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Abstract: We demonstrate the use of plasmonic extraordinary transmis-
sion at IR wavelengths for surface-enhanced infrared absorption (SEIRA)
spectroscopy in gas sensing. Gas detection was performed through non-
dispersive infrared (NDIR) absorption. The sensitivity of SFs gas detection
is increased around ~27 times with metal hole array (MHA) microstructures
placed on the gas cell mirrors, as compared with non-structured mirrors;
an absorption change of 2% per 100 ppm was obtained on a standard
commercial pyroelectric detector. Down-sizing of IR-sensors to a sub-1 mm
gas cell width, delivering ~ 40 nM (or 1 ppm) of SFg sensitivity, can be
foreseen with a simple source-detector setup.

© 2013 Optical Society of America

OCIS codes: (240.6680) Surface plasmons; (240.6490) Spectroscopy, surface; (300.6270)
Spectroscopy, far infrared.
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1. Introduction

Gas detection is an important field of analytical chemistry, where high sensitivity and selectivity
are sought after for qualitative and quantitative analysis. In the field of medical gas sensing from
exhalation, bio-markers of disease can be detected without any medical intervention [1,2]. In
case of environmental sensing in landfills, detection of greenhouse effect gases, exhaust fumes
from cars, monitoring of industrial processes, the gases concentration should be monitored con-
tinuously in real time with 1 ppm precision or better [3]. The non-dispersive infrared (NDIR)
absorption method is widely used for gas sensing, because of its simplicity and high sensitiv-
ity [4]. NDIR is based on the single-wavelength detection of a molecular vibrational mode;
however, because of the small extinction cross-sections of these modes, a long optical path (in
a gas cell) is required, and sensors become relatively large or require optical folding of the light
path. We have already demonstrated surface-enhanced infrared absorption (SEIRA [5-7]) with
metal hole array (MHA) micro-structures for azo-benzene sensing by spin-coating of the ana-
Iyte [8]. A strong absorption enhancement appeared on the transmission peaks, and the effective
molecular absorption cross-section was increased approximately 10x, due to the electromag-
netic field enhancement at the rim of the MHA holes in a spectrally narrow window of 10-20
cm~! bandpass. An even higher sensitivity would be expected in the case of gas sensing on
a non-specific metal surface where chemosorption is not taking place. This was predicted by
simulations [8] showing that up to 40x enhancement exists inside the MHA holes at the Si-
Ag interface, and constitutes the IR version of the extraordinary transmission demonstrated at
visible wavelengths [9-15].

In this study, we demonstrate the application of MHAS to gas sensing of a single-wavelength
signature vibration mode. The SFg gas, which has one of the most powerful green house effects,
and is heavily used in Si processing including solar cells, was chosen for this study (its 100-year
impact in terms of global warming potential, using CO; as a reference, is 22800, as compared
with methane at 25 and water at 298 [16]). The light source and detector are comparatively
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inexpensive standard commercial devices already designed for SFg monitoring; we use them
together with our custom-designed gas cell, whose windows were made from Si plates carrying
MHA:s.

2. Experimental

The fabrication of the designed MHA, having nano-to-micro-sized holes with specific spatial
arrangement, has been carried out via standard lithography and lift-off processing [8]. The
structures were defined by standard contact photolithography using mask projection. A low-
dopant silicon substrate (Global Top Chemical Co. Ltd.) with both side polished was coated
by COAT200 (Tokyo Ohka Kogyo Co. Ltd.) to obtain a hydrophobic surface. Then, a positive
type photo-resist (OFPR-500, Tokyo Ohka Kogyo Co. Ltd.) was spin-coated at 3000 rpm for
60 s and prebaked at 90°C for 90 s. The contact photomask exposure was implemented with
UV light using a mask aligner (MA-10, MIKASA Co. Ltd.). A substrate area of 2 x 2 cm? was
used for pattern fabrication, and the mask area was over 5 x 5 cm?; therefore, a homogeneous
pattern was prepared on the whole substrate area. The series of hole diameter ¢ and period a
combinations are designed as (c, a) = (1.4, 2.9), (1.5, 3.1), (1.6, 3.3), (1.7, 3.5), (1.8, 3.7), (1.9,
3.9),(2.1,4.2), and (2.3, 4.6) um, respectively. Due to the resolution of photomask preparation,
we have a= 2c or slightly larger than 2c. After exposure, the samples were developed in 2.38%
tetramethyl ammonium hydroxide (NMD-3, Tokyo Ohka Kogyo Co. Ltd.), dried, and coated
with a 3 nm Ni adhesion layer followed by a 50 nm Ag layer using vapor deposition. The
following lift-off step in acetone under ultrasonic bath conditions removed the resist together
with the excess metal, and finally the sample was washed in methanol.

Optical transmission of the MHAs was measured with a Fourier-transform IR spectrometer
(FTIR-6200 JASCO Co. Ltd.). Gas sensor detection measurements were performed with a self-
developed non-dispersive infrared (NDIR) measurement system. Figure 1 shows the outline of
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Fig. 1. Schematic illustration of the SFg gas detection set up used in the experiments. The
IR light source is a IRS-001C (IRS, Ltd.) and the SFg detector is a LIM-122 (Infratec,
LLC). The gas cell mirrors were replaced with Si substrates carrying silver multi hole ar-
rays (MHA) for augmented sensitivity. Size reference: the output diameter of the parabolic
mirror is ~ 2.5 cm, the window diameter of the gas cell is 1.5 cm, and a single window on
the detector cap measures 3.5 x 2.5 mmZ.
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Fig. 2. (a) Normalized optical transmission of the silver hexagonal MHASs with hole diame-
ters / periods (c, @), measured right-to-left in um: (1.4, 2.9), (1.5, 3.1), (1.6, 3.3), (1.7, 3.5),
(1.8,3.7),(1.9,3.9), (2.1, 4.2), and (2.3, 4.6). The inset shows the optical micro-photograph
of the fabricated MHA with (c,a) = (1.6, 3.3). (b) Plot of the peak wavelength as a func-
tion of the period a. The arrows mark the MHA used for SFg detection at 950 cm~1, which
is shown in the inset of the (a) panel.

the experimental setup. A filament-type infrared light source (IRS-001C, IRS Co.) was used
to deliver black-body-like emission with an applied voltage of 4.5 V. No special IR optics
was used; the IR emission was collected by a parabolic back-reflector with a ~ 7° divergence,
and then used to illuminate the 1.5 cm diameter gas cell window, whose output illuminated the
3.5 x 2.5 mm? filter window of the detector, having an active detecting area of 1.8 x 1 mm?. The
radiation was transmitted into the gas cell through two replaceable windows, which permitted
to exchange the Si mirrors with Si:MHA mirrors. Then, a specific-designed pyroelectric sensor
(LIM-122, Infratec Ltd.) was used for detection of the SFg vibration bands, by monitoring two
bands around the wavelengths of 8.26 um (reference) and 10.6 um or 943 cm~! (signature
signal for SFg). The gas concentration was controlled by a mixing system shown in Fig. 1.
A concentration of 100 ppm of SFg in Ny carrier gas was progressively diluted by pure N»
(99.99% purity), and the mixing ratio was controlled through a flow meter. The detector output
signal was detected on an oscilloscope.

3. Simulations

The transmission and field enhancement properties of the gas cell realized with Si:MHA mirrors
at both ends have been simulated with a 3D finite-difference time-domain (3D-FDTD) model
implemented with the Lumerical software from FDTD Solutions. Due to the complexity of
the model, the simulations were performed on the swinSTAR supercomputer at Swinburne
University, featuring 16-core computational nodes with 64 GB memory each. The memory
footprint of each simulation was around 100 GB and took from 1 to 3 hours running on a
16-node cluster.
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Fig. 3. (a) Transmission spectra of gas cell with two Si:MHA windows filled with air (trans-
mission of single MHA was up to 40%). (b) SFg gas absorption spectrum measured in a gas
cell filled with SFg. The inset shows the asymmetric stretching mode of the SFg molecule;
the corresponding band at 943 cm~1 is pointed at by an arrow in panel (b).

4. Resultsand Discussion

4.1. Transmission spectra of MHA

Figure 2 shows the optical characterization of the hexagonal-lattice MHA, which was fabri-
cated in homogeneous uniform structures over a 2 x 2 cm? area. The transmission spectra of
hexagonal-lattice MHAs is similar to that of the square lattice, except for the fact that the hexag-
onal pattern shows a single transmission peak. The absolute transmission value is larger than
that of a square pattern by ~ 40% for a 50 nm Ag thickness, as compared with ~ 20 nm of
square-lattice thickness; hence, more mirrors can be lined up for increased selectivity, while
obtaining the same detection threshold. The transmission peak is red-shifted with increasing
pattern period a, following a linear dependence (Fig. 2(b)). The peak wavelength of MHA
transmission is given by the following equation [17]:

4 . \@ a ) £1&
where &  are the dielectric constants of the metal (e.g. &, = —2700+ 1400i for Ag at 10 um
wavelength) and the surrounding media (g, ~ 11.7 +5 x 10~%i for Si), respectively; and i and
j are the MHA diffraction orders in the two principal directions of the hexagonal lattice (x-
direction and 60°-angled direction, in this case). The transmission peak appearing in Fig. 2(a)
is characterized asthe (i=1, j=0), or (i=0, j = 1) peak. The second-order peak (i=1,j=1)
should appear at a 1/1/3 times shorter wavelength according to Eq. (1), however we could not
see it experimentally. This might be due to the weak strength of second-order diffractions.

Experimental results (Fig. 2(b)) well agree with this equation. The vibrational mode of the
SFe gas is well known, showing as a 10.6 um (943 cm~1) band which can be assigned to the
asymmetric stretching of the F-S-F covalent bond. Therefore, according to this relationship
between the periodicity and the peak transmission wavelength, we choose a period a= 3.3 um
for the SEIRA gas sensor.

Figure 3 shows the transmission spectra of a gas cell with both mirrors carrying MHA pat-
terns. The peak transmission obtained has an absolute value around 20%. The peak is centered

o))
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Fig. 4. (a) Output signal dependence on the SF6 concentration. The insets show schemati-
cally the configuration of the gas cell windows (whether the MHA is exposed to the inside
of the gas cell or not). (b) Absorption change AA = —log(l/lp) as a function of SFg con-
centration; the hashed region marks the detection threshold at ~ 0.1%. The line is the linear
fitting by the least-squares method. The inset figure shows the log-log plot of absorption
and concentrations. The lines are drawn as eye guides for the linear dependence.

around 950 cm~! and is well-matched with the SFg signature absorption peak.

In actual gas sensing experiments (Fig. 4), we used three different window configurations for
comparison. We have windows on both sides of the gas cell, as shown in Fig. 1. Firstly, both
MHA patterns were located on the inward wall of the window (exposed to SFg, black-framed
picture inset in Fig. 4(a)). Secondly, one MHA mirror was flipped over with bare Si facing
the gas cell interior red-framed; in the third configuration, both MHAs were facing outside the
cell (blue-framed). If the MHASs played an important role for SFg detection sensitivity, these
three configurations would allow to see a difference. Also, since we always had MHAS on the
windows, the absolute transmittance was almost constant in all three cases.

The output signal dependence vs. the gas concentration is shown in Fig. 4. When the MHAs
were placed to face outside the gas cell, the output signal started decreasing at around 80 ppm
(which is almost the same result as when two silicon substrates without MHA were used as
windows, blue plot). However, for both MHAs facing inside the gas cell (black plot), the ab-
sorption change (decrease of signal) started at around 5 ppm (10 ppm corresponds to 400 nM
concentration in normal conditions: 1 atm pressure at 20°C temperature). With one MHA in-
wards and the other outward-looking, the change of detected signal started at 50 ppm (red plot).
This is almost half-way between the threshold sensitivities, as would be expected with MHAS
playing a role in enhancement of absorption via the SEIRA mechanism. For the quantification
of effect, the absorption calculated as A= —log(l /lp) (I is the detected signal), with Iy defined
at 0 ppm, was plotted as a function of the concentration of SFg (Fig. 4(b)). According to the
Lambert-Beer law, concentration of the SFg is in linear relationship to the absorbance change
(AA). The slope of AA/A[SFg], which is connected to the enhancement absorption cross-section,
was increased 27 times when both mirrors had inward MHAs (and 9 times for one-sided inward
MHA). When two MHA patterns were facing the interior of the gas cell, the dependence (shown
in the inset of panel (b)) was linear in a log-log plot, and super-linear in the other two cases
where one or none of the MHASs were exposed to SFg. This indicates that the bulk absorption
of the 2-cm-long cell was significant for the latter cases.
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Gas sensing on the surface of MHA due to electromagnetic field enhancement is consistent
with our previous study [8]. The observed enhancement is due to the optical near-field effect on
the MHAs and the spacing between two MHAs substrates is not fully optimized. Only the SFg
molecules in close proximity of the MHA experience field enhancement due to plasmon reso-
nance and extraordinary transmission. The field enhancement effective for SEIRA gas detection
will be discussed the next section. Also, the transport efficiency of the target molecules to the
enhancement field region is important for sensing stability and time cost. The mean free path
of molecules in air at atmospheric pressure can be estimated as |1 = (v/2zna?)~* = 60 nm
for the N, molecule of size ay = 0.3 nm and density n = 2.69 x 10*® cm~2 at room tem-
perature T = 300 K. The diffusion coefficient D = I vy = 10~ m?/s, where vy ~ 0.5 km/s
is the velocity of molecules in air at room temperature T = 300 K. The measurements were
carried out on a time interval t,, = 5 min to obtain a reliable readout signal (about 10 s is re-
quired to observe a change in the readout signal); hence, the diffusion length of the molecules
is Lqg = +/Dtyn = 55 mm, which is much longer than the gas cell length. Therefore, 5 minutes is
enough interval time for a 2 cm cell. By decreasing the spacing between the two windows, the
time for output stabilization is reduced, i.e. 10 mm spacing only requires 0.1 s.

SEIRA with MHAs has the potential to detect gases in thin gas cells since it is linked to
optical near-field enhancement. Use of the cavity effect could open new possibilities for minia-
turization and will be investigated next. The detector used in this study has 100-200 nm wide
IR-bandpass filter windows which can be substituted with MHAs and integrated into the gas
cell, reducing the overall setup costs. Optimization of gas cell thickness and introduction of a
larger absorbing MHA surface are expected to further increase sensitivity into the 1-10 ppm
(40-400 nM) range (see the changes introduced by one MHA window in Fig. 4(b)). Simple
focusing of IR light transmitted through the gas cell by a cylindrical lens onto the IR detector
should yield extra sensitivity and lower detection threshold.

4.2. Numerical simulations of transmission of MHA

The transmission and field enhancement properties of the gas cell were simulated with 3D-
FDTD. The mirrors were modeled as silicon slabs supporting a silver layer of thickness t in
which the MHA of period a = 3.3 um and hole diameter ¢ = a/2 is realized, as shown in
Fig. 5(a). The refractive index spectra of the materials are fitted from the experimental values
obtained in literature, by means of a built-in polynomial model. In order to reduce the com-
putational demands, only a 13.2 x 17.15 um? section of the mirror pair is modeled, as shown
by the box in Fig. 5(a), and the distance between the mirrors is reduced to 10 um. The x- and
y-direction boundaries are closed by periodic boundary conditions (PBCs) to extend the lattice
indefinitely. The cell is illuminated by a linearly x-polarized plane wave source with bandwidth
extending from 9 to 13 um wavelength, and the domain is closed in the z-direction by perfectly-
matched layers (PMLs) to avoid reflections. The transmitted and reflected power are sampled
by monitors at both domain ends, and the cell is tested for different values of thickness of the
MHA layer t = 20,50,100 nm.

The results are shown in Fig. 5(b), where the power values are normalized to source power.
It can be noticed that the thinner layer has a broader transmission bandwidth around 10 and
11 um, whose upper limit is reduced down to 10.7 um by thickening the layer. Conversely,
the average transmission increases from around 80% to 90%, much higher than the experiment
due to the smaller optical path of the simulated device and absence of the gas cell between the
mirrors. It is interesting to look at the local E-field intensity enhancement around the MHA
holes at the characteristic wavelength of 10.6 um, which is shown as the xz-plane cross-section
in Fig. 5(c) for t = 100 nm and in Fig. 5(d) for t = 20 nm. In the thicker case, it can be seen
that there is sign of extraordinary transmission into the air from the silicon side of the array
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Fig. 5. (a) Simulation layout of the Ag MHA of period a = 3.3 um and hole diameter
¢ = a/2, the box indicates the footprint of the elementary simulation cell, made periodic
through the boundaries. (b) Normalized power reflected (RX) and transmitted (TX) out of
a 10-um long gas cell realized with Si:MHA mirrors as in the black inset of Fig. 4(a), for
different thickness t of the Ag MHA. (c) xz-plane cross-section of a Si:MHA mirror with
t =100 nm illuminated from bottom, depicting E-field intensity enhancement at 10.6 um
wavelength; (d) same fort =20 nm.

(illumination is from bottom), so that the green-colored region (enhancement greater than 10)
extends for 250 nm and more beyond the MHA, accounting for greater gas cell transmission. In
the thinner case, the enhancement is weaker and the high-enhancement region fades out within
100 nm beyond the MHA. The maximum calculated intensity enhancement at the silver-silicon
interface was 16000 for t = 100 nm, and 4000 for t = 20 nm.

5. Conclusion

In this study, we demonstrate SEIRA with MHAs for gas sensing. With the MHA, absorption
increased 27 times for a detection threshold around 5 ppm in the current setup with two Si:MHA
mirrors, using a simple ~ $200 dollars detector. This plasmonic gas sensor has potential in a
multi-layer plasmonic device, where high-transparency plates are stacked into the path of a IR-
light beam and strong electromagnetic field enhancement on larger areas would deliver higher
sensitivity. It can also be implemented in a microfluidic Fabry-Pérot geometry [18,19] or used
in gas concentrators by a micro-jet [19]. The same principle can be applied not only for the
SFe gas, but also for any other molecules with distinct IR active vibrational modes in near-
IR and far-IR. It is promising for bio-/medical and security applications. Here we show how
the sensitivity of NDIR measurements can benefit from plasmonic effects already utilized in
surface-enhanced Raman sensing of explosive precursors in gas phase [20].
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