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A microelectromechanical system-based terahertz
spiral metamaterial for pneumatic pressure sensing
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Electromagnetic metamaterials have supported the realization of various highly effective sensors for
chemical and biological detection. However, their application in pressure sensing has rarely been
discussed. In this paper, we present a terahertz (THz) spiral metamaterial (TSM) integrated with
microelectromechanical system (MEMS) technology for pneumatic pressure sensing applications. To
improve the performance of the measuring range, the geometrical parameters of the TSM device are
discussed, and the perfect absorption is achieved at 2.055 THz. Based on deformable construction, the
TSM device can be designed for pneumatic pressure sensors, and the sensing performance is
characterized by the relationship between resonant frequency and fluid pressure. The results show that

the sensitivity of the TSM device to pressure force is 75 GHz kPa~1. Meanwhile, the behavior of the TSM
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Accepted 10th June 2025 device exposed to an ambient environment with different refraction indices indicates its potential for
biochemical sensing, and the sensitivity is up to 1.290 THz per RIU. These results offer a practical and

DOI: 10.1039/d5na00384a compact multifunctional sensor for biochemical and pressure detection and open an avenue for
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1. Introduction

Metamaterials are artificially designed materials arranged by
specifically engineered subwavelength unit cells. Through the
enhancement of the interaction between electromagnetic waves
and matter, metamaterials enable efficient manipulation of
light."* There are many excellent phenomena that have been
derived, including negative refractive indices,*® surface
enhancement,”® chirality,** broadband absorption,”™* and
electromagnetically induced transparency (EIT),"**” which have
promoted various applications such as metalens,'**° invisibility
cloaks,*** and biochemical sensors.>*?>* Benefitting from their
low loss and high efficiency, metamaterial-based compact
sensors show potential for signal capture and transduction
applications.>®* For instance, quasi-bound states in the
continuum (quasi-BIC) enabled by metamaterials show an
ultra-high quality (Q) factor with minimum coupling to radia-
tion channels, enabling ultrasensitive detection of biomole-
cules and chemical fingerprints.*®**® However, there have been
no reports on electromagnetic metamaterials for use as force-
sensing elements to detect pressure or fluid flow rate, as their
intrinsic optical properties are insensitive to these mechanical
quantities.
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applications in the field of THz optoelectronics.

The microelectromechanical system (MEMS) technology
which enables the realization of three-dimensional movable
structures provides an effective solution for metamaterial-based
pressure sensors. By integrating with the MEMS technique, the
configuration of metamaterials can undergo geometrical
changes under an external force. Thus, the electromagnetic
response of the metamaterial to varying pressure or fluid flow
rate is achieved.**** Nevertheless, existing research on MEMS-
based metamaterials for pressure sensors relies on flexible
substrates or dielectric layers,***¢ which blocks the consistency
of performance and limits the practical applications of these
devices.

In this study, we propose a design for a TSM device and apply
it as a pressure sensor by integrating it with MEMS technology.
Unlike the aforementioned methods of utilizing flexible mate-
rials, reconfigurable metamaterials are designed using the
MEMS technique, which enables variation in the deformation
degree of spiral structures after release from the substrate. Due
to the absence of flexible materials, greater compatibility with
integrated circuit technology can be achieved during the fabri-
cation process, thus achieving mass production and promoting
device uniformity. To maintain the efficiency of the TSM device
when detecting various pressures, this study begins with the
optimization of the geometrical parameters of the spiral struc-
tures, achieving near-perfect absorption at 2.055 THz. Then, the
TSM device is designed as a pressure sensor, and its electro-
magnetic response to different pressures is studied. The device
exhibits a linear pressure sensitivity of 75 GHz kPa .
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Fig.1 Schematic drawings of the (a) 3D view of the TSM device, (b) top
view, and (c) cross-sectional view of the TSM unit cell.

Additionally, the sensing performance of the TSM device to the
surrounding environment is also investigated by changing the
ambient refractive index from 1.0 to 1.5. Such a TSM device can
be exploited for THz optoelectronic applications and provides
an avenue for multifunctional THz sensors used for capturing
and transducing mechanical signals and biochemical signals.

2. Designs and methods

Fig. 1 shows the schematic drawing of the proposed design of
the TSM device and the construction of the unit cell. As illus-
trated in Fig. 1(a), the TSM device is composed of two-layer
spiral-shaped arrays stacked by gold (Au) and silicon nitride
(SizN,) on a silicon (Si) substrate surface with a thin-film Au
reflective mirror layer atop, where the air gap between the meta-
atoms and Au reflective mirror layer can be varied pneumati-
cally. Fig. 1(b) and (c) denote the geometrical parameters of
TSM unit cells, including the radius (r; to r¢) of the quarter
circles that make up the spiral, the length (a) of the cantilever,
the period (P) of the unit cells, and the thickness (¢) of the air
gap. In this design, the radius is set as r; = 7.5 um, r, = 10 pm,
r3 = 20 um, and 7y, — 75 = 15 pm (I = 2, 3, 4) to make up the
spiral shape, and the linewidth of the structure constrained by
ohmic dissipation effects and lithographic resolution limita-
tions in the fabrication process is set as 5 pm, while other
parameters are initially set as a = 45 pm, P =120 pm, and ¢t = 2.5
um, respectively.
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In the THz band, the permittivity of the Au material is related
to the frequency and can be characterized by the Drude-Lorentz
mode, which is expressed by*"**

2
Wp

- 2nf (ive + 2f)

where f is the frequency of the electromagnetic wave, ¢ is
a constant contribution to the real part of the permittivity from
a high-frequency electronic transition, w, is the plasma
frequency with a value of 1.29 x 10'® rad s™', and v, is
a damping constant with a value of 4.12 x 10" rad s~ '.3>*
Besides, the Si;N, material used in the simulation exhibits low
loss, and the real and imaginary components of the permittivity
are 7.6 and 0.04, respectively.**>

To calculate the electromagnetic responses of the proposed
TSM device and its performance in pneumatic pressure sensing
applications, the finite-element simulation software COMSOL
Multiphysics 6.0 is applied. The computational model inte-
grates both solid mechanics and electromagnetic waves to
simultaneously solve their coupled governing equations. In the
simulations, the incident THz electromagnetic wave is set as an
x-polarized plane wave at a period port, while the periodic
boundary conditions are adopted in x- and y-axis directions,
and the perfectly matched layer is assumed in the z-axis
direction.

eau(f) = €= (1)

3. Results and discussion

To improve the efficiency and performance of the proposed
TSM device used in pneumatic pressure sensing applications,
the period of the TSM unit cells and the thickness of the air gap
are studied to achieve perfect absorption. Fig. 2 shows the
influence of the period denoted as P on the absorption spectra
of the proposed TSM device. As depicted in Fig. 2(a), by
increasing the P values from 120 um to 170 pm at intervals of 10
um, the resonant frequency is redshifted from 2.165 THz to
1.915 THz and the highest absorptivity is obtained at the period
of 140 pm. The relationship between the resonances and
absorption spectra of the TSM device with different P values is
summarized in Fig. 2(b). It indicates that the resonances
changed almost linearly along with the period and the highest
absorptivity is 98.42% at 2.055 THz. The redshift of resonances
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(a) Absorption spectra of the TSM device with different P values. (b) Relationships between resonances, absorptivities, and P values.
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Fig. 3 (a) Absorption spectra of the TSM device with different t values. (b) Relationships between resonances, absorptivities, and t values.

when increasing periods is in accordance with the sub-
wavelength response of the metamaterial. Meanwhile, the
highest absorptivity achieved at the period of 140 um can be
attributed to the more concentrated localized electromagnetic
energy at the resonance of the TSM device, which is also
revealed by the comparison of E-field distributions at reso-
nances for the highest and lowest absorptivity as shown in
Fig. 4(a) and (b), respectively. These results also provide
a design for variable optical attenuators since the optional
absorptivity is attained by simply changing the geometric
dimensions.

The variation of the absorption spectra of the TSM device
with the thickness of the air gap is then investigated in Fig. 3. As
illustrated in Fig. 3(a), with the increment of the ¢ values from
2.5 um to 3.0 um, the resonances are slightly blueshifted from
2.055 THz to 2.085 THz, which trend is consistent with the
lumped equivalent circuit model and the blueshift of the reso-
nances is caused by the decrement of the capacitor formed by
the spiral structures and reflective mirror layers.*>** Similarly,
the trend of the resonances and the corresponding absorptivi-
ties at resonances with different ¢ values of the TSM device are
plotted in Fig. 3(b). The highest absorptivity of the TSM device
with ¢ values of 2.5 um at 2.055 THz and the lowest absorptivity
of the TSM device with ¢ values of 2.7 pm at 2.070 THz are more
clearly manifested. The corresponding E-field distributions are
also analyzed, and the results are exhibited in Fig. 4(a) and (c),
indicating the decrement in the electromagnetic energy and the
attenuation of the coupling effect.
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By encapsulating the TSM device in a polydimethylsiloxane
(PDMS) fluidic channel, the microfluidics-based pressure
sensor is implemented. As shown in Fig. 5(a) and (b), the forces
acting on the TSM device are related to the fluid flow rate,*
which causes the deformation of the spiral structures. Since the
electromagnetic responses of the TSM device are highly
dependent on the configuration of the unit cells, the capture
and transduction of the mechanical signals are then realized.

Fig. 6 shows the performance of the microfluidics-based
TSM device designed as a pneumatic pressure sensor upon
applying varying pressures from 0.0 kPa to 1.4 kPa at intervals of
0.2 kPa. As shown in Fig. 6(a), with the increment of the applied
pressure, the resonance of the TSM device changes from 2.055
THz to 1.800 THz. In particular, when the pressure is less than
0.8 kPa, the absorptivity remains high, more than 0.8, and the
calculated linear sensitivity to pressure is 75 GHz kPa™ ', as
plotted in Fig. 6(b). However, when the pressure exceeds 0.8
kPa, the sensitivity is no longer linear, and the absorptivity
drops sharply though a much higher sensitivity is realized.
Besides, the Q-factor defined by the ratio of the resonance to the
full width at half maximum (FWHM) is also calculated and
plotted in Fig. 6(b), which remains greater than 100. These
results imply that the microfluidics-based TSM device is
a competitive candidate for detecting mechanical signals and
measuring fluid velocity.

Furthermore, considering the fact that the localized plasmon
resonance frequency is dependent on the refractive index of
surroundings and the phase shift upon plasmon excitation
varies with different refractive indices,*® the environmental
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Fig. 4 Comparisons of E-field distributions at resonances of (a) 2.055 THz, (b) 1.915 THz, and (c) 2.070 THz for the highest and lowest

absorptivity.
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Fig. 5
the microfluidics-based TSM device with different pressure forces.
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(a) Schematic drawing of (a) the microfluidics-based TSM device for pneumatic pressure sensing applications. (b) Deformation states of
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(a) Absorption spectra of the microfluidics-based TSM device with different pressure forces. (b) Relationships of resonances, Q-factor, and

pressure forces. The maximum sensitivity of the microfluidics-based TSM device to pressure force is 75 GHz kPa~t.
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Fig. 7
the resonances, Q-factors, and refractive indices.

sensing capability of the microfluidics-based TSM device is
analyzed. By increasing the refractive index from 1.0 to 1.5, the
absorption spectra of the TSM device are simulated and the
results are summarized in Fig. 7. While maintaining an
absorptivity greater than 0.9, the resonances are redshifted
from 2.055 THz to 1.400 THz. Simultaneously, the sensitivity to
surroundings defined by the spectral shift per refractive index
unit (RIU) and the Q-factor are also calculated and demon-
strated in Fig. 7(b), where the former is 1.29 THz/RIU and the
latter remains greater than 90. The performance is superior to

that of previously reported metamaterial-based sensors,**

4676 | Nanoscale Adv, 2025, 7, 4673-4678

Refractive index (n)

(a) Absorption spectra of the MEMS-based TSM device exposed to the environment with different refractive indices. (b) Relationships of

highlighting its potential in the detection of biomolecules and
chemical fingerprints.

4. Conclusion

In conclusion, we have designed a MEMS-based TSM device to
investigate its sensing performance in pneumatic pressure and
environmental sensing applications. The geometrical parame-
ters, specifically the period and the thickness of the air gap, are
optimized by analyzing their influence on the absorption
spectra of the TSM device. The near-perfect absorption is then

© 2025 The Author(s). Published by the Royal Society of Chemistry
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realized at 2.055 THz for the TSM device with the P and ¢ values
kept as 140 pm and 2.5 um, respectively. Meanwhile, the elec-
tromagnetic responses of the TSM device are analyzed by
comparing the E-field distributions at the resonance of the
highest and the lowest absorptivity when varying the parame-
ters, and the compatible localized electromagnetic energy
density is revealed. Then, the pneumatic pressure sensor is
characterized by applying different pressures to the TSM device,
demonstrating high efficiency with a sensitivity of 75 GHz
kPa~'. Moreover, the relationship between the absorption
spectra and the refractive indices is also investigated, revealing
a sensitivity of up to 1.29 THz per RIU and a Q-factor of greater
than 90. The proposed MEMS-based TSM device offers a design
for THz optoelectronic devices and provides an appealing
solution for compact sensors used for capturing and trans-
ducing mechanical signals or biochemical signals. Future
studies will concentrate on advancing MEMS technology inte-
gration to enhance the practical implementation potential of
the proposed TSM framework.
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