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Abstract: We study the plasmonic resonances of double nanoholes (DNHs)
in metal films. These apertures exhibit the usual gap-mode Fabry-Pérot
resonances, where the zeroth order resonance is determined by the
waveguide cut-off and the first order resonance shows sensitivity to the film
thickness. An additional wedge resonance is observed, which is sensitive to
the curvature of the cusps in the DNHs, analogous to the wedge modes of
single wedges. While the gap mode intensity increases dramatically with
decreasing gap-width, the wedge mode intensity saturates since its field
enhancement arises from the curvature of the metal film, like cylindrical
Sommerfeld waves. Experimental transmission spectra agree well with
finite-difference  time-domain simulations showing these separate
resonances. The controlled design of these resonances is critical for
applications including optical tweezers, nonlinear conversion, sensing and
spectroscopy.
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1. Introduction

Nanoapertures in metallic thin films have shown the ability to significantly enhance optical
fields in the nanoscale region that they define at the resonance frequency [1,2]. Different
nanoaperture shapes, such as tip-on-aperture [3,4], coaxial aperture [5,6], bowtie-shaped
aperture [7-9], C-shaped aperture [10,11], split-hole resonator [12,13] and double-nanohole
(DNH) [14,15], have been used to increase both the power transmission and the effective field
confinement for applications in optical tweezers [16—19], nonlinear optics [20-22], sensing
[23-26], nanolithography [27,28], near-field probes [29,30] and surface enhanced Raman
spectroscopy [31-34]. For example, bowtie nanoaperture antennas (BNAs) provide a confined
spot with an intense local field and broadband response in the visible regime [8,9] and have
been successfully used as nanometer-sized light sources for nanolithography [27] and high
throughput near-field probes [29]. For optical trapping, nanoapertures provide efficient
trapping due to the strong perturbation of the nanoparticle to the local electromagnetic
environment in the aperture [35]. The nanoaperture approach provides a high signal-to-noise
ratio due to the background free operation from the aperture, as well as a trivial detection
approach [36,37]. Our lab has already shown the trapping of particles of 12 nm in size [38]
and even the single proteins [39] using a double nanohole (DNH) optical aperture. For these
applications, we aim to understand the role of aperture geometry on the resonant transmission
and near-field properties.

Many works have studied how the resonance condition depends on the size and geometry
of the nanoapertures [40—43]. It is important to design the geometry of the nanoaperture
properly to enhance transmission and to produce a bright nanoscale spot. Several papers have
researched the optical resonances of BNAs with dependence on geometry and metal
properties to provide a guide for the design and optimization of BNAs for a variety of
applications [44,45]. In the past, two types of resonances were identified: a plasmonic
resonance and a Fabry-Pérot (FP) like resonance. Of course, the plasmonic resonance may be
considered as the zeroth order FP resonance.

Here we perform a similar analysis for the DNH and identify an additional wedge
resonance that comes from the curvature of the cusps in the DNH. Wedge modes have been
studied in the past for single curved edges [46—48]. The wedge resonance peaks may have
also been observed in the spectrum of the bowtie apertures [49]; however, the particular
identification of that mode as a wedge mode was not presented. In addition, most previous
theoretical works used pointed or flat edges, and so the wedge mode, which comes from
curvature, was not apparent. We perform finite-difference time-domain (FDTD) simulations
to investigate the usual gap-mode FP resonances and the wedge resonance not studied in those
past works on apertures. Furthermore, we measure the transmission spectra of various
apertures to identify these resonances in actual structures, with good agreement to FDTD
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modeling. Past works on optical tweezers have investigated the role of the resonant
transmission modes on the trapping performance [16—18]; therefore, it is important to identify
the modes present in the aperture and to quantify their influence on trapping. Of particular
note, since the wedge modes are tightly confined to the wedge, they are good candidates for
trapping experiments; however, this remains to be investigated in future works.

2. Plasmonic resonances of DNHs

DNHs are composed of two circular apertures in a metal film separated by a small opening, as
shown schematically in Fig. 1(a). Here, the gold film is evaporated on a glass substrate and
studied in water (for trapping applications). The geometry of the DNH is defined by the
thickness of the metal, T, the diameter of the circular aperture, D, the distance between the
two circular apertures, L (the center-to-center separation), the curvature of the cusps, C, and
width, W, of the gap. The system is illuminated by a normally incident plane wave with linear
polarization along the x direction, as shown in Fig. 1(a).

To analyze the resonances of the DNHs, we use FDTD numerical calculations [50]. In the
simulation, the source used is a Total Field Scattered Field (TFSF). Convergence was ensured
by reducing the grid-size and extending the artificial Perfectly Matched Layer (PML)
boundaries. The smallest grid-size attempted was 1 nm. The metal has relative permittivity
that was modeled according to the Drude theory, which offers a good correspondence to the
measured data over a broad spectral range and is given by

w2

£, =6 ——— (1)
@ +iyw

where £_ is the infinite frequency limit of the dielectric function, @, is the plasma frequency

1. .
and y =—is the electron scattering rate. For gold, e, =11, @, =1.37¢16 Hz and y =1.05¢14
T

Hz.

Figure 1(b) shows a typical transmission spectrum of a DNH structure. We set T = 150
nm, D =120 nm, L = 130 nm, W = 30 nm and C = 0.035. The index of the substrate and the
water is 1.51 and 1.33. One can see three transmission resonances in the full wavelength
regime. To obtain physical insight into these resonances, the electric field intensity
distributions at the resonant wavelengths are shown in Figs. 1(c) and 1(d) (x-z and x-y
planes). According to Fig. 1(c), one can clearly see a uniform electric field intensity
distribution of the zeroth order FP mode (FP,) along the metal thickness for the resonance at
the wavelength 1323 nm (top of Fig. 1(c)). One node appears near the middle of the cavity for
the FP; resonance at the wavelength 798 nm (bottom of Fig. 1(c)). Similar resonance peaks
have already been reported in the transmission spectrum of BNAs [44,45]. Since the field
intensity is largest and confined in the gap, we refer to these two FP resonances as gap mode
FP resonances [51]. In addition to these previously studied resonances, we also observed an
interesting resonance at the wavelength of 1182 nm. In contrast to the gap mode FP
resonance, the field intensity distribution of this resonance peak shows enhancement around
the edge of the gap and inside the metal, as shown in Fig. 1(d). Since this distribution is
similar to the wedge plasmon waveguides [46—48], we refer to it as a wedge resonance.
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Fig. 1. (a) Schematic view of a double nanohole structure in metal film. The geometry of the
DNH is defined by the thickness of the metal, T, the diameter of the circular aperture, D, the
distance between the two circular apertures, L (the center-to-center separation), the curvature,
C and width, W of the gap. (b) The transmission spectra of DNH aperture with T = 150 nm, D
=120 nm, L = 130 nm, W = 30 nm and C = 0.035. (c) Electricfield intensity distributions in
the x—z plane for A = 1323 nm, A = 798 nm. (d) Electric field intensity distributions in the x—y
plane for A = 1323 nm, L = 1182 nm.

3. Gap mode FP resonance and wedge resonance
The FP resonance peak can be found from:

2n T

A="9 4R ()
m
where n,; is the effective refractive index of the aperture mode, m is an integer and R

originates from the phase of reflection. Figure 2(a) shows the dependence of the gap mode
FP, resonance on film thickness (T). The wavelength of the gap mode FP; resonance shifted
from 732 nm to 913 nm when the thickness of the gold was varied from 100 nm to 200 nm.
The gap mode FP resonance in the long wavelength range has a uniform electric field
intensity distribution of the FP, mode along the metal thickness. In fact, its wavelength is
almost independent of the metal thickness as shown in the Fig. 2(a).

The gap mode FP, resonance occurs close to the cutoff wavelength that depends on the
geometry of the aperture and not the film thickness. This result is confirmed by simulations
using a mode source in FDTD to determine where the effective index is nearly zero (i.e., the
cut-off) as shown in Fig. 2(a). From the electric field distribution and phase distribution
shown in the Fig. 2(b), it is clear that the electric field of gap mode FP, resonance is mainly
confined in the aperture and the maxima of the amplitude of the field appears in the gap of the
DNH structure. The phase of the field is uniform inside the DNH.

Similarly, the wedge mode resonance occurs close to its cut-off value, so there is little
sensitivity to film thickness as shown in Fig. 2(a). This implies that it is the zeroth order FP
resonance of the wedge mode. Different from the gap mode FP resonances, the wedge
resonance is very sensitive to the change of the curvature of the gap as shown in Fig. 2(c).
The small change of the curvature of the gap from 0.025 to 0.035 cause an obvious shift in the
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wedge resonance. Figure 2(d) plots the electric field distribution and phase distribution in the
x—z plane for wedge resonance. We find the maxima of the amplitude of the electric field is
around the edges of the wedge and the electric field appears in the middle of the cusps (in the
metal). The phase of the response field increases in the wedge, rather than in the gap, which is
different with the gap mode FP, resonance shown in Fig. 2(b).

@ © 1o

3.4 Gap mode FPo |« Effective index| 5 3

—C=0.025

251 0.8

2.0
1.59
(K1]

0.6

0.4

Effective index

05 Gap mode FP:(0.2 0.2

Normalized Scattering (a.u.
Normalized Scattering (a.u

0.01 0.0

500 750 10001250 1500 1750 2000 22502500 600 8(‘)0 1000 1200 1400 1600 1800 2000
Wavelength (nm

Wavelength (nm)

7=1323 nm
=150 nm

A=1182 nm
C=0.035

Fig. 2. (a) The black line-symbol represents the effective index as function of the wavelength
for DNH with T = 150 nm, D = 120 nm, L = 130 nm, W = 30 nm and C = 0.035. The black,
red and blue lines represent the transmission spectra of DNH apertures of three different
thickness with D = 120 nm, L = 130 nm, W = 30 nm and C = 0.035. (b) The electric field
distribution and phase distribution in the x—z plane for A = 1323 nm, and T = 150 nm. (c) The
transmission spectra of DNH apertures of three different curvature with T = 150 nm, D = 120
nm, L = 130 nm, W = 30 nm. (d) The electric field distribution and phase distribution in the x—
z plane for L = 1182 nm and C = 0.035.

4. Resonance dependence on other geometric parameters

It is well known that light transmission through metallic apertures has strong size dependence
[1,2,41-44]. To analyze the optical response of DNHs with different geometry sizes,
influences of the diameter of the DNHs are first to come up with. Figure 3(a) plots the
transmission spectra of DNHs with aperture diameter changing from 100 nm to 160 nm. It is
clear that the resonant electric intensity is increasing and the resonance spectra is broadened
with the increase of aperture diameter. The plot in Fig. 3(b) shows the wavelengths of the gap
mode FP, resonance, wedge resonance and gap mode FP; resonance as functions of aperture
diameter. We can see the gap mode FP, resonances are very sensitive to the change of the
aperture diameter. This is consistent with the point that the gap mode FP, resonance is close
to the cutoff wavelength that depends on the size of the aperture. Due to the change of the
diameter, the curvature of the gap is also adjusted, which leads the wedge resonant peak move
to the longer wavelength. As show in Fig. 3(b), the wedge resonance is more sensitive to the
change of the diameter. Thus, the wedge resonant peak is sometimes cutoff by the aperture
and will disappear as shown in Fig. 3(a) (top figure and larger diameter apertures not shown).
The slight change of the gap mode FP, resonance is related with the effective refractive index
(n,; ), which is a parameter that depends on structure geometry.
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Fig. 3. (a) The transmission spectra of DNHs with aperture diameter changing from 100 nm to
160 nm and T = 200 nm, L = 130 nm, W = 30 nm and C = 0.035 is fixed. (b) The resonance
wavelengths of gap, wedge and FP resonances as function of the aperture diameter of the
DNHs.

Given the diameter-dependence, we take a typical diameter of 120 nm in the following
discussion to investigate the influence of gap size (width and length) on the spectral responses
and the field enhancement at resonance, as shown in Fig. 4. Figure 4(a) shows that increasing
the gap width will cause all the resonance to blue-shift. For the smaller gap width, the
resonances are more sensitive to the change of the width. Increase of the gap width leads to
the exponential attenuation of field enhancement for the gap mode FP resonances as shown in
Fig. 4(b). An interesting finding is that the field enhancement of the wedge mode is not as
sensitive on the gap width for larger gaps because the mode confinement comes from the
curvature of the metal (like the confinement of a Sommerfeld wave on a metal wire [52]). For
the three kinds of resonance, the gap mode FP, one produces the maximum field enhancement
for the narrow gap with width smaller than 20 nm. Figures 4(c) and 4(d) reveal another series
of spectral responses and field enhancement with different nanohole (NH) separation (the
center-to-center separation, L). Increasing the NH separation, the gap mode FP, resonance
shifts to the red linearly, while the electric field enhancement is almost constant. The wedge
mode resonance, which is mainly effected by the curvature of the metal, remains nearly
unchanged, while the field enhancement decreases with the NH separation becoming longer.
Thus, for the DNH with a long gap, the wedge mode peak will disappear.
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Fig. 4. (a) The resonance wavelengths of gap mode FP,, wedge and gap mode FP, resonances
as functions of the gap width, W of the DNH. (b) The maximum field intensity (normalized to
incident field intensity) at resonance as a function of the gap width of the DNH. (c) The
resonance wavelengths of gap mode FP,, wedge and gap mode FP; resonances as functions of
the NH separation, L of the DNH. (d) The maximum field intensity (normalized to incident
field intensity) at resonance as a function of the NH separation of the DNH.

5. Experiment

The DNHs were fabricated in a 100 nm thick Au film on a glass substrate (with a 5 nm
titanium adhesion layer) by focused ion beam milling. The DNHs were placed in the water by
using a microwell to reproduce the trapping experimental configuration [19,26]. According to
the scanning electron microscope (SEM) images shown in Fig. 5(a) and 5(d), the diameter of
the DHNs D = 120 nm/178 nm, the gap width W = 45 nm/50 nm and the NH separation L =
145 nm/205 nm. Optical characterization was implemented using transmission spectroscopy.
A broadband white light source (Fianium SC400) was focused and polarized perpendicular to
the DNH axis. It normally illuminated the sample from the substrate. The transmitted light
was collected by a microscope objective (100x/0.9NA) and sent into two spectrometers
(Ocean Optics QE65000 and Ocean Optics USB2000), which can jointly detect the
wavelength ranging from 500 nm to 1750 nm. One aperture was placed in the image plane to
ensure that only the light transmitting through the DNH can enter the spectrometer. The
measured extinction spectra are shown in Figs. 5(b) and 5(e). The red curves represent the
measurement from the experiment. The black curves represent the simulation result, where we
import the corresponding structures directly into FDTD using the image importing utility
from the SEM images.

We find that the simulated spectral curves follow the same trend as the experimental
results: there are two gap mode resonant peaks (FP, and FP, resonance) for each DNH, and
there is a wedge mode peak as seen from the trend of the calculated curve. The numerical
calculation and measurement also predict a red shift when the DNH size increases.
Considering that there are subtle differences between the experiment and the simulations (e.g.,
the focusing of the beams and finite collection angles, the sloped edges with milling the gold,
the varying material parameters), we believe that the agreement in terms of peak position and
relative amplitude is good. FDTD simulated field intensity distribution of the gap mode FP,
resonance and the wedge resonance in the x-y plane are shown in Figs. 5(c) and 5(f). The
differences of the electric field enhancement between the gap mode FP, resonance and the
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wedge resonance are obvious, which confirms the existence of the two kind of modes, the gap
mode and the wedge mode in the experimental results.
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Fig. 5. (a) The scanning electron microscope image of a DNH in a gold film on glass substrate.
The thickness of the gold is 100 nm, the diameter of the DHN D = 120 nm, the gap width W =
45 nm and the NH separation L = 145 nm. (b) The measured far-field transmission spectra of
the DNH in (a) for normal light incidence. (¢) FDTD simulated field intensity distribution of
the DNH in (a) at the excitation wavelengths of 1147 nm and 907 nm. (d) The scanning
electron microscope image of a DNH with the thickness of the gold T = 100 nm the diameter
of the DHN D = 178 nm, the gap width W = 50 nm and the NH separation L = 205 nm. (¢) The
measured far-field transmission spectra of the DNH in (d) for normal light incidence. (f) FDTD
simulated field intensity distribution of the DNH in (d) at the excitation wavelengths of 1375
nm and 828 nm.

6. Conclusion

In summary, we have studied the gap and wedge mode resonances of a double-nanohole in a
metal film in the visible to near infrared spectral range. The gap mode FP, resonance depends
on the cut-off of the gap mode and is nearly independent of the metal film thickness. The
electric field enhancement of the gap mode FP, resonance is sensitive to the gap width of the
DNH and shows an approximately exponential increase with decreasing gap width. The
wedge resonance is mainly influenced by the curvature of the cusps in the DNH and the
electric field enhancement does not vary significantly when decreasing the gap size (in
contrast to the gap mode). The gap mode FP; resonance is sensitive to the film thickness and
appears at shorter wavelengths as compared to the gap mode FP, and wedge resonance.
Depending on the wavelength range, one can effectively tune the nanoaperture operating
wavelength of each of the modes by varying the aperture size, cusp curvature and film
thickness, which gives great flexibility for many applications including nonlinear mixing,
Raman spectroscopy and optical trapping.
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