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Vanadium dioxide (VO,) based metamaterial perfect absorbers (MPAs) have high potential application
values in sensing gas molecules. However, a tuning mechanism via temperature manipulation lacks the
compatibility with electronic devices. In this study, a voltage-controllable device is proposed by integrat-
ing an MPA and micro-electro-mechanical system (MEMS) based microheater for CO, gas sensing appli-
cation. The MPA is composed of a metal-dielectric-metal (MDM) structure and tailored to form an
H-shaped metamaterial. The central bar of the H-shaped metamaterial is composed of a VO, material,
which exhibits perfect absorption in the CO, gas absorption spectrum, i.e., at a wavelength of 2.70 pm.
The intergated microheater is patterned by using fractal theory to provide high heating temperature and
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high uniformity of surface temperature. By precisely driving a DC bias voltage on the microheater, the
MPA is heated and it can exhibit switchable optical properties with high efficiency. These results provide a
strategy to open an avenue for sensors, absorbers, switches, and programmable devices in infrared wave-
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1. Introduction

Recently, metamaterial absorbers have shown good prospects
due to their ability to control the propagation of electromag-
netic (EM) waves." ™ They provide the opportunities to realize
unique EM properties for widespread applications, such as
invisibility cloaks, perfect absorbers, super lenses, and solar
cells.”® Metamaterial perfect absorbers (MPAs) have been
proposed to realize nearly 100% absorption in the wide EM
spectrum from microwave,'" and terahertz (THz)" to infrared
(IR)"*° wavelength ranges. Since many surrounding gas mole-
cules exhibit identical vibration frequency to IR light, they can
be distinguished in the IR wavelength range. The development
of an MPA-based IR gas sensor has become a research hotspot
owing to its high selectivity and high robustness.'® Many MPA-
based sensors have been demonstrated with powerful
performances.’””'® However, they cannot be actively tuned once
fabricated while the tunable characteristic is desired in real
applications by using an external stimulus. Micro-electro-
mechanical system (MEMS) technology is one of the most
important tuning mechanisms to control the MPA.>® By directly
adjusting the geometrical dimensions of the metamaterial unit
cell, the MEMS-based metamaterial exhibits a large tuning
range and good linearity in sensing applications.’>*
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Furthermore, vanadium dioxide (VO,) based metamaterials
are widely studied for their active tunability via temperature
manipulation.”® VO, is a well-known material while the insula-
tor-to-metal transition characteristic can be induced thermally,
optically or electrically at the time scale of picoseconds due to
the atomic level deformation for sensing applications or active
phase change material-based control.***> By improving the
internal temperature above the critical temperature, dramatic
changes of electrical conductivity can be realized in VO,. They
are reflected in the optical dielectric properties of VO, to
control the propagation of EM waves with high efficiency. Due
to the ultrafast switching time of VO,, it is demonstrated to be
integrated with metamaterial for numerous practical appli-
cations, such as modulators, programmable devices, and
tunable antennas.* ¢

In this work, a CO, gas sensor is proposed by integrating an
H-shaped MPA and MEMS-based microheater to form a
voltage-controllable device. The microheater is patterned using
mathematical fractal theory and named the Peano-shaped
microheater. The thermal emission of the Peano-shaped
microheater can fully cover the heating area uniformly. There
are many literature reported VO, based metamaterials to inves-
tigate their tunable EM properties by changing heating temp-
erature.”” While such a thermal tuning method lacks the com-
patibility with electronic devices, an integrated MEMS-based
microheater is desired to provide a precise voltage-controllable
characteristic. The Peano-shaped microheater can collect all
flowing electric energy and then convert it into thermal
energy. By increasing the heating temperature of the Peano-
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shaped microheater, the surface temperature is distributed
uniformly compared with that of a traditional winding-shaped
microheater. The MEMS-based MPA can exhibit perfect
absorption with precisely controlled voltage at a wavelength of
2.70 pm, which is the CO, absorption spectrum. It is suitable
to be used as a CO, gas sensor with high sensitivity. Moreover,
such perfect absorption can be continuously switched to be
applied in many fields, such as IR switches, programmable IR
devices, and IR detectors.

2. Designs and methods

Fig. 1 illustrates the 3D schematic drawing and tuning mecha-
nism of MEMS-based MPA design. Such a design is composed
of an H-shaped MPA on the top and a Peano-shaped microhea-
ter on the bottom. The compositions of the H-shaped MPA are
Au/VO, on SiO, and Au from top to bottom. The top Au and
VO, thin-films are 300 nm in thickness, and are tailored to
form an H-shaped periodic array. The middle transverse bar is
patterned by using the VO, material to provide active tunability
as shown in the inserted image of Fig. 1. Meanwhile, the key
parameters of the H-shaped MPA unit cell are also denoted in
Fig. 1, including the thickness of the dielectric layer (¢), and
lengths of the longitudinal bar (), and transverse bar (1,). The
period (P) of the H-shaped MPA unit-cell is kept constant at
2.3 pm. For the Peano-shaped microheater, an Au thin-film is
deposited and patterned by using mathematical fractal theory
on the Si substrate. The high resistance heat is generated by
the flowing electric current in the metallic loop. Such a Peano-
shaped microheater provides high heating temperature and
high uniformity of surface temperature. The heating area is
200 x 200 um?. The dielectric layer between the top H-shaped
MPA and the bottom Peano-shaped microheater is composed
of SiO, material, whose thickness is 5 nm to perform electrical
insulating and thermal conducting functions. By driving a
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direct current (DC) bias voltage to the electrodes of the micro-
heater, some heat is generated and it flows to the top meta-
material pattern, which can improve the internal temperature
of the metamaterial with high efficiency. At room temperature,
the VO, thin-film is operated in the insulating state. By
increasing the heating temperature higher than the phase
transition temperature, the structural transformation is
induced and the VO, bar of the MPA turns into a metallic
phase. The complex dielectric properties of the VO, thin-film
in both metallic and insulating phases can be described by a
classical Drude-Lorentz model, which is expressed by*®
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where ¢, is a constant contribution to the real part of the
dielectric constant from high-frequency electronic transition,
oy, is the carrier density parameter, w. is the collision fre-
quency, s; is the strength, and 7 is the linewidth. In the third
term of eqn (1), the strength s;, resonant frequency w; and scat-
tering rate I';/w; are temperature dependent parameters due to
the interband transitions of bound electrons effected by temp-
erature. The EM characteristics of the proposed H-shaped MPA
are achieved through Lumerical solution’s finite difference
time domain-based simulations. The perfectly matched layer
boundary conditions are assumed in the z-axis direction to
evaluate the absorptivity, while the periodic boundary con-
ditions are adopted in both the x- and y-axis directions to cal-
culate the coupling effect between the neighboring meta-
atoms.

3. Results and discussion

The propagation of EM waves in the H-shaped MPA is control-
lable by appropriately manipulating the geometric dimen-
sions. According to the effective medium approximation, the
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Fig. 1 Schematic drawing and tuning mechanism of MEMS-based MPA design. The periods of unit cells are kept as P = 2.3 pm.
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effective refraction index and impedance index of metamater-
ials are calculated by*’

1 L (1=rt+
Reff = 508 ! (T) (2)
(1472
Zeff = m (3)
Eeff = Meff /Zeft (4)
Heft = MeffZeft (5)

where e and per are the effective permittivity and per-
meability of the metamaterial, respectively, r is the reflection
coefficient, ¢ is the transmission coefficient, k is the incident
wave vector, and d is the metamaterial thickness. By appropri-
ately designing the dielectric properties of VO,, the effective
impedance of the H-shaped MPA can be matched with that of
the free space and then achieve zero reflection and perfect
absorption. Three key parameters of the H-shaped MPA are
investigated to optimize the optical properties, including ¢, [
and [, values. Herein, they are individually adjusted while the
other two parameters are kept constant. Meanwhile, the VO,
bar is assumed to be phase transited in the metallic state. In
the absorption spectra of Fig. 2, it can be clearly observed that
such designs exhibit a dual-band characteristic in the IR wave-
length range from 2.00 pm to 3.20 pm. The resonance operated
at a short wavelength is denoted as w; while the resonance
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operated at a long wavelength is denoted as w,. The ¢ para-
meter determines the absorption intensity by affecting the
coupling efficiency between the H-shaped metamaterial and
the bottom Au mirror layers as shown in Fig. 2(a). By increas-
ing the ¢ value from 0.1 pm to 0.6 pm, the @, resonance of the
H-shaped MPA is blue-shifted from the wavelength of 2.49 pm
to 2.41 pm, while the absorptivity is enhanced and then decays
from 0.97 to 0.39. Similarly, the w, resonance is red-shifted
from the wavelength of 2.91 pm to 3.07 pm, while the absorp-
tivity is enhanced and then decays from 0.85 to 0.40. When the
t value is 0.3 pm, the @, resonance achieves perfect absorption.
Therefore, the condition of 0.3 um is suitable for the design of
the H-shaped MPA with perfect IR absorption application. In
Fig. 2(b and c), the variations of /; and [, values also affect the
coupling efficiency of the H-shaped MPA by controlling the
dual-resonance in the x-y plane. By increasing the /; value, the
w, resonance of the H-shaped MPA is red-shifted from the
wavelength of 2.20 pm to 2.61 pm, while the w, resonance is
red-shifted from the wavelength of 2.83 pm to 3.04 pm. Herein,
the absorptivity is essential in the sensing application and the
relationships of absorptivity of the H-shaped MPA with
different /; and [, values at w, and w, resonances are summar-
ized in Fig. 2(d) and (e), respectively. By increasing the /; value
from 1.0 pm to 1.8 pm, the absorptivity of the w; resonance is
enhanced from 0.29 to 0.98 and that of the w, resonance
decays from 0.99 to 0.61. In addition, the I, parameter also
determines the EM properties of the H-shaped MPA. By
increasing the [, value from 0.3 pm to 1.1 pm, the w; reso-
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Fig. 2 Absorptivity of the H-shaped MPA with different (a) t, (b) [;, and (c) [, values, respectively. The relationships of the resonance intensities of the
H-shaped MPA with different [; and [, values at (d) w; and (e) w, resonances, respectively. The inserted images show the corresponding E-field and

H-field distributions under the conditions of [; = 1.4 ym and [, = 0.7 pm.
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nance is red-shifted from the wavelength of 2.24 pm to
2.43 pm and the w, resonance is red-shifted from the wave-
length of 2.75 pm to 3.05 pm. The absorptivity of the w; reso-
nance is enhanced from 0.28 to 0.95 and that of the w, reso-
nance is enhanced from 0.36 to 0.99. Such strong resonances
can be explained by the corresponding E- and H-field distri-
butions as shown in the inset images of Fig. 2(d) and (e),
which show strong E-field energies around the periodic unit
cells of the H-shaped MPA. In view of the above results, the
optimized parameters of the H-shaped MPA are ¢t = 0.3 pm, /; =
2.0 pm, and [, = 0.7 pm to achieve perfect absorption at a wave-
length of 2.70 pm for CO, sensing application. Furthermore,
the absorptivity of the H-shaped MPA can be tuned by chan-
ging the geometric dimensions for IR variable optical attenua-
tor (VOA) application.

Since the meta-atom of the H-shaped MPA shows an aniso-
tropic pattern, the EM properties can be controlled by incident
polarization light. The absorption spectra operated at different
polarization angles () are illustrated in Fig. 3(a). To clearly
evaluate the polarization-dependent characteristic of MPA, 0 is
defined as the included angle of the E-field and x-axis direc-
tion. Herein, 6 equals 0° is regarded as the transverse electric
(TE) mode and 90° is regarded as the transverse magnetic
(TM) mode. It is clearly observed that the dual-band character-
istic of the H-shaped MPA is gradually tuned to a single-band
characteristic by changing the 6 value from 0° to 90°. It can
serve as a polarizer in the IR wavelength range. Under the con-
dition of € = 90°, the H-shaped MPA exhibits the maximum
absorptivity of 0.44 at a wavelength of 2.40 pm. The corres-
ponding E- and H-field distributions are shown in Fig. 3(b).
The H-field distributions in the TM mode at a wavelength of
2.40 pm are much weaker than those in the TE mode at a wave-
length of 2.70 pm. It explains the lower absorption which is
caused by the TM mode. These polarization-dependent charac-
teristics of the H-shaped MPA can be potentially used in IR
polarization switching, VOA, and sensing applications.

Polarization Angle (°)

2 2.3 2.6 2.9

Wavelength (nm)

Fig. 3
ation angle of 90° at a wavelength of 2.40 pm.
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To endow the H-shaped MPA with active tunability, the
Peano-shaped microheater is integrated to control the internal
temperature of the H-shaped MPA with high efficiency. This
voltage-controllable metamaterial design is desired to realize
large-scope applications and it is worth investigating the elec-
trical and thermal properties of the device. The relationships
between the applied DC voltages and heating temperatures for
the Peano-shaped microheater and the conventional winding-
shaped microheater are illustrated in Fig. 4(a). The material of
the microheater is adopted as the Au material with a thermal
conductivity of 317 W (m K)~'. By driving a DC bias voltage on
the electrodes of microheaters, the resistance heat can be gen-
erated and conducted to the H-shaped MPA to improve the
surface temperature. In real applications, the top metamaterial
layer is designed on the central area of the microheater while
the area of the metamaterial is much smaller than that of the
microheater. Therefore, the heating temperature is adopted as
the maximum surface temperature. Moreover, the thickness of
the SiO, layer between the microheater and MPA is 5 nm to
perform the excellent thermal conducting function. In such a
design, the thermal energy is highly efficiently and highly uni-
formly propagated to the metamaterial layer. It can be clearly
observed that the Peano-shaped microheater shows a higher
temperature of 379 K and the winding-shaped microheater is
370 K at a driving voltage of 2.0 volts. It means that the Peano-
shaped microheater exhibits less thermal dissipation with
identical electrical power and then the energy consumptions
can be further reduced. The heating power is concentrated in
the central area of the microheaters. The effective heating area
covers over 75% and exhibits the maximum temperature over
90%. It endows the H-shaped MPA with high-robust EM pro-
perties. Thus, the insulator-to-metal transition of VO, can be
induced thermally, which will increase the conductivity of VO,
and reduce the optical transmission in the near-IR wavelength
range. These results reflect the variation of optical dielectric
properties. Fig. 4(b) shows the relationship between the index

(b)

E-field

(a) -1 0 T

(a) Absorptivity of the H-shaped MPA at different polarization angles. (b) The corresponding E-field and H-field distributions with a polariz-

Nanoscale, 2022, 14,2722-2728 | 2725


https://doi.org/10.1039/d1nr07746e

Published on 12 January 2022. Downloaded on 7/29/2025 10:37:29 PM.

View Article Online

Paper Nanoscale
390 T . . 5 10° 4 T T T T 3
=@=Peano Microheater 354 -OOO...._’\
~ —@— Winding Microheater _ 7% - " L Sop,
370 i /o 7 ° °
N s e 0/‘$ - E °
2 | ' ‘ /o l ';\ 31 3 . 10-1 y \ J
S0 l /1| & 2 g . :
3] | 4 | = =
= | [ = 2 &
D 3304 W= 9 | = 251 =
=" £ > °
£ -——_L | 2 1= S 107 * \ 4
S | N & 2 \ e
20%a) A | | Z W
0 3
9 | | -7 (c) SoonscaNece
290{ @9 l) (b)
—_— 154 y . — -1 10° -~
04 08 1.2 1.6 2 345 355 365 375 325 335 345 355 365 375

0
Applied DC voltage (V

Temperature (K)

Temperature (K)

Fig. 4 (a) The relationships between the applied DC voltages and heating temperatures of the Peano-shaped microheater. The inserted images
show the temperature distributions of the Peano-shaped microheater with a driving voltage of 2.0 volts. (b) Variation of the index of VO, with
different heating temperatures at a wavelength of 2.70 pm. (c) Variation of the resistivity of VO, with different heating temperatures.

of VO, and heating temperature. Since the relationship is
dependent on the operating wavelength and the MEMS-based
MPA is proposed for CO, sensing application, the variations of
the index are calculated using the CO, absorption spectrum,
ie., at a wavelength of 2.70 um. By increasing the heating
temperature, the real part of the index gradually increases
from 3.00 to 3.42 and then sharply decays to 1.83 at the stable
metallic state. Meanwhile, the imaginary part of the index
increases from 0.01 to 4.38. The relationships between the
heating temperatures and resistivity for VO, are illustrated in
Fig. 4(c).*®*° By increasing the heating temperature, the resis-
tivity can be reduced from 0.689 Q cm to 0.002 Q cm due to
the insulator-to-metal transition characteristic of VO,. These
results prove that the Peano-shaped microheater is suitable to
be used to control the optical dielectric properties of the VO,
material.

The insulator-to-metal transition of the VO, material pro-
vides the opportunity to control the absorptivity of the MEMS-
based MPA by changing the heating temperature. The absorp-
tion spectra of the MEMS-based MPA with different applied
DC voltages in the TE mode are illustrated in Fig. 5(a). By
driving a DC bias voltage of 1.60 volts, the temperature of the
MEMS-based MPA is 351 K and the VO, bars are operated at
the insulating state. The absorptivity of w; resonance is 0.25
while the absorptivity of w, resonance is 0.15. By increasing
the applied DC voltage to 1.92 volts, the temperature of the
MEMS-based MPA increases to 373 K and the VO, bars are
transited to the metallic state. The absorption intensities of @,
and w, resonances are enhanced to 0.99 and 0.95, respectively.
Fig. 5(c) shows the non-linear relationship of the applied DC
voltages and absorption intensities in the CO, absorption
spectrum (wavelength of 2.70 pm). Although many research
studies have reported the optical properties of the VO,-based
metamaterial at insulating and metallic states, the continuous
tuning mechanism of EM characteristics has been rarely
reported. The temperature of the MPA can be precisely con-
trolled by driving a DC bias voltage on the Peano-shaped
microheater, and the continuous tuning of the absorption

2726 | Nanoscale, 2022, 14, 2722-2728

intensity can be achieved. In addition, Fig. 5(b) shows the
absorptivity of the MEMS-based MPA with different applied
DC voltages in the TM mode. The absorption intensity is zero
at a wavelength of 2.70 pm, which means that the absorption
ability of the proposed MEMS-based MPA to CO, inherent reso-
nance is mainly contributed by the incident TE resonances.
The proposed MEMS-based MPA shows the perfect absorption
characteristic to detect CO, gas in the TE mode. It is suitable
to be used as a high-efficiency CO, gas sensor. Fig. 5(d) shows
the schematic drawing of the MEMS-based MPA for the CO,
gas molecule sensing function. The MEMS-based MPA device
can be encapsulated in a microfluidic channel and injected
with CO, gas. Therefore, the incident IR light is absorbed by
CO, gas molecules. The proposed MPA exhibits absorption
characteristic in the CO, absorption spectrum, ie., at a wave-
length of 2.70 pm. When the concentration of CO, gas is low
in the surrounding environment, the maximum energy of inci-
dent IR light is absorbed by the MPA. When the concentration
of CO, gas is high, the incident IR light is decayed and the
absorption intensity of the MPA becomes weak. Such absorbed
optical energy is generated by the resonance of the MPA and
then converted into thermal energy, which can be detected by
an external thermopile. In addition, by applying different DC
voltages on the microheater, the absorption capability and the
detected signal at the operated wavelength can be switched.
The difference in the switchable signals can be calculated and
exploited to improve the efficiency of the CO, sensor while the
noise at the other wavelengths is filtered. While the thermal
tuning method lacks the compatibility with electronic devices,
the device is designed to provide precise voltage-controllable
characteristics. Since the existing CO, sensors are limited
by the large size and cannot serve the requirement of high
integration, the proposed designs can undergo miniaturization
and can be integrated into electronic devices to realize
high-efficient CO, sensing application. Moreover, the MEMS-
based MPA can be designed to operate at different IR
wavelength ranges to detect other gas molecules as shown in
Fig. 2.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Absorptivity of the MEMS-based MPA with different applied DC voltages in (a) TE and (b) TM modes. (c) The relationship of applied DC vol-
tages and absorption intensities at a wavelength of 2.70 pm. (d) Schematic drawing of the MEMS-based MPA for the CO, gas molecule sensing

function.

4. Conclusion

In conclusion, an actively tunable metadevice is proposed by
integrating an H-shaped MPA and MEMS-based microheater to
form the MEMS-based MPA for CO, sensing application. The
microheater is patterned by using mathematical fractal theory
and named the Peano-shaped microheater to provide high
heating temperature and high uniformity of surface tempera-
ture. The heat is generated and then flows to the top H-shaped
MPA by driving a DC bias voltage on the Peano-shaped micro-
heater. By exploiting the insulator-to-metal transition charac-
teristic of the VO, material, the VO, based H-shaped MPA can
be tuned at a wavelength of 2.70 pm precisely. It is suitable to
be used as a CO, gas sensor with high sensitivity. The pro-
posed MEMS-based MPA could be further used as an IR opto-
electronic device in widespread applications, such as optical
switches, tunable perfect absorbers, VOAs, and polarizers.
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