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ABSTRACT

Metamaterials and metamaterial absorbers have been
widely reported to be used in sensing and detection
applications. Among them, metamaterial absorber is
superior by its high-quality factor, and its high sensitivity
to the change of the swrounding environment, However,
the conventional metamaterials and metamaterial absorbers
are configured with relatively thick substrates as their
supporting structires  with high permittivity, which
compromises the sensitivity, Herein we utilize thin silicon
nitride membrane as the supporting structure for the
metamaterial laver to eliminate the high permittivity effect
of the bulk substrate to achieve a nmich higher sensitivity.
Moreover, we find the sensitivity can be further increased
with thicker spacer thickness. The fabricated devices
demonstrate a more than 3 times improvement in
sensitivity compared with the state of art.
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INTRODUCTION

Metamaterials are engineered materials with artificial
atomic structures to achieve extraordinary electromagnetic
responses that do not exist in nanre materials [1.2]. The
electromagnetic response of metamaterials is  largely
determined by the geometry of the unit cells instead of the
constituent materials. Therefore, by designing the size and
shape of the unit cells, metamaterials can achieve tailored
electromagnetic  response  [3-7].  enabling  various
funciionalities such as wave manipulation, perfect
absorption, sensing and detection, among others. Recently,
terahertz (THz) sensing has atiracted tremendous interest,
especially in the chemical detection and biological
research. due to the THz fingerprints of chemicals and bio-
molecules as well as the non-ionizing photon energy of
THz waves [8.9]. Significant progress in THz sensing has
been made with the adapiation of metamaterials into THz
frequency regime. The transmission, reflection, and
absorption specira are usually employed as the indicator for
the sensing and detection purposes [10]. Specifically. the
presence of target molecules modifies the permittivicy
aronmd the unit cells of metamaterials, causing resonance
(frequency and amplitude) change to the spectra. By
correlating the resonance change with the concentration of
the target molecules, one can achieve the quantitative
relationship, thereby detecting the presence of the chemical
or measuring the concentration of it [11].

In some early works, conventional metamaterials were
emploved for the sensing applications, By depositing a thin
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layer of analyte or micro-particles interest on the unit cells,
one can change the equivalent capacitance and/or
resistance of the resonators, resulting in a resonant
frequency shifi andfor amplide change [12]. The
metamaterials can be confimwed into metamaterial
absorbers with a three-lavered configuration, ie. a
metamaterial-spacer-metal ground confimwation, with
much higher quality factors and larger response changes.
potentiating a higher sensitivity for sensing and detection
applications [13]. As a manipulation strategy with high
precision, microfluidic channels can be integrated with
either metamaterials or metamaterial absorbers to form a
funciional sensing device [11]. For the metamaterial
absorber integration. the microfluidic channel can be
confipured at the front side of the metamaterial layer to
achieve a channel-metamaterial-spacer-metal
confisuration, or the spacer material can be replaced by a
channel. through which the target fluid can flow. For both
confisurations, channel caps must be employed as the
testing window and the top cover of microfluidic channels.
The impedance mismatch between free space and channel
caps can cause significant power loss due to the reflection
at the interface. Moreover, when the thickness of the cap is
n2 + 1/4 (n 15 an integer = () times of the incident
wavelength, multiple reflections inside cap laver can create
reflection minima. Overlapping with the absorption spectra
of metamaterial absorbers. the reflection minima can
significantly compromise the detection accuracy. In this
paper. we designed and fabricated a metamaterial absorber
with a “free-standing™ metamaterial layer on an ultra-thin
(0.4 pm) silicon nitride (SiN;) membrane. The *free-
standing” metamaterial layer was integrated with a
microfluidic chamnel and a ground plane to form a
metamaterial absorber sensing device with fluidic media as
spacer materials, By introducing the “free-standing”
metamaterial layer, our design can remove the high
effective permittiviry effect. More importantly, we found
that our design features a mmch larger absorption peak
frequency shift and an extraordinary high quality factor.
These features can be employed to dramatically increase
the performance of sensing devices based on metamaterial
absorbers.

SYSTEM DESIGN

Figure 1 shows the schematic drawing of the design.
A “free-standing” metamaterial layer, with split ring
resonators as unit cells and SiN; as supporting membrane.
was emploved as the top laver of the metamaterial
absorber, Tt also serves as the testing window for the
incident THz pulses. The depth and shape of the
microfluidic channel was defined by the SUS laver, which
was patterned on a ground plane. The in-channel media,
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fimctioning as the dieleciric spacer, can be altered by
injecting different fluidic analyies.

The utilization of a “free-standing™ metamaterial layer
enables a higher sensitivity (defined as the absorption peak
frequency shift divided by the change of the in-channel
permittiviry). Numerical simmlation was employed to smdy
the response using frequency domain solver in CST
Microwave Studio 2017.
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Figure 1. Schematic drawing of the microfluidic channel
with a metamaterial absorber. The insef shows the wnit cell

geometries of the metamaterials with w =5 gan, g = 8 ym,
| = 50 pm. The periodicity of the unit cells is 60 pym.

We compared the absorption peak frequency shift of
the metamaterial absorbers with a “free-standing”
metamaterial laver, and metamaterials on quartz substrate
[11]. All metallic portions were modeled as gold with
conductivity of 4.56 = 107 S/m. The 5iN, membrane and
the quartz subsirate were modeled as lossy dielectrics with
relative permittivity of 7.6 = (1 +10.0053) and 3.75 = (1 +
10.0004), respectively, with their thicknesses labeled m
Figure 2. Spacer thicknesses were optimized to achieve
more than 90% absorption at the absorption peak
frequency. The sinmlated absorption spectra are plotted in
Figure 2 for different in-channel spacer permittivities.
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Figure 2. Simulated absorption specira of metamaterial
absorbers with different in-channel spacer permittivity for
) metamaterials on quariz with a shallow chamnel, ()
“free-standing ™ metamaterials with a shallow chamnel,
and (¢} “free-standing " metamaterials with a deep
channel. d and t denote the thickness aof the supporting
materials of metamaterial lovers and the depih of the
micrafluidic channels, respectively,
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The design with a “free-standing”™ metamaterial layer
(Figure 2b) demonstrated more than 167 times of
frequency shifi compared to the design with a quartz
substrate (Figure 2a). The increase in sensitivity can be
explained with the lower base capacitance of the “free-
standing” metamaterial layer due to the uolira-thin
supporting membrane [14]. Figure 2c¢  depicts the
absorption specira of the metamaterial absorber with a
“free-standing” metamaterial layer and a deep microflmdic
channel The quality factor and the sensitivity demonstrate
a marked increase due to the increased channel depth.

The increase in the quality factor can be undersiood
qualitatively. The stored energy consists of two parts. One
is due to the electric and magnetic field generated by the
resonance of the metamaterial layer. The other is due to the
Fabry-Perot-like resonance inside the cavity formed by the
metamaterial layer and the ground plane, With a thin spacer
thickness (4 (m) the energy storage is mostly due to the
resonance of the metamaterial layer. However, with the
increase in the spacer thickness, the Fabry-Perot-like
resonance can gradually build up another cavity resonant
mode with the round-way phase delay inside the spacer
approaching multiple times of 2m. The Fabry-Perot-like
resonance provides another pathway for energy storage,
which, together with the energy storage due to the
resonance of the metamaterials, significantly increases the
total energy deposition inside the metamaterial absorber,
Mevertheless, the energy loss due to power consumption
(determined by the ohmic loss of the metamaterial layer
which keeps constant at one frequency) and energy
radiation (determined by the characteristic impedance of
free space) remain constant [15]. As a result, the quality
factor of the metamaterial absorber increases dramatically
with the increase in the spacer thickness,
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Figure 3. Fabrication process of the device. Two wafers
were emploved for the fabrication, one as the mefamaterial
window, the other as the ground plane and microflvidic
chamnel. The two wafers were bonded with PDMS fo seal
the microfluidic channel.




EXPERIMENT AND RESULTS

The proposed metamaterial absorber was implemented
with MEMS fabrication process as illustrated in Figures 3.
A double-side SiN: (0.4 pm-thick) coated wafer was
emploved to  fabricate the metamaterial layer.
Photolithography was used to define the geometry of
metamaterials on the front side, followed by an e-beam
evaporation deposition (10 nm chromium, 150 nm gold)
and a liftoff process to fabricate the metamaterial
structures.  Efching windows were then defined with
photolithography and plasma etching at the back side of the
wafer. Evenmally wet etching was emploved to etch the
bulk silicon, leaving only the “free-standing”
metamaterials. The ground plane (10 nm chromium, 150
nm gold, 10 nm chromium) was fabricated through e-beam
evaporation on a second wafer. Microfluidic channel was
patterned with SUS using photolithography. The depth of
the channel was defined by the thickness of SUS (120 pm).
PDMS was molded, punctured, and treated with
triethoxysilane (3-Aminopropyl) as the sealing material.
Finally. the metamaterial chip was flip-chip-aligned with
the channel chip, and the they were bonded together with
FDMS by applying heat and pressure to seal the
microfluidic channel [16]. The fabricated device is shown
in Figure 4.
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Figure 4. {a) the molded PDMS for the bonding. (b) the
microscopic image of the metamaterials. c) the bonded
microfinvidic channel enabled metamaterial absorber. (d)
the image af the metamaterial window.

The fabricated devices were tested with THz time
domain spectroscopy. The absorption spectra  were
measured with different fluidics mside the microfluidic
channel. The measurements are illustrated in Figure 5, The
absorption spectnun was first measured with air as the
dielectric spacer, showing an absorption peak at 1.33 THz.
Then methanol was injected with a syringe to fill the
microfluidic chanmel, and the absorption spectrum was
measured, Correspondingly, the absorption peak frequency
shifted to 0.78 THz. The absorption spectra were also
simulated with the in-channel permuittivity of air (1) and
methanol (3 + 10.8). The sinmlation results show high
degree of agreement with the measurements as plotted in
Figure 6. Compared with the reported results with a quartz

cap [11], our design demonsirates more than 3 times
improvement in sensitivity.
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Figure 3. The mensured reflection coefficient of the
Jabricated device with TH=z Time Domain specivoscopy for
fat) aiv i cheannel and (b)) methanol in channel. The dashed
lines indicate the absorption peak freqguency shift (0.55
THz). Insei: The microscopy image of the mefamaterials.
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Figure 6. The simulated reflection coefficient of the
[fabricated device with (a) air and (b) methanol in channel,
Insers: elecric flelds af resonance frequencies. The
simulation results agree with the measurement results very
well.
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CONCLUSIONS

In conclusion, we designed, fabricated, and tested a
microfluidic channel enabled metamaterial absorber
featuring an enhanced sensitivity and an increased quality
factor, The sensitivity enhancement is due to the “free-
standing™ metamaterial layer and the large channel depth.
With the increase in the depth of the channel, another
Fabry-Perot resonant mode can be introduced to increase
the energy deposition inside the metamaterial absorber
resulting in a significant increase in the quality factor.
Moreover, the increase in the channel height also decreases
the coupling between the absorption peak frequency and
the channel depth wielding a more robust device. Our
design can be readily emploved to improve the
performance of metamaterial-absorber-based sensing
devices.
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