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Fig. S1 Wafer-scale f-VO2 film prepared by the nano-pinhole permeation-etching method. 
(A) Schematic diagram for preparing freestanding VO2 (f-VO2) films. (B) Optical image of as-
grown VO2 film on the quartz substrate. (C) Detachment of the VO2 film by NPE method. (D) f-
VO2 film floating on water. Photo credit: He Ma, Beijing University of Technology.  

Fig. S1A shows the schematic diagram for preparing the freestanding VO2 (f-VO2) film. The 
VO2 film with nano-pinholes (Fig. S1B) was immersed into the BOE solution in a stainless-steel 
container. By removing the VO2/SiO2 interface layer, the VO2 layer gradually separated from the 
SiO2 substrate (Fig. S1C). After removing the interface layer, the container was slowly lifted from 
the BOE solution and gently immersed in clean water. The surface tension of the water caused the 
f-VO2 film to float on the surface (Fig. S1D). We then transferred the floating f-VO2 film to another 
dish with clean water to remove the residual BOE solution. Finally, we transferred the f-VO2 film 
to the desired target substrate. 
  



 

 

 
 

 

Fig. S2 Homogeneity of wafer-scale f-VO2 film in its phase-transition and structural 
properties. (A) Optical image of the wafer-scale f-VO2 film transferred to a polyethylene 
terephthalate (PET) substrate. Photo credit: He Ma, Beijing University of Technology. (B) Raman 
spectra of the f-VO2/PET film at 5 positions (p1-p5, as labeled in S2A). (C) Temperature-
dependent transmittance of the f-VO2/PET film at the wavelength of 1600 nm. (D) Modulation 
amplitude and MIT temperature (extracted from the heating curves) of the f-VO2/PET film at p1-
p5.  

We transferred a wafer-scale f-VO2 film to a polyethylene terephthalate (PET) substrate to 
facilitate the characterization. Subsequently, the structural and the phase-transition homogeneity 
of the f-VO2/PET film were evaluated by optical approaches. As shown in Figs. S2A and S2B, 
Raman spectra collected from 5 different positions (labeled as p1-p5 in Fig. S2A) in the f-VO2/PET 
film identically reveal the VO2 lattice vibration modes, demonstrating a good structural 
homogeneity of the wafer-scale f-VO2 film. Moreover, the optical transmittance-temperature 
curves around the same 5 positions were also measured at the wavelength of 1600 nm, as shown 
in Figs. S2C and S2D. Due to the metal-insulator phase transition (MIT) of VO2, the transmittance 
of the f-VO2/PET film is modulated from 45% to 0.18% when the temperature is increased from 
25 to 90 oC (Fig. S2C). The f-VO2/PET film has almost identical MIT temperature and the 
modulation amplitude of the transmittance at the 5 different positions distributed in the entire film 
(Fig. S2D), indicating the excellent phase-transition homogeneity of the wafer-scale f-VO2 film. 
  



 

 

 
 

 

Fig. S3 Atomic force microscopy characterization of 20-nm-thick f-VO2 film. (A) Atomic 
force microscopy (AFM) image of the f-VO2 film. (B)  Height profile of the along the dashed line 
in Fig. S3A, indicating the thickness of the f-VO2 film was 20 nm. 

  



 

 

 
 

 

Fig. S4 Scanning electron microscopy characterizations of VO2 film. (A) before annealing and 
(B) after annealing. 

The VO2 film used in this work was deposited on the SiO2 substrate via reactive magnetic 
sputtering and a post-annealing process. The thickness of the VO2 film was controlled via the 
sputtering time. We compared the surface morphology of the VO2 film before and after the post-
annealing process under a low-pressure oxygen atmosphere. The VOx film was smooth and dense 
(Fig. S4A), which transformed to form a granulated VO2 film because of crystallization of the VOx 
film after annealing. From the scanning electron microscopy (SEM) images (Fig. S4B), numerous 
nano-pinholes are observed on the VO2 film.  
  



 

 

 
 

 

Fig. S5 SEM characterization of the cross-section of the f-VO2 film. The nano-pinhole is 
indicated by the black arrow.  

  



 

 

 
 

 

Fig. S6. Transmission electron microscopy characterization of the f-VO2 film. (A) 
Transmission electron microscopy (TEM) image of the f-VO2 film. (B) Enlarged TEM image of 
the f-VO2 film. (C) Typical electron diffraction pattern of the f-VO2 film. (D) Enlarged TEM 
image of a nano-pinhole in the 190-nm-thick f-VO2 film. (E) Enlarged TEM image of a nano-
pinhole in the 480-nm-thick f-VO2 film. (F) Atomic high-angle annular dark-field scanning TEM 
image of a crystalline grain in f-VO2 film.  

  



 

 

 
 

 

Fig. S7. Histogram of nano-pinholes in the VO2 film and geometrical models. (A) Histogram 
of the number of nano-pinholes in the VO2 film. (B) Geometrical model for releasing VO2 film via 
NPE method. (C) Three-dimensional geometrical model of 200-nm-thick f-VO2 film. (D) 
Geometrical model for the release of the dense VO2 film via normal side etching. 

The release time for the dense VO2 film via normal side etching in Fig. 1F was calculated 
according to the geometrical model in Fig. S7D. The shape of the VO2 film was simplified to a 
square. The etching rate of the BOE solution was 100 nm/min, and the release time was calculated 
by L/2/100.  
  



 

 

 
 

 

Fig. S8. Temperature-dependent transmittance of the f-VO2 film suspended on a copper grid. 
(A) Optical microscopy image of the f-VO2 film suspended on the copper grid. (B) Temperature-
dependent transmittance of the f-VO2 film marked by the cycle. 

We measured the temperature-dependent transmittance (I) of a 90-nm-thick f-VO2 film 
suspended on a copper grid (Fig. S8A) at the wavelength 1600 nm. The modulation amplitude is 
defined as I(25 oC)-I(90 oC). Therefore, the modulation amplitude of the f-VO2 film reaches ~ 39% 
(Fig. S8B).  
  



 

 

 
 

Table S1 Comparison of the modulation amplitude at the wavelength of 1600 nm of VO2 
films prepared by various methods. 

Sample 
Thickness of 

VO2 layer (nm) 
Preparation 

method 

Modulation 
amplitude at 

1600 nm 
References 

VO2/graphene/PET 40 Sputtering 33% (52) 

VO2/glass 130 
Physical vapor 

deposition 
35% (53) 

VO2/muscovite 50 
Pulsed laser 
deposition 

32% (54) 

VO2/mica 40 
Molecular 

beam epitaxy 
28% (55) 

PI/Cr2O3/VO2 80 Sputtering 33% (56) 

VO2/SnO2/glass 60 
Pulsed laser 
deposition 

35% (57) 

VO2/Al2O3 50 
Pulsed laser 
deposition 

33% (58) 

VO2/quartz 90 
Pulsed laser 
deposition 

36% (59) 

Epitaxial VO2 on 

Al2O3 
40 Sputtering 25% (60) 

Epitaxial VO2 on c-
plane sapphire 

100 
Pulsed laser 
deposition 

20% (10) 

f-VO2 film 90 Sputtering 39% This work 

f-VO2 film 190 Sputtering 49% This work 

f-VO2/mica film 190 Sputtering 50% This work 

 
  



 

 

 
 

Table S2 Comparison of the electrical property of the f-VO2 film with other free-standing 
VO2 films 

Samples 
Resistance change ratio across MIT 

(R30 
o
C /R90 

o
C) 

References 

Epitaxial VO2 membrane 
transferred onto PET 

~ 2200 (17) 

Small-scale freestanding VO2 
membrane 

~ 300 (61) 

Small-scale freestanding VO2 
membrane 

~ 500 (62) 

VO2 membrane transferred 
onto glass 

~ 600 (18) 

Large-scale f-VO2 films ~ 2400 This work 

 
  



 

 

 
 

 

Fig. S9 Comparison of surface morphologies of as-grown VO2 film and f-VO2 film. (A) 
Optical microscopy image and AFM image of the as-grown VO2 film . (B) Optical microscopy 
image and AFM image of the f-VO2 film transferred to the quartz substrate.  

The root-mean-square (RMS) roughness of our VO2 films is calculated according to the equation 

�
�

�×�
∑ ∑ �����, ��� − ��

��
���

�
���  by the ‘WITec Project’ software, where M presents the number of pixels in 

a row, N presents the number of pixels in a column, xi, yj, and z present the coordinates in x axis, 
y axis, and the height, and � presents the mean height. The RMS roughnesses of the as-grown VO2 
film (thickness ~80 nm) and the f-VO2 film (thickness ~80 nm) transferred to the quartz substrate 
are 3.2 and 3.0 nm, respectively. These values are comparable with the RMS roughness of the 
epitaxial VO2 crystal film on sapphire, as reported in the literature(J. Appl. Phys., 2013, 113, 
043707, Phys. Rev. Mater, 2018, 2, 034605).  
  



 

 

 
 

 

Fig. S10 Raman spectra of VO2 films. The black line: as-grown VO2 film. The red line: f-VO2 
film transferred to the quartz substrate. 

Because of the small thermal capacity of the f-VO2 film, the f-VO2 film was easily heated by 
the laser. To decrease the thermal effect of laser in the Raman measurement, particularly in the 
temperature-dependent Raman measurement, we measured the Raman spectrum of the f-VO2 film 
transferred to the quartz substrate and compared it with that of as-grown VO2 film (Fig. S10).  
  



 

 

 
 

 

Fig. S11 Measurement of the mechanical property of the f-VO2 film. (A) Schematic diagram 
for in-situ bending of the f-VO2 film in the SEM using the tungsten probe. (B) SEM image showing 
the tungsten probe touch the f-VO2 nanobelt. (C) Bending the f-VO2 nanobelt to curvature of 0.184 
m−1. (D) SEM image for the fracture of the f-VO2 nanobelt. 

 
  



 

 

 
 

 

Fig. S12 Simulation of mechanical deformations of VO2 films. (A) Geometrical models of the 
dense VO2 film and the VO2 film with nano-pinholes. (B) Deformations of the dense VO2 film and 
the VO2 film with nano-pinholes pushed by force. 

Deformations of the dense VO2 film and the VO2 film with nano-pinholes pushed by force were 
simulated by the solid mechanics model in COMSOL Multiphysics software. For the solid 
mechanics model, the equation ∇ ∙ S + F� = 0 was solved, where S was the stress tensor and Fv 

was the deformation gradient. In our simulation, the length, width, and thickness of the VO2 film 
were 10, 1, and 0.1 m, respectively. For the VO2 film with nano-pinholes, the diameter of a nano-
pinhole and the interval space between nano-pinholes were 20 nm and 1m, respectively. The 
Young’s modulus of the VO2 film was set to be 140 Gpa.  

 
  



 

 

 
 

 

Fig. S13  Optical property of the f-VO2/mica film. (A) Optical image of the f-VO2/mica film. 
Photo credit: He Ma, Beijing University of Technology. (B) AFM image at the edge of the VO2 
film. (C) Height profile along the dashed line in Fig. S13B, indicating the thickness of the VO2 
film is ~190 nm. (D) Temperature-dependent transmittance of the f-VO2/mica film at the 
wavelength of 1600 nm. 

The transmittance of the f-VO2/mica film is 51.08% at room temperature and decreases to 1.07% 
at 90 oC. the modulation amplitude of the f-VO2/mica film attains 50.1% at the wavelength of 1600 
nm. 

  



 

 

 
 

 

Fig. S14 Dependence of electrical properties of f-VO2/mica films on the curvature and the 
bending cycles. (A) Electrical conductivity of f-VO2/mica films as a function of curvature. (B) 
Resistance change ratio from 30 to 90 oC and MIT temperature (extracted from the heating curves) 
of the f-VO2/mica films as a function of curvature. 

We transferred an f-VO2 film to a thin mica film and subsequently cut the VO2/mica film into 
three pieces. The R-T relationship of sample #1 was measured directly, while those of samples #2 
and #3 were measured after the samples were bent to the curvature of 186 and 443 m-1, respectively, 
by 10,000 cycles. As shown in Fig. S14, the electrical conductivity, the resistance change ratio 
from 30 to 90 oC, and the MIT temperature of the VO2/mica film are not altered with the curvature 
and bending cycles, demonstrating the excellent mechanical stability of the f-VO2 film. 

  



 

 

 
 

 

Fig. S15 Optical microscopy image of the f-VO2/CNT film. 
 

  



 

 

 
 

Table S3 Comparison of the THz modulation depth of different VO2 films.  

Sample 
Thickness of 

VO2 layer 
(nm) 

Preparation 
method 

Modulation 
depth 

References 

VO2/Si 220 Sol-Gel 81% (63) 

VO2/Quartz 190 Sol-Gel 84.2% (64) 

VO2/SiO2/Si 200 Sputtering 40% (65) 

VO2/SiO2/Si 210 Sputtering 67% (66) 

Nb-doping 
VO2/SiO2/Si 

300 Sputtering 62.5% (67) 

Si-doping 
VO2/SiO2/Si 

260 Sputtering 82% (68) 

VO2/Diamond 120 
Pulsed laser 
deposition 

70% (69) 

VO2/Sapphire 120 Sputtering 83% (70) 

VO2/Sapphire 100 
Pulsed laser 
deposition 

86.7% (71) 

Van der Waals 
epitaxial VO2/Mica 

film 
192 

Pulsed laser 
deposition 

81.2% (72) 

Epitaxial VO2 on c-
plane sapphire 

150 Sputtering 85% (73) 

f-VO2/CNT film 190 Sputtering 84% This work 

 
  



 

 

 
 

 

Fig. S16 Transmittance change of the f-VO2/CNT film in the frequency range from 0.2 to 2 
THz under electrical stimulation. The thickness of the f-VO2 film is ~ 480 nm. 

The modulation depth is defined as (T1-T2)/T1, where T1 and T2 are transmittances without and 
with modulation. According to Fig. S16, for the 480-nm-thick f-VO2 film, the maximum 
modulation depth of the f-VO2/CNT film attains 94%.  
 
  



 

 

 
 

 

Fig. S17 Transient response of the THz modulator based on the f-VO2/CNT film under 
electrical stimulation. 
  



 

 

 
 

 

Fig. S18 Temperature changes of the f-VO2/CNT film and the f-VO2/CNT/mica film under 
electrical stimulation. (A) Schematic diagram for measuring nominal temperature changes of an 
f-VO2/CNT film (left) and an f-VO2/CNT/mica film (right) induced by Joule heating. (B) 
Thermograms of the f-VO2/CNT/mica film from the time of 1.24 to 4.85 s in Fig. 3E. (C) 
Schematic diagram for measuring the transmittance change of the f-VO2/CNT film under a square-
wave modulated voltage. (D) Response time of the f-VO2/CNT film under electrical stimulation. 

We suspended an f-VO2/CNT film and an f-VO2/CNT/mica film on quartz frames and then 
made silver paste electrodes on the films (Fig. S18A). The temperature changes of the films due 
to Joule heating were in-situ recorded by the thermographic camera. We note that in the time-
response curve of the f-VO2/CNT/mica film, a sudden drop of the nominal thermographic 
temperature (TIR) appears at 1.29 s (Fig. 3E), which is mainly attributed to the decrease of the 
emissivity induced by the MIT of VO2. After this point, TIR decreases (Fig. S18B) but the actual 
temperature keeps increasing until the maximum temperature is achieved. We also note that this 
process should also occur in the f-VO2/CNT film, which, however, cannot be recorded by the 
thermographic camera because the fast heating process goes beyond the response time limit of the 
camera. To measure the actual response time of the f-VO2/CNT film, we used a photodiode to 
record the modulation speed of the transmittance signal of the f-VO2/CNT film under electrical 
stimulation (Fig. S18C). As shown in Fig. S18D, the response time of the f-VO2/CNT film is only 



 

 

 
 

21 ms for the transmittance change due to the thermally induced MIT, indeed shorter than the 
response time limit of the thermographic camera. 
  



 

 

 
 

 

Fig. S19 Thermochromism of the VO2-covered blue-morpho butterfly wing. (A) Photographs 
of a 120-nm-thick VO2 film transferred to the surface of a butterfly wing, before (left, 20 oC) and 
after (right, 90 oC) heating. Photo credit: He Ma, Beijing University of Technology. (B) Schematic 
diagram for the structure color on the wing of the blue-morpho butterfly and the color tuning 
effects by covering a VO2 film. 

As shown in Fig. S19A, we observed dark green in the VO2-covered region at 20 °C. The 
structure color changed to bright purple due to the MIT of VO2 when the sample is heated to 90 °C. 
However, there is very little color change in the region of the pristine butterfly wing before and 
after heating. 
  



 

 

 
 

 

Fig. S20 Flexible temperature-indicating strip based on the f-VO2/PI film. (A) Working 
principle of the VO2 temperature-indicating strip (TIS). (B) Optical image of the VO2 TIS attached 
to a metal pillar with a heating pad at one end. The bare surface of the metal pillar was covered 
with a high emissivity coating. Photo credit: He Ma, Beijing University of Technology. (C) 
Thermograms for the pillar with the VO2 TIS and without the VO2 TIS under heating. The 
temperature-monitor point was marked by the cross in the upper panel. The temperature of the 
monitor point in the upper, middle, and lower panels are 70, 75, and 80 ºC, respectively. (D) 
Temperature profiles along the dashed lines in Fig. S20C.  
  



 

 

 
 

 

Fig. S21 Transient thermal-transfer simulation to the pillar covered with flexible VO2 
temperature-indicating strips. (A) Geometrical model of the pillar covered with a VO2/PI film. 
(B) Temperature distribution on the surface of the pillar covered with the VO2/PI film. (C) 
Temperature distribution along the dashed line in Fig. S21A. 

To study the influence of the strip length of the VO2 TIS on the measured temperature profiles, 
we performed a transient thermal transfer simulation by the finite element method using COMSOL 
software. As shown in Fig. S21A, the geometrical model includes a cylinder-like metal pillar 
surrounded by a VO2/PI film. The length and diameter of the pillar are 50 and 13 mm, respectively. 
The length of the VO2/PI surrounding film varies at 0, 10, and 20 mm. The material parameters 
used in the simulation, including thermal conductivity, thermal capacitance, density, are obtained 
from the material database of the COMSOL software. The simulation starts when the two ends (S1 
and S2) are set at 120 and 20 oC, respectively, at 0 s. The temperature distribution is obtained at 
the simulation time ranging from 0 to 20 s. 

 Fig. S21B shows the temperature distribution on the surface of the pillar covered with the 20-
mm-long VO2/PI film at the simulation time of 20 s. The temperature gradually decreases from 
the end S1 to S2. We extracted the temperature profile on the surface of the pillar along the dashed 
line marked in Fig. S21A and compared the temperature profiles of the pristine pillar, the pillar 
covered with a 10-mm-long VO2/PI film, and the pillar covered with a 20-mm-long VO2/PI film 
(Fig. S21C). We can see that the length of the VO2/PI film does not influence the temperature 
distribution on the pillar.  
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