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ntennas' are widely used at radio

and microwave frequencies to cou-

ple/radiate energy from a source to
free space with a far-field emission of re-
duced angular divergence. Due to recipro-
city, they also collect radiation efficiently
from defined directions. These functional-
ities are performed via the manipulation of
enhanced fields in subdiffraction volumes.
With the advent of nanotechnology, anten-
nas operating at optical/near-infrared fre-
quencies have become accessible, exceeding
the energy localization capabilities of tradi-
tional optical elements such as mirrors and
lenses.® Optical antennas® can be advanta-
geously used to either harvest or focus light
in nanoscale volumes not limited by diffrac-
tion. This results in a large electromagnetic
field enhancement in the proximity of the
antenna. Likewise, they tailor the excitation
and emission processes of nearby fluores-
cent molecules or quantum dots.* ® These
abilities hold significant promise for optical
emitters, photovoltaics, spectroscopy, and
nonlinearities.>” '

Most nanoantennas reported in the lit-
erature so far (nanorods and nanodipoles)
show a narrow-band response because of
their dipolar nature.” However, it would
be highly desirable to have a nanoantenna
with significant bandwidth of operation, for
example, more than an octave. Nanoanten-
nas with such properties are expected to
make significant contributions,®> for in-
stance, in the burgeoning areas of surface-
enhanced linear/nonlinear vibrational spec-
troscopy'*'* and spontaneous two-photon
emission, which are intrinsically multi-
wavelength and broad-band in nature, and
in higher harmonic generation. We will
focus on the latter in this article. Indeed, a
broad-band plasmonic nanoantenna could
be used for more specific applications linked
to harmonic generation, such as perfect
lensing via phase conjugation and time
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A =698 nm

A =2143 nm

We propose a broad-band near-infrared trapezoidal plasmonic nanoantenna, analyze it
numerically using finite integration and difference time domain techniques, and explain
qualitatively its performance via a multidipolar scenario as well as a conformal transforma-
tion. The plasmonic nanoantenna reported here intercepts the incoming light as if it were of
cross-sectional area larger than double its actual physical size for a 1500 nm bandwidth
expanding from the near-infrared to the visible spectrum. Within this bandwidth, it also
confines the incoming light to its center with more than 1 order of magnitude field
enhancement. This wide-band operation is achieved due to the overlapping of the different
dipole resonances excited across the nanoantenna. We further demonstrate that the broad-
band field enhancement leads to efficient third harmonic generation in a simplified wire
trapezoidal geometry when a Kerr medium is introduced, due to the lightning rod effect at the
fundamental and the Purcell effect at the induced third harmonic.

KEYWORDS: broad-band - conformal transformation - nanoantenna -
plasmonic - third harmonic generation

reversal by enhancing the efficiency of non-
linear processes not only at the funda-
mental'’ but also at the harmonic frequency.
In an effort to surpass the inherently
limited narrow-band operation of infrared
frequencies, nanorods and the bow-tie to-
pology have been extensively explored.
Nevertheless, their bandwidths of operation
are significantly below an octave,''*'61819
Other attempts less explored involve the
use of fractal topologies,?® multielement  *Address correspondence to
arrangements,’ 2 or the interaction with ~ M-navarro@imperialac.uk.
grating modes.>* However, they also experi-
ence limitations. For instance, the fractal and accepted March 19, 2012.
Sierpinski nanocarpet? has strong field en-
hancement at several wavelengths, but the 7:?2;?7" online March 19, 2012
/ . Nnn300565x
spatial position of the hot spot is wavelength-
dependent; multi-nanodipoles of different  ©2012 American Chemical society
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lengths arranged radially*'** require circularly/ellipti-

cally polarized light to excite the resonance of each
nanodipole, and the bandwidth is constrained to the
number of different nanodipoles that one can set
radially; like fractal nanoantennas, the hot spot location
of an array of nanorods of different length?® is wave-
length-dependent; finally, the grating-assisted multi-
wavelength nanoantenna* requires several gratings
of different periodicities, leading to impractical large
structures. For microwave frequencies, broad-band
antennas (with bandwidths up to 10:1, i.e., decade or
even higher) were introduced in the 1950s via so-called
frequency-independent antennas.'?® Similar to the
history of the development of optical bow-tie and
Yagi-Uda dipolar antennas,>” microwave designs of
broad-band antennas are also attractive starting points
for broad-band optical nanoantennas. Indeed, one can
find a compact advanced design such as the trapezoi-
dal logperiodic antenna,'?> which displays a broad-
band single hot spot without the need for circularly/
elliptically polarized light.

The article is structured as follows: first, the trape-
zoidal logperiodic nanoantenna is presented and char-
acterized in terms of cross sections and field en-
hancement at the gap and vertexes. Second, the
underlying physics of the nanoantenna is qualitatively
described from a simple multidipolar scenario and by a
conformal transformation approach. This study will
allow us to subsequently propose a simplified design
geometry, which would alleviate demands on the
manufacturing process while retaining all features
associated with the broad-band trapezoidal nanoan-
tenna. Finally, third harmonic generation is demon-
strated via a Kerr medium placed at the gap between
the arms of the simplified nanoantenna. All numerical
calculations assume, for simplicity, that the single
nanoantenna is surrounded by free space.

RESULTS AND DISCUSSION

Extinction, Scattering, and Absorption Cross Sections. A
trapezoidal nanoantenna is displayed in Figure 1a,
where the geometrical parameters are defined as
follows: R;,1/R; = 0 with i = 1, 2..5, R; = 1000 nm,
and o, which controls the width of the teeth, variable
from 0.39 to 0.74 in 0.05 steps; inner and outer angle
6; = 30° and 6, = 60°, respectively; metal thickness
t = 60 nm; separation between top and bottom arms
g = 50 nm. For the finite integration time domain
simulations,?® the metal is assumed to be silver, with
a permittivity following the Drude model epg = €o(€.. —
(p/w(w — iy)), with . = 4.039, plasma frequency
wp = 1.39077 x 10'° rad/s, and damping constant
y = 1.23955 x 10'° rad/s. Notice that y has been
overestimated compared to Johnson and Christy®’ to
account for imperfections in a real situation and to
reduce computational time. For accurate calculation of
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Figure 1. Schematic geometry of the solid (a) and wire (b)
trapezoidal nanonantenna. The nanoantennas are illumi-
nated by a u-polarized plane-wave propagating in the w-
direction.

the scattering properties and the field distribution
close to the metal, several precautions were taken,
which are detailed in Methods.

Initially, the dependence of the cross section on the
teeth number is investigated for a nanoantenna with
o = 0.49, as seen in Figure 2a. As expected from the
microwave counterpart of the nanoantenna,?> the
inclusion of additional teeth increases the nanoanten-
na's bandwidth. Thus, this design allows for a systema-
tic widening of the wavelength bandwidth constrained
only by space limitations. In Figure 2a, one can identify
three peaks in the extinction cross section for a 4-tooth
nanoantenna, whereas five peaks emerge for a 6-tooth
nanoantenna. This suggests that the number of peaks
for the extinction cross section is N — 1, where N is the
number of teeth. The origin of this relation is eluci-
dated below.

Unlike dipole and bow-tie antennas, the fundamen-
tal operation of the trapezoidal tooth nanoantenna is
induced by a normal-incident plane-wave polarized
perpendicular to the axis aligned with the two arms of
the nanoantenna.'?>?® For more information, the
reader is referred to the Supporting Information. On
the left-hand side of Figure 2b, the charge density
distribution at the plane of the middle cross section of
the nanoantenna is plotted for all resonance peaks
shown in panel a. In addition, the perspective view of
the field enhancement (i.e., |E|/|Eincident|) @t the middle
cross section of the nanoantenna is displayed on the
right-hand side. An inspection of these charge densi-
ties shows that two opposite neighboring teeth of each
arm of the nanoantenna are active at each resonance
in a dipole fashion. These local dipoles at each arm are
in phase with each other and mainly oriented in the
u-direction. Otherwise, they would not be induced by a
u-polarized plane-wave. Likewise, the charge densities
confirm that a local vertical dipole between arms is
induced for each resonance at the center gap. Never-
theless, this dipole is not induced directly by the coup-
ling to the incident field given their cross-polarization
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Figure 2. (a) Extinction (solid), scattering (dashed), and
absorption cross section (dash-dot) for a 4- (dark red) and
6-tooth trapezoidal nanoantenna (red) with oo = 0.49 when
the structure is illuminated by a u-polarized plane-wave.
The numbers account for the peak order. (b) From top to
bottom: first, second, third, fourth, and fifth resonance
according to panel a. Static charge density at the middle
cross section of the nanoantenna (left) and field enhance-
ment at the cross-sectional plane of the nanoantenna
(right). The + and — symbols superimposed underline the
associated charge distribution. Notice that each field en-
hancement plot has its own scale bar.

but by the currents excited in the nanoantenna by
the teeth-based dipoles. These charge densities along
with the field enhancement put also in evidence
that the active region shifts from the ends of the
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Figure 3. (a) From top to bottom, extinction, absorption, and
scattering cross section of a 6-tooth trapezoidal nanonantenna
with varying o parameter, i.e., tooth width. Notice the different
scale of the absorption cross section. (b) Field enhancement
with respect to the incident field, |E|/|Eincident|- at the center of
the nanonantenna as a function of the o. parameter.

nanoantenna toward its center as the wavelength
decreases, leading to larger field localization. Finally,
the field enhancements highlight that the gap be-
tween arms is indeed a broad-band hot spot since it
always shows the largest field enhancement across the
nanoantenna for all resonant peaks. Further informa-
tion about the field distribution and induced current at
the middle cross section of the nanoantenna can be
found in the Supporting Information. Notice that the
absolute value of the field enhancement should be
taken with precautions since it depends on the mesh
grid, and ideal infinitely small grid mapping perfectly
all sharp features would lead to larger field enhance-
ments than those reported here. Nevertheless, in the
real experiment, blunt nanoantennas are measured,
and thus, the results should be closer to the simulation
with a mesh grid like the one used here (mesh cell
resolution up to 1 nm x 1T nm X 5 nm in the zone
between arms) rather than an ideal infinitely small grid.

From the local dipole picture, we can foresee a red
shift of the bandwidth of operation as the parameter a
increases (i.e., thinner teeth) because, then, the dis-
tance between the charges of different sign in each
local dipole are larger. In addition, in general, the
larger/longer the physical area/length of the nanoan-
tenna, the larger the scattering.' Figure 3a shows clear
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evidence of the two trends described above, where the
extinction, absorption, and scattering cross sections
are plotted for various values of the o parameter at a
range of wavelengths.

Currently, nanoantennas can find extremely useful
applications by incorporating nonlinear media or im-
mobilizing/retaining a biological recognition element
at the spatial location of maximum field enhancement
(hot spot).>”812=1417 Eor that reason, the effect that
the parameter o has on the field enhancement (with
respect to the incident field) at the center gap of the
nanoantenna is shown in Figure 3b. In passing, notice
that the largest field enhancement does not happen at
the center but at the central vertexes of the arms; see
Figure 2b and Figure S3. According to our simulations,
the field is expected to be enhanced 15 times at the
lowest resonant wavelength and is kept 10 times
higher than the incident field for a wide wavelength
range for the chosen gap of 50 nm. Although these
values do not outperform those of other nanoantennas
(e.g., dipole and bow-tie nanoantennas) already re-
ported in the literature, the nanoantenna proposed
in this article has the outstanding advantage to main-
tain large extinction cross sections and high field
enhancements at a single position, the center, at a
truly broad-band spectrum.

Conformal Transformation Explanation. The broad-band
performance of the trapezoidal nanoantenna and a
number of its key physical properties can also be
understood using coordinate transformation, in a si-
milar fashion to touching plasmonic elements.>*3°
Since the proposed system is admittedly far more
complex than previous examples because the quasi-
static limit approximation is no longer valid and it is a
three-dimensional finite system, the analysis pre-
sented below is only qualitative.

Let us consider an infinite two-dimensional system
that inherently has a broad-band response: a line
dipole aligned along the y-axis at x = —e between
two semi-infinite metal strips lined up along x; see
Figure 4a. If the strips represent a perfect electric
conductor, this configuration is the well-known parallel
plate waveguide, which has a broad-band response
with two straight lines of slope 45° passing through the
origin of the ko—f diagram representing either for-
ward- or backward-traveling waves.?> Thus, the spec-
trum is continuous and broad-band. If now corru-
gations with period p are applied to the semi-infinite
metal strips, the dispersion relation becomes a typical
periodic stop- and pass-band;* see Figure 4b.

Let us now apply the following conformal transfor-

mation on the above structure;?%>'

Z =€ (1)

where both z and Z' are complex numbers with the
convenient form z = x + iy and Z = u + iv = pe'?.
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Figure 4. From left to right: two metallic slabs (z-plane),
dispersion diagram, and transformed structures (Z-plane):
semi-infinite (a) and truncated slabs (b—f). The dipole
source at x = — is transformed into a dipole at the vertex.
If the metallic slabs are either infinitely long (a) or are
terminated in a matched (nonreflecting) load, only those
branches of the dispersion curve which have positive slope
are applicable. Hence, the nonexcited backward-traveling
mode is displayed as a dashed line in panel a. When a
termination is present as it is the case for the rest, the
branches with negative slope are also valid.

Obviously, all points at x = —e in z translate to the
origin in Z/, and vertical and horizontal lines in the
z-plane are converted to circles and radial lines in the
Z-plane. Hence, the resulting structure is a smooth and
tooth bow-tie for the smooth and corrugated parallel
plate waveguide, respectively. Likewise the line dipole
source in z translates to a point dipole at the origin in
7 aligned along the v-axis. Hence, if the bow-tie
structure of infinite extend is fed at the vertex, it shows
a broad-band nature since the original and transformed
structure have the same spectral response.®~3
Indeed, from antenna theory and microwave designs,
we know that the bow-tie response is broad-band.’
Similarly, if the tooth bow-tie is fed at the vertex, its
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response is periodic.'>>® Notice that a truncation in z,
which means that our parallel plate waveguide does
not extend to infinity, leads to a truncation in Z; see
Figures 4b—f. However, the broad-band character
remains as long as standing waves are not excited. In
terms of the z-plane, this can be ensured if the reflected
traveling wave is negligible by, for instance, a lossy (i.e.,
the metal is no longer a perfect electric conductor but
has certain, yet high, conductivity) waveguide long
enough for the forward-traveling wave to decay before
reaching the end or by placing an absorbing material at
the end. This undesired backward-traveling mode ex-
citation via the finite length of the structure is known as
the “end effect” in microwave antenna engineering."*>%®
Finally and more interesting is the situation when the
arms of the bow-tie do not touch at a single point, but
they are moved apart a certain distance, as it is the case
in reality; see Figure 4f. This modification maps in
the z-plane as an adiabatic truncation of the slabs
before reaching x = —oo, and the hypothetical line
dipole connecting arms in the Z-plane transforms to
aline dipole connected to both strips at the end of them.
These alterations are not expected to cause any sig-
nificant change in the electromagnetic response of the
parallel waveguide and, thus, of the bow-tie antenna,
either smooth or tooth kind.

For a real metal represented via a Drude function,
the previous qualitative discussion is completely valid.
However, the dispersion diagram for the smooth bow-
tie does not extend infinitely following the light line as
it would happen in an ideal perfect electric conductor
parallel plate waveguide, but it bends over approach-
ing an asymptotic limit corresponding to the surface
plasmon frequency.>? Given that this limit happens at
near-infrared, one can still consider the system broad-
band (it operates from DC to near-infrared).?’ For the
tooth bow-tie, on the contrary, the dispersion relation
exhibits qualitatively the same induced periodicity as
that of the perfect electric conductor case.

Wire Trapezoidal Nanoantenna: Harmonic Generation with a
Nonlinear Kerr Medium. Given the fact that the mechan-
ism of this nanoantenna can be understood as origi-
nating from a collection of individual dipole antennas
resonating at different wavelengths (Figure 2b and
Figure S2), one could suggest replacing the trapezoidal
nanoantenna with an array of dipole nanoantennas.
This simplification preserves the broad-band scattering
characteristics, but at the expense of having several hot
spots rather than a single hot spot for the whole
frequency bandwidth (see Figure 2b and Supporting
Information for more details), which is crucial for the
harmonic generation scheme proposed below. Never-
theless, one can envision a similar simplification, which
preserves the broad-band scattering as well as single-
spot features: the trapezoidal nanoantenna can be
transformed to a winding wire nanoantenna; see
Figure 1b, with wire width s = 30 nm in the case
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Figure 5. (a) Extinction cross sections of the two-arm solid
(red) and wire trapezoidal nanonantenna (dark green) and
four-arm wire trapezoidal nanoantenna (dark gray) for 6, =
60° (solid) and 90° (dashed) and o. = 0.49. (b) Field enhance-
ment with respect to the incident field at the center of the
nanonantenna.

discussed here. The extinction cross section and field
enhancement at the center are plotted in Figure 5 and
compared with the case of a solid trapezoidal antenna
with outer angle 6, = 90°. As it is apparent, the wire
antenna performs very closely to the solid one. The two
most distinctive consequences of the simplified wire
design are as follows: the response experiences a red
shift, and additional resonant peaks or shoulders
emerge. These features stem from the fact that, now,
the nanoantenna can be understood as an array of six
horizontal nanorods (connected) inducing at least six
resonances rather than five. The upper-most nanorod,
which is indeed the extra resonant element compared
to the solid trapezoidal nanoatenna, admits an induced
dipole with larger distance between charges than
anyone excited in the solid trapezoidal nanoantenna.
Therefore, it resonates at longer wavelengths.

Finally, we investigate harmonic generation with
the wire trapezoidal nanoantenna. Second- and third-
order susceptibilities in optical nonlinear media are, in
general, several orders of magnitude smaller than the
first-order linear susceptibility.®® It has been shown
that nonlinear processes can be enhanced, however,
via the use of plasmonic nanoantennas, whose collec-
tive oscillation of electrons at their surface enhances
the local field intensity by several orders of magni-
tude 2781216183234 Aq 3 fyrther refinement of this
scheme, two independent narrow-band nanoantennas
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aligned orthogonally have been recently suggested to
be used in second harmonic generation.®> With this
approach, four optimal processes work together to
increase the efficiency of the harmonic generation:
first, one of the two nanoantennas captures the in-
cident field at the fundamental frequency; second, via
the so-called lightning rod effect, the local field inten-
sity is greatly enhanced at the gap between arms
where the nonlinear medium is smartly placed; third,
the nonlinearity generates the corresponding harmo-
nic dipole; fourth, the radiation of this harmonic dipole
is increased by the second nanonantenna working
specifically at such frequency via the Purcell effect.

It can be intuitively understood that a broad-band
nanoantenna would be able to enhance the harmonic
generation of any order (i.e., second, third, etc.) of any
fundamental frequency falling within its bandwidth of
operation. Furthermore, by employing an additional
broad-band nanoantenna orthogonally to the first one,
a polarization-independent scheme is easily envi-
saged. This assumption is confirmed in Figure 5, where
a four-arm wire trapezoidal nanoantenna displays al-
most identical extinction cross section and field en-
hancement to our two-arm wire trapezoidal nano-
antenna regardless of the incident polarization.

To study this proposal, finite difference time do-
main calculations® were performed where the Drude
parameters of the silver have been fitted to Johnson
and Christy.”” The Kerr medium is assumed to be
chalcogenide glass®® As,Se; with ng = 2.53 (g =
6.4009) and ¥ = 6.8 x 107" m*V? and fills a volume
between arms of 100 nm x 100 nm x 60 nm; see
Figure 1b. To reduce computing resources, the total-
field scattered technique has been used. For more
details of the simulations, the reader is referred to
Methods at the end of the article.

The extinction cross section for the wire trapezoidal
nanoantenna loaded with a linear dielectric with the
same relative permittivity as the As,Se; and excited by
a narrow temporal pulse with amplitude of 1 x 107 V/m
is plotted in Figure 6. This peak amplitude has been
chosen to fulfill the condition y?|E(t)]* < &; see the
field intensity (in logarithm scale) in the inset of
Figure 6. The results are in agreement with those
previously shown in Figure 5. When the isolated Kerr
medium is illuminated by a Gaussian wave packet
centered at 4 = 3 um (the largest resonant wavelength
of the loaded nanoantenna according to the previous
curve) and spectral width of 0.088 um, no significant
third harmonic generation is observed; see dotted line
in Figure 6. However, when the nanoantenna is intro-
duced, for the same long-standing pulse (narrow in
frequency), a noticeable signal is radiated by our
nanoantenna at the third harmonic. Indeed, the inten-
sity of the third harmonic is 9 orders of magnitude
higher than without the nanoantenna. In addition,
note the 6 orders of magnitude difference between
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Figure 6. Extinction cross section (dark green) when the
nanoantenna is loaded by a linear dielectric with ¢, = 6.4009
and third harmonic radiated power with (solid black) and
without nanoantenna (dotted black) for the nonlinear case
when the excitation is a quasi-monochromatic plane-wave
polarized along u with central wavelength of 1 = 2.55 and
3 um. Top inset: field intensity |E]* (logarithm scale) at the
middle cross section of the loaded nanoantenna for A =
3 um.

the peak intensity and the noise floor. Finally, if the
central wavelength of the Gaussian wave packet is
changed to 2.55 nm, the intensity of the third harmonic
signal is still several orders of magnitude higher than
that without a nanoantenna as well as the peak-to-
noise ratio, which proves all of our assumptions and
shows the potential of introducing broad-band na-
noantennas in the field of nonlinearities.

CONCLUSIONS

In conclusion, a broad-band nanoantenna has been
shown and analyzed via finite integration time domain
simulations. For an antenna with a physical cross
section of 8.45 x 10° nm?, the scattering cross section
peaks at 7.0 x 10° nm? for the longest wavelength
resonance and is kept at 2.2 x 10° nm? for a 1500 nm
bandwidth expanding from the near-infrared to the
visible spectrum. Up to 15- and 14-fold field enhance-
ment at the center and up to 50.7 and 41.9 at the
vertexes of the plasmonic nanoantenna is obtained at
the peak and in the spectrally flat regime, respectively.
The underlying physics has been captured in a simple
yet powerful way by identifying its multidipolar nature.
Also, concomitant with this viewpoint, the conformal
transformation has been brought about to shed further
light in the mechanism of the nanoantenna. These
interpretations have allowed us to simplify the nano-
structure without causing any penalty on its response
in terms of extinction cross section and field enhance-
ment at the hop spot, that is, the vertex of the
nanoantenna. Finally, benefited by the wide-band
response of the simplified wire trapezoidal nanoan-
tenna, a compact and flexible third harmonic genera-
tion scheme is proposed and validated via finite
difference time domain simulations. The results shown
in this article are a significant step forward toward
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wide-band or multiwavelength, flexible, and compact
plasmonic devices for general purposes and, in parti-
cular, for surface-enhanced spectroscopy and non-
linear processes. The breadth and utility of these

METHODS

Finite Integration Time Domain Method: Linear Analysis. Extinction,
scattering, and absorption cross sections as well as near-field
distribution are calculated using the commercial full-wave
three-dimensional software CST Microwave Studio.”® The di-
electric response of silver is modeled as a Drude function of the
form eag = eole. — (WP/w(w — iy)), with e.. = 4.039, plasma
frequency w, = 1.39077 x 10'® rad/s, and damping constant y =
1.23955 x 10'° rad/s. For accurate calculation of the scattering
properties and the field distribution close to the metal, several
precautions are taken. We make sure that the distance between
the structure and the perfectly matched layers defining the
simulation volume is at least of half wavelength size; subgrid-
ding techniques are used to have a mesh cell resolution up to
1nm x 1nm x 5nminthe zone between arms, and the residual
energy in the calculation volume is 1 x 1078 of its peak value.
The time stepping stability factor is set to 1, which corresponds
to atime step, 0t, of around 0.0023 fs. The solver is automatically
restarted twice with a reduced time step after an instability
abort. The maximum simulation time addressed by the refer-
ence excitation signal is set to 45 fs. Therefore, all of our
simulations have an excess of around 19300 time steps. The
nanoantenna in a uniform dielectric medium (n = 1) is illumi-
nated with a u-polarized plane-wave propagating along w. The
extinction, Tey, Scattering, oscaw, and absorption cross section,
Oaps, are calculated with the solver defined script. To compute
the scattering cross section, the radar cross section, that is, the
far-field scattered light intensity as a function of angle, is first
obtained by integrating the outward power flow over the
computational boundaries with an appropriate near- to far-field
transform. Then, the scattering cross section, defined as the sum
of radar cross section of all angles, is computed. The absorption
cross section is obtained by integrating the net power flowing
inward over the computational boundaries. Once the scattering
and absorption cross sections are known, the extinction cross
section is straightforwardly calculated by Oex; = Oscatt + Tabs-

Notice that these finite integration time domain simulations
have been double-checked with finite difference time domain
calculations with similar setup parameters as described below
in the nonlinear analysis.

Finite Difference Time Domain Method: Nonlinear Analysis. All spec-
tra and field distributions in the section devoted to harmonic
generation are calculated using the commercial software Lu-
merical FDTD Solutions 7.5.3° The dielectric response of silver is
modeled using a 3 Drude-Lorentzian term fit to the experimen-
tally measured permittivity.2” We characterize the chalcogenide
glass®® As,Ses with ng = 2.53 (¢, = 6.4009) and ¥ =6.8 x 10 '®
m?/V2 and fills a volume between arms of 100 nm x 100 nm x
60 nm. To reduce computing resources, the total-field scattered
technique is used. As for the linear analysis, we make sure that
the distance between the structure and the perfectly matched
layers defining the simulation volume is at least of half wave-
length size. Convergence testing is done by starting the first
calculation with a coarse grid and then reducing the grid size in
sequential simulations and comparing their results. This itera-
tive process is stopped when the results of the calculation
closely match those of the previous one. The final cubic grid is
setto 6 nm x 4nm x 5 nm, except for the As,Ses, where 1 nm x
1 nm X 5 nm cubic grid is applied. The time stepping stability
factor is set to 0.95. When the gap is filled by a linear dielectric
and excited by a narrow temporal pulse, this stability factor
corresponds to a time step dt = 0.0022 fs. When the gap is
excited by a long-standing pulse centered at A =3 nm or 4 =
2.55 nm, it leads to ot = 0.0043 fs. The maximum simulation
time is set to 200 and 2000 fs for the narrow temporal and
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applications in biosensing and generating extreme
ultraviolet radiation laser pulses suggests that broad-
band antennas at the nanoscale may play a large role in
driving the basic research as well as technology.

long-standing pulse simulation, respectively. This leads to our
simulations having an excess of around 90 000 and 465 000 time
steps for the narrow temporal and long-standing pulse simula-
tion, respectively. Additionally, at the end of the simulation, all
field components are checked to see if they decay to zero, thus
indicating that the simulation has run for a sufficiently long time
for the CW information obtained by Fourier transformations to
be valid. The residual energy in the calculation volume is 1 x
107 of its peak value. The nanoantenna in a uniform dielectric
medium (n = 1) is illuminated with a u-polarized plane-wave
propagating along w. The scattering cross section is then
obtained via the integration of the power flowing outward
through a box of monitors located outside of the source, that is,
in the scattered field region, whereas the absorption cross
section is obtained via integration of the net power flowing
inward through the monitors placed inside of the total field
scattered field source box, that is, in the total field region. The
extinction cross section is calculated by the sum of the scatter-
ing and absorption cross sections.
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