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Abstract: Plasmonic filters are excellent candidates for spectral filters in the near infrared
spectrum. Such filters require only a single nanoscale thickness perforated metal film that
can be tailored to tune the location of the transmission maximum. Here, we demonstrate us-
ing computational methods a double coaxial aperture array (DAA) in a hexagonal geometry
that can be tuned to produce plasmon resonances accompanied by strong transmission in
the near-infrared spectrum and at telecommunication wavelengths with a peak wavelength
insensitive to angle of incidence. The DAA consists of two concentric annular apertures
and radial distance between the two apertures is varied to tune the resonant wavelength.
The presented geometry finds potential applications in modulators for telecommunication,
spectroscopy, solar cells, high-resolution CMOS image sensors, chemical sensors, and
biosensors.

Index Terms: Plasmonics, nanophotonics, subwavelength structures, photonic filters.

1. Introduction

Spectral filters are devices that can either transmit or reflect wavelengths of interest in the elec-
tromagnetic spectrum. Filters find applications in telecommunications, image sensors, medical
devices, biosensors, new microscopes, light modulators and displays [1], [2]. Filter performance is
evaluated using transmittance (T), reflectance (R), absorbance (A), and optical density. Current filter
technologies are based on single cavity designs, pigments and dyes, multilayer coatings and Fabry-
Pérot etalons [3], [4] in the visible, near infra-red (NIR) and far infra-red region. Frequency-selective
bandpass and other filters have also attracted considerable interest for use in longer wavelength
regions [5]-[8]. However, fabrication of such filters require complex multistage lithography and also
it is incredibly challenging to make nanometer-thick filters which are more suited for flat silicon
photonics platform for telecommunication applications, integrating with image sensors and making
compact filters for biosensors. Since the observation by Ebbesen et al. [9] of enhanced optical
transmission (EOT) through sub-wavelength holes in metal films, there has been a significant body
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Fig. 1. (a) The schematic diagram of angular aperture array (AAA) in a hexagonal arrangement in the
Silver film. The zoom-in inset shows the parameters used to design AAA; Ry and Ry refer to the inner
and outer radii of the aperture. (b) The schematic diagram of double coaxial aperture array (DAA) in
hexagonal arrangement in the Silver film. The zoom-in inset shows the parameters used to design DAA;
R1 and , refer to the inner and outer radii of the inner aperture, and R3 and Ry4 for the outer aperture, D
refers to the distance between the two apertures (D = Rz — Ry4) and P, the pitch of DAA. The superstrate
and substrate are not shown in the diagram for the unobstructed view.

of research into developing novel plasmonic spectral filters of various kinds [10]-[15]. A significant
advantage of plasmonic filters is their tunability across a wide wavelength range using metal film
with a thickness of the order of tens of nanometers [16]-[19]. Furthermore, they exhibit reduced
crosstalk, are durable at high temperature, require a reduced set of materials and are resilient to
prolonged exposure to ultraviolet radiation [20].

Roberts and McPhedran initially proposed bandpass filters consisting of arrays of annular aper-
tures in a perfectly electrically conducting film with a view to potential applications in the far-infrared
and visible regions of the spectrum [21]. Baida and Van Labeke [22], [23] subsequently investigated
annular aperture arrays (AAA) which exhibit high transmission, with resonances in the visible or
near-infrared regions of the electromagnetic spectrum. The research presented below is builds
on our earlier computational investigations of AAAs for use in the millimeter wave and far-infrared
regions of the electromagnetic spectrum [21], [24]-[28]. AAAs are promising candidates for develop-
ing spectral filters due to their tunability across the entire visible spectrum using a single nanometer
thick metal film [9], [16], [17]. Fig. 1(a) shows one AAA, which exhibits transmission peaks resulting
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from Fabry-Perot resonance supported by a cylindrical resonance cavity, which are formed by a
metal film with finite thickness and two end faces. This aspect has been investigated numerically
and experimentally demonstrated [24], [27], [29]-[33]. The main advantage of the AAA based filter
is that the same resonance peak can be obtained through different combinations of the inner (R¢)
and outer radius (R2) (the average radius determines the resonance frequency but narrowing the
gap, i.e., g = R2 — Ry, also leads to red-shifting of the resonance) and transmission up to 90% has
been demonstrated in the visible spectrum [33]. It has been reported that the location of maxima
in the transmission spectrum can be estimated by solving the equation: | = (nw — Q)/8 [17], where
| is the thickness of the metal film, n is the order of the Fabry-Pérot resonance, Q2 is the phase of
the reflection coefficient, and g is the propagation constant. Furthermore, AAA based plasmonic
filters are superior to circular hole array-based filters because the location of the resonance peak
in the transmission spectrum is relatively independent of the angle of incidence. This will ensure that
the wavelengths filtered are the same irrespective of the incident angle or viewing angle. However,
the resonance frequency of the AAA filter is difficult to tune in the near infrared region (NIR) due
to the requirement for an extremely narrow gap (g) between the radii (g = R> — Ry). This is due
to the red shift in the peak wavelength position of transmission spectrum requires a decrease in
the gap in AAA. This requirement for decreasing gap with increasing wavelength makes fabrication
of these structures very difficult in the NIR region. Recently, a double coaxial ring geometry and
a double overlapped annular apertures demonstrated as a better candidate due to their plasmon
resonances throughout the visible and the near-infrared spectral ranges and suitability to simulate
wave guiding effects in nanotubes [26], [34]-[38].

In this paper, we present a double coaxial aperture array (DAA) in a hexagonal arrangement where
fine-tuning of the resonance in the NIR region is achieved using two coaxial annular apertures.
Fig. 1(a) shows the schematics of angular aperture array (AAA) and single angular aperture,
where there are two relevant radii values, the inner (R4) and outer (R) radii. For a double coaxial
aperture, there are four relevant radii values, the inner (Ry) and outer (Ry) radii of the first coaxial
aperture (gap1: R2 — R;) and the inner (R3) and outer (R4) radii of the second coaxial aperture
(gap2: R4 — R3). Fig. 1(b) shows a double coaxial aperture array (DAA) and one double coaxial
aperture (DA). Here, the gap between the radii (gap 1 and gap 2) can be kept constant and the
spectral location of the transmission maximum can be tuned to any wavelength in the NIR region
by varying only the radial distance (D = Rz — Ry) between the two concentric coaxial apertures,
i.e., D is varied by adjusting only the size of the inner apperture for tuning the peak wavelength
position. The DAA has more degrees of freedom in its design parameters since four radii can
be adjusted independently. When the gap between the inner and outer coaxial apertures in the
DAA decreases, there is coupling between the localised plasmons in the two coaxial apertures
[39]-[41]. This coupling increases the transmission in addition to a red-shift in the wavelength.
This red-shift is used for the wavelength tuning. Using the DAA, an effective tuning of plasmon
resonances in the near-infrared spectrum with high transmission is numerically demonstrated,
followed by the demonstration of the angle-robust feature of DAA. The device presented here
opens up the possibility of new plasmonic wavelength filters in the NIR region, particularly in the
telecommunication wavelengths (i.e., O, E, S and C bands) for developing modulators, multi-spectral
camera sensors and plasmonic biosensor devices.

2. Device Description and Simulation Results

We begin by showing simulations showing the performance of the DAA in a hexagonal arrangement.
A hexagonal arrangement is preferable to a square arrangement due to its higher fill factor [38]. The
DAA is computationally investigated using finite element methods (FEM) implemented in COMSOL
MULTIPHYSICS 5.2. The schematic diagram of the DAA model is shown in Fig. 1. The simulation
model to find the peak wavelength of the filters consists of a 100 nm silver (Ag) layer on a semi-
infinite glass substrate with the refractive index of 1.5 and the region above and within they apertures
is assumed to be a vacuum. To simulate an infinite periodic array, the unit cell consisted of a single
aperture at the centre surrounded by one quadrant of each of the four neighbouring apertures and
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Fig. 2. Transmission spectra and formation of DAA from two AAA: (a) the simulated absolute transmis-
sion of AAAs, AAAb and DAA using the finite element method (FEM) over 400 nm to 900 nm wavelength
range with peak resonances at 690 nm, 550 nm and 670 nm respectively. (b) and (e) show normalised
electric field distribution (top view and cross-section view) for AAAb with a pitch of 430 nm at 550 nm
peak wavelength. (c) and (f) show normalised electric field distribution (top view and cross-section view)
for AAAs with a pitch of 430 nm at 690 nm peak wavelength. (d) and (g) show normalised electric field
distribution (top view and cross-section view) for DAA which is the combination of AAAb and AAAs
(AAAb + AAAs = DAA) at 670 nm peak wavelength. The cross-section view of the electric field shows
characteristic of TE11 mode in each of the holes. The colour legend, the cold tone (blue) to warm tone
(red) colour refers to minimum intensity to maximum intensity (|E|2).

Table 1
Radii Values Used and Obtained Resonance Peaks in Fig. 2

R1 | R2 | R3 | R4 | AgrEs
Device | nm | nm | nm | nm nm
AAADb | 160 | 180 | NA | NA 550
AAAs | 40 60 | NA | NA 690
DAA 40 60 | 160 | 180 670

periodic boundary conditions applied on four sides. Both input and output are set as Periodic port
with perfect match layer (PML) applied on top and bottom. The excitation was a plane wave incident
from the Ag side where TE polarization is used throughout the paper. Port boundary conditions were
used, and the transmission normalized to the incident power. For the consistency of simulation,
the pitch size (P) is kept at 430 nm throughout the paper. The refractive indices of Ag for different
wavelengths were taken from Johnston and Christy [42] and the refractive indices for quartz is taken
as 1.5 at all wavelength.

Fig. 2 shows a DAA is designed by combining two AAA geometries, AAA large (AAAb) and AAA
small (AAAs) along with the transmission spectra and electric field distribution on the apertures.
The peak wavelength positions of the interest for AAAb and AAAs can be estimated by varing
the radii values using COMSOL MULTIPHYSICS followed by combining them to obtain DAA. The
transmission spectra are numerically obtained from 400 nm to 900 nm wavelength range for AAAs
and AAAb with major peak resonances at 690 nm and 550 nm respectively. Then both AAAb and
AAAs are combined with a distance between them to obtain a DAA to produce a peak resonance
at 670 nm. Figs. 2(b)—(d) show the normalized electric field distribution in xy-plane for both top view
and cross-section view for AAAb, AAAs and DAA at the above resonance peak positions, while
Figs. (e)— (g) show cross-sections of electric field in holes in zx-plane (apertures) of AAAb, AAAs
and DAA. The transverse electric field distribution exhibits the characteristic transverse profile of
the TE4y mode in each of the holes. All radius values used for obtaining the spectra and fields
of Fig. 2 are listed in Table 1. The distance between the coaxial apertures (D) is varied here by
adjusting only the size of inner aperture for tuning the peak wavelength position.

Fig. 3 shows the transmission spectra obtained through DAA using the same gaps (g1 = g2 =
20 nm), keeping the dimensions of the outer ring (R3 — 160 nm and R4 — 180 nm) and the pitch
430 nm fixed, but varying the size of the inner ring (DAA1 — DAA10).The thickness of the Ag film
used was kept fixed at 100 nm. In a DAA, preliminary resonance tuning can be performed using an
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Fig. 3. Tuning of the resonance peak in a double coaxial aperture array (DAA) in a hexagonal arrange-
ment. The simulation results are divided into three groups within the near infrared (NIR) region for
easy review. By keeping the inner and outer radii of the outer coaxial hole constant (R3 —160 nm and
R4 — 180 nm), the inner and outer radii of the inner coaxial hole was increased initially by a step of 5 nm
starting from 30 nm (R4) and 50 nm (Rz) (DAA1) to 60 nm (R1) and 80 nm (R2) (DAA7) and another
step of 20 nm starting from 80 nm (R4) and 100 nm (R2) (DAA8) to 120 nm (R{) and 140 nm (Ry)
(DAA10). Table 2 shows the device parameters in detail along with the peak wavelengths in the NIR.

Table 2
Radii Values Used and Obtained Resonance Peaks in Fig. 4

R: [ Ro Rs [ Ry
Device Gap (nm), *D (nm) [ Gap (nm), ARES Spectral width

xgl=R2-R1 g2=R4-R3 FWHM (nm)
DAA1 30 50 110 160 180 630 45
DAA2 35 55 105 160 180 650 45
DAA3 40 60 100 160 180 670 65
DAA4 45 65 95 160 180 710 65
DAA5 50 70 90 160 180 750 75
DAAG6 55 75 85 160 180 790 90
DAA7 60 80 80 160 180 830 95
DAAS 80 100 60 160 180 1020 180
DAA9 100 120 40 160 180 1200 330
DAA10 | 120 140 20 160 180 1380 540

% g1 =g2=20nm.
* D = distance between two concentric coaxial apertures.

AAA with only the outer coaxial aperture with a gap (g2). The second inner coaxial aperture can then
be introduced by keeping the gap, g1 same as the g2. Table 2 shows optimized radius values for
DAA geometries (DAA1 — DAA10) together with the corresponding resonance wavelengths (Ares)-
It is clear from the results shown in Fig. 4 that the tunability of demonstrated structure covers the
wavelengths in the near infrared region (NIR) by merely varying size of the ring. Furthermore, it is

Vol. 10, No. 6, December 2018 4801108



IEEE Photonics Journal Tuning of Plasmonic Resonances in the NIR Spectrum

[ — 0 degree 20 nm §=
80 10 degrees A :
- 2() degrees :

[ = 30 degrees

-g-

6.

Absolute Transmission
5
—r—

(]
<
— T

1 L 1 1 1 1

1 l 1 l demenbantrd
600 700 800 9200
Wavelength(nm)

1
500

Qi

Fig. 4. Transmission spectrum of DAA for a different angle of incidences, 6 (0 degrees, 10 degrees,
20 degrees, and 30 degrees). DAA4 was used for the study as given in the Table 2. DAA shows only
minor peak shift concerning with angle incidence and variation of transmission percentage is negligible.
Here the angle of incidence refers to the full field of view (0), as shown in the inset.

observed that as the inner coaxial hole approaches the outer coaxial hole in the DAA, there is a
red-shift in the wavelength and an enhancement in the transmission percentage as shown in Fig. 4.
The availability of four degrees of freedom permits greater control of resonance in the near-infrared
frequencies which enables to the realisation of new ultra-compact devices with sensitive response
via a simple geometry control.

The DAA structure is further studied to find its sensitivity to angle of incidence. The results show
that DAA can be designed to be insensitive to incident angle compared to the simple nano-hole
array structure, due to the localized cylindrical surface plasmons supported in the coaxial holes.
However, SPP modes can be supported in the coaxial hole array due to continuous metal film into
which the DAA array is perforated. This can produce additional spectral features in the transmission
spectrum and can also introduce an angular sensitivity. Due to the availability of four radii values,
DAA geometry is possible to minimise this effect. Further simulations were carried out to study
the angle dependence of DAA structure (DAA4 was used for the simulation). As shown in Fig. 4,
for DAA4 the peak wavelength redshifts about 10 nm accompanied with a transmission reduction
of approximately 10% at 30 degrees of incidence. These results are within the acceptable limit of
angle insensitivity applications like [38]. These features are important in the design of modulators for
telecommunications, plasmonic colour filters, plasmonic band pass filters, solar cells and sensors
operating in the NIR region.

3. Conclusions

In conclusion, we have presented a double coaxial aperture array (DAA) in a hexagonal geometry
where fine tuning of the resonance is achieved using two coaxial annular apertures in the NIR
region. DAA has four radius values, the inner radius (R1) and outer radius (R2) of the first coaxial
aperture with a gap (g1 = R> — R1) and the inner radius (R3) and outer radius (R4) for the second
aperture with a gap (g2 = R4 — R3). The gaps g1 and g2 can be kept constant for tuning peak
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resonances (peak wavelengths) by varying distance between the two coaxial apertures. In con-
trast with AAA, this technique allows tuning of resonances to higher wavelengths without reducing
the gap which makes the device fabrication and fine tuning less cumbersome. Furthermore, DAA
has more degrees of freedom for tuning of the plasmonic resonances. Fine tuning of peak wave-
lengths with high transmission in the NIR and telecommunication bands are demonstrated along
with its insensitivity to the angle of incidence. The DAAs find applications in plasmonic wavelength
filters operating in the NIR region, filters for telecommunication wavelengths (O, E, S and C bands),
multi-spectral image sensors and biosensors.
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