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Bowtie-shaped nanoaperture: a modal study
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Using the N-order finite-difference time-domain (FDTD) method, we show that optical resonances of the bowtie
nanoaperture (BNA) are due to the combination of a guided mode inside the aperture and Fabry—Perot modes along
the metal thickness. The resonance of lower energy, which leads to the well-known light confinement in the gap
zone, occurs at the cutoff wavelength of the fundamental guided mode. No plasmon resonance is directly involved
in the generation of the light hot spot. We also define a straightforward relationship between the resonance
wavelengths of the BNA and its geometrical parameters. This brings a simple tool for the optimization of the

BNA design. © 2010 Optical Society of America

Recently, bowtie nanoapertures (BNAs) have been pro-
posed as an alternative solution to bowtie nanoantennas
[1,2] for efficiently concentrating light down to the nanos-
cale level [3-5]. It has been shown that these two kinds of
nanostructure are both able to resonantly create dipole-
like electric-field concentrations in their gap zones when
they are excited with a free-space propagative wave line-
arly polarized along their main axis [6]. BNAs have been
successfully used as nanometer-sized light sources for na-
nolithography [6] and near-field optical imaging [7]. Dee-
ply understanding the resonance properties of such
structures is highly desirable for improving their optical
performances and design. A first explanation of the origin
of the BNA resonance has been proposed in [8]. The
authors assert that the ability of the BNA to generate a
hot spot in the gap region is due to the excitation of a plas-
mon resonance of the structure. They showed that the
wavelength of this resonance is defined by the metal
nature and not by the thickness of the metal layer.

In this Letter, we propose an alternative explanation of
the optical properties of the BNA. For this purpose, we
demonstrate that a vertical guided mode inside the struc-
ture, rather than alocalized plasmon resonance, is respon-
sible for the light confinement ability of the BNA. We also
define an analytical expression between the resonance
wavelengths of the BNA and its gap width, lateral size, and
metal kind.

Let us consider the schematic of the BNA presented in
Fig. 1, where the geometrical parameters are defined in
the caption. When illuminated at normal incidence, such
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Fig. 1. (Color online) Scheme of the BNA. The BNA geometri-
cal parameter dimensions are defined by the lateral size D, the
gap size G, the bow angle 0, and the metal thickness h.

a BNA presents an enhanced near-field light intensity
around the gap for specific wavelength values. This phe-
nomenon strongly depends on the polarization of the in-
cident beam. In fact, only x polarization (see Fig. 1) leads
to this enhancement. A typical example of a near-field
spectrum of a BNA is presented in Fig. 2, where the device
is illuminated by a linearly polarized plane wave.

One can see a succession of peaks corresponding to a
light enhancement. As mentioned in [8], the position of all
the peaks depends on the metal thickness, except the
highest wavelength one, here named FP, (see Fig. 2).
In fact, we see in Fig. 3 that its position is almost inde-
pendent of the metal thickness, especially for thick me-
tallic films. That is why this peak has been attributed to a
plasmon resonance, while the other peaks (FP;, © > 0)
were related to a Fabry—Perot phase matching between
signals travelling along the aperture in the metal thick-
ness direction (in the upward and downward directions).

In the following we will demonstrate that all these peaks
have the same origin: the excitation of the fundamental
guided mode of the infinitely long bowtie waveguide. The
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Fig. 2. (Color online) Normalized electric-field intensity spec-

trum calculated (3D-FDTD simulations) in the near field at 5 nm

beyond the gap. We set D = 275 nm, 6§ = 45°, G = 55 nm, and

h = 800 nm.
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Fig. 3. (Color online) Transmission spectrum (|E|) of the BNA
as a function of the metal-layer thickness obtained through
homemade 3D-FDTD code (D = 275 nm, § = 45°, G = 55 nm,
and A varies from 100 to 770 nm).

transmission peaks are then defined by a Fabry-Perot
phase-matching condition that is always verified at the
cutoff wavelength, which is independent of the metal
thickness. In fact, for this specific value of the wavelength,
the effective index of the mode falls to zero. In addition,
higher harmonics (FP;, 7 > 0) can appear according to the
thickness value. This phenomenon is similar to the one
observed in the case of the enhanced optical transmission
obtained through annular aperture arrays [9]. To clearly
point out this effect, let us consider the infinitely long bow-
tie waveguide presented in Fig. 4, where both gap and
external sides are squares (8 = 45°). Our purpose is to cal-
culate the lowest-order guided modes of this waveguide.
An N-order finite-difference time-domain (FDTD) algo-
rithm including a Drude model to describe the metal dis-
persion is used to determine the cutoff frequency of the
guided modes [9]. The cutoff wavelengths of the TE
guided modes (only E,, E,, and H, are not zero) are ob-
tained by determining the spectral density for k, = 0. The
principle of this FDTD code is based on the excitation of
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Fig. 5. (Color online) Intensity distributions (|E|**) in the
transversal plane x—z: (a) 4 = 1311 nm, (b) 4 =918 nm, and
(c) A =580 nm corresponding to the FP,, FP,, and FP, peaks
of Fig. 2, respectively.

the structure by all the possible frequencies (depending
on the desired spectral range) and to follow the temporal
evolution of the spectral density until the guided modes
stabilize. The resulting spectrum contains several peaks
corresponding to the different eigenmodes of the struc-
ture for a given value of the propagation constant (k).
An example of such a spectral density corresponding to
a specific BNA is illustrated in Fig. 4 for the three first
eigenmodes. Note that a dispersion diagram can also be
determined by varying the k. value. From this last figure,
one can see that the fundamental mode has a cutoff
wavelength that corresponds to the same position of
the FP, peak of the spectrum shown in Fig. 2. This result
is confirmed by other simulations where the geometrical
parameters of the infinitely long bowtie waveguide are
changed. The square modulus of the electric field asso-
ciated with the first two modes is presented in Fig. 4. It
is clearly shown that only the fundamental mode (v) cor-
responds to a light confinement around the gap, while the
second mode, which is degenerated and occurs at 1 =
727 nm, has an intensity node at the center of the aperture.
The behavior of a Fabry—Perot resonance of the other
peaks (FP;, ¢ > 0) is demonstrated in Fig. 5, where long-
itudinal light distributions (x—z plane) of the electric inten-
sity are presented for wavelengths corresponding to the
spectral positions of three peaks of Fig. 2. Note here
that full 3D-FDTD simulations are necessary to obtain
these results (Fig. 5) because they correspond to a single,
isolated BNA, contrarily to the simulations in [8], where a
biperiodic array of BNA is considered. We emphasize here
that, comparing to a cylindrical aperture with the same
dimensions, the BNA structure exhibits a much larger
cutoff wavelength of the fundamental guided mode
Vinder — 565 nm and ABNA = 1302 nm). One can clearly
see a uniform intensity distribution of the FP, mode along
the metal thickness [Fig. 5(a)]. This confirms the very
small value of the guided mode effective index at this
wavelength [10]. One node appears in the middle of the
cavity for FP; wavelength, two nodes for FP, [Fig. 5(b)]
wavelength, and so on.

A=1302nm
s H s Table 1. Parameters of Eq. (1) for the Five Metals
500 'if:i? 1000 1250 1500 1750 2000 Metal AU Ag Al Cu W
= AuCnn} 6.80 6.82 6.77 6.82 12.47
Fig. 4. (Color online) Spectral density of the infinitely long ? y 161 155.65 15046 1638 40.40
bowtie waveguide made in gold with the same geometrical _5 058 059 056 0.59 1.82
parameters of Fig. 2. Insets, intensity distributions (JE|*®) of y(nm) 686:56 673:2 4 496:53 751:77 —160:97

the two first modes.
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Fig. 6. (Color online) Cutoff wavelength of the fundamental
mode (a) as a function of G and (b) as a function of the natural
logarithm of G, when D = 305 nm. (c¢) Cutoff wavelength of the
fundamental mode as a function of D when G is fixed to 55 nm.
The dashed curves in (b) and (c) correspond to Eq. (1) with
parameters given in Table 1.

Consequently, it is clear that only the fundamental
mode of the BNA is involved in the light confinement that
occurs around the gap area. This is why, in the rest of this
Letter, we will focus our study on this mode.

Afterward, a modal study is performed using a N-order
FDTD algorithm. As in [8], five different metals (Ag, Au,
Al, Cu, and W) are taken into account through a Drude
model that is given in Table 1 of [8].

Figure 6(a) presents the cutoff wavelength of the funda-
mental mode as a function of the gap size (G) for a bowtie
waveguide made in gold and for D = 305 nm. We see that
the cutoff wavelength of the fundamental mode depends
strongly on the gap size. Note also that similar behaviors
are obtained for the other metals, although the curves show
aredshiftin the case of Cuand W, and ablueshiftin the case
of Ag and Al with respect to the gold. Figure 6(b) gives the
same curves as a function of the natural logarithm of the

gap size. A linear behavior is then obtained. The same study
is performed by changing D for a fixed value of G = 55 nm,
and the results are presented in Fig. 6(c). Accordingly, a
relationship between the cutoff wavelength and the or-
dered pair (G, D) can be established by

2(G.D) = aD + pIn(G) + 8DIn(G) +7. (1)

where 4., G, and D are expressed in nanometers. To deter-
mine the parameters (a, f, 6, and y) in Eq. (1), the cutoff
wavelength of the fundamental mode is calculated from
four different couples (G, D). By proceeding in the same
way, we find the parameters (Table 1) of Eq. (1) for the
other metals. It is obvious that this relation is valid only
for G € [25 nm - 225 nm] and D € [115 nm - 300 nm],
corresponding to our domain of interest, which is imposed
by the technological processes of fabrication and the
desired resonance wavelength of the BNA.

In summary, we have demonstrated that the light con-
finement obtained in front of a BNA is linked to the excita-
tion, at its cutoff wavelength, of a guided mode inside the
aperture and, specifically, in the gap part of the aperture.
No localized plasmon resonance is explicitly involved in
this phenomenon. A simple analytical expression is found
to govern the value of the cutoff wavelength of this funda-
mental mode. This brings a very simple and direct tool for
the optimization of the BNA design.
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