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Kirigami-Inspired Reconfigurable Thermal Mimetic Device

Hang Wei, Jinxin Gu, Feifei Ren, Chenchen Geng, Huan Guan, Shuhui Liang, Qingpu Fan,
Jiupeng Zhao, Chengyu Wang, Shuliang Dou,* and Yao Li*

Mimicry, a biological phenomenon whereby organisms can change their
morphological characteristics to resemble another object, has stimulated the
unprecedented development of devices that allow the manipulation of
thermal emission. Herein, inspired by biological mimicry and the pattern
evolution of Chinese Kirigami, this study demonstrates a universal and
effective method to prepare devices that exhibit a reconfigurable and
multilevel evolution of infrared (IR) thermal images based on vanadium
dioxide (VO,). The significant discrepancy between the phase transition
temperatures of VO, with different tungsten doping fractions affords the
reconfigurable response in thermal images to varying environmental
temperatures. Particularly, the large degree of freedom afforded by evolution
steps and local IR emissivity further consummates the thermal mimicry ability
for diverse demands. Furthermore, the ultrafast response time, notable

has been widely studied.®'!! Thermal
mimicry, as the other method, which
aims at emitting deceptive IR signals to
mimic another object and finally mis-
leads the IR detector, still needs further
investigation.['”) Moreover, most thermal
camouflage devices only serve in spe-
cific environments.l*"* The mismatch
of thermal signals happening when the
background changes makes the camou-
flage deactivating finally. In this case, a re-
configurable thermal mimetic device for
which the IR signals can be modulated
in response to changing backgrounds in
real time is in great demand.

To date, thermal metamaterials(>121¢]

observation angle independence, and the active control system are also
demonstrated. This study offers a new perspective for reconfigurable thermal
mimetic devices and provides a new path for distinct applications such as IR
communication, information encryption, and virtual/augmented reality.

1. Introduction

According to the Stefan-Boltzmann law, thermal emission is
ubiquitous and related to the surface temperature (T) and emis-
sivity (€) of objects.['l It acts as convert information carriers for
the temperature distribution and chemical compositions. There-
fore, its manipulation and detection become critical and inspire
considerable innovations, especially in thermal camouflage.!>”]
As one of the methods of thermal camouflage, thermal stealth
is to keep the objects’ thermal emission consistent with the back-
ground and therefore hide the objects under IR detection, which
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and smart materials'’'® are the two
primary approaches to constructing re-
configurable IR patterns. However, the
complex design requirements and high-
cost fabrication of thermal metamaterials
limit its commercial applicability. Smart
materials which can change their thermal
emission in response to external stimulations, including vana-
dium dioxide (VO,),[') Ge-Sb-Te alloys, 22! polymeric phase-
change materials,*l graphene,[???*] and polyaniline,?*! have
drawn increasing attention in recent years. Zhao et al.*! exploited
a digital light exposure method to realize the control of a poly-
mer network formation. The distinctive crystallization behaviors
of the polymer network regions caused by their different expo-
sure times led to the dynamic vicissitude of the thermal images
within dozens of seconds. Li et al.[*®] realized the spatial control
of the intermediate states of VO, in the phase transition hystere-
sis by regulating the light-induced heating effect generated with a
laser writing system, which finally enabled the spatially resolved
control of the thermal emission. However, a universal method
to fabricate a device that could exhibit a dynamically reconfig-
urable and fast-switching evolution of thermal images without
additional energy input is yet to be reported.

In this work, inspired by the stepwise fabrication process
of Chinese Kirigami, we develop a dynamically reconfigurable
thermal mimetic device based on patterned tungsten-doped
VO, films with different phase transition temperatures, which
exhibits a dynamic and reconfigurable thermal images evolution
in response to temperatures. It is worth mentioning that, the
completely modifiable dynamic evolution, including the step
numbers of the multilevel process, characteristic IR images, and
local IR emissivity, makes the thermal mimetic device competent
for diverse demands. The phase transition under femtosecond
and picosecond timescales enables the device to undergo fast-

© 2022 Wiley-VCH GmbH

95US017 SUOLLILUOD dA11ER.D) 3|dedl|dde ay3 Aq paueoh ae Sapiie YO 138N JO S9INI 04 Akeid13U1UO AB]IA UO (SUO1IPUGD-PUe-SWSI WD A8 | ImAseIq 1 U1 |UO//SdNY) SUOHIPLOD PUe SWB L 3U1 835 *[z20z/0T/6T] uo Ariqiauliuo A(im ‘Aiseaun BuilueN Ag €8£002¢0z"10d|/200T OT/10p/wod" Ao | Afeq ju!|uo//Sdiy WOy popeoumod ‘0 ‘6688£98T


http://www.lpr-journal.org
mailto:dousl@hit.edu.cn
mailto:yaoli@hit.edu.cn
https://doi.org/10.1002/lpor.202200383

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

e

N\

www.lpr-journal.org

V2D

Unfold Unfold Unfold )

A -

b 02,

Template
Deposition Deposition
— [
Ss—— S——
Substrate Reusing Reusing
T>80°C T~60°C T~40°C
Heating Heating Heating
—= g —
— — —
Cooling Cooling IR images

@ ‘ Cooling

Figure 1. Schematic for the a) general fabrication method for Chinese Kirigami and b) the fabrication process for the device inspired by Kirigami and

corresponding IR patterns at different temperatures.

switching. It is strongly believed that the strategy will expand the
application scope for thermal mimicry, and provides potential
implications for IR communication, information encryption,
and AR/VR applications.

2. Results and Discussion

VO,, a representative thermochromic material exhibiting a re-
versible phase transition at ~#68 °C and drastic optical changes
in the IR region, is selected as the model for this study. Given
the prominent lowering effect of tungsten doping on the tran-
sition temperature of VO,,[?’] and the inspiration from the dy-
namic evolution of patterns occurs in Chinese Kirigami owing
to the stepwise approach (Figure 1a), we first develop a template-
assisted fabrication method to realize the reconfigurable and dy-
namic evolution of thermal images.

As illustrated in Figure 1D, the university badge of Harbin In-
stitute of Technology is chosen as the pattern and divided into
three parts: a gear, a main building and a book. VO, films with
tungsten doping concentrations of 0, 0.5, and 1 at% labeled W0-
VO,, W1/2-VO,, and W1-VO,, are deposited on the SiO, sub-
strate using templates to form patterns of the gear, building and
book, respectively. Consequently, the patterns are exposed in se-
quence when the temperature rises and finally, exhibit a dynamic
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evolution of thermal images due to different phase transition
temperatures of the VO, films derived from various tungsten
doping concentrations.

The VO, films are fabricated according to the Experimental
Section, and the physical properties are investigated by scanning
electron microscopy (SEM), atomic force microscopy (AFM), X-
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
and Raman spectra in Figures S1 and S2 (Supporting Informa-
tion). It is apparent that the prepared VO, films are homoge-
neous and sufficiently pure for subsequent experiments. To ver-
ify the feasibility of the thermal mimetic device, a device with
a two-step dynamic evolution of thermal images is prepared.
The patterns of the gear and building are constructed by WO0-
VO, and W1-VO, films, respectively. The observed evolution
of the device is shown in Figure 2a and Movie S1 (Supporting
Information).

Temperature-dependent IR reflectance spectra of the two VO,
films are shown in Figure 2b—e. The reflectance ranging from 7.5
to 14 um can be used to explain the dynamic evolution. At 20 °C,
both patterns are disguised due to the negligible emissivity differ-
ence compared to the substrate. With increasing temperature, the
main building pattern composed of the W1-VO, film appears first
and becomes clearly visible at 40 °C due to its lower phase tran-
sition temperature. Upon further heating, the gear composed of
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Figure 2. a) Evolution of IR images of the device upon heating and cooling process. The temperature in the upper right corner represents the actual
temperature. Temperature-dependent IR reflectance spectra of b,c) W0-VO, film and d,e) W1-VO, film during heating and cooling. f,g) Apparent temper-
atures of the SiO, substrate, W0-VO, film, W1-VO, film, and Al bowl during heating and cooling. h,i) Apparent temperature differences during heating
and cooling. j) IR image evolution of the device exhibiting the multilevel control capability.

the W0-VO, film emerges at 70 °C, and is completely exposed at
80 °C. During the cooling process, the gear and the main build-
ing disappear in reverse order, and the patterns are completely
concealed after the temperature reaches 20 °C.

To further understand the reversible evolution process of the
device, the apparent temperatures of the SiO, substrate, the main
building, the gear, and an aluminum (Al) plate are recorded by
the IR camera, respectively (Figure 2f,g). The SiO, substrate and
Al plate can help determine whether the pattern is low emissiv-
ity or high emissivity intuitively (Figure S3, Supporting Informa-
tion).

The radiation of objects can be calculated according to the
Stefan—Boltzmann law. The received radiation consists of the
actual radiation emitted from the object, surroundings, atmo-
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sphere, and the compensation inside the IR camera [Equa-
tions (1)—(4)]1%!

Py=1Ps+(1—17) P, + 7P+ P, (1)
P, = g0 Ty* ()
P, =€,0T," (3)
P =(1-¢) Py, “)

where Py, represents the radiation from the object and the
received radiation of the IR camera, P, represents the radiation

from the atmosphere, P, represents the radiation from the
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surroundings, P_ represents the compensation inside the
IR camera. 7 represents the atmospheric transmission, eg,
represents the real and apparent emissivity, Ty , represents the
real and apparent temperatures, and o is the Stefan-Boltzmann
constant. Herein, it is worth noting that the measured IR wave-
length is 7.5-14 um, which is highly transmissive, so that 7 is
set to 1. Meanwhile, e, here is set to 1 inside the IR camera.
Therefore, the relationship between the apparent temperature
and the actual surface emissivity is described in Equation (5)

£ P..+ P
TAZTRA SR _ Zref com (5)

€A Ty

Then, the apparent temperature T, can be regarded as an in-
dex that reflects the emissivity at a certain temperature Ty. There-
fore, the apparent IR signals of patterns with low emissivity are
similar to that of Al, whereas similar to that of the SiO, substrate
when the patterns exhibit high emissivity. In Figure 2h,i, the dif-
ferences in apparent temperatures between the patterns and sub-
strates are recorded. Initially, it is clear that negligible apparent
temperature differences between the patterns and SiO, (red and
green columns) make both patterns hidden in the environment.
Once it is heated, the apparent temperatures of SiO, and Al in-
crease linearly according to Equation (5). However, the apparent
temperature of the W1-VO, film undergoes a period of minimal
change due to the inverse change trend of T and eg. Therefore,
the steadily increasing apparent temperature difference between
W1-VO, and SiO, allows the main building to manifest. Mean-
while, as the difference between W0-VO, and SiO, maintains
around 0, the gear remains invisible. When the temperature ex-
ceeds 70 °C which is higher than the phase transition tempera-
ture of W0-VO,, the gear is exposed due to the significant change
in the apparent temperature difference with the SiO, substrate.
Finally, after the temperature of device reaches 80 °C, both the
phase transition processes are complete, and the patterns reveal
distinct color difference relative to the SiO, substrate.

Upon cooling, the IR images undergo a fully reversible evolu-
tion. The gear disappears at around 60 °C and the main build-
ing disappears at 20 °C. Herein, the hysteresis effect, especially
for W0-VO, should be noted. A reconfigurable thermal mimetic
device based on patterned tungsten-doped VO, films with differ-
ent phase transition temperatures is realized. The temperature-
dependent IR reflectance spectra indicates that the emissivity
during the cooling process is higher than that of the heating pro-
cess at the same temperature (Figure 2b—e). In addition, the ap-
parent temperature difference between W0-VO, and SiO, keeps
negative until 55 °C, exhibiting a lag of &5 °C relative to the heat-
ing process, which coincides with the thermal hysteresis loops
shown in Figure S4 (Supporting Information).

Based on these results, we expected that a three-step evolution
could be accomplished by utilizing VO, films with various dop-
ing concentrations. As shown in Figure 2j and Movie S2 (Sup-
porting Information), the process is realized with the participa-
tion of W1/2-VO,. W1/2-VO, is used to depict the “book” which
is located at the bottom of the school badge, and manifests at
~40 °C. Figure S5 (Supporting Information) demonstrates the
temperature-dependent IR reflectance spectra. When the temper-
ature reaches 80 °C, the entire school badge can be observed.
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Thus, a dynamic evolution of IR images with several steps is
achieved, which means that this technology can be likely applied
to more complex and diverse demands.

Herein, it is noticed that there is no spatial overlap between all
patterns in Figure 2. Overlap of the patterns could be problematic
if it disturbs the dynamic evolution, as larger substrates are re-
quired to avoid the overlap in multilevel and complex evolutions,
which would ultimately result in increased cost and difficulty of
design. To investigate the issue, we deposit W0-VO, on the SiO,
substrate using a unicorn template and then deposit the W1/2-
VO, film on top of the unicorn with the assistance of a swallow
template. Fortunately, the results in Figure 3a and Movie S3 (Sup-
porting Information) demonstrate that the overlapping causes no
problems. The swallow appears first when the device is placed
on a heated plate of 100 °C, followed by the image transforming
to a unicorn. Evolution in this experiment proceeds similarly to
that in the earlier experiments shown in Figure 2. The success of
our pattern stacking experiment indicates that it is a more con-
venient method to match the requirements of designing devices
with more complex evolutions. In addition, another fantastic per-
formance should be mentioned is the fast response time. Owing
to the ultrafast phase transition of VO, which is under femtosec-
ond and picosecond timescales, it only takes 3 s to accomplish
the whole evolution, showing significant advantages compared
to reported thermal mimetic materials.[*]

In addition to the proof of feasibility, the application of thermal
mimicry aiming at various environments is also considered. Bi-
ological organisms exhibit characteristic thermal signals due to
their diverse emissivity. Therefore, to mimic their characteristic
IR signals perfectly, the accurate thermal control of local emis-
sivity at a certain temperature is crucial. A basic Fabry—Pérot cav-
ity structure of VO, /HfO, /Au is used to manipulate the local IR
emissivity continuously. We simulate the emissivity of our device
by altering the thickness of HfO, and VO, respectively (Figure
S6, Supporting Information). According to Equation (5), when
Ty is fixed, the apparent temperatures T, of the patterns can be
predicted roughly if the radiation emitted from the surroundings
P,.rand the compensation inside the IR camera P_,,, are ignored.
Meanwhile, we fix the color bar to prevent it from interfering with
the display. The results demonstrate that the IR signals vary from
blue to red in response to specific structural parameters at ~80 °C
(Figure 3b), revealing that local IR emissivity is well-regulated us-
ing this method. To validate the method experimentally, we fix
the thickness of W1/2-VO, to 50 nm and vary the thicknesses
of the HfO, layer. As the Au layer is deposited at the bottom of
the cavity, the areas not covered with VO, are visualized as low
emissivity using the IR camera at 80 °C. The three gears in Fig-
ure 3c reveal gradually increasing apparent temperatures with
HfO, thickness through an IR signal change from green to bright
red. We then further design and prepare patterns with diverse IR
signals, which are shown at the bottom of Figure 3c. Each part of
the school badge, rainbow, and flower exhibits diverse IR colors
whose actual temperatures are fixed at 100 °C, respectively. The
high apparent temperatures indicate that thicker HfO, layers are
deposited in these areas. Therefore, we have successfully demon-
strated the potential in the accurate local emissivity control and
confirmed the endless possibilities for thermal mimicry.

The observing angles independence of the device is tested in
Figure 3d. We prepare a “World Cup” pattern for the test. The
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fixed color bar. ) lllustration of different IR signals in response to different thicknesses of HfO,. d) IR images of “World Cup” under different observing

angles (9 = 0°, 30°, 45°, 60°, and 80°).

“World Cup” is clearly distinguishable under a series of observing
angles of 0°, 30°, 45°, 60°, and 80°, which indicates the outstand-
ing observing angles independence. Finally, we add an indium
tin oxide conductive layer as the active joule-heating control unit
on the back of the device. The active control unit functions as a
self-contained system to compensate for the inadequacy of the
environmental temperature to induce the appearance of the cor-
responding infrared patterns (Figure S7 and Movie S4, Support-
ing Information). These results confirm and promote the safety
and controllability of the thermal mimetic device.

3. Conclusion

In summary, we demonstrate, for the first time, a simple
but highly effective method to design reconfigurable thermal
mimetic devices based on VO,. The large disparity in transi-
tion temperatures of VO, with different W doping levels affords
a multilevel reconfigurable response of thermal images to dy-
namic environmental temperatures. A stacking method is pro-
posed to overcome the spatial constraints for a more complex
thermal mimicry process. The large degree of freedom in the lo-
cal IR emissivity and patterns, together with the evolution steps,
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demonstrates that the thermal mimetic ability can be tailored
to meet diverse requirements. Furthermore, the technology is
highly practicable because of the ultrafast response time, promi-
nent observing angle independence (up to ~80°) and the active
control system. We believe our strategy opens up new avenues
for thermal camouflage, and will inspire expansive applications
including communication, information encryption, and AR/VR
applications.

4. Experimental Section

Materials:  Three vanadium targets with different tungsten doped lev-
els of 0, 0.5, and 1 at%, gold and hafnium targets with purity of 99.9%
and diameter of 76.2 mm were purchased from ZhongNuo Advanced Ma-
terial (Beijing) Technology Co., Ltd. Argon (Ar) and oxygen (O,) used in
experiments were both of 99.9995% purity and purchased from Liming
Gas Group Co., Ltd. SiO, substrates (4 X 4 cm?) were all cleaned using
deionized (DI) water and alcohol and dried by a stream of pure nitrogen
(N,).

Films Preparation: The high-power pulsed magnetron sputtering sys-
tem (MS650C) was purchased from KeYou, China. All VO, films were fab-
ricated by the high-power pulsed magnetron sputtering while Au and HfO,
layers were fabricated by the DC magnetron sputtering.
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Preparation of Devices in Figure 2:  First of all, corresponding templates
were attached to SiO, substrate before deposition. The SiO, substrate was
taken from the chamber after W0-VO, was deposited for 75 min with the
gear template, and then, the gear was replaced with the book template
and continued depositing W1/2-VO, for 75 min. Finally, the preparation
was finished when W1-VO, was deposited for 75 min with the main build-
ing template. During the deposition process, the Ar/O, ratios were fixed
at 81:1.7, 81:1.9, and 81/2.0 sccm for WO-VO,, W1/2-VO,, and W1-VO,,
and corresponding sputtering powers were set as 180, 180, and 200 W.
The chamber pressure, substrate temperature, input pulse frequency, and
width were fixed at 0.9 Pa, 550 °C, 200 Hz, and 50 ps, respectively.

For Preparation of Devices in Figure 3: Au layer was firstly deposited
by the gold target on SiO, substrate with the DC power density of 100 W
and Ar flow of 81 sccm for 15 min. Then, corresponding templates were
attached to prepared Au/SiO, substrates, and HfO, and VO, layers were
deposited in steps. HfO, layer was deposited by the hafnium target with
the DC power density of 200 W and Ar/O, flow ratio of 81/4.9 sccm, whose
deposition time was decided according to diverse designs. The deposition
of VO, layers with different doping levels was the same as above men-
tioned.

Measurements:  The crystalline phases were characterized using XRD
(PANalytical B.V. Model Xpert Pro). The surface morphologies and thick-
ness were evaluated by an AFM (Dimension Icon, Bruker) and a field
emission scanning electron microscope (FEI Helios Nanolab600i). Fourier
transform infrared (FTIR) spectroscopy was performed using an FTIR sys-
tem (VERTEX-70, Bruker) from 2.5 to 25 um, to measure the reflectance
spectrum. XPS was performed with a PHI 5700 ESCA System using Al Ka
radiation (1486.6 eV). XPS data were calibrated to the C1s peak and ana-
lyzed using Casa XPS software. The IR images were recorded by thermal
imager (TIX-660, FLUKE) from 7.5 to 14 yum.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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