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In this contribution, we numerically study the tip enhancement of localized surface plasmons in periodic arrays of
gold nanowires with triangular cross section under different illumination configurations. We found that the plas-
monic resonance in a single nanowire is excited with a transverse magnetic (TM) plane wave impinging from the
substrate at the critical angle, whereas grazing angles are required for the excitation of resonant propagating modes
in periodic arrays of triangular-shaped nanowires. Moreover, we found that resonant plasmonic quasi-Bloch modes
are efficiently excited with the fundamental TM mode of a dielectric waveguide placed underneath the array. The

integrated plasmonic structure allows a strong enhancement of the electromagnetic field at the tip of the nanowires,

hence its potential application in the development of new nanophotonic devices.
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1. INTRODUCTION

Among the large variety of shapes in nanoparticles or cross sec-
tions in nanowires, sharp geometries such as nanotips stimulate
a great interest in applications where strong light—matter inter-
action in subwavelength volumes is required [1]. Such nanotips
present an extraordinary enhancement of the electromagnetic
field relative to the electromagnetic incident field in the vicinity
of their apex. In metallic nanoparticles and nanowires, this
enhancement is caused by the excitation of localized surface
plasmon resonances (LSPRs) polarized along their tip axis [2].
Furthermore, the spectral line shape, amplitude, and widch of
the LSPR can be tuned by modifying the aspect ratio [3] and
radius of curvature [4] of the nanotips, as well as the refractive
index of the surrounding medium [5].

This high tunable range in the LSPR of metallic nanocones
has been studied for different applications. For example, in a
series of works, Fleischer and coauthors demonstrated the en-
hancement of the electromagnetic field at the tip of arrays of
metallic nanocones under illumination with an electric field
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parallel to the axis of the tip [6]. Moreover, a collective enhance-
ment of the electromagnetic field was measured for an array of
nanocones with a subwavelength-scale period [7]. These peri-
odic arrays of nanocones were implemented in microfluidic
channels to trap molecules to measure their enhanced fluores-
cence [8]. Also, Rao and coauthors used metallic nanocones to
enhance the Raman signal [9]. In nonlinear optics applications,
Bautista and collaborators generated second- and third-har-
monic signals in an array of metallic nanocones under proper
polarized illumination [10,11]. In solar cells applications, the
enhancement of light extraction efficiency using dense arrays of
metallic nanocones has been reported [12]. Recent examples for
the controlled fabrication of metallic nanocones have been re-
ported in the literature, with technologies such as nanotransfer
printing [13] or nanoimprint lithography [14], shadow mask
evaporation [7], and ion milling on patterned metallic layers
[6]. With this encouraging evolution of the fabrication tech-
niques, the theoretical and numerical analysis of LSPRs under
standard experimental conditions becomes a relevant subject.
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Among the methods used to perform these analyses in single and
in arrays of nanocones, we can find the finite-difference time-
domain (FDTD) method, the finite element method [6,15],
and the discrete dipole approximation [4].

Periodic arrays of metallic nanowires with triangular cross
sections have received less attention than periodic arrays
of metallic nanocones in spite of their comparable optical
characteristics. As demonstrated by Saison-Francioso et al.,
due to their bulk refractive index sensitivicy—defined as the
change in the resonance wavelength of metallic nanowires rel-
ative to the variation in the refractive index of the surrounding
environment—periodic arrays of nanowires with different cross
sections can be applied for biochemical sensing devices [16].
For instance, gold-coated arrays of nanowires with triangular
cross section were used for the detection of DNA sequence
of molecules by enhancing the surface-enhanced Raman scat-
tering signal [17]. Also, sensors based on one-dimensional peri-
odic arrays of metallic nanowires with trapezoidal cross sections
have been investigated in the diffractive regime [18]. Although
a strong localization and enhancement of the electromagnetic
field near the above-mentioned metallic nanostructures was
demonstrated, the illumination of the arrays under transverse
magnetic (TM)-polarized light at normal angle of incidence
limits their performance because the LSPR along the tip axis
of the nanowires is not efficiently excited.

Due to the lack of analysis regarding the way these resonan-
ces take place, in this contribution we study the optical proper-
ties of periodic arrays of metallic nanowires with triangular cross
sections under typical experimental configurations beyond
illumination at normal incidence. Furthermore, we analyze
the optical response of the periodic arrays in diffractive and
sub-diffractive regimes. To this purpose, we use the Fourier
modal method (FMM) to calculate the absorption efficiency
of an infinite linear array of metallic nanowires with triangular
cross section as a function of its period, and as a function of the
wavelength and incidence angle of light [Fig. 1(a)]. As we will
demonstrate, a dipolar transverse mode (DTM) enhances the
electromagnetic field around the tip of the triangular-shaped
nanowires. This mode is efficiently excited with TM-polarized
light impinging from the substrate at grazing angles. The
results imply the use of photonic modes of dielectric wave-
guides for the excitation of the tip-LSPR [Fig. 1(b)]. We then
calculate the dispersion curves of such an integrated system,
and plot the transmission, reflection, and extinction spectra
under guided wave excitation. Finally, we extend this
analysis of triangular-shaped nanowires to three-dimensional
nanocones integrated on top of a dielectric waveguide [Fig. 1(c)]
thanks to numerical simulations performed with the FDTD
method.

2. PLANE-WAVE EXCITATION

The structure consists of an infinite periodic array of gold nano-
wires with triangular cross section (isosceles triangles of height
h = 144 nm and width w = 72 nm), invariant along the y di-
rection, finite along the z direction, and periodic along the x-axis
(Fig. 1). These values are close to reported fabrication parameters
[6,14]. The array with period A is placed on top of a semi-
infinite silica substrate with a constant index of refraction
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Fig. 1. (a) Schematic representation of the periodic array of gold
nanowires with triangular cross section of width w = 72 nm, height
b = 144 nm, and period A, on top of a silica substrate. The structure
is invariant along the y direction. The incident TM-polarized plane
wave forms an angle 6; relative to the normal. The resulting transmis-
sion and reflection are the sum of all diffracted modes, £, and £},
in the reciprocal Fourier domain. (b) Schematic representation of the
same gold nanowires integrated on top of a dielectric waveguide inside
the glass substrate to be analyzed in Section 3. (c) Schematic of a three-
dimensional integrated array of gold nanocones placed on top of a
dielectric waveguide to be presented in Section 4.

ngp, = 1.5. The data of Palik [19] were used for the relative
permittivity of gold. The structure is illuminated with a plane
wave impinging from the substrate with an incidence angle 6;
measured with respect to the normal. Due to the invariant
geometry of the system, we only consider TM-polarized light
(Ey = H,= H, =0) in order to excite the LSP resonances
of the nanowires.

The diffraction of an incident plane wave, with parallel wave
vector component f3;, by a periodic array of period A, is
described by the well-known Bragg formula [20]:

m

2
ﬁd—ﬂi ZT’ (1)

where f3; is the parallel wave vector component of the m-th
diffracted order (m € Z). Then, the Bragg formula allows de-
termination of the minimum period for a given wavelength that
leads to the propagation of diffracted orders either in the sub-
strate or in the superstrate, as

B (L sin 8; + 1), into the substrate,

m Msub

()
= i(nl sin 0, + 1),

>l >l
|

into the superstrate,

where 7; is the refractive index of the incident medium and 6; is
the angle of incidence.

A. Diffractive Regime

Clearly, the diffractive regime allows the existence of at least
one diffracted order, and thus A/ A verifies one or both of these
inequalities:
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Then, to analyze the LSPRs for the structure under study
in the diffractive regime, we chose arbitrarily a period of
A = 6 pm, which is far above the conditions of Eq. (3) in
the visible range.

The plot in Fig. 2(a) shows the absorption spectra as a func-
tion of the angle of incidence of light, normalized to an infinite
incident plane wave. All spectra were computed with the FMM
method (see Methods). These absorption spectra reveal the
excitation of a surface plasmon resonance (LSPR) that takes
place around A = 540 nm. This LSPR reaches a maximum
when the illumination is set at the critical angle defined by
6, = arctan(1/ngy;). Under illumination at normal incidence,
a parallel (longitudinal) dipolar momentum is clearly induced
in the nanowire, as shown in the near-field map in Fig. 2(b).
As a result two hot spots appear at the lower vertices of the cross
section of the nanowire.

At the critical angle (0, = 41.8°), a vertical (transverse) effec-
tive dipolar momentum appears in the nanowire and excites the
tip-LSPR, as it is revealed in Fig. 2(c). More precisely, the field
line distribution at the maximum of absorption (4 = 540 nm,
0, = 41.8°), identified by the marker RO in Fig. 2(a), shows that
the LSPR at these illumination conditions is a mixture of a trans-
verse and a longitudinal dipolar momentums.

The strong absorption of light at the total internal reflection
regime is the result of the surface propagation of the evanescent
electromagnetic field with an elliptical polarization state
[21,22]. Near to the critical angle, the elliptical polarization
state is predominantly linear, with the major axis perpendicular
to the air-silica interface, creating a vertical effective dipolar
momentum in the nanowire [23]. Furthermore, the polariza-
tion ellipticity varies rapidly (as 1/sin 6;), for 0; close to
7/2 rad. This rapid variation implies that the wave impinging
the surface at an infinite distance from the scatterer, will be
coupled into a lateral wave traveling parallel to the surface.
Reciprocally, the radiation pattern of a perpendicularly oriented
dipole in the superstrate (i.e., in the air) close to the air—silica
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Fig. 2. Illumination of an array of gold nanowires with period A =
6 pm placed on top of a silica substrate with a TM plane wave from
the substrate. (a) The absorption as a function of the incidence angle
and wavelength is maximum around A = 540 nm and 6; = 43°
(marker RO), near to the critical angle (6,). (b),(c) Energy density maps
and electric field line distribution under illumination at 4 = 540 nm
and at @ = 0° and 6, = 41.8°, respectively. The near-field maps were
normalized to the maximum intensity of resonance at 0, and used the
same scale bar for comparison only.
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interface is predominantly directed toward the substrate in the
direction of the critical angle 6, [22]. This means that light
impinging from the substrate near to this angle efficiently
excites the perpendicular-oriented dipole, and hence the inter-
action with the nanostructure is improved.

B. Sub-Diffractive Regime

The sub-diffractive regime is obtained from Eq. (3) with m = 1
and 7; = ngy,, as follows:

% > (n; sin 6; + ny). (4)

For decreasing period, the interaction of the electromagnetic
fields between subsequent nanowires evolves from weak far-field
coupling to strong near-field coupling including evanescent
waves. This change in the nature of the interaction mechanism
strongly affects the spectral response of the array. In particular,
the LSPR can excite collective Bloch modes [24] that are able to
propagate along the array at a grazing angle defined by the zero
order of diffraction (i.e., along the x-axis).

First, we consider the variation of the spectral response of
the periodic array as a function of the angle of incidence of the
TM-polarized plane wave, for a period of A = 200 nm. The
width and height of the nanowires remain the same.

Unlike the diffractive regime, the absorption spectra
[Fig. 3(a)] exhibit a more complex structure. A LSP resonance
is still excited around 4 = 530 nm, near to the value observed
for the array of long period. The absorption increases up to
95% at the critical angle (marker R0O) and also along the solid
blue line between labels RO and R1 that represents the Bragg
condition [Eq. (2)]. This enhancement of the absorption in the
array of metallic nanowires is similar to observations made with
corrugated metallic gratings. It is known in the literature as the
Wood’s dispersion anomalies [25], which were interpreted by
Fano [26]. In addition, a new resonance is observed at grazing
angles with maximum absorption of 87% around 4 = 800 nm
[marker R2 in Fig. 3(a)].

To go further in the analysis, we present the absorption
spectra as a function of the period in Figs. 3(b)—-3(d). The angle
of incidence for the TM-polarized plane wave is fixed to
0;=0°%86, =0, and 0, = 82°. The blue and red solid lines
represent the cutoff conditions of the subsequent Bragg orders
propagating into the silica substrate and air superstrate, respec-
tively (subsequent Brillouin zones). The cutoff wavelength of
the m-th Bragg order is given by Eq. (2).

We observe again the excitation of the longitudinal LSPR
around 4 = 540 nm both at normal incidence and at the critical
angle. Figure 3(c) confirms again a huge increase in the absorp-
tion of up to 90% at the critical angle. Remarkably, a strong
distortion of the absorption band appears in Fig. 3(c) at the criti-
cal angle, for very short periods. This is the result of a strong
near-field coupling between the nanostructures. For the grazing
angle [Fig. 3(d)], the two LSPRs already observed in Fig. 3(a)
(markers R1 and R2) reappear in the first Brillouin zone
(sub-diffractive regime) in the absorption spectra. The strong dis-
tortion of the bands close to the edge of the first Brillouin zone
denotes again a Wood anomaly effect, characterized by an
enhancement of the absorption along with a strong redshift
of the resonant wavelength. The band containing R1 exhibits
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Fig. 3. Normalized absorption efficiency spectra for an infinite peri-
odic array of gold triangular-shaped nanowires illuminated from the
substrate with a TM-polarized plane wave. (a) Spectra as a function
of the angle of incidence 0; and period fixed to A = 200 nm.
A LSP resonance is excited around 4 = 530 nm, near to the value ob-
served for the array of long period. This resonance is enhanced along
the first Bragg order (blue curve) between markers RO and R1 and at the
critical angle (RO). A second resonance is excited at grazing angles with
maximum absorption around 4 = 800 nm (R2). Spectra as a function
of the period A for illumination at (b) normal incidence (0; = 0°),
(c) at the critical angle (0, = 41.8°), and (d) 0; = 82°. For the latter,
the two LSPR [Fig. 3(a)] reappear in the first Brillouin zone (sub-
diffractive regime). Close to the edge of the first Brillouin zone is
observed a Wood anomaly effect, characterized by an enhancement
of the absorption along with a strong redshift of the resonant wave-
length. In the second Brillouin zone, only a diffractive dipolar trans-
verse mode (R3) is observed. The blue and red curves represent the
wavelength cutoff conditions of the subsequent Bragg orders propagat-
ing into the silica substrate and air superstrate, respectively [Eq. (2)].

maxima of absorption of more than 90%, for instance 99.3% of
absorption around 4 = 600 nm and a period A = 90 nm, and
between 92% and 96% for a period close to A = 200 nm. At
the second band containing R2, the absorption has values
around 85% at around A = 750 nm and A = 220 nm. In
the second Brillouin zone (diffractive regime), we found another
maximum of absorption of 65% close to edge of the second
Brillouin zone around 4 = 635 nm and A = 420 nm [marker
R3 in Fig. 3(d)].

To determine the nature of these three resonances, we cal-
culated the near-field distribution of the electromagnetic energy
density at the position of tags R1, R2, and R3 in Fig. 4(b). The
markers R1 and R2 are the same as those in Fig. 3(d).

The resonance at the position R1 at A = 600 nm and A =
200 nm envolve the excitation of a dipolar longitudinal mode
(DLM), leading to an enhancement of the electromagnetic en-
ergy density at the lower vertices of the triangles [Fig. 4(a)].
A strong enhancement of the optical field at the top vertices
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Fig. 4. Energy density maps and electric field line distribution for the
chain of nanowires at R1, R2, and R3 illuminated from the substrate
with a TM-polarized plane wave at a grazing angle 6, = 82°. (a) At R1
(A =600 nm and A = 200 nm) the optical field is enhanced at the
lower apexes of the nanowires due to the main excitation of the dipolar
longitudinal mode. (b) AtR2 (A = 800 nm and A = 200 nm) the field
is strongly enhanced at the top apexes of the nanowires due to a dipolar
transverse mode coupling. (c) At R3 (A = 660 nm and A = 400 nm)
the dipolar transverse coupling is weaker but still observable. The near-
field maps were normalized to the maximum intensity of resonance R2
and used the same scale bar for comparison only.

of the triangles is observed in the near-field map at marker
R2, located at 4 =800 nm and A = 200 nm [Fig. 4(b)].
From our numerical results, the enhancement factor of the ab-
solute value of amplitude of the electric field 10 nm above the
apex of the nanowires is about 4 times higher relative to the
amplitude of the incident electric field. The distribution of
the electric field lines reveals the coupling between consecutive
nanostructures due to a dipolar transverse resonance. This elec-
tric field enhancement was not observed in the diffractive re-
gime, and can be interpreted as a quasi-Bloch mode supported
by the periodic array when illuminated with a TM-polarized
plane wave at grazing angles [24].

The third resonance, R3, located at a wavelength 4 =
660 nm and a period 4 = 400 nm is due to the propagation
of a diffractive dipolar transverse resonance [Fig. 4(c)]. In this
case, all the transverse dipoles have the same orientation with a
phase difference of 27 rad, instead of the phase difference of 7z
rad observed for the resonance R2 in Fig. 4(b). For R3, we also
observe a deformation of the electric field lines at the base of the
nanowires caused by the weaker near-field interaction of the
dipolar longitudinal mode.

These results demonstrate that the tip-localized LSPR is
considerably enhanced by specific conditions of illumination
at grazing angles and total internal reflection. Moreover, this
field enhancement is solely achievable if the period of the array
is short enough to allow the near-field interaction between the
nanowires in a sub-diffractive regime.

3. GUIDED-WAVE EXCITATION: TOWARD AN
INTEGRATED DEVICE

So far, we presented the optical properties of the nanowire array
above the light-line. The transverse dipolar LSPR is responsible
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for the enhancement of the tip-LSPR and can be considerably
enhanced at grazing illumination angles when the period of the
array is small enough. In this section, we further investigate the
properties of the nanowire array under the light-line by consid-
ering the coupling of the structure with a dielectric waveguide.
The dispersion curves of the nanowire array [Fig. 5(a)] along
with the dispersion relation of a bare dielectric waveguide
[Fig. 5(b)] are depicted in Fig. 5(c). The dielectric waveguide
consists of a core of thickness #; = 200 nm and a refractive
index 7,,, = 2 (Si3sNy for instance). The core is immersed into
the substrate at a distance £, = 30 nm from the air-silica inter-
face. The thickness of the waveguide was calculated to support
the propagation of the fundamental TMO mode in the spectral
range from 500 nm to 1200 nm.

The dispersion curves shown in Fig. 5(c) were computed
with the FMM within the first Brillouin zone (first Bragg order)
[24]. The colored region corresponds to the normalized absorp-
tion efficiency spectra [Fig. 3(a)] and mapped into 4, units
through the relationship 4, = kgng, sin 6, A/z, with
ky = 2m/A. The white, black, and green curves represent
the light-lines of the air superstrate, silica substrate, and core

Nsub

Wavelength (um)

) .

Fig. 5. Schematic representation of (a) an infinite periodic array of
gold nanowires with triangular cross section (w =72 nm, h =
144 nm, and A = 200 nm) on top of a glass substrate and (b) of
an optical planar waveguide (dielectric core of thickness #, =
200 nm and refractive index 7, = 2.0 immersed in a silica substrate
g, = 1.5). The core was separated from the silica—air interface a dis-
tance #, = 30 nm. (c) The dispersion curves show the dipolar trans-
verse mode (DTM) band of the nanowires crossing the fundamental
TMO mode band of the dielectric waveguide around 4 = 747 nm
(k, = 0.867/A). An efficient mode coupling is thus expected at this
crossing point for an array placed on top of the waveguide. The dipolar
longitudinal modes (DLMs) are radiated modes as they lay above the
substrate light-line. Distribution of (d) the magnetic and (e) the elec-
tric fields of the dipolar longitudinal eigenmode (DLM) at RI.
Distribution of () the magnetic and (g) the electric fields of the dipolar
transversal eigenmode (DTM) at R2.

of the waveguide, respectively. The curve of blue triangles
corresponds to the TMO fundamental mode supported by
the isolated dielectric waveguide. As the LSPRs at the position
of markers R1 and R2 (Fig. 3) were excited under illumination
from the substrate, they are radiated modes appearing above the
light-line of the substrate.

The array of nanowires supports two bands of modes
[Fig. 5(c)]. The first one is associated with a DLM, which is
barely excited near to the Bragg condition (edge of the first zone
of Brillouin). Since this band lies above the light-line of the sub-
strate, these are radiated modes, exhibiting an enhancement of
the electric field in the bottom apexes of the nanowires [Figs. 5(d)
and 5(e)]. The second resonance band [green stars in Fig. 5(c)] is
associated with a DTM. Since this mode lies below the light-line
of the substrate, it is a guided mode and, therefore, the periodic
array of gold nanowires behaves as a plasmonic waveguide. For
this quasi-Bloch mode, the electric field is enhanced at the upper
apexes of the nanowires [Figs. 5(f) and 5(g)].

We also observe that the DTM crosses the fundamental
TMO mode supported by the dielectric waveguide, at a wave-
length value A =747 nm (k, = 0.86z/A). This crossing
point indicates that the photonic mode (TMO0) can be effi-
ciently coupled to the plasmonic mode (DTM) of the periodic
array of gold nanowires as both wavelength and k-vector
matches [24].

We then proceed to study the case of the integrated plas-
monic structure depicted in Fig. 6(a), consisting of the periodic
array of triangular-shaped nanowires placed on top of the di-
electric waveguide. In Fig. 6(b) we present the dispersion curves

T .
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0.2 0.4 0.6 0.8 0 0.5 17
kx (/) Power (a.u.)
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02 04
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Fig. 6. (a) Representation of a periodic array of 5 Au nanowires on a
dielectric waveguide. (b) Dispersion curves of an infinite array of Au
nanowires on a dielectric waveguide. The coupled waveguides support
an even (eDTM) and an odd (0DTM) dipolar transverse mode. The
DLM becomes a guided mode due to the presence of the waveguide.
(c) Normalized transmission (red solid line), reflection (blue dashed line),
and extinction (black dotted line) spectra of a finite array of five nano-
wires. The transmission exhibits two minima values around 650 nm and
810 nm. The first corresponds to the excitation of both the DLM and
oDTM, while the second of the eDTM. Distribution of the magnitude
and phase of the magnetic fields of the (d) oDTM, (e) DLM, and
(f) eDTM eigenmodes at the edge of the first Brillouin zone.



2152 Vol. 34, No. 10 / October 2017 / Journal of the Optical Society of America B

of the complete integrated system. Two splitting bands are
created around the anti-crossing point (A = 747 nm, 4, =
0.867/A). The upper band (red bold curve), namely the
odd dipolar transverse mode (0DTM), presents an electromag-
netic field that is positive in the nanowires and negative in the
waveguide [Fig. 6(d)]. The lower band (red curve) corresponds
to an even dipolar transverse mode (eDTM) because the field
is positive in both nanowires and the dielectric waveguide
[Fig. 6(f)]. This mode splitting confirms the coupling between
the DTM and TMO modes of the isolated structures. We also
observe that the initially radiated DLM band (Figs. 3 and 5)
becomes a guided mode because its effective index is redshifted
due to the presence of the dielectric waveguide. The magnitude
and phase of the magnetic near-field maps in Figs. 6(d)-6(f),
which allowed us to identify the parity of these modes, were
calculated at the edge of the first Brillouin zone.

To corroborate the coupling between the photonic and plas-
monic modes, we simulated the beam propagation along the
integrated structure with the aperiodic Fourier modal method
[24,27,28]. For this simulation, we used a finite number of
nanowires (five nanowires), and we launched the fundamental
TMO mode from the input of the dielectric waveguide at
x = 0. With this implementation, we calculated the transmis-
sion, reflection, and extinction (absorption plus scattering)
spectra, normalized to the input power [Fig. 6(c)].

The transmission spectrum [red curve in Fig. 6(c)] shows a
first minimum value around 2 = 650 nm, which corresponds
to the excitation of both DLM and oDTM modes. This situa-
tion is corroborated in the magnetic and electric near-field
maps of Figs. 7(a) and 7(b), where the electromagnetic field
is mainly enhanced at the bottom apexes of the nanowires,
as we observed for the plane-wave excitation [Fig. 4(a)].

The efficient excitation of the tip-LSPR is clearly observed in
the magnetic and electric near-field maps of Figs. 7(c) and 7(d),
at a wavelength value 4 = 810 nm, matching with the second
minimum value observed in the transmission spectrum of
Fig. 6(c). This tip-LSPR is the result of the efficient excitation
of the plasmonic DTM via the fundamental TMO photonic
mode. Moreover, this mode is a propagative mode, because

8 |H(z,2)] at A = 650 nm
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Fig. 7. Distribution of the (a) magnetic and (b) electric fields at
A = 650 nm. The tip-LSPR is not efficiently excited but rather en-
hanced at the vertex of the wires due to the simultaneous excitation
of the DLM and the oDTM. Distribution of the (c) magnetic and
(d) electric fields at A = 810 nm. The tip-LSPR is efficiently excited
due to the excitation of the eDTM.
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the slope of the dispersion curve for the eDTM is not zero
at this wavelength value. According to our numerical results,
for this particular wavelength is obtained an enhancement factor
of the amplitude of the electromagnetic field of 8.7 times, mea-
sured 10 nm above the apex of the nanowire and relative to the
amplitude of the incident electromagnetic field.

These results demonstrate that a periodic array of gold nano-
wires with triangular cross section supports the propagation of a
plasmonic mode that can be efficiently coupled to the photonic
mode of a dielectric waveguide placed in close proximity to the
periodic array. In addition, an efficient excitation of the tip-
LSPR of the nanowires is achieved.

4. TOWARD AN INTEGRATED 3D DEVICE:
FINITE PERIODIC ARRAY OF GOLD
NANOCONES

All the previous results were performed for metallic nanowires
of triangular cross section invariant in the out-of-plane direc-
tion. In order to compare the tip-LSPR and the optical field
enhancement with a three-dimensional structure, namely a
finite periodic array of gold nanocones, we performed numeri-
cal simulations with the three-dimensional FDTD method
(fullwave by RSoft).

The structure consists of a periodic array of five gold nano-
cones (basis diameter w = 72 nm and period A = 200 nm)
placed on top of a ridge dielectric waveguide [Fig. 8(a)].
The ridge waveguide has a width w,,, = 500 nm, a thickness
tyg = 260 nm, and a core refractive index 2.0, placed on top of
the silica substrate. To resemble the burial depth of the two-
dimensional case, a silica layer of thickness # = 30 nm was
placed on top of the dielectric waveguide. The choice of this
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Fig. 8. (a) Schematic of a three-dimensional array of five gold nano-
cones integrated on top of a ridge dielectric waveguide. (b) Normalized
transmission spectra of the integrated system. The excitation of the
DTM is observed around 4 = {650,890, 1150}nm for the aspect
ratios AR = {1, 2, 3}, respectively. The reflection curves are almost
negligible for the three cases. Near-field maps of the absolute value
of the electric field for a three-dimensional periodic array of nanocones
placed on top of a ridge waveguide for an AR = 2 at (c) 4 = 650 nm
and (d) A = 890 nm. Like in the two-dimensional case, the excitation
of the DLM leads to an enhancement of the electromagnetic field at
the lower apexes of the nanocones at 4 = 650 nm and the DTM is
efficiently excited at A = 890 nm with the TMO0 fundamental mode of
the dielectric waveguide (AR = 2).
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ridge waveguide is for practical applications, without changing
the physical process for the excitation of the tip-LSPR. Three
different aspect ratios (AR = height/width) of the nanocones
were simulated, corresponding to heights of 72 nm, 144 nm,
and 216 nm. The waveguide is excited with its fundamental
TMO mode.

As can be observed in the transmission spectra of Fig. 8(b),
the tip-LSPR is redshifted as the aspect ratio increases. For
AR =1, the tip-LSPR is excited around A = 650 nm, for
AR =2 around A =890 nm, and for AR =3 around
A = 1150 nm. Also for AR = 2 and AR = 3, there are new
resonances observable at shorter wavelengths associated with
higher-order modes, as predicted by Tuccio and coauthors [3].

The transmission spectrum for the nanocones of aspect ratio
AR = 2, which corresponds to the same aspect ratio of the
nanowires with triangular cross section, exhibits two minimum
wavelength values around 4 = 650 nm and 4 = 890 nm. The
first one is associated with the excitation of a dipolar longitudinal
resonance and a contribution of the oDTM [Fig. 8(c)], while
the second one corresponds to the excitation of the eDTM.
The coupling between the photonic and plasmonic modes, gives
rise to a tip-LSPR, having obtained an efficient excitation of the
optical field at the top vertices of the nanocones [Fig. 8(d)].

5. CONCLUSIONS

We demonstrated that a tip-LSPR is efficiently excited in a
periodic array of triangular-shaped gold nanowires illuminated
from the substrate with a TM-polarized plane wave at grazing
angles. This tip-LSPR is due to the excitation of a DTM in the
nanowires. This mode DTM can be converted into a propagat-
ing plasmonic mode if the period of the array is shorter than the
wavelength of the incident light (sub-diffractive regime). Even
more, a near-field coupling effect between adjacent nanopar-
ticles gives rise to an extraordinary enhancement of the optical
electric field at the top vertices of the nanocones. This strong
electric field enhancement is a result of the efficient excitation
of the electric dipoles oriented along the tip axis of the nano-
wires. Additionally, we demonstrated the efficient excitation of
the plasmonic DTM with the fundamental TMO photonic
mode of a dielectric waveguide placed underneath the subwave-
length periodic array of nanowires at visible wavelengths.

The computations done with the periodic and aperiodic
Fourier modal method were extended with a three-dimensional
simulation performed with the FDTD method to design peri-
odic arrays of gold nanocones integrated on top of a dielectric
ridge waveguide. We expect to open new perspectives in the
analysis and the design of plasmonic integrated circuits that
can be applied in outstanding areas of optics, like lab-on-a-chip
nanosensing devices, second-harmonic generation, enhance-
ment of the efficiency of solar cells, or even in the design of
new metamaterials.

6. METHODS

To numerically characterize the periodic array of nanowires on
top of the silica substrate, we used the FMM, which is a well-
known method that solves the Maxwell’s equations in the
frequency domain. With this method it is possible to directly
compute the evanescent and propagative diffracted orders

produced by a plane wave illuminating the structure at a given
wavelength and angle of incidence, 6; (Fig. 1). Since this
method is formulated for periodic structures, it is only neces-
sary to compute the diffracted orders in a single period of the
structure (unitary cell). The triangular cross section of the met-
allic nanowires within the unitary cell is formed by a stack of
lamellar layers (24 layers in our case) parallel to the x direction
(stair-case approximation). The relative permittivity of each
layer and the incident electromagnetic field are expanded in
Fourier series. The insertion of these Fourier series in the
Helmholtz equation leads to an eigenvalue problem that can
be solved in the frequency domain. The eigenvectors of the
eigenvalue problem are associated with the diffracted modes
E}. and Eg,. These eigenvectors provide the information
of the propagation constant; hence the dispersion curves of
the modes supported by the structure can also be determined.
Also, from the full set of computed diffracted orders, it is then
straightforward to determine the transmission, reflection, and
absorption spectra normalized to the power of the incident
infinite plane wave, as well as the distribution of the local
electromagnetic field. A detailed description of the theoretical
framework and numerical implementation of the FMM can be
found in several references [24,27-34].
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