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Methods 

Device Fabrication and Configuration 

Our devices are fabricated using standard nanofabrication techniques, including lithography, deposition, 
and etching. As shown in Fig. S1, first, a 500 nm thick layer of SiO2 was deposited on 650 µm thick 
double-side polished sapphire substrates using plasma-enhanced chemical vapor deposition (PECVD, 
Plasma-Therm Versaline). After that, VO2 was deposited using pulsed laser deposition (PVD products 
PLD-4000) with good uniformity of polycrystalline phase. The deposition temperature was 600 °C, and 
the O2 concentration was set to 10 mTorr. After the deposition of about 120 nm thick VO2 films, the 
samples were patterned using photolithography. Spiral patterns were directly written using a laser writer 
(Heidelberg MLA100 Maskless Aligner) and developed after exposure. An electron beam evaporator 
(PVD products UHV E-Beam System) was used to deposit 18 nm of Cr and 57 nm of Au on the samples, 
followed by liftoff to complete the patterning of the metal spiral patterns. We then employ inductively 
coupled plasma (F-ICP, Plasma-Therm Apex SLR) etching to etch down through the SiO2 layer. The SF6 
gas selectively etches the VO2/SiO2, while Au served as a hard mask during the dry etching process. The 
SiO2 layer underneath VO2 was wet etched isotropically using 5% hydrofluoric acid (HF), following 
critical point drying to release the final Au/Cr/VO2 cantilever structure.  
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Terahertz Time-domain Spectroscopy 

The terahertz time-domain spectroscopy system was used to characterize the spiral cantilever 
metamaterial. The TDTS system that we utilize is depicted in Fig. S2. This system consists of a standard 
TDTS configuration along with three distinct polarizers. Three wire-grid polarizers were inserted to 
perform three distinct tests on the sample and three reference tests, using air as the reference medium, as 
illustrated in the bottom figures. 

 

Fig. S2(b) shows the three tests performed on the sample [1]. WGP1 and WGP3 were kept the same, while 
WGP2 was adjusted. In the first measurement, Ex(t) can be measured. In the second test, WGP2 is set to -
45° to get E1

sam data. Then, in the third test, WGP2 is set to +45° to collect E2
sam data. Then the phase and 

amplitude of the y-component of the transmitted THz wave Ey(t) can be obtained by subtracting 𝐸𝐸2𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) 
from 𝐸𝐸1𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) (Eq. (S1)).  

 𝐸𝐸𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) = 𝐸𝐸1𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) − 𝐸𝐸2𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)  (S1) 

In addition to this, the electric field of THz radiation without the sample (Eref) was measured as the reference 
signal of the incident wave. The setups were the same except for the absence of the sample. Another three 
tests were performed to get Ex

ref, E1
ref, and E2

ref. Then, by subtracting E2
ref from E1

ref, the Ey
ref values were 

extracted.  

Fig. S1 Key fabrication procedures of the metamaterials.  

Fig. S2 (a) Schematic of the THz-TDS system. (b) Schematic of the three required measurements  
(a) (b) 
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After collecting all the data sets, which are Ex

ref, Ey
ref, Ex

sam, and Ey
sam, a Fourier transform was applied to 

the electric field in the time domain to obtain the electric field vectors in the frequency domain, denoted as 
𝐸𝐸�𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐸𝐸�𝑟𝑟𝑟𝑟𝑟𝑟. The frequency domain data maintains the original information of the amplitude and phase 
of the sample. By comparing 𝐸𝐸�𝑠𝑠𝑠𝑠𝑠𝑠 with 𝐸𝐸�𝑟𝑟𝑟𝑟𝑟𝑟 , the complex Jones matrix of the samples was extracted. The 
relationship between the two vectors, 𝐸𝐸�𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐸𝐸�𝑟𝑟𝑟𝑟𝑟𝑟, is defined by Eq. (S2). And 𝑇𝑇�  is the Jones matrix of 
the sample. 
 

 𝐸𝐸�𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑇𝑇�𝐸𝐸�𝑟𝑟𝑟𝑟𝑟𝑟    (S2) 

Given that the sample exhibits eight-fold rotational symmetry, this matrix is specified as 𝑇𝑇� = � 𝑡̃𝑡1 𝑡̃𝑡2
−𝑡̃𝑡2 𝑡̃𝑡1

�. 

This configuration ensures that the matrix remains invariant under any rotational operation, indicating that 
the rotation of polarization is independent of the incident wave's polarization orientation [2]. By analyzing 
the measured values of 𝐸𝐸�𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐸𝐸�𝑟𝑟𝑟𝑟𝑟𝑟, solving Eq. (S3), we calculated the values of 𝑡̃𝑡1 and 𝑡̃𝑡2 at different 
frequencies. 
 

 �𝑡̃𝑡1𝑡̃𝑡2
� = �

𝐸𝐸�𝑥𝑥
𝑟𝑟𝑟𝑟𝑟𝑟 𝐸𝐸�𝑦𝑦

𝑟𝑟𝑟𝑟𝑟𝑟

𝐸𝐸�𝑦𝑦
𝑟𝑟𝑟𝑟𝑟𝑟 −𝐸𝐸�𝑥𝑥

𝑟𝑟𝑟𝑟𝑟𝑟�
−1

�
𝐸𝐸�𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠

𝐸𝐸�𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠
�                                            (S3) 

 
The spectra for the polarization azimuth rotation and the ellipticity angles were derived from the Jones 
matrix using the equations defined in Eqs. (S4) (S5). 

 
 𝜃𝜃 = −

1
2
𝑡𝑡𝑡𝑡𝑡𝑡−1

2𝑅𝑅𝑅𝑅(𝑡̃𝑡1𝑡̃𝑡2∗)
|𝑡̃𝑡1|2 + |𝑡̃𝑡2|2

 (S4) 

 𝜂𝜂 = −
1
2
𝑠𝑠𝑠𝑠𝑠𝑠−1

2𝐼𝐼𝐼𝐼(𝑡̃𝑡1𝑡̃𝑡2∗)
|𝑡̃𝑡1|2 + |𝑡̃𝑡2|2 (S5) 

 

Simulation Details 

COMSOL Multiphysics simulations were performed in a simulation space 200 μm-wide in the x and y 
directions and 800 μm-tall in the z direction. Periodic boundary conditions were applied in the x and y 
directions. A 650 μm-thick sapphire substrate was placed in the middle of the simulation domain. 
Periodic ports were used at boundaries in the z direction, with linearly polarized light excited from the 
sapphire side.  

Spiral cantilevers were placed on the sapphire. As shown in Figure S3, the center of the spiral cantilevers 
is a circular plate with a 30-μm radius. Spiral arms extrude from the edge of the circular plate, with a 
width of 5 μm. 

 

3 
 



 
Fig. S3 (a) Schematic of flat CCW spiral cantilevers. (b) Schematic of curved CCW spiral cantilevers. The sapphire substrate was 
excluded from the schematic. 

To build the spiral arms, we first defined a spiral spline by a modified constant speed spiral (Archimedean 
spiral).  

For flat spiral arms, we defined: 

 𝑋𝑋 = 𝑣𝑣 ∙ 𝑡𝑡 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑤𝑤 ∙ 𝑡𝑡)   

 𝑌𝑌 = 0.5 ∙ 𝑣𝑣 ∙ 𝑡𝑡 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤 ∙ 𝑡𝑡)   

 𝑍𝑍 = 0   
where v is the linear velocity, w is the angular velocity, and t is time.  

For curved spiral arms, we defined: 

 𝑋𝑋 = 𝑣𝑣 ∙ 𝑡𝑡 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑤𝑤 ∙ 𝑡𝑡)   

 𝑌𝑌 = 0.5 ∙ 𝑣𝑣 ∙ 𝑡𝑡 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤 ∙ 𝑡𝑡)   

 𝑍𝑍 = −(𝑟𝑟 − �𝑟𝑟2 − (𝑡𝑡 ∙ 𝑣𝑣)2)   
where r is the inverse of the curvature of the spiral arm. The y-direction has a slower growing speed (0.5 ∙
𝑣𝑣) than the flat case (𝑣𝑣). This is to better approximate the 3D structure of the spirals curved along its main 
direction. We found that with these parameters, the structure created matches our fabricated prototype 
well. 

After creating an individual spiral spline, it was shifted 30 μm along x-direction to have its starting point 
move from the center to the edge of the circle. One spiral arm was created by sweeping along the spiral 
spline. Then, the spiral arm was rotated and copied along the z-axis placed at the center of the circular 
plate. Considering the symmetry, we used eight cantilever arms (45° rotation), which provides an optimal 
compromise, maximizing the efficiency within practical manufacturing yield. After further optimization, 
we found that v = 100 μm/s, w = 0.7π rad/s, t = [0, 0.8] sec, r = 140 μm could provide a high modulation 
depth while keeping spiral arms away from each other at both flat and curved status. After building the 
spiral cantilevers, we set them as the perfect electric conductor layer for simulations.  

(a) (b) 
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Comparison with Previous Works 

 

Table S1 Comparison with previous works in THz polarization modulation of the azimuth rotation angle θ and the ellipticity 
angle η. 

Design Highest Modulation Depth Operation 
Wavelength 
Range 

Operation Method 

Deformable MEMS spiral 
metamaterial with 
enantiomeric switching of 
chirality [3] 

About 28.1° changes in 
azimuth rotation angle θ and 
ellipticity angle η 

0.4-1.8 THz pneumatic force with a 
sealed gas chamber 

Patterned plasmonic 
structure on parylene sheets 
with periodic kirigami cuts  
[4] 

About 15° changes in 
azimuth rotation angle θ and 
ellipticity angle η with 
maximum values of 80° and 
40° at one resonant 
wavelength 
 

0.2-1.6 THz Stress applied by a 
mechanical stage 

Single-layer chiral 
metamaterial structure with 
electrostatically gated 
graphene [5] 

A maximum of 20° change 
of azimuth rotation angle θ 
at a resonant frequency (1.75 
THz) 
 

1.4 – 2.5 THz Backgated voltage > 
100 V 

Conjugated double Z  
metamaterial with a 
graphene layer [6] 

Up to 10° change of azimuth 
rotation angle θ off-
resonance 

0.6-1.6 THz 5 V ion gel gating 

three-rotating-layer  
metallic  grating  structure 
[7] 

Tunable azimuth rotation 
angle from –90° to 90°. 

0.1-0.6 THz Mechanically rotating 
the three composite 
grating layers 

Chiral metamolecules 
incorporated with a 
photoactive medium (Si) 
[8] 

About 10° change in 
azimuth rotation angle θ 
 

0.84-1.07 THz Photoexcitation stimuli. 
1 mJ·cm-2. 
Fabrication involving 
electroplating. 

a three-dimensional helical 
spiral metamaterial [9] 

About 6° change in azimuth 
rotation angle θ and 4° 
change in ellipticity η 
 

0.4-2.3 THz electrostatic force with 
350 V bias 

single-layer 
microcantilevers 
metasurface with 
anisotropic response [10] 

About 45° change in 
ellipticity at one specific 
frequency 0.81 THz 
 

Near 0.81THz electrostatic force with 
40 V bias 

Liquid crystal cell with 
metal wire grid and porous 
graphene as electrode [11] 

About 90° change in 
azimuth rotation angle θ 

0.5-2.5THz Liquid crystal with 50V 
gate voltage 

This work About 15° changes in 
azimuth rotation angle θ and 
ellipticity angle η 

0.5-1.1 THz Heating stage near 
room temperature 
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