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Abstract

®

CrossMark

Optical spectroscopy in the mid-infrared region (MIR) has been an important tool for non-
destructive analysis of molecules through identifying the vibrational modes of chemical
bonds. The use of plasmonic antenna array in the MIR region enables high selectivity and
sensitivity without the labeling process. In addition, the formation of nanogap between
plasmonic nano-antenna and reflective mirror allows for near-field enhancement which can be
exploited for sensing applications. However, it is still challenging to realize a sensing platform
which effectively delivers biochemical molecules onto the plasmonic nanogap hot-spot.

Here, we experimentally demonstrate a capillary driven sensing platform confining chemical
samples into a nano-metric space with a plasmonic antenna array. The quadrupole mode
resonance of the plasmonic antenna combined with vertical nanogap hot-spot significantly
enhanced the confined electrical field. The nano-metric spaces formed by hydrophilic silicon
dioxide draw liquids into the sensing chamber by capillary effect, and hence no external liquid
driving power source was required. Enhancement of both molecular vibration and plasmonic
resonance were observed. Furthermore, label-free quantitative detection was achieved through
coupling the plasmonic antenna resonance and the water molecular vibration. The proposed
sensing platform has the potential in realizing non-destructive and label-free sensing in the
MIR spectral region without an external liquid driving power source, and the enhanced signal

paves the way to sense analyte of ultralow concentration.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Optical spectroscopy is a powerful method enabling the ana-
lytical study of biochemical molecules in a non-destructive
way [1-3]. In particular, the mid-infrared (MIR) spectral
region (2-10 pm) is considered an important region because
the incident light can directly excite the vibrational modes of
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molecular bonds in biochemical samples [4-8]. Hence, identi-
fication of molecular fingerprint can be achieved without the
labeling process in a non-destructive manner [9-12]. Despite
the advantages that MIR spectroscopy provides in the detec-
tion of biochemical samples, the weak interaction between
the incident light and the molecular vibrational modes leads
to low absorption/scattering cross sections [13]. This limits
the sensitivity and thus prevents the application of vibrational
spectroscopies to practical use. One solution is utilizing optical

© 2019 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0002-8886-3649
mailto:elelc@nus.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/ab2ea1&domain=pdf&date_stamp=2019-07-23
publisher-id
doi
https://doi.org/10.1088/1361-6463/ab2ea1

J. Phys. D: Appl. Phys. 52 (2019) 394001

K Shih et al

(a)

(b)

R
P

TP L)
O
LULUEE iR

Figure 1. Illustration of the (a) capillary driven MIR plasmonic sensor. (b) Optical microscopic images of the fabricated plasmonic
resonators on CaF, substrate. (c) Cross-sectional drawing of the capillary driven MIR plasmonic sensor.

waveguide which can strongly confine and guide light to pro-
vide long sensing path [14—16]. In particular, subwavelength
photonic structures are investigated to enhance light-matter
interaction [ 17-20]. The other solution is employing plasmonic
metasurfaces to concentrate light beyond the optical diffrac-
tion limit so that high electric field intensity can be achieved.
Plasmonic metasurfaces have been reported to enhance the
sensing capability of MIR spectroscopy utilizing metallic
nanostructures [21-24]. The highly confined electromagnetic
field in the subwavelength region allows for direct interac-
tion of a plasmonic antenna with its surrounding medium in
both gas and liquid form [11, 25-27]. In other words, while
the vibrational modes of molecules may not effectively interact
with the incident light, they strongly couple with the plasmonic
antenna, which results in a significant enhancement to the far-
field spectral response. This electromagnetic response can be
further tailored through engineering the geometrical configura-
tion of the unit cell of metasurfaces [28-31].

The strong coupling between biochemical molecules and
plasmonic antenna, however, is effective when they are in a
close distance [32]. As a consequence, it is of high demand to
develop a sensing platform which delivers biochemical mol-
ecules to specific sensitive hot-spots of the plasmonic metas-
urfaces. Recently, the integration of plasmonics antenna and
microfluidics has been demonstrated for sensing of various
biochemical materials such as chemical solutions, sugars [33],
proteins [34], and lipid membranes [35]. Microfluidics is an effi-
cient method that allows for precise manipulation of liquid and
micro-substances inside fluidic channels [36—38]. Nevertheless,
the large volume of aqueous solution in the micrometer scale
compared to the small size of biochemical molecules in nanom-
eter scale still leaves a distance between molecules and the plas-
monic antenna [39, 40]. In addition, the strong absorption from
a large volume of water could weaken the reflected/transmitted
signal, and hence, hinders the sensing ability of such platform.
To overcome this issue, the confinement of water samples into
nano-metric spaces have been reported to study the molecule
behavior [13, 41]. This significantly reduces the water absorp-
tion across the spectrum while allowing further study of unique

physics of molecules in a nano-metric scale [42-44]. More
importantly, the confinement of liquid sample into nano-metric
space helps to deliver biochemical molecules into direct contact
with the plasmonic antenna, as most molecules are in nanom-
eter size. However, the fabrication process, as well as a fluid
controlling system of nanofluidics, is yet to be fully explored as
compared to microfluidic devices.

In this work, we present a capillary-driven liquid sensor
utilizing quadrupolar plasmonic resonators manipulating
liquid in extremely confined space. The surface energy and
silicon dioxide (SiO,) was utilized to drive sample liquid
into the sensing chamber, and hence neither external liquid
pumping power nor complicated control system was required
[45-47]. Simple plasmonic cut-wire resonator was designed to
study the device capability fundamentally, and a metamaterial
absorber configuration excited with quadrupolar resonance
was introduced where the liquid sample was sandwiched in
between cut-wire resonators and a metallic mirror [48-50].
When linear polarized IR light incident through cut-wire reso-
nators with electrical field along the length, the quadrupole
mode resonance is excited and strong field confinement can
be seen in the sandwiched space. This induces a strong cou-
pling between molecules and the plasmonic antenna, and thus,
it is expected to enhance the IR signal. Electromagnetically
induced transparency (EIT)-like response [51, 52] with a
gradual change in the strength at the absorption band of the
water molecule (H,O) was observed when varied H,O content
in ethanol solution was introduced. The presented MIR plas-
monic sensing platform is a potential candidate in realizing
portable, non-destructive and label-free molecular analysis
with high sensitivity.

2. Method

The concept of the MIR plasmonic sensing device is pre-
sented in figure 1. A sensing liquid-chamber was fabricated
on SiO; layer thermally grown on top of intrinsic silicon (Si)
substrate, and the bottom of the chamber was deposited with a
reflective gold (Au) layer. A calcium fluoride (CaF,) substrate
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Figure 2. (a) Fabrication of cut-wire plasmonic resonators on CaF, substrate. (b) Fabrication process of the nano-metric chamber with
reflective Au mirror. (¢) Microscopic images of sample introduction area utilizing capillary force.

patterned with Au plasmonic resonators was pressed against
the liquid-chamber chip and fixed with Kapton tape leaving
space for the liquid sample to flow in. The Si liquid-chamber
chip was diced larger than the CaF, chip, and thus, sample
introduction was performed through simple action by placing
liquid droplet at the edge of CaF, chip. Capillary force in the
confined space drove liquid sample into the sensing chamber,
and thus the liquid sample was sandwiched in between the
bottom reflector of the chamber and the plasmonic resonators.
The incident IR radiation was polarized along the length of
the cut-wire resonator so to excite the quadrupole resonance,
and the reflected MIR spectral information was observed and
analyzed.

Figures 2(a) and (b) illustrate the fabrication process of
the presented plasmonic resonator and the chamber chip
respectively. The plasmonic resonators were patterned on a
500 pm thick CaF, substrate in a 250 um? area using elec-
tron beam (EB) lithography, following by chromium (Cr)/Au
evaporation at 5Snm/60nm (figure 2(a)). On the other hand,
the chamber chip was fabricated on 625 pm thick Si substrate
with 300nm thick SiO, on top. As illustrated in figure 2(b),
ultraviolet (UV) lithography was performed to pattern the
chamber area on the SiO; surface. A cross mark was designed
for easier alignment of the resonator area on CaF, substrate
and the Au mirror area on Si substrate. The etching process of
the surface SiO, layer was then conducted to create a hollow
chamber using reactive ion etching, following by Cr/Au
deposition to create reflective mirror structure at the chamber
bottom. The depth of the Au reflective chamber was mea-
sured to be 111nm using atomic force microscopy (AFM).
In order to study the absorber effect, we have fabricated a
nano-metric chamber without an Au mirror. The depth of this

non-reflective (NR) chamber contains a 104 nm deep sensing
area with a 196 nm thick SiO; layer at the bottom supported by
Si substrate. Both reflective and non-reflective chamber were
treated with oxygen (O,) plasma to enhance their hydrophi-
licity and to remove contamination in order to make smooth
contact of CaF, and SiO, surface prior to the bonding process.
Figure 2(c) shows the microscopic images of liquid flow at the
cross-mark area after dropping liquid sample. It is observed
that liquid flowed smoothly into the nano-metric chamber,
while water-SiO, interface moves faster than that of water-Au
interfaces as shown in figure 2(c). This indicates the fact that,
despite the relative hydrophobicity of Au presenting after O,
plasma treatment, the hydrophilicity of the SiO, surface can
strongly drive the liquid to flow into the sensing chamber.
Plasmonic cut-wire resonator was utilized for quantita-
tive evaluation of chemicals. The simulation was first carried
out to design plasmonic resonators using Lumerical finite-
difference time domain (FDTD) solution. A unit cell of plas-
monic nanorod antenna with periodic boundary condition is
used to optimize plasmonic behavior in the designed system.
The length of the cut-wire antenna was designed at 1.75 pum
so to achieve strong resonance at around 2000 cm~!, which
is expected to redshift when the aqueous solution is intro-
duced because of its higher refractive index. The width of the
antenna was optimized at 0.28 pm in order to achieve strong
resonance. When no chamber is applied to the CaF, plas-
monic substrate, a bipolar resonance peak from the plasmonic
antenna was obtained, which also indicates the high transpar-
ency of CaF, substrate in the IR spectral region (figure 3(b)).
A resonance dip was seen when applying of non-reflective
chamber caused by the partial reflection of SiO,/Si substrate.
In contrast, a much sharper resonance dip was seen using the
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Figure 3. (a) Simulated reflected MIR spectra of plasmonic antenna fabricated on CaF, without the nano-metric chamber, and with the
nano-metric chamber of SiO, (NR) and Au (R) bottom layer. Simulated electrical field distribution at the Z direction of the (b) bipolar
resonance and quadrupole resonance with (c) SiO, (NR) and (d) Au (R) bottom layer. (e) Simulated electrical field distribution along Z

direction with the Au mirror at varied gap height.

reflective Au chamber. As presented in figures 3(c) and (d),
inversed electrical field distribution was excited at the bottom
of both non-reflective and reflective chamber, and quadru-
pole resonances were formed. Nevertheless, reflective Au
chamber significantly enhanced the electrical field intensity
in the nano-metric space by 1 order of magnitude compared
to the Si0,/Si substrate. When comparing simple dipole reso-
nance with reflective quadrupole resonance, intensive elec-
trical field confinement at the nanogap was seen. Hence, this
electrical field enhancement forms a nanogap hot-spot which
is expected to enable higher sensitivity. Figure 3(e) presents
the resonance mode variation at different gap height. When
the gap was at 100 nm, quadrupolar mode dominated, because
the cut-wire antenna formed a stable state with the mirror. In
contrast, when the cut-wire antenna and the mirror were at
larger distance, bipolar mode dominated, and no interaction
between the electrical field of the cut-wire antenna and the
mirror was observed. It is important to note that the reflected
signal was still enhanced by the mirror in case of larger
gap distance. Hence, a mirror structure allows for signal
enhancement while a narrower gap height at nanometer scale
may confine and enhance the electrical field at the sensing
space.

3. Results and discussion

Figure 4 presents the AFM image (figure 4(a)) and the mea-
sured Fourier transform infrared (FTIR) spectra (figure 4(b))
of the fabricated devices. The width and length of the fabri-
cated plasmonic cut-wire were 0.28 um and 1.75 pum respec-
tively, and the horizontal and lateral pitch of the cut-wire array
were 2.0 pm and 3.5 pm. Fabrication error of 0.05 pm to 0.08
pm from the designed geometric parameter was measured,
which can be due to the limited writing resolution of the EB
lithography as well as metal lift-off process. During the FTIR
measurement, the electrical field of the incident MIR radia-
tion was linearly polarized along the length of the plasmonic
resonators. Similar to the simulation results presented in
figure 3(a), a stronger resonance is experimentally observed
when applying liquid-chamber with Au mirror (figure 3(b)).
It should be noted that molecular vibration of carbon dioxide
(CO;) molecule in the atmosphere was also observed in the
obtained spectra, which can be eliminated through introduc-
tion of a closed sensing chamber.

We first compare the spectral responses of both non-
reflective and reflective liquid-chamber using plane CaF,
cover without plasmonic resonators. Broadband Agilent FTIR



J. Phys. D: Appl. Phys. 52 (2019) 394001

K Shih et al

(a) (b) 100
Max

Reflectance (%)

—— Open Surface
——NR
—R

80+

1500 2000 2500

Wavenumber (cm™)

Figure 4. (a) Atomic force microscopy (AFM) image of the fabricated plasmonic resonators with geometrical parameters. (b) Measured
reflected MIR spectra of plasmonic antenna fabricated on CaF, without nano-metric chamber, and with nano-metric chamber of SiO, (NR)

and Au (R) bottom layer.
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Figure 5. (a) Measured reflected MIR spectra of water and air in liquid-chamber with SiO, (NR) and Au (R) bottom layer. (b) Measured
reflected MIR spectra of acetone, ethanol, isopropyl alcohol (IPA), and methanol using the capillary force driven into liquid-chamber.
(c) Measured reflected IR spectra of water/ethanol mixture with varied water content. (d) The reflectance at 1666cm~! vibrational mode of

water plotted against its concentration in water/ethanol mixture.

spectroscopy system was used to obtain the normalized reflec-
tion spectra of the fabricated plasmonic antenna, with an aper-
ture size of 200 pum square. The reflectance of the measured
spectra was normalized with respect to that of a smooth Au
surface, and the sampling resolution was fixed at 4cm~'. Each

spectrum was obtained through an average of 32 scan sam-
ples. As shown in figure 5(a), it is apparent that strong spectral
response from H,O sample can be obtained using the reflec-
tive Au chamber, compared the non-reflective chamber. The
reflective Au layer enhanced the observed spectral contrast
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Figure 6. (a) Measured reflected MIR spectra of water/ethanol mixture with varied water content using Au plasmonic resonators. (b) The
reflectance at 1666 cm™! plotted against its concentration in water/ethanol mixture.

at the vibrational modes of H,O molecule for 47% around
3333cm~! and 20% at 1666cm~'. The reflected spectra of
common alcoholic liquids were also obtained as presented in
figure 5(b) where the unique vibrational modes of their chem-
ical bonds were clearly observed. The large spectral contrast at
the vibrational mode enables quantitative evaluation of liquid.
We measured the reflected spectra from liquid H,O/ethanol
mixture (figure 5(c)) and plotted the value of reflectance at
1666cm ™! against the H,O content in figure 5(d). Pure eth-
anol does not absorb MIR radiation at 1666cm ', and hence
a high reflectance at 77.5% was observed. This value gradu-
ally decreased as the water content increased and reached the
smallest of 16.5% with pure H,O sample.

The molecular fingerprint sensing capability of the fabri-
cated devices was then examined through obtaining reflection
spectra with varied water content in an ethanol solution, as
presented in figure 6(a). In pure ethanol solution, a resonance
dip is observed at 1666 cm~ L, which can be attributed to the
light absorption by the cut-wire resonator. The higher refrac-
tive index of ethanol compared to air has caused the redshift.
When the water content is increased to 25%, an enhance-
ment of the resonance can be observed at 1666cm ™! where
the water molecular vibrational mode exhibits as described
in figure 3(a). As the water content further increased, a sharp
increase of the reflectance value at 1666cm™! is observed.
This drastic change in the reflectance spectrum shows the
coupling between the plasmonic resonance and the vibrational
mode of water molecules which presents an EIT-like response
[51, 52]. The reflectance value of each spectrum at 1666 cm!
was plotted against the water content in figure 6(b). Larger
amount of water content induced a stronger coupling between
the plasmonic resonators and water molecules, and hence,
the designed device is capable in quantitative sensing specifi-
cally targeted at the vibrational mode of water at 1666cm ™.
Selective and quantitative sensing of specific molecule
was demonstrated. Optimization of the bonding process is
required to assure formation of nanometric sensing space at
high reproducibility for practical applications. More complex
micro/nanofluidic configuration may also be included using

CMOS (complementary metal-oxide-semiconductor) com-
patible materials [53-55]. Through further optimization of
the materials, process, and measurement condition, a sensing
platform for advanced sensing applications may be achieved.

4. Conclusion

In conclusion, a capillary driven sensing platform utilizing MIR
plasmonic resonators for specific chemicals in aqueous environ-
ment was proposed. We fabricated nano-metric chamber chip
with Au mirror at the bottom forming a metamaterial absorber
configuration which could support quadrupolar resonance inside
the chamber. Through forming a nano-metric space using hydro-
philic SiO,, capillary effect can be utilized to draw liquid into
the sensing area. The enhancement of the molecular vibrational
mode as well as the plasmonic resonators were clearly seen indi-
vidually through experimental and simulation demonstration.
The coupling between the molecule and the plasmonic resona-
tors was further observed through the mixture analyte of water
and ethanol. Quantitative evaluation of water/ethanol mixture
was achieved using the cut-wire resonators specifically designed
to couple with a vibrational mode of water molecule around at
1666cm!. Through further process development, capillary force
driven fluidics devices integrated with plasmonic resonators
may become an ideal tool in analyzing biochemical samples.
Furthermore, the optimization of the plasmonic resonator design
and selective functionalization of molecules on resonators may
realize selective detection of biochemical molecules with much
higher sensitivity in near future.
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