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Abstract. Surface plasmons are excited at a metal/dielectric interface, through the coupling
between conduction electrons and incident photons. The surface plasmon generation is therefore
strongly determined by the accessibility of the surface to the incoming electromagnetic field. We
demonstrate the role of this surface for plasmonic nanoantennas with identical volumes and
resonant lengths. An antenna is stratified parallel to the plane of its main dipolar resonance
axis and the influence of the number of layers and the spacing between them on the optical
properties of the antenna are investigated experimentally. We show that increasing the number
of layers and, hence, increasing the total accessible surface of the antenna, results in an enhanced
scattering cross section and a redshift which indicates that lower energy photons are required to
couple to the metal electrons. In particular, the far-field enhancement observed for double-layer
nanostructures suggests that standard single-layer metal deposition can be easily and advanta-
geously substituted with metal/dielectric/metal deposition to boost light scattered by a plasmonic
antenna. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-

lication, including its DOI. [DOI: [T //TINHTIL046004]
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1 Introduction

Plasmonic nanoantennas can localize light to a subdiffraction-limited spotm'ﬂ and reradiate it into
the far-field. In the so-called hot spot, the field intensity is enhanced by several orders of mag-
nitude at the resonance wavelength.B# These fundamental properties stem from the localized
surface plasmon resonances. Additional features can be enabled by engineering the shape of
nanoantennas, such as the broadband response of bowtie antennas,H the directionality of nano
Yagi-Uda antennas,l and the ultralocalized and enhanced near-fields of gap antennas.0HA
Several elements determine the field enhancement of a nanoantenna: strong photon—electron
coupling at the metal surface, capacitive coupling at the disruption of the induced current
path in the gap or at the end of the structure, and coupling to the surrounding environment.
Although at optical frequencies the lateral dimensions of a nanoantenna are much smaller
than the bulk penetration depth, the electric current density is not distributed uniformly, but
rather it is higher at the surface of the structure. An example of such an electric field distribution
can be seen in Fig. for a nanorod, where the inside of the structure is depleted from the field
intensity, while the latter increases close to the surface. In this article, the effect of the strong
photon—electron interaction at the surface of a nanoantenna is investigated for such a nanorod
geometry, Fig. [(a). Specifically, the overall surface of the nanoantenna is altered while main-
taining the total metal volume. To this end, the nanorod antenna shown in Fig. is stratified
according to Figs. [[(b] and [[(c). The antenna is excited with the electric field polarized along
the x-direction, so that the dielectric interlayers added by the stratification do not interrupt the
current path of the main dipole resonance. Each nanoantenna shown in Fig. [[] has the same
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Fig. 1 (a-c) top: Schematic representation of simple dipole (a), and stratified antennas with (b) two
and (c) three metallic layers. For all antennas, the length is 110 nm, the total Au thickness is 40 nm
and the spacer material between the metallic layers is air. The propagation vector and the electric
field polarization are along the z- and x-axes, respectively. (a-c) bottom: Calculated electric field
intensity in the cross section at the half length for the three antennas at their corresponding res-
onance wavelengths. (d) Calculated induced volume current through the cross section at half
length for the three antennas. Solid line: real part and dashed line: imaginary part.

volume, but their surfaces—especially the segments carrying the maximum current associated
with the dipole resonance—increase between (a—c). In this article, we will show both numeri-
cally and experimentally that the increase of surfaces that support the plasmonic current
associated with a stratified nanoantenna has a strong influence on its radiation properties.
The optical measurements are supported by a number of calculations based on the surface
integral equation (SIE) method® and the influence of the number of interlayers and their thick-
nesses is studied.

In the stratified antennas shown in Fig. [ll, the dielectric spacing between each layer is small
and, consequently, the phase difference for the currents flowing in the individual metal layers is
negligible for the considered illumination wavelength. However, the total metal/dielectric inter-
faces for the surface current is increased in the stratified geometries, enhancing the coupling
between electrons and photons at those interfaces. This can be seen in Fig. [(d], where the cur-
rent I through the cross section of the center for a single-layer, a double-layer, and a triple-layer
antenna is calculated, by integrating the current density over the cross section surface S

1:7{ J(F) - ds, (1)
a5

where J(F) = oE(F) is the volume current density, o is the conductivity of the material, and E (7)
is the electric field. According to these calculations, the current through the central cross section
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Fig. 2 Scattering cross section for nanoantenna with zero, 1, 2, 3, 4, and 10 cuts (corresponding
respectively to 1, 2, 3, 4, and 11 layers). The spectra have been normalized with respect to
the maximum of the spectrum of the single-layer structure. The spacer in each case is air with
a thickness of 10 nm.

of the stratified antennas at their corresponding resonance is 12.5% stronger for the double-layer
and 16% stronger for the triple-layer antenna as compared to a single-layer antenna. The electric
field intensity distributions on the cross sections of the three different antennas [Figs. [(@HI(c]]
indicate that although the lateral dimensions of the antennas are much smaller than the wave-
length and comparable to the penetration depth of the bulk material, the field is not uniform
inside the structure and is more concentrated closer to the surface. This indicates that increasing
the total surface of a nanoantenna with a given volume and a given resonance length can have
a significant influence on its response.

Figure [] shows the scattering cross sections for antennas with different numbers of horizontal
cuts calculated with the SIE.B In this figure, an antenna with length, width, and height of 110,
40, and 40 nm, respectively, is cut along its main axis into 2 to 10 pieces. The total height of the
metallic parts is kept constant at 40 nm and the spacing between two neighboring parts is 10 nm
and filled with air. In practice, the spacing will be filled with a dielectric but here we assume
the spacers to be air in order to minimize the spectral shift of the dipole resonance caused
by dielectrics.? The bulk permittivity of gold has been employed for the metal in the
calculations. B There are two main trends in these spectra: first, an increase in the maximum
of the scattering cross section and, second, the spectrum exhibits a redshift with the number
of layers.

As mentioned, the number of layers increases the total surface of the metal, leading to a larger
metal/dielectric interface. Consequently, the amount of electrons available for coupling with the
photons is increased and the scattering cross section augments. Due to the rapid decay of the
electromagnetic field in the metal, the electromagnetic field would be required to penetrate lat-
erally into the spacer medium; hence, the smaller the interlayer the more difficult it is for the field
to penetrate into the spacer. Figure [§ represents the scattering cross section spectra for a double-
layer antenna with varying spacer thicknesses. According to this figure, the antenna with the
largest spacer exhibits the largest scattering cross section. In order to minimize retardation
effects, the spacer thickness is kept so small that the phase difference between the upper
and the lower dipoles remains negligible and the metallic bars have almost in-phase resonances.
For smaller spacers, the region between the upper and the lower layer screens the electromag-
netic field and the response of the antenna converges to a conventional one-layer antenna. Let us
emphasize that the variation of the scattering cross section for a two-layer antenna with different
spacer thicknesses is not as pronounced as for a constant spacer with varying numbers of layers.
The intensity of the electric near-field computed for antennas with one, two, and three layers is
shown in Fig. [ The calculations indicate that the maximum near-field intensity for the three
cases is almost similar: introducing the interlayers does not produce new hot spots and the
response of the structure remains dipolar.®
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Fig. 3 Scattering cross section of the antennas with one and two layers. The spectra have been
normalized with respect to the maximum of the spectrum of the monolayer structure. The SiO,
spacer thickness varies between 0 and 6 nm.

The redshift of the dipole resonance with increasing numbers of layers is another feature
visible in Fig. [|. In order to push further our understanding of the redshift with increasing
numbers of layers, the optical response of the antenna can be mimicked by a combination
of lumped circuit elements according to the method provided in Ref. 7. A layer of the antenna
is represented by two parallel inductive and capacitive branches. As shown in Fig. p(a), the
inductive branch comprises an inductivity L in series with a resistor R, representing the current
path and its associated loss due to the finite metal conductivity. The capacitive branch is com-
posed of a capacitor C in parallel with a resistor R4 representing the fringe field and radiative
loss, respectively. The capacitance of the antenna is related to the charge accumulation at both
ends of the structure, while the inductance is closely connected to the current flow between
both ends. The circuit element values used for this study are as follows: C =47 aF,
L =23 fH, R,y = 59.02 Q, and R,,, = 0.847 QB By bringing two antenna layers close to
each other, to a distance where phase retardation between the two dipoles is negligible, the
dipoles start to interact through the mutual coupling M between the inductors and the coupling
capacitors C,, as shown in Fig. P(b]. The capacitor C,, accounts for the pole-to-pole charge
interaction and phase retardation and is—under the assumptions made previously—much
larger than the dipole capacitor C. If the interparticle distance tends to zero, the capacitance
Cp goes to infinity, which corresponds to a short cut circuit. Therefore, the circuit can be sim-
plified to four parallel branches: two capacitances C and two inductances L — M. As M > 0,

the resonance frequency shifts from almost 1/4/LC to higher values 1/1/(L — M)C, corre-
sponding to stronger coupling for small spacers. In Fig. p(c], the full circuit response of
the system with respect to the change in relative mutual inductance is shown. In this case,
the capacitances C,, and the loss elements are considered. Increasing the thickness of the

Fig. 4 Cross section of the antennas in Fig. [l] with the electric field intensity distribution at their
resonance wavelength at y = 0 nm.
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Fig. 5 Lumped circuit model for (a) a single-layer antenna and (b) a two-layer antenna.
(c) Response of the circuit in (b) when changing the amplitude of the mutual inductance M.

interlayer and, equivalently, decreasing the relative mutual inductance, enhances the radiation
and redshifts the resonance.

In order to provide experimental evidences for the predicted enhancement, arrays of gold
nanodisks with diameters of 100, 140, 150, 160, and 170 nm and a pitch of 300 nm were fab-
ricated on a glass substrate using standard electron beam lithography following evaporations and
lift-off. The SEM image of a double-layer antenna is shown in Fig. p(c). For the single-layer
antennas, a 1-nm Cr adhesion layer and 40-nm Au were subsequently evaporated. For the dou-
ble-layer antennas, a bilayer of Cr (1 nm)/Au (20 nm) and a 15-nm spacer of SiO, and again a
bilayer of Cr (1 nm)/Au (20 nm) were evaporated. Optical measurements were performed in
transmission with a low numerical aperture 10X objective. Different antenna arrays with the
same area were measured and normalized to the direct transmission through the glass substrate
without any structure. Figure shows extinction (1-transmission)® measurements and cor-
responding SIE periodic calculations® for the five arrays of single-layer, respectively double-
layer disks in blue, respectively green. According to these results, the fabricated structures have
lower and broader extinction in comparison with the calculations; most likely caused by nano-
fabrication imperfections and the discrepancy between the permittivity used for the calculation
and that of the effectively fabricated antennas.E& However, an enhancement of the extinction,
together with a redshift, is clearly visible in that figure when comparing double-layer antennas
with single-layer ones [Fig. p(b]l. In addition, the enhancement is more pronounced for smaller
structures and decreases from 28% for 110 nm disks down to 5% for 170 nm disks for the mea-
surements and from 10% to 1.5% for the calculations. This can be attributed to the ratio of the
region with penetrated field into the interlayer area to the total increased surface, which decreases
for larger structures. Surprisingly, the enhancement observed in the experiment is slightly higher
than the enhancement calculated using SIE. This may be related to the inhomogeneity of the
evaporation which can cause the formation of many hot spots that can boost the dipolar emission.
In that case, the enhancement can be higher for the double-layer antenna since the number of
hot spots is larger and the inhomogeneity caused by surface roughness is more pronounced for
a 20-nm layer of gold than for a 40-nm layer. In addition, the bulk permittivity of gold used
for the calculations might not perfectly match that of fabricated nanostructures. Let us finally
mention for the experiments that the thickness of the dielectric layer cannot be excessively thick
since an increase of the structure aspect ratio produces pyramidal structures because of the
clogging of the lift-off mask during deposition.Iﬂ
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Fig. 6 (a) Measured extinction spectra (solid lines) and periodic SIE calculations (dashed lines) for
the arrays of gold single- (blue) and double-layer (green) disks with the diameters of 110, 140, 150,
160, and 170 nm. The thickness of the single-layer disks as well as the total metal thickness for
double-layer disks is 40 nm and the thickness of the intermediate SiO, spacer is 15 nm. Each array
has a period of 300 nm and is realized with electron beam lithography, evaporation, and lift-off.
(b) Extinction enhancement percentage for different disk diameters. Green and orange bars re-
present the calculated and measured enhancement, respectively. (c) SEM image of an array of
double-layer nanodisks. (d) SEM image of a double-layer disk. The white color bar corresponds to
40 nm.

2 Conclusion

In this study, we have investigated the effect of increasing the total metal/dielectric interface
for nanoantennas with a fixed metal volume and a constant length. It has been shown that,
although the cross section of the antennas is much smaller than the working wavelength,
the interaction between the incoming photons and the metal/dielectric interface of the antenna
plays a significant role for the optical response of the antenna. Based on this fact, nanoantennas
with a larger number of horizontal cuts (i.e., more number of layers) have shown higher scat-
tering cross sections. By increasing the number of interlayers, the scattering cross section
increases. In addition, the penetration of the field into an interlayer with a higher thickness
is easier and therefore, the photon—electron interaction for the added surfaces is higher. The
far-field enhancement obtained for double-layer structures suggests that in practice, standard
single layer deposition can be easily substituted by metal/dielectric/metal deposition, where
the thickness of the dielectric is 10 £ 5 nm. This approach lends itself to the fabrication of
composite plasmonic nanostructures that combine metals and dielectric materials, including
semiconductors.&
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