequency(THz) Frequency(THz)
(d) (¢)

Figure 7. Structural parameter scanning diagram of the absorption spectrum of the regulator at
T =342 K: (a) VO, disk radius; (b) the length of the ellipse inside the VO, disk; (c) the width of the
ellipse inside the VO, disk; (d) the thickness of the intermediate layer SiO;; (e) thickness of VO, disc.

o Absorption
50 1.000
@400 0.8750
=
< 0.7500
)
g 300 0.6250
o 0.5000
o (o]
520 0.3750
=
>} 0.2500
= 10°
0.1250
0.000

0 2 4 6 8 10
Frequency(THz)

Figure 8. Absorption effect of the regulator at different terahertz wave incidence angles (TE mode,
T = 345 K).
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Table 1. Performance comparison of terahertz absorbers/reflectors of different materials.
. . . Absorption Incident Absorban-Ce
Reference  Materials Microstructural Mode of Absorption Bandwidth (>90%) Angle TUNING Range
[64] VO, Wheel resonator. Broadband 429-552(123) THz ~ 0°-50° (>0.9)  0.042 and 0.999
absorption.
[65] Metal Square metal patch. Broadbiand 6.24-7.04 (0.8) THz Not cover Not have
absorption.
[66] Tl&lﬁztsen Metal stripe array. Unimodal absorption. 69.24 (99.9%) THz 0°-60° (>0.9) Not have
. Broadband o iro
[67] Graphene  Combined graphene patterns. absorption. 2.67-4.84 (2.17) THz  0°-45° (>0.9) Not have
. Broadband o no
[68] Graphene  Combined graphene patterns. absorption. 1.10-1.86 (0.76) THz ~ 0°-60° (>0.8) Not have
) L . . 1.265 (99.9%) and s
[69] InSb Vertical-square-split-ring. Bimodal absorption. 1436 (99.8%) THz 0°-30° (>0.9) Not have
This Paper VO, Oval hollow disc Broadband 3.7-87 (5.0)THz  0°-45° (>0.9) 0.001 to 0.999
absorption.

We conducted a comparative analysis of several terahertz absorbers/reflectors. As
depicted in the table, our notable advantages lie in possessing a broader absorption spec-
trum and higher absorption efficiency. The incorporation of vanadium dioxide endows our
terahertz absorber with the capacity for absorption modulation. Compared to metamateri-
als and semiconductor materials, vanadium dioxide’s property modulation in response to
temperature changes enhances its adjustability for the device. In this study, we achieved
nearly dynamic modulation of absorption from 0 to 1, spanning over half of the terahertz
band. However, it is crucial to note that our device maintains a bandwidth of 5 THz (greater
than 90%) only within a 45° range, necessitating attention in practical applications.

4. Conclusions

This article designs a terahertz regulator with a simple structure and diverse functions.
It is composed of a three-layer structure consisting of a gold substrate, a SiO, dielectric
layer, and a VO, top layer and is easy to process. After simulation verification, the changes
in electric field intensity observed at different temperatures confirm that the regulatory
mechanism is derived from the temperature-induced phase transition characteristics of
vanadium dioxide materials. The absorption mechanism of the device is also explained by
impedance matching theory. In addition, research has shown that the device has a complete
reflection effect on terahertz waves at a temperature of 312 K. At a temperature of 345 K, the
device exhibits almost perfect absorption of terahertz waves in the range of 4.7 to 9.7 THz.
Due to the high symmetry of the device structure and its polarization independence, the
designed regulator is polarization insensitive. At the same time, the device is not sensitive
to the incidence angle and maintains relatively stable absorption characteristics within the
range of 0°—45° incidence angle. Based on the above advantages, the terahertz regulator
designed in this article has significant application potential in terahertz stealth, detection,
filtering, thermal emitters, modulation, and other fields.
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