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Their phase transition processes can be 
controlled by external stimuli including 
thermal,[1–3] optical,[4–6] electrical,[7–9] 
electrochemical,[10–13] mechanical,[14–16] 
and magnetic[17,18] approaches. Various 
dynamic metasurfaces and metade-
vices have been demonstrated, including 
dynamic color displays,[19,20] rewritable 
data storage,[21,22] tunable polarizers,[23,24] 
waveguide switches,[25] and reprogram-
mable holograms.[26,27] Nevertheless, 
these PCMs usually require high thermal 
annealing temperature conditions. For 
example, the reamorphization of GST 
requires a thermal annealing process at 
a temperature in excess of 800 K.[28,29] 
The chemosynthesis process of VO2 usu-
ally requires an annealing temperature 
in excess of 723 K.[30,31] In consideration 
of these high-temperature requirements, 
PCM optical films are usually fabricated 
on substrates such as glass,[19,22–24] sil-
icon,[29] sapphire,[32] and quartz.[33] How-
ever, all of these substrates are rigid and 
thus further limit exploration to realize 
flexible optical metadevices.

As we know, flexible optical devices have emerged over the 
past few decades to provide mechanical flexibility to optical 
systems.[34] Owing to the elastic deformability of flexible sub-
strates, these devices can be mechanically deformed (bent, 
stretched, twisted, compressed, etc.) and work on curved sur-
faces, inspiring applications such as flexible optical metasur-
faces,[35–37] wearable photonic healthcare devices,[38] flexible pho-
todetectors,[39] chemical and biological sensors,[40,41] and so on. 
Moreover, mechanical deformation can also be regarded as an 
extra degree of freedom for optical metasurfaces. By controlling 
different deformation states of flexible substrates, tunable[42] 
and multiplexed[43] metasurfaces have been demonstrated at 
visible frequencies. The most widely used flexible substrates 
are polymer materials such as polydimethylsiloxane (PDMS),[36] 
polystyrene (PS),[37] polyimide (PI),[38] polyethylene terephtha-
late (PET),[39] polyethylene glycol (PEG),[40] and polycarbonate 
(PC).[41] However, owing to thermal instability, these flexible 
polymer substrates can only operate below the temperature of 
500 K,[44] which is contrary to the above-mentioned high-tem-
perature requirements of PCMs. Very recently, some specific 
methods have been developed to fabricate PCMs on flexible 
substrates, such as inkjet-printing PCMs on PI substrates,[45] 

Phase change materials (PCMs), such as GeSbTe (GST) alloys and vana-
dium dioxide (VO2), play an important role in dynamically tunable optical 
metadevices. However, the PCMs usually require high thermal annealing 
temperatures above 700 K, but most flexible metadevices can only work 
below 500 K owing to the thermal instability of polymer substrates. This 
contradiction limits the integration of PCMs into flexible metadevices. 
Here, a mica sheet is chosen as the chemosynthetic support for VO2 and 
a smooth and uniformly flexible phase change material (FPCM) is realized. 
Such FPCMs can withstand high temperatures while remaining mechani-
cally flexible. As an example, a metal-FPCM-metal infrared meta-absorber 
with mechanical flexibility and electrical tunability is demonstrated. Based 
on the electrically-tuned phase transition of FPCMs, the infrared absorp-
tion of the metadevice is continuously tuned from 20% to 90% as the 
applied current changes, and it remains quite stable at bending states. 
The metadevice is bent up to 1500 times, while no visible deterioration 
is detected. For the first time, the FPCM metastructures are significantly 
added to the flexible material family, and the FPCM-based metadevices 
show various application prospects in electrically-tunable conformal 
metadevices, dynamic flexible photodetectors, and active wearable 
devices.

1. Introduction

Phase change materials (PCMs), featuring various structural 
and electronic transitions, play an important role in real-
izing dynamically tunable metadevices. Owing to their large 
changes in optical properties, GeSbTe (GST) alloys (Ge2Sb2Te5, 
Ge3Sb2Te6, etc.) and vanadium dioxide (VO2) have become the 
most common PCMs used for tunable optical metadevices. 
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fabricating PCMs on thin mica sheets,[46–52] or utilizing extra 
buffer layers.[53,54] However, very few efforts have been devoted 
to introduce metastructures into such flexible PCM systems to 
realize flexible and dynamically tunable optical metadevices.

In this work, we intentionally chose a flexible mica sheet 
as a chemosynthetic support for VO2, and realized a smooth 
and uniformly flexible phase change material (FPCM). The 
mica sheet was atomically smooth and chemically stable, and 
could endure high temperatures (up to 1373 K for fluorophlo-
gopite mica) and remain highly flexible.[55,56] The fabricated 
FPCM exhibited uniform thickness, a homogeneous surface, 
and excellent mechanical flexibility. The phase transition 
of the FPCM can be clearly observed in the Raman spectra 
and absorption spectra in the mid-infrared region. Then, we 
designed a metal-FPCM-metal (MFM) infrared meta-absorber 
with high mechanical flexibility and electrical tunability as a 
metadevice example. An ultra-thin MFM metastructure was 
introduced as the basic building block. With the electrically-
tuned phase transition of the FPCM, the infrared absorption 
of the metadevice can be continuously tuned by varying the 
applied current, the functionality of the metadevice changing 
from that of a perfect absorber to a broadband mirror. Because 
the magnetic resonance of the surface plasmons excited in 

the metastructure is insensitive to the incident angle, the 
functionality of the metadevice is stable even with a bending 
radius of 11 mm. To further demonstrate the bending dura-
bility of the FPCM-based metadevice, we bent it up to 1500 
times, and no visible deterioration could be detected during 
the bending process. We expect the realization of FPCM 
based on VO2 and flexible mica sheet acts as an important 
candidate for flexible material system. And our study provides 
a new approach for the design of MFM metadevices with 
both mechanical flexibility and electric-tunability, which show 
potential in realizing tunable conformal metadevices, elec-
trically switchable cloaking, dynamically wearable photonic 
devices, and so on.

2. Results and Discussion

2.1. Electrically-Tuned Flexible Phase Change Material Structure

First, we fabricated an electrically-tuned FPCM structure, as 
schematically shown in Figure  1a. We chose fluorophlogopite 
mica sheets as the substrate and a 100-nm-thick gold (Au) 
film was deposited on the substrate by means of magnetron 

Figure 1. a) Schematic of a flexible and electrically-tuned PCM structure. b) SEM image of a cross-section of the sample without covering the graphene 
thin film, including mica sheet, 100-nm-thick Au film (d1), and 100-nm-thick VO2 film (d2); the tilted angle for capturing the image is set as 52°; the 
scale bar is 300 nm. c) The flat state and bent state of the flexible and electrically-tuned PCM. The dashed lines sketch out the outline of the flexible 
sample; here, the whole sample was placed on a PDMS support for convenient photographing; the scale bars are both 10 mm. d) Raman spectra of 
the flexible and electrically-tuned PCM when the applied current is from 0 to 300 mA. e) Absorption spectra of the flexible and electrically-tuned PCM 
structure at wavelengths of 2.85–5 µm measured using an FTIR system when the applied current increases from 0–300 mA. f) Temporal response of 
the metadevice with the modulation frequency of 0.05, 0.1, 0.2, and 0.5 Hz, respectively.
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sputtering. The mica sheet was cleaved repeatedly to realize a 
satisfactory flexible property when the thickness of the mica 
sheet was less than 200 µm. Next, the vanadium film was 
deposited on the Au film by means of electronic beam evapo-
ration (EBE). After annealing in an oxygen atmosphere at the 
temperature of 430–470  °C, a 100-nm-thick VO2 film working 
on the flexible substrate could be fabricated to realize the 
FPCM. Based on the Euler–Bernoulli beam theory,[57] even the 
stiff materials can be bent when the film thickness is less than 
a few hundred nanometers. In this case, the fabricated FPCM 
naturally possessed high mechanical flexibility. Figure 1b shows 
the scanning electron microscopy (SEM) image of the cross-
section of the FPCM structure. One may find that no pyrolysis 
or thermal deformation occurred in the mica layer after the 
high-temperature annealing process in an oxygen atmosphere. 
Because of the fresh surface of the cleaved sheet, the FPCM 
exhibited uniform thickness, a homogeneous surface, and high 
adhesion. It can be seen that the VO2 film was quite compact 
and with no cracking.

In order to realize the electrically tunable phase transition 
of the VO2, a pair of “T” shape Au electrodes of 20 nm thick-
ness were fabricated by means of electron beam lithography 
(EBL) and a subsequent lift-off process after the EBE of the Au 
film. Subsequently, we transferred a graphene thin film onto 
the VO2 film, and a pair of electrodes was set at the two ends 
of the graphene. Figure  1c shows the mechanical flexibility of 
the FPCM. Finally, a DC source with a built-in ammeter was 
connected to the electrodes to accurately apply the electric cur-
rent to the graphene. The Joule heat generated in the graphene 
film was able to increase the local temperature above the crit-
ical temperature of VO2, and thus induced the phase transition 
of the VO2 film. In order to demonstrate the electrically-tuned 
phase transition, we measured the Raman spectra of the FPCM 
structure when the applied current varied from 0 to 300  mA, 
as shown in Figure  1d. When no current was applied to the 
device, several characteristic peaks appeared in the spectrum 
as Ag modes at 195, 222, 392, and 622 cm−1, respectively, 
which indicated the monoclinic dielectric phase of VO2.[58,59] 
Then we increased the current to 275 mA, and these Raman 
peaks began to decrease, which meant that the VO2 began to 
undergo the phase transition. Finally, these peaks would disap-
pear once the current was up to 300 mA, indicating the metallic 
phase of the VO2 film.[58,59] During this phase transition, the 
refractive index of VO2 film can also make large changes in 
the visible and infrared spectrum.[19,60,61] Figure  1e shows the 
absorption spectra of the FPCM structure in the mid-infrared 
region (wavelength from 2.85–5 µm), which was extracted from 
the reflection data measured using a Fourier-transform infrared 
(FTIR) system (Vertex 70v, Bruker). The relationship between 
the reflection and absorption of the sample at a specific wave-
length can be expressed as:

1A R Tλ λ λ( ) ( ) ( )= − −  (1)

where A, R, T, and λ represent the absorption, reflection, 
transmission, and incident wavelengths, respectively. Actually, 
we have T(λ) ≈ 0 in this structure because of the completely 
opaque for 100-nm-thick Au film at the wavelengths from 
2.85–5  µm, and the graphene film covering on the sample 

makes a negligible influence on the absorption spectra of 
the FPCM structure (Part I, Supporting Information). It can 
be seen in Figure  1e that the absorption can be continuously 
tuned when the applied current increases from 285 to 300 mA, 
indicating the electrical tunability of the FPCM structure. In 
addition, the time response of this device was also examined 
based on the time-domain reflection measurement. As shown 
in Figure  1f, the measured ON and OFF switching times for 
0.1 Hz pulsed square-wave current were ≈330 and ≈620 ms, 
respectively. More details are discussed in Part II, Supporting 
Information.

2.2. Design the Metal-FPCM-Metal Infrared Meta-Absorber 
with Mechanical Flexibility

Based on the FPCM, we designed an MFM infrared meta-
absorber with electrical tunability, high mechanical flexibility, 
and good bending durability. The Au nanodisk array was 
designed on the smooth surface of the FPCM, resulting in an 
MFM metastructure, as schematically shown in Figure 2a. The 
thickness of the Au nanodisk array was 20 nm and the diam-
eter of each nanodisk was 425 nm. The Au nanodisk array 
had a period of 700 nm along both x- and y- directions. The 
absorption spectra of the sample when the VO2 film was in 
the dielectric and metallic phases were then simulated using 
the finite-difference time-domain method (a commercial soft-
ware from Lumerical Inc., FDTD Solutions), as shown in 
Figure  2b. When the VO2 film was in the dielectric phase, 
there was a distinct absorption peak at a wavelength of approxi-
mately 3.5 µm. Here, near 100% absorption of the metadevice 
could be obtained, demonstrating a perfect absorber at a spe-
cific wavelength. Nevertheless, when the VO2 film transferred 
to the metallic rutile phase, the absorption of the metadevice 
decreased to approximately 20% at the wavelengths from 
2–5  µm, which indicated a broadband mirror in the mid-
infrared region.

In order to better understand the underlying mechanism of 
the metadevice, we simulated the magnetic field distributions 
at 3.5 µm. Figure 2c shows the magnetic field intensity distri-
butions when the VO2 film was in the dielectric phase in the 
x-z (left panel) and x-y planes (right panel), respectively. In this 
case, the top Au nanodisk array, the middle VO2 film, and the 
bottom Au reflected layer formed a typically metal-insulator-
metal configuration. It is clear that the magnetic field was con-
centrated mainly inside the VO2 film when light was incident 
in the x-polarized direction, indicating the excitation of mag-
netic resonance. At the resonance, the metadevice will strongly 
interact with the magnetic field of the incident light. And the 
localized enhanced electromagnetic field can greatly increase 
the Ohmic loss[62,63] and therefore gives rise to a distinct absorp-
tion peak in the spectrum. In this situation, almost no light 
radiated to the far-field, as shown in Part III, Supporting Infor-
mation; therefore, the sample acts as a perfect absorber at this 
wavelength. However, if the VO2 film turns into the metallic 
phase, because of the variation in the refractive index of the 
VO2 film, the resonant mode of the Au nanodisk would change 
significantly. Figure 2d shows the magnetic field intensity dis-
tributions around the Au nanodisk at a wavelength of 3.5 µm 
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when the VO2 film was in the metallic phase in the x-z (left 
panel) and x-y planes (right panel), respectively. Under these 
circumstances, almost no magnetic field was concentrated and 
most of the light was reflected to the far-field, as shown in Part 
III, Supporting Information.

Further, we found that because the excited magnetic reso-
nance is insensitive to the incident angle, the meta-absorber 
exhibited consistent functionality in different bending states. 
This wide-angle of acceptance is one of the most significant 
features of a flexible device. Figure 2e,2f depicts the simulated 
absorption spectra of the metadevice at different incident angles 
in the x-z plane. It is clear that the variation in the absorption 
was negligible even under an oblique incidence angle of 50° 
when the VO2 film was in the dielectric phase, indicating a per-
fect absorber with a wide angle of acceptance. Moreover, owing 
to the rotation symmetry of the Au nanodisk, this flexible and 
dynamically tunable infrared meta-absorber could work for any 
arbitrary polarization states.

2.3. Electrical Tunability of the MFM Infrared Meta-Absorber

Based on the simulation results mentioned above, we fab-
ricated the metastructure of the 20-nm-thick Au nanodisk 
array on the FPCM structure. The design of the FPCM struc-
ture was the same as that shown in Figure 1a, consisting of a 
mica sheet, Au film, and VO2 film, from bottom to top. The 
nano-fabrication process is as following: First, a resist layer 
was spin-coated on the FPCM structure. Then the sample was 
loaded into the EBL system for electron-beam exposure. After 
the exposure, the sample was developed and a 20-nm-thick 
Au film was subsequently deposited on the sample by means 
of EBE. Then, a 20-nm-thick Au nanodisk array was fabricated 
on the FPCM structure after a lift-off process. Subsequently, a 
pair of “T” shape Au electrodes of 20 nm thickness were also 
fabricated at the adjacent sides of the metastructure. Finally, 
a graphene thin film was transferred onto the Au nanodisk 
array and the two ends of the graphene were in contact with 

Figure 2. a) Schematic of a flexible and electrically-tuned infrared meta-absorber, in which a metastructure of Au nanodisk array is inserted into the 
flexible and electrically-tuned PCM between the VO2 film and graphene thin film. b) Simulated absorption spectra of the flexible and electrically-tuned 
infrared meta-absorber at wavelengths of 2–5 µm when the VO2 film is at the dielectric phase and metallic phase. The magnetic field intensity distribu-
tions around the Au nanodisk at an incident wavelength of 3.5 µm in the x-z and x-y planes when the VO2 film is at c) dielectric phase and d) metallic 
phase. The white dashed lines indicate the structure profiles of the building block. The simulated absorption spectra for the incident light at different 
incident angles when the VO2 film is at e) dielectric phase and f) metallic phase.
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the electrodes to establish a circuit to the external DC source. 
The flexibility of the metadevice was pretty good, as shown in 
Figure 3a. The entire region of the Au nanodisk array was a 
square with an edge length of 200 µm, as can be seen in the 
optical image shown in Figure 3b. It can also be seen that the 
Au electrodes were set on both sides of the Au nanodisk array, 
the distance from the edge of the Au nanodisk array to the Au 
electrode being 200 µm. Figure 3c shows the details of the Au 
nanodisk array on the VO2 film with a nanodisk diameter of 
425 nm and a period of 700 nm.

Now we carried out the optical measurements of the MFM 
metadevice at applying different currents. First, we set the 
applied current to 270 mA (or lower, even without applied 

current)—the VO2 film always maintains a dielectric phase 
under these conditions. We measured the reflection spectrum 
and extracted the absorption spectrum using Equation (1) at 
wavelengths from 2.85 to 5 µm when the metadevice was in 
the flat state. The black lines plotted in Figure 3d,3e represents 
the measured absorption and reflection spectra, respectively. 
It can be seen that there was an obvious absorption peak at 
a wavelength of approximately 3.48 µm, and the absorption 
of the metadevice was close to 90%, indicating an infrared 
absorber at this wavelength. Followed by this, we adjusted the 
applied current to 300 mA—it is well-known that the VO2 film 
is able to undergo a phase transition from the dielectric phase 
to the metallic phase, as shown in Figure  1e. As a result, the 

Figure 3. a) Photograph of the flexible and electrically-tuned infrared meta-absorber. Here, the metadevice was placed on a PDMS support for con-
venient photographing; the scale bar is 10 mm. b) Micrograph of the flexible and electrically-tuned infrared meta-absorber, where the metastructure 
is in the middle of the graph and a pair of Au electrodes are fabricated at the left and right sides of the metastructure; the scale bar is 50 µm. c) SEM 
image of the Au nanodisk array with nanodisk of diameter 425 nm and period 700 nm; the scale bar represents 1 µm. Measured d) absorption spectra 
and e) reflection spectra of the flexible and electrically-tuned infrared meta-absorber at wavelengths of 2.85–5 µm when the metadevice is in a flat 
state as the applied current increases from 270–300 mA. f) The variation of the absorption and reflection of the metadevice at a wavelength of 3.48 µm 
as a function of applied current when the metadevice is in a flat state. Measured g) absorption spectra and h) reflection spectra of the flexible and 
electrically-tuned infrared meta-absorber at wavelengths of 2.85–5 µm when the metadevice is in a bent state (here the bending radius is 23 mm) as 
the applied current increases from 270–300 mA. i) The variation of the absorption and reflection of the metadevice at a wavelength of 3.48 µm as a 
function of applied current when the metadevice is in a bent state.
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absorption of the sample significantly reduced to approximately 
20% and the reflection increased to approximately 80% at any 
wavelength from 2.85 to 5 µm, which can be seen from the 
brown lines in Figure  3d,3e, indicating a broadband mirror 
under this condition. One may find that the measured spectra 
at the applied current of 270 and 300 mA were in good agree-
ment with the simulation results shown in Figure 2b.

To investigate the intermediate states of the phase transi-
tion, we also measured the reflection and absorption spectra 
of the sample at several discrete currents ranging from 270 to 
300 mA, and the measured results are shown in Figure 3d,3e. 
Based on the accuracy of the electrical tunability, several stable 
intermediate states of the reflection and absorption spectra 
could be obtained. It can be seen that when the applied current 
increased, the peak position red-shifted and the absorption at 
a wavelength of 3.48 µm decreased gradually. Figure 3f shows 
the variation of the absorption and reflection at a wavelength 
of 3.48 µm as a function of the applied current. The sample 
obtained approximately 70% variation of the absorption and 
reflection when the applied current increased from 270 to 
300 mA, indicating an infrared meta-absorber with continuous 
electrical tunability and a wide modulation range. Moreover, 
it should be mentioned that the absorption of the metadevice 
could form an obvious hysteresis in this modulation range, 
which demonstrated the electrical tunability was fully reversible 
(Part IV, Supporting Information).

Subsequently, we applied stress to the mica substrate from 
both sides toward the middle, and thus the entire metadevice 
was squeezed into a bent state. In the case that the bending 
radius is 23 mm, we measured the reflection and absorption 
spectra of the sample when the applied current increased from 
270 to 300 mA, the results of which are shown in Figure 3g,h. 
The variation of the absorption and reflection at a wavelength of 
3.48 µm as a function of applied current is shown in Figure 3i, 
which demonstrates fairly good continuous electrical tunability. 
It is obvious that the variant trends of the absorption and reflec-
tion spectra in the bent state were consistent with those in the 
flat state, and they could also form a typical hysteresis as men-
tioned above (Part IV, Supporting Information). All these exper-
imental results state that the electrically-tuned meta-absorber 
worked pretty well even in the bent states.

2.4. Mechanical Flexibility and Bending Durability of the 
Electrically-Tuned Infrared Meta-Absorber

Next, we demonstrated the mechanical flexibility of the electri-
cally-tuned MFM infrared meta-absorber by bending the mica 
substrate to various radii. The bending radius (r) satisfies the 
equation:

2 sin
2

d r
l

r
=  (2)

where d and l represent the measured chord length and side 
length of the mica substrate, respectively. First, we kept 
the applied current being zero, that is, disconnecting the sample 
with the external DC source. In this case, the sample acted as 
a flexible absorber based on the dielectric phase of the VO2 

film. Figure 4a shows the absorption spectra of the metade-
vice with different bending radii extracted from the measured 
reflection spectra in Part V, Supporting Information. Here, 
the detected area entirely covered the whole region of metas-
tructure. Actually, the absorption spectra remained almost the 
same at different positions of a bent meta-absorber regardless 
of the change of incident angle. The detailed experimental data 
and discussions on this aspect are given in Part VI, Supporting 
Information. A negligible variation in the absorption spectrum 
could be observed even the bending radius reached 11 mm. 
When the bending radius decreased to 10 mm, the absorp-
tion spectrum declined and the absorption peak blue-shifted 
slightly. This tendency was consistent with the simulated 
results as shown in Figure 2e. The absorption at a wavelength 
of 3.48 µm as a function of bending radius is also plotted as the 
red line in Figure 4b. The absorption was maintained at approx-
imately 90% even the bending radius reached 11 mm. However, 
it exhibited a small reduction when the bending radius was less 
than 10 mm.

Subsequently, we connected the sample to the DC source 
and set the applied current to 300 mA. In this situation, the 
VO2 film was in the metallic phase and the metadevice acted 
as a flexible broadband mirror. Figure  4c shows the absorp-
tion spectra of the metadevice with different bending radii 
extracted from the measured reflection spectra in Part  V, 
Supporting Information. The absorption at a wavelength 
of 3.48  µm as a function of bending radius is plotted as the 
blue line in Figure 4b. The absorption continuously increased 
without any significant changes at different bent states, which 
was also consistent with the simulated results of Figure 2f. To 
further analyze the mechanical flexibility of the electrically-
tuned infrared meta-absorber, we plotted the relative absorp-
tion change (|ΔA/A|) as a function of bending radius, which 
is defined as:

/ 100%
2 1

1
A A

A I A I

A I

( ) ( )
( )

∆ =
−

×  (3)

where A (I1) and A (I2) represent the absorption when the VO2 
film is at dielectric phase and metallic phase, respectively. To 
satisfy the phase change condition, here we set I1 = 0 and I2 = 
300 mA in the experiment and the measured results are shown 
in Figure 4d. It is clear that |ΔA/A| at a wavelength of 3.48 µm 
was maintained at approximately 86% even with a bending 
radius of 11 mm, which demonstrates the stable mechanical 
flexibility of the metadevice.

The bending durability is also particularly important for flex-
ible devices, and it is a primary index of device degradation. 
Here, the flexible and electrically-tuned infrared meta-absorber 
was fixed onto a mechanical bending machine and bent for 
1500 times (from flat to a bending radius of 11 mm). Figure 5a,b 
shows the absorption spectra at different bending cycles when 
the applied current was 0 and 300 mA, respectively, which were 
extracted from the measured reflection spectra in Part VII, Sup-
porting Information. We also plotted the absorption and reflec-
tion at the wavelength of 3.48 µm when the bending cycles vary 
from 0 to 1500 times, as shown in Figure 5c,d. In both cases, 
no visible deterioration was measured in absorption or reflec-
tion even after the 1500-cycle bending test. To better analyze 
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the bending durability of the metadevice, we plotted |ΔA/A| at 
a wavelength of 3.48 µm as a function of bending cycles, as 
shown in Figure 5e. It is clear that the |ΔA/A| remained stable 
during the bending process and no indication of metadevice 
degradation occurred, which demonstrated that the flexible and 
electrically-tuned infrared meta-absorber has stable electrical 
tunability yielded outstanding bending durability. We also took 
the SEM images of the device after different bending cycles and 
no obvious cracking or structural shedding had been observed 
even after 1500 times (Part VIII, Supporting Information). 
These results indicated good structural stability of the FPCM-
based metadevices during the bending processes.

It is worthwhile to mention that this meta-absorber based on 
FPCM works at the wavelengths from 2.85 to 5 µm. This oper-
ation band located at the region of mid-infrared atmospheric 
transparency window (3–5 µm), playing an important role in 
astronomical observation, environmental monitoring, daytime 
radiative cooling, and so on.[64,65] We anticipate that such flex-
ible and electrically-tuned meta-absorber may introduce signifi-
cant inspirations to the applications such as dynamic infrared 
remote sensing, flexible thermal emitters, and tunable radiative 
cooling device.

3. Conclusions

To summarize, by introducing cleaved mica sheets as the che-
mosynthetic support for VO2, we realized a smooth and uni-
form FPCM. Unlike traditional polymer substrates, this flexible 
mica sheet is atomically smooth and high-temperature stable, 
which can endure the high temperatures required during the 
annealing process of VO2. The fabricated FPCM exhibited uni-
form thickness, a homogeneous surface, and excellent mechan-
ical flexibility. Then by using the graphene layer, a precise and 
continuous electrical control was achieved for the phase transi-
tion process of FPCM. Further, based on this FPCM we designed 
a flexible and electrically-tuned infrared meta-absorber. An ultra-
thin MFM structure was introduced as the basic building block. 
The infrared absorption of the metadevice can be continuously 
tuned from 20% to 90% by varying the applied current in gra-
phene. Because the magnetic resonance excited in the metastruc-
ture is insensitive to the incident angle, the functionality of the 
metadevice was stable even at the bending states. Finally, to dem-
onstrate the bending durability of the metadevice, we bent it up 
to 1500 times, where no visible deterioration could be detected. It 
is worth mentioning that the metadevice is designed to work at 

Figure 4. a) Measured absorption spectra of the flexible and electrically-tuned infrared meta-absorber under a flat state and different bent states with 
bending radii from 23–10 mm when the applied current is 0. b) Measured absorption of the metadevice at a wavelength of 3.48 µm as a function of 
bending radius when the applied current is 0 and 300 mA. c) Measured absorption spectra with bending radii from 23–10 mm when the applied cur-
rent is 300 mA. Inset: Schematic of the bending process, where the blue layer represents the mica sheet layer, and r, l, and d represent the bending 
radius, side length of the mica sheet, and chord length, respectively. The bending radius is solved by the equation d  =  2r sin(l/2r). d) The relative 
absorption change (|ΔA/A|) of the metadevice at 3.48 µm wavelength as a function of bending radius, where the relative absorption change is defined 
as |ΔA/A|  =  |A(I2) − A(I1)|/A(I1)  ×  100%, where A (I1) and A (I2) represent the absorption when the VO2 film is at dielectric phase and metallic phase, 
respectively. Here, we set I1 = 0 and I2 = 300 mA.

Small 2021, 2101282



2101282 (8 of 9)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

the mid-infrared atmospheric transparency window, which may 
have inspirations to thermal emission devices, infrared remote 
sensing, radiative cooling, etc. We suggest that our study on the 
FPCM metastructures has significantly promoted the application 
of phase change materials to the flexible metadevice family, and 
the FPCM-based metadevices may lead to various applications in 
electrically-tunable conformal metadevices, dynamic flexible pho-
todetectors, and active wearable devices.
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