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Terahertz tunable vanadium dioxide
metasurface for dynamic illusion and cloaking

Ling Wang,?® Feng Gao,"?* Shuhua Teng,"? Zhiguo Tan,"? Xing Zhang," and Jun Lou'?

SUMMARY

Realizing camouflage by illusion and cloaking based on the metasurface has received widespread atten-
tion recently. However, existing metasurface-based illusion and cloaking devices are valid for the incident
wave with a specific frequency, angle, or polarization, or exhibit a single function. Therefore, a terahertz
tunable vanadium dioxide (VO,) metasurface carpet cloak is proposed for dynamic illusion and cloaking.
Simulation results show that by controlling the state of the VO,, the metasurface carpet cloak can simul-
taneously achieve illusion and cloaking functions, working at 0.45 THz and 0.6 THz, and is effective for
orthogonal circularly polarized waves with different incidence angles. That is the function, frequency, inci-
dent angle, and polarization of the metasurface carpet cloak are dynamically adjustable. Besides, the
metasurface carpet cloak is robust to the incident angle and is capable of polarization angle stability.
This work has potential value in the real-life application of metasurface-based illusion and cloaking
devices.

INTRODUCTION

Camouflage technology has been investigated extensively for its aims to improve the survivability of the target. The major means for achieving
camouflage include illusion and cloaking, which refer to the target's electromagnetic (EM) behavior that can mimic another object and make
the target invisible in free space.’? Therefore, a high enthusiasm for exploring illusion and cloaking has been maintained in modern military
and civilian applications.

The emerging metasurface has provided an unprecedented ability to arbitrarily manipulate the characteristics of EM waves, such as
amplitude, phase, and polarization.” Therefore, realizing camouflage based on the metasurface has become a reliable approach. There
is some research on metasurface-based illusion and cloaking devices. The existing main illusion methods include the carpet cloak,” ho-
lography mimicry,” external cloak,® and perturbative metasurface.”'® The main cloaking design methods include the absorber,'" carpet
cloak,’ "> mantle cloak,'® ' and cascaded metasurfaces.”’ However, the above illusion and cloaking devices are valid for the incident EM
wave with a specific frequency, angle, or polarization, exhibit a single illusion or cloaking function, are structurally complex, or can't effec-
tively protect the target due to the planar structures. These disadvantages are obstacles to the development of metasurface-based cam-
ouflage devices.

The tunable metasurface embedded with dynamic materials or devices has attracted increasing interest recently.”'”> Compared with or-
dinary metasurfaces, the tunable metasurface’s performance can be easily adjusted, which enhances the flexibility and adaptability of the
metasurface greatly. Some research has been done into the tunable metasurface-based illusion and cloaking devices, such as the absorber
hybridized with silicon,”® graphene,24 and vanadium dioxide (VO,)?° and the metasurface cloak hybridized with the Ge,SbySe,Teq(GSST),”
graphene,”’”® and Ge,Sb,Tes.”” These devices possess the tunable absorption performance, the cloaking function, or frequency. However,
the cloaking is valid for the incident wave with a specific angle and is hard to effectively protect the target. A tunable metasurface cloak
embedded with the PIN diode has been proposed recently.” Although the metasurface is self-adaptive to the frequency and angle of
the incident EM wave, the cloaking is only valid for transverse-magnetic polarized illumination. Besides, the above metasurface cloaks exhibit
a single cloaking function. Recently, the tunable metasurfaces combined with the shape memory polymer’ or the PIN diode®'**
simultaneously achieve illusion and cloaking functions have been designed. However, they are still valid for the incident wave with a specific
frequency, angle, or polarization. Therefore, further detailed explorations are needed.

This paper presents a terahertz tunable VO, metasurface carpet cloak for dynamic illusion and cloaking. The VO, can exhibit an insulator-
to-metal transition at around 68°C.**** Therefore, combining VO, to design the tunable metasurface is an effective means.** The designed
tunable unit cell consists of the top layer split ring resonator (SRR) embedded with VO,, middle dielectric layer, and bottom metal plate. The
Pancharatnam-Berry (PB) phase is used to introduce the abrupt phase."* Unit cells are arranged according to the theoretical abrupt phase
distribution to form the required metasurface carpet cloak. The simulation results indicate that by controlling the state of the VO,, the
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Figure 1. Working principle schematic diagram of the metasurface carpet cloak.

metasurface can implement the illusion under the right-handed circularly polarized (RCP) perpendicular incident wave with a frequency of 0.45
THz and can achieve the cloaking under the left-handed circularly polarized (LCP) oblique incident wave with a frequency of 0.6 THz and an-
gles of +20°. The function, working frequency, incident angle, and polarization of the metasurface carpet cloak are dynamically adjustable.
Besides, the unit cell and metasurface are robust to the incident angle and are capable of polarization angle stability. This work has potential
value in the real-life application of metasurface-based illusion and cloaking devices.

RESULTS AND DISCUSSION

Design principle

Figure 1 shows the working principle schematic diagram of the metasurface carpet cloak. The metasurface’s height and abrupt phase profile
are h(x) and ¢(x). The height of the virtual object is g(x). The plane wave with the frequency f, angle 6, and phase velocity k = 27 f/C (C =3 x 108
m/s is the propagation velocity of the EM wave in free space) is incident to the metasurface. Take z = zg as the reference position. First, the
electric field component in the z-direction of the incident wave at z = zy can be expressed as Equation 1:

E(z = z) = ekeos?z (Equation 1)

Then, when the E; (z = zo) propagates to the position of the metasurface or the virtual object, the electric field component can be expressed
as Equations 2 and 3:

Ei.cloak(z — h(X)) — ejk cos B[z~ (20 —h(x))] _ ejI< cos ﬁze—jk cos 0(zg — h(x)) (Equation 2)

— ejk cos bz (20 —g(x))] — ejk cos 0z ,— jk cos 0(zg — g(x))

Eivinual(z = 9(x)) e (Equation 3)

Next, as the abrupt phase ¢ can be introduced by the metasurface, for the metasurface carpet cloak, the electric field component of the
reflected wave can be expressed as Equation 4:

Er.cloak(z — h(X)) — e—]k cos 0ze—jk cos 0(zy —h(x))ejw(x)

— efjk cos Gzej[q)(x) —k cos 0(zy — h(x))] (Equation 4)

The material of the virtual object is metal. Therefore, an additional 7 phase jump is induced by the reflecting mirror. For the metal virtual
object, the electric field component of the reflected wave can be expressed as Equation 5:

Er,virtual(z — g(x)) — efj(k cos Hsz)efjk cos 0(z0 — g(x)) _— efjk cos Hzej[wfk cos 0(zg — g(x))] (Equation 5)

After that, when the E, ¢oak (z = h(X)) or E; virual (z = g(x) propagates to the reference position, the electric field component of the reflected
wave can be expressed as Equations 6 and 7:

Eociouk(z = 20) = @k €03 flz+(z0 —hx)] glol) ~k cos 0(z0 — h(x)]

= ik cos 0z jle(x)— 2k cos f(z0 — h(x))] (Equation 6)
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E.. 7 = 2 — e—jk cos 0[z+(zg —g(x))]ej[ﬂf k cos 8(zg — g(x))]
rirtual ( o) (Equation 7)

— e—jk cos ﬂzej[fr— 2k cos 0(zp — g(x))]
Finally, to make the metasurface mimic the EM behavior of the virtual object, E; cjoak (2 = 20) and E; virual (z = 20) should be equal. Therefore,
the abrupt phase profile can be expressed as Equation 8:"

o(x) =7 — 4%fcos 0lh(x) — g(x)] (Equation 8)
Therefore, if the abrupt phase profile of the metasurface is satisfied with the ¢(x), the metasurface can mimic the EM behavior of the virtual
object. The target covered by the metasurface carpet cloak can be camouflaged as a virtual object. It is worth noting that when taking g(x) =0,
the virtual object is the metal ground plane and the metasurface can realize the cloaking function.
The required abrupt phase profile is introduced based on the PB phase principle.’”*® When linearly polarized (LP) EM waves
illuminate a reflective unit cell with any rotation angle, the unit cell can be represented by the Jones matrix M. M can be expressed
as Equation 9:3~%1

M - { cos(2a) —Sin(ZW)] (Equation 9)

—sin(2a) —cos(2a)
in which a represents the rotation angle of the unit cell. The generated reflected wave can be expressed as Equation 10:
E E
x = M| (Equation 10)
|:Eyi|out |:Ey:|in L

in which x and y denote LP waves. Circularly polarized (CP) incident waves propagating in the negative z direction and CP reflective waves
propagating in the positive z direction can be expressed as Equations 11 and 12:

EL = 1 1 _j Ex _ EX )
{ERL B 5{1 j HEyL = C{Eyh (Equation 11)
E. ! {1 jHEX} {E} .

2 ‘ =G Equation 12
{ERLm V21T =il LB ] on 1 o (Equation 12)

in which L and R represent the LCP and RCP waves. According to the Equations 9-12, for the LP incident wave, the reflected wave can be
expressed as Equation 13:

E, _ [E] e 0 E, '
{ERLM = GMCG, {ERL\ = { 0 era] {ERL] (Equation 13)

It is thus clear that, for the LCP or RCP incident waves, the co-polarized reflected wave will carry —2a or 2« additional phases (PB phase).
Therefore, the desired abrupt phase can be introduced by changing the rotation angle of the unit cell.

Equation 8 shows that the metasurface carpet cloak’s abrupt phase profile ¢(x) is a function of the frequency fand incident angle 6. Besides,
@(x) is different with varying g(x). Therefore, the general metasurface carpet cloak with fixed ¢(x) works at a single frequency, specific incident
angle, and polarization state. Besides, the ordinary metasurface carpet cloak can only exhibit a single illusion or cloaking function. Therefore,
in this paper, VO, is used to realize the tunable metasurface carpet cloak for dynamic illusion and cloaking.

In the terahertz, the characteristic of the VO, in the insulating or metallic states can be described by the equivalent complex permittivity e
and conductivity o. € can be expressed as equation (14) by the Drude model****:

w2

_ . _ _ P .
ec(w) = &(w)+je(w) = €w pryo (Equation 14)

inwhich w, £, wpz, and y represent the angular frequency, permittivity at high frequency, plasma frequency, and collision frequency. ¢ can be
expressed as Equation 15 by the Drude model:

jé‘oa)z

o(w) = 7w+j'; (Equation 15)
in which wpz can be approximately expressed as Equation 16:
a .
wé(a) = U—Owé(ao) (Equation 16)

wpz (00)=1.4 % 10" rad/s, 5o =3 x 10°Q"em ™", and y = 5.75 x 10" s~ " with £, = 12. For VO, in the insulating and metallic states, set o to
200 S/m and 2 x 10° S/m. Besides, when VO, is insulating, as o and w,? are small,  is approximately e...
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Figure 2. Diagram of the tunable unit cell embedded with VO, patches

(A) 3D stereogram.

(B) Side view.

(C) Vertical view.

(D) The approximate equivalent structure of the top layer with VO, patches in different states. t,, = 0.2 um, t, = 0.2 um, t; = 35 um, p = 200 um, r=80 um, w= 70 pm,
and 8 = 10°.

Unit cell

Figure 2 shows the schematic of the tunable unit cell. The proposed tunable unit cell consists of three layers. From top to bottom: the
SRR is embedded with two fan-shaped VO, patches, the dielectric layer, and the metal plate. To distinguish the two VO, patches,
label the first and second patches as @ and @. The metal is gold (Au) with a 4.561 x 107 S/m conductivity. The dielectric layer is silica
(SiO,) with a 3.8 relative permittivity. According to the LC equivalent circuit theory, the performance of the SRR is mainly affected by
the thickness t.,, opening radian @8, radius r, and width w4 After optimizing (Refer to the supplemental information S1 for details),
the thicknesses of the gold, VO,, and SiO, are 0.2 um, 0.2 um, and 35 pm. The period P of the unit cell is 200 um. The radius r and
width w of the SRR are 80 um and 70 um. The radian 8 of VO, patches is 10°, and the angles between VO, patches and the
positive x-axis are ay and ay. VO, patches can exhibit insulator-to-metal transition. Figure 2D shows the approximate equivalent struc-
tures of the SRR. When patch @ or @ is in the metallic state and patch @ or @ is insulating, varying a; or a, can acquire the expected
PB phases.

Simulate the devised unit cell in the CST Studio Suite 2022. Apply the Frequency Domain Solver. Set boundary conditions as the unit cell in
the x- and y-directions. Set two Floquet ports in the z-direction. The port excitation is the CP plane wave. VO, is simulated based on the Drude
model with e, =12, wpz (00) = 1.4 x 10" rad/s, 6o =3 x 10°Q 'em™", and v = 5.75 x 10'3s™". For VO, in the state of insulation or metal, set
10 200 S/m or 2 x 10° S/m.

To verify, first, set VO, patches @ and @ to the state of insulation or metal. Take a, = —140° and a4 vary from 0° to 180° with a step of 30° as
an example. When the RCP wave is perpendicularly incident to the unit cell along the negative z-direction, Figure 3 shows the simulation result
of the co-polarized reflection coefficient Rgg. Figure 3A shows that the phase of Rgg gradually increases with a1 changing and the phase curves
remain parallel. Besides, the amplitude of Rgg is above 0.7 dB in the range of 0.45 THz to 0.6 THz. Take 0.45 THz as an example. According to
Figure 3B, the PB phase is approximately 2a; and can cover 0°~360° by varying a; from 0° to 180° and. In addition, the amplitude of Rgg is
above 0.8 dB. The cross-polarized reflection coefficient is below 0.1 dB. Therefore, the simulation results are consistent with the PB phase
principle. When VO, patches @ and @ are insulating and metallic, rotating the VO, patch @ can introduce the desired abrupt phase while
maintaining high efficiency.

Next, set VO, patches @ and @ in the metallic and insulating states. Take ay = 150° and a vary from 0° to —180° with a step of —30° as an
example. When the LCP wave is obliquely incident to the unit cell along the negative z-direction at an angle of 20°, Figure 4 shows the simu-
lation result of the co-polarized reflection coefficient R . According to Figure 4A, it also can be seen that the phase of R | gradually increases
with ap changing and the phase curves remain parallel. Besides, the amplitude of R is above 0.7 dB at the range of 0.45 THz to 0.6 THz. Take
0.6 THz as an example. According to Figure 4B, the PB phase is approximately —2a; and can cover 0°~360° by varying a, from 0° to —180°. In
addition, the amplitude is above 0.75 dB. The cross-polarized reflection coefficient is below 0.2 dB. Therefore, the simulation results are
consistent with the PB phase principle. When VO, patches @ and @ are metallic and insulating, rotating the VO, patch @ can obtain the
desired abrupt phase while maintaining high efficiency.

4 iScience 27, 108609, January 19, 2024
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Figure 3. For the RCP perpendicular incident wave along the negative z-direction, when «a, = —140° and «4 varies from 0° to 180° with a step of 30°, the
simulation result of the co-polarized reflection coefficient Rgr

(A) The phase and amplitude of Rgg at the range of 0.4 THz to 0.65 THz.

(B) The PB phase and amplitude of Rgg at 0.45 THz.

Metasurface

A terahertz tunable metasurface hybridized with VO, for dynamic illusion and cloaking is designed for verification. Figure 5 shows the sche-
matic diagram of the working principle. When VO, patches @ and @ are insulating and metallic, for RCP plane waves perpendicularly incident
along the negative z-direction with f = 0.45 THz and 0 = 0°, the metasurface can mimic the EM behavior of the arc-shaped metal depression
and achieve the illusion function. When VO, patches @ and @ are metallic and insulating, for LCP plane waves obliquely incident along the
negative z-direction with f= 0.6 THz and § = + 20°, the metasurface can mimic the EM behavior of the metal ground plane and achieve the
cloaking function. The metasurface is composed of 30 x 10 unit cells. The illustration in the lower shows the schematic diagram of the meta-
surface structure and the corresponding phase distribution. As shown in Figure 4, the cross-section of the metasurface carpet cloak is trian-
gular. The tilt angle 7 is 20°. The triangle’s length L and height H are approximately 5638 pm and 1026 um h(x), gi(x), and g.(x) denote metasur-
face carpet cloak and virtual objects in the z-direction. For the illusion, gi(x) is a circular arc depression with a radius of R. For the cloaking,
QC(X) =0.

Simulate the devised tunable metasurface carpet cloak in the CST Studio Suite. Besides, the bared triangular metal bump and the
virtual objects (including the arc-shaped metal depression and metal ground plane) are simulated for comparison. Apply the Time
Domain Solver. Set boundary conditions as periodic in the y-direction and open in the x- and z-directions. The CP plane wave illumi-
nates the metasurface, metal bump, and virtual objects in the negative z-direction. When the metasurface carpet cloak operates on the
illusion function, Figure 7 shows the simulated average value of the total near electric field’s x component. For the RCP incident wave

A 5 B
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Figure 4. For the LCP oblique incident wave along the negative z-direction at an angle of 20°, when a4 = 150° and «, varies from 0° to —180° with a step
of —30°, the simulation result of the co-polarized reflection coefficient R,
(A) The phase and amplitude of R at the range of 0.4 THz to 0.65 THz.
(B) The PB phase and amplitude of R at 0.6 THz.
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Figure 5. Diagram of the working principle of the proposed metasurface carpet cloak

When VO, patches @ and @ are insulating and metallic, the metasurface can achieve the illusion function under RCP plane waves perpendicularly incident along
the negative z-direction with f= 0.45 THz and § = 0°. When VO, patches @ and @ are metallic and insulating, the metasurface can achieve the cloaking function
under LCP plane waves obliquely incident along the negative z-direction with f= 0.6 THz and 6 = + 20°.

with f = 0.45 THz and 6 = 0°, the total near-field distributions of the arc-shaped metal depression and bared triangular metal bump are
shown in Figures 7A-7D show the total near-field distributions of the metasurface carpet cloak under the LCP and RCP incident waves
with f=0.45 THz and 6 = 0°. Figure 8 shows the corresponding absolute value of the radar cross section (RCS). The range of the polar
angle 6 is 0°~90° and the azimuth angle ¢, = 0° and 180°. The contrast of Figures 7A, 7D, 8A, and 8D show that the metasurface can
mimic the scattered field of the arc-shaped metal depression. Therefore, the metasurface carpet cloak can achieve the illusion function
under the RCP wave with f = 0.45 THz and 6 = 0°.

When the metasurface carpet cloak operates on the cloaking function, Figures 9, 10, 11, and 12 show the simulated average value of the
total near electric field’ x component and the corresponding absolute value of the RCS. For the LCP incident wave with f=0.6 THzand 6 = +
20°, Figures 9A, 9B, 11A, and 11B show the total near-field distributions of the metal ground plane and bared triangular metal bump. For the
LCP and RCP incident waves with f = 0.6 THz and 6 = + 20°, Figures 9C, 9D, 11C, and 11D show the total near-field distributions of the
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Figure 6. The cross-section of the carpet cloak, illusion, and cloaking.
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Figure 7. For the CP incident wave along the negative z-direction with f = 0.45 THz and 0 = 0°, the simulated average value of the total near electric
field’s x component

(A-D) When the RCP plane wave illuminates (A) the arc-shaped metal depression and (B) the bared triangular metal bump. When (C) the LCP plane wave and
(D) the RCP plane wave illuminates the carpet cloak.

metasurface carpet cloak. The range of the polar angle 6, is 0°-90° and the azimuth angle ¢, = 0° and 180°. The contrast of Figures 9A, 9C,
10A, 10C, 12A, and 12C show that the metasurface can mimic the scattered field of the metal ground plane. Therefore, the metasurface carpet
cloak can achieve the cloaking function under the LCP wave with f= 0.6 THz and 6 = £+ 20°.
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Figure 8. The corresponding absolute value of the RCS with 0, = 0°-90° and ¢, = 0° and 180°
(A-D) When the RCP plane wave illuminates (A) the arc-shaped metal depression and (B) the bared triangular metal bump. When (C) the LCP plane wave and
(D) the RCP plane wave illuminates the carpet cloak.
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Figure 9. For the CP incident wave along the negative z-direction with f = 0.6 THz and ¢ = 20°, the simulated average value of the total near electric
field's x component

When the LCP plane wave illuminates (A) the metal ground plane and (B) the bared triangular metal bump. When (C) the LCP wave and (D) the RCP plane wave
illuminates the carpet cloak.

The above results show that the function, working frequency, incident angle, and polarization of the terahertz metasurface carpet cloak are
dynamically adjustable. The dynamic illusion and cloaking can be realized based on the metasurface carpet cloak.

Incident angle and polarization angle stability

To further investigate the properties of the designed metasurface carpet cloak, the metasurface under varying incident angles and polariza-
tion angles are simulated (Refer to the supplemental information S2 for details). Figures S4-511 show that the illusion function is sensitive to
the incident angle, and the cloaking function is robust to the incident angle. Figures S12-S21 show that the illusion and cloaking function is
insensitive to the polarization angle. The metasurface is capable of polarization angle stability.

Conclusion

A terahertz tunable VO, metasurface carpet cloak for dynamic illusion and cloaking is proposed in this paper. The unit cell consists of a
top layer SRR embedded with two fan-shaped VO, patches, a middle SiO; layer, and a bottom Au plate. Rotating VO, patches and
switching the VO, patches between the insulating and metallic states can achieve different phase responses. A metasurface carpet
cloak containing 30 X 10 unit cells is devised for verification. Simulation results show that the metasurface can realize the illusion func-
tion under the RCP plane wave with f= 0.45 THz and 6 = 0°. The metasurface can realize the cloaking function under the LCP plane wave
with f = 0.6 THz and 6 = + 20°. Therefore, the designed metasurface can achieve illusion and cloaking functions, operate in 0.45 THz
and 0.6 THz, and is valid for RCP perpendicular and LCP oblique incident waves. The function, working frequency, incident angle, and
polarization of the metasurface carpet cloak are dynamically adjustable. Dynamic illusion and cloaking can be realized based on the
metasurface carpet cloak. Besides, the metasurface carpet cloak is robust to the incident angle and is capable of polarization angle
stability. The designed metasurface carpet cloak has potential application in the modern military and civilian. The proposed method
has potential value in the real-life application of metasurface-based illusion and cloaking devices.

Limitations of the study

The fabrication and performance measurements are the key challenges because of the lack of experimental conditions. Our
future studies may focus on these. According to the previous work, photolithography may be used to fabricate the proposed metasur-
face. The possible manufacturing procedures are as follows: (1) Deposit Au onto a silicon wafer as the bottom plate. (2) Spin
SiO; onto the Au layer as the middle dielectric layer. (3) Spin coat and deposit the photoresist on the SiO; layer and pattern the photo-
resist. (4) Deposit VO, and dissolve the photoresist to form the fan-shaped VO, patch. (5) Spin coat and pattern the photoresist. (6)
Deposit Au and dissolve the photoresist to form the SRR. Testing the near-field amplitude using the THz imaging system could verify

8 iScience 27, 108609, January 19, 2024
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Figure 10. The corresponding absolute value of the RCS with 0, = 0°-90° and ¢, = 0° and 180°
(A-D) When the LCP plane wave illuminates (A) the metal ground plane and (B) the bared triangular metal bump. When (C) the LCP wave and (D) the RCP plane

wave illuminates the carpet cloak.

the performance. The switching of the VO, state could be realized by heating (Refer to the supplemental information S3 for

details). 344>
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

CST Studio Suite 2022 Dassault Systemes https://www.3ds.com
MATLAB MathWorks Co., LTD https://www.mathworks.com/products/matlab.html; RRID: SCR_001622

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ling Wang
(wangling@hnfnu.edu.cn; lingwangbupt@foxmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

(1) Data reported in this paper will be shared by the lead contact upon request.
(2) This paper does not report original codes.
(3) Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS
The CST Microwave Studio software has been employed to analyze the near-field distribution and the far-field pattern of the metasurface.
VO, is simulated based on the Drude model.

METHOD DETAILS

Simulate the devised unit cell in the CST Studio Suite 2022. Apply the Frequency Domain Solver. Set boundary conditions as the unit cell in the
x- and y-directions. Set Floquet ports in the z-direction. The port excitation is the CP plane wave. Simulate the devised tunable metasurface
carpet cloak, the bared triangular metal bump, and the virtual objects in the CST Studio Suite. Apply the Time Domain Solver. Set the bound-
ary conditions as periodic in the y-direction and open in the x- and z-directions. CP plane waves illuminate the metasurface, metal bump, and
virtual objects along the —z-direction with different polar angles. The metal is Au with a conductivity of4.561 x 10’ S/m and the dielectric layer
is SiO, with a relative permittivity of 3.8. VO, is simulated based on the Drude model with e, = 12, wpz (00) = 1.4 x 10" rad/s, oo = 3 x 10°
Q 'em™", andy =575 x 10"*s~". For VO, in the state of insulation or metal, set o to 200 S/m or 2 X 10° S/m respectively. The switching of the
VO, state could be realized by heating.

QUANTITATION AND STATISTICAL ANALYSIS

The simulation data is produced by CST Microwave Studio software. Figures shown in the main text were produced by Origin and Microsoft
Visio from the raw data.

ADDITIONAL RESOURCES
Any additional information about the simulation and data reported in this paper is available from the lead contact on request.

iScience 27, 108609, January 19, 2024 13



mailto:wangling@hnfnu.edu.cn
mailto:lingwangbupt@foxmail.com
https://www.3ds.com
https://www.mathworks.com/products/matlab.html

	ELS_ISCI108609_annotate_v27i1.pdf
	Terahertz tunable vanadium dioxide metasurface for dynamic illusion and cloaking
	Introduction
	Results and discussion
	Design principle
	Unit cell
	Metasurface
	Incident angle and polarization angle stability
	Conclusion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Quantitation and statistical analysis
	Additional resources






