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We propose to use diabolo nanoantennas for experimentally investigating the origin of the
enhanced third harmonic generation by localized surface plasmon polaritons. In such a geometry,
the opposing apexes of bowties are electrically connected by a thin gold nanorod, which has two
important functions in discriminating the point of harmonic generation. First, the inserted gold
nanorod shifts the field enhancement area to be far away from the dielectric substrate material.
Next, the accumulation of free charges at the adjacent bowtie tips produces a strong electric field
inside the gold nanorod. The diabolo nanoantennas allow us to examine the contribution of the bare
gold susceptibility to the third harmonic conversion. Our results reveal that the bare gold does not
significantly enhance the harmonic generation at high pump intensity. From this, we deduce that in
regular bowtie antennas, the enhanced harmonic photons mainly arise from the substrate sapphire
that is located in the feedgap of the bowtie, where the electric near-field is significantly enhanced
by the localized surface plasmons. Published by AIP Publishing. https://doi.org/10.1063/1.5001005

By confining the incoming light to a deep-subwavelength
area, plasmonic nanoantennas can be employed to control and
manipulate optical fields at the nanoscale.'™ In recent years,
optical antennas have attracted considerable interest and hold
promise to improve the performance in a large number of
applications, such as near-field scanning optical microscopy,’
photo—detectors,6 photovoltaic cells,7 thermal emitters,8 satu-
rable absorbers,” upconverted incoherent nonlinear emis-
sion,lo’]l single-molecule fluorescence enhancement,12 and
third harmonic generation (THG) enhancement.'* Due to the
lightning-rod effect and the coupling of two metal nanotrian-
gles (coupled plasmons), it has been shown that bowtie nano-
antennas'® can achieve stronger intensity enhancement than
other comparable structures such as rod-, ellipse-, disk-, and
cross-shaped nanoantennas.'>'® Therefore, they have been
proposed to boost the field intensity of pulses from femtosec-
ond oscillators to assist extremely nonlinear optics, such as
the generation of a deep-ultraviolet light source.'” The surface
plasmon enhanced harmonic conversion holds the potential
for applications in nonlinear spectroscopy and quantum optics
through the manipulation of light on a subwavelength scale.

In order to more efficiently convert light at the nano-
scale, the hybrid plasmonic-dielectric nanoantennas have
been proposed, which consist of dimeric gold (Au) antennas
with a high-nonlinearity dielectric crystal.'® Despite the fact
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that the enhancement of harmonic conversion by the hybrid
nanostructures is extensively observed, the origin of the
boosted signal is still controversial."®'® The harmonic
enhancement, on the one hand, may arise from the nonlinear
polarization of the crystal within the optical hot spot, yet, on
the other hand, it could also directly originate from the bare
Au itself. Recently, the origin of THG enhancement is
mainly distinguished via the shift of harmonic spectra by
hybrid dipole nanoantennas.?’

In this letter, by investigating the dependence of the har-
monic intensity on the polarization of the laser, we demon-
strate another method to determine the origin of the THG by
dipole nanoantennas. Instead of positioning a dielectric crys-
tal into the feedgap, here we insert a thin Au nanorod to elec-
trically connect the adjacent bowtie nanoantenna tips, which
is referred to as the interconnector hereafter. Under the illu-
mination of a broadband femtosecond laser polarized along
the antenna long-axis, a strong electric field is induced inside
the interconnector due to the accumulation of free charges at
the opposite tips. In case the THG would mainly arise from
the nonlinear polarization of Au atoms, one can expect a sig-
nificant signal enhancement due to the field enhancement
inside the Au nanorod. Here, the THG enhancement is
defined as the intensity ratio when the laser is polarized par-
allel with respect to the case that the laser is polarized per-
pendicular to the antenna long-axis. However, if the THG
would dominantly originate from the optical hotspot at the

Published by AIP Publishing.
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FIG. 1. SEM images of a gold bowtie nanoantenna: (a) top view and (b) per-
spective view. The double arrow indicates the direction of laser polarization.
The crossing angle between the laser polarization and long-axis of the dimeric
antenna, i.e., x-axis, is defined as 0. (c) The dependence of TH radiation from
the bowtie antenna on 0. (d) THG intensity (squares) as a function of pump
intensity when the laser polarized along the antenna long-axis, i.e., 0 =0. The
TH photon counts scales with the cube (blue line) of the pump intensity.

substrate surface, there will be no significant harmonic
amplification because emission in the gap region is hindered
by the Au interconnector.

First, we measure the dependence of THG on the direction
of laser polarization by using the regular bowtie antennas, i.e.,
a pair of tip-to-tip triangles. Figures 1(a) and 1(b) show the
top- and perspective-view scanning electron microscopy
(SEM) images of a representative bowtie specimen that was
fabricated by focused-ion-beam (FIB) milling on a sapphire
(Al,O3) substrate covered with an Au layer. The substrate has
a thickness of 400 um. The length, thickness, apex angle, and
curvature radius of a single Au triangle nanostructure are
200nm, 120nm, 30°, and 20nm respectively. The gap dis-
tance of the bowtie is ~20nm. These nanoantennas were
arranged in square arrays of 12 yum x 12 ym, with a spacing of
500nm in the x direction and 200 nm in the y direction. The
femtosecond pulses from a mode-locked Ti:sapphire oscillator
centered at 800 nm (spectrum ranging from 650 to 1000 nm),
with a repetition rate of 100 MHz and a duration of 8 fs, are
tightly focused by an off-axis parabolic mirror onto a bowtie
array. The focal spot of the incident laser on the nanostructures
has a diameter of ~7 um, resulting in the simultaneous emis-
sion of third harmonic (TH) from approximately 250 of the
individual antennas. The pump intensity on the nanoantennas
is 10" W/em?, slightly below the damage threshold.”> We
employ a broad bandwidth half-wave plate to rotate the laser
polarization. The generated TH photons propagating in the for-
ward direction are refocused by a toroidal grating into a photo-
multiplier, which is combined with a photon counter for
detection. The acceptance angle of the detection system is 17°.

Figure 1(c) depicts the intensity of TH (open squares)
emission from a bowtie array versus the crossing angle ()
between the laser polarization and the long axis of the anten-
nas (x-axis). The photon counts are normalized to the signal
when 0 = n/2. The THG intensity scales with the cube of the
driver intensity [Fig. 1(d)], I3, x I,> o (E,-cos 0)°. The mea-
sured TH counts can be excellently fitted by cos®d [Fig. 1(c),
solid curve]. From Fig. 1(c), one can see that the THG is
amplified by a factor of >40 when the laser is polarized
along the antenna long-axis. However, we cannot unveil the
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origin of this enhanced harmonic, as it may radiate from two
different sources: (i) the nonlinear polarization of Al,O3 sur-
rounding the bowtie tips and (ii) the nonlinear polarization
of the bare Au antennas.

Using the open source of software package MEEP,** we
perform the nonlinear finite-difference time-domain (FDTD)
simulation of TH emission from the Au antennas and from the
Al O3 substrate. The third-order susceptibilities of Au and
ALO; are set to be ¥*¥ (Au) ~ 107" m?/V? (Ref. 25) and ¥
(ALO3) ~107% m%*V? (Ref. 26), respectively. A Gaussian
pulse with the central wavelength of 800 nm and a pulse dura-
tion of 8 fs is employed as the pump source. Figure 2 shows
the results of numerical simulation. Compared to the pump
light polarized at 0 = 7/2 (blues curves), the intensities of TH
emission both from the bare Au antenna [Fig. 2(a)] and
from the Al,O; substrate [Fig. 2(c)] are evidently amplified
when 0 =0 (red curves). This is in agreement with the linear
FDTD simulation of near-field distribution. As can be seen
from the insets in Figs. 2(a) and 2(c), at 0=0, the field
strengths both in Au and in Al,O3 are much stronger with
respect to 0 = /2.

It should be pointed out that the electric field E(r) inside
Au reaches its highest strength at the shank rather than at the
tips of the bowtie [left inset, Fig. 2(a)]. This is because the
electric field inside the metal is proportional to the plasmonic
current density, which peaks in the region where the charges
can freely flow, namely, in the center region of the Au nano-
structures. Therefore, the polarization intensity P(r) in Au is
also linear with the plasmonic current density j(r), i.e.,
P(r) o< &o(em — 1)E(r) o j(r)/w, where ¢,, , and &, are the
vacuum permittivity, laser angular frequency, and permittiv-
ity of the metal, respectively. When a thin Au interconnector
is positioned between the adjacent bowtie apexes, the Au tri-
angles act as an electric funnel which reinforces the optical
current density into this interconnector when the laser is
polarized along the antenna’s long-axis.”’” The flow of
numerous free electrons within this small volume induces a
high field strength and thus a stronger plasmonic current
inside the Au nanorod [left inset, Fig. 2(b)]. The Au inter-
connector shifts the field enhancement area to be far away
from the substrate.”® There is no field enhancement in the
substrate of the gap region [left inset, Fig. 2(d)]. Hence, there
is no possibility for the gap-sapphire to radiate harmonics. If
the THG emission from Au is dominant, by using the inter-
connector, we should observe an even higher TH photon
counts at 0 =0 due to the enhancement of field inside Au
[red curve, Fig. 2(b)]. Otherwise, the THG should be much
lower and its intensity is expected to have a weaker depen-
dence on the laser polarization [Fig. 2(d)], as the field inside
the Al,O5 substrate in the gap region is always suppressed
by the Au nanorod [insets, Fig. 2(d)].

In order to experimentally explore the proposed system,
we fabricated another array of nanoantennas with identical
parameters as the aforementioned bowtie but adding an Au
interconnector into the gap. This shape is named the diabolo
nanoantenna in the literature.”” Figures 3(a) and 3(b) show
the SEM images of a representative diabolo in top and per-
spective views (titled angle 45°). It can be seen that the bow-
tie feedgap is connected by an Au nanorod with a width of
~30nm and a thickness of ~35nm. Figures 3(c) and 3(d)
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FIG. 2. Nonlinear FDTD simulation of THG solely emitted from the bare gold antenna (a) and (b) and from the sapphire substrate (c) and (d). The dashed red
(0=0) and solid blue (0 = 7/2) curves corresponding to the polarizations of the laser are parallel and perpendicular to the long-axis of antennas, respectively.
For diabolo antennas (b), the presence of a gold nanorod in the gap leads to a stronger TH emission with respect to the bowtie one (a). Insets: (a) At the central
wavelength of 800 nm, electric distribution inside gold (z= 118 nm, i.e., 2nm below the air-bowtie interface) when the laser polarization is parallel (left inset)
and perpendicular (right inset) to the long-axis of the bowtie antenna is shown. (b) Electric distribution inside gold (z=33 nm, i.e., 2nm below the air-nanorod
interface) when the laser polarization is parallel (left inset) and perpendicular (right inset) to the long-axis of the diabolo antenna. (c) Electric distribution
inside the substrate (z= —2nm, i.e., 2nm below the bowtie-sapphire interface) when the laser polarization is parallel (left inset) and perpendicular (right inset)
to the bowtie antenna. (d) Electric distribution inside the substrate (z=—2nm, i.e., 2nm below the bowtie-sapphire interface) when the laser polarization is
parallel (left inset) and perpendicular (right inset) to the diabolo antenna. Here, 8 denotes the electric field enhancement factor, i.e., |E/Ey|.

display the side-view near-field distribution of the bowtie
and diabolo antenna, respectively. As mentioned above, the
presence of an Au nanorod in the gap [Fig. 3(d)] pushes the
hotspot [Fig. 3(c)] to be far away from the substrate. We
repeat the measurement of THG intensity as a function of
laser polarization using this diabolo antenna array, as plotted
in Fig. 3(e). We find that the maximum THG is only
enhanced by a factor of 2.5, which suggests that there might
exist slight enhancement of THG by bare Au. Nevertheless,
the THG enhancement factor of diabolo antennas is evi-
dently lower than that of a bowtie array [Fig. 1(c)]. To fur-
ther compare the polarization dependent enhancement factor
of THG emission from the bowtie and the diabolo, Fig. 3(g)
plots the absolute value of TH photon counts in a polar dia-
gram. It is clearly shown that the THG emission from the
diabolo configuration (red circles) is significantly lower than
its regular counterpart (blue squares). This result suggests
that the bare Au does not contribute to the far-field TH
radiation as significant as the simulations expected [Figs.
2(a) and 2(b)].

To further understand the radiation’s origin, we perform
a z-scan measurement. The inset of Fig. 4(a) illustrates the
experimental approach. The laser propagates from left to
right. As a reference, Fig. 4(a) plots the counts of TH radia-
tion from the bare Al,O3 substrate as a function of the focal
position. Two pronounced maxima appear with a spatial sep-
aration of 400 um, which exactly equals the thickness of our
substrate. The lower THG emission from the back (right)
surface with respect to the front (left) one is caused by an
increased pulse duration due to the propagation of the laser
through the dispersive substrate. Figure 4(b) shows the pho-
ton counts of the TH emission from a regular bowtie array

versus focal position. The laser is polarized along the x-axis.
In strong contrast to the bare substrate, we find that the THG
radiated from the back surface which is nanostructured with
bowties is drastically amplified. Meanwhile, compared to the
THG spectral emission from the bare substrate, an apparent
blue shift is observed, as shown in the right inset of Fig.
3(b). This can be attributed to the shift of the field enhance-
ment wavelength with respect to the central wavelength of
the laser. The right inset of Fig. 4(c) shows the spectra of TH
radiated from diabolo antennas and bare substrate. Also, here
we observe a slight blue shift. From the z-scan result of the
diabolo array [Fig. 4(c)], an amplification of THG from the
back surface is also found. However, its enhancement factor
with respect to the front surface is one order of magnitude
lower than that of the bowtie array. This comparison further
suggests that the Au interconnector might contribute to the
THG enhancement, but its yield efficiency is much weaker
than that of the dielectric substrate which is located at the
optical hotspot of bowtie feedgap. Furthermore, we find that
the photon counts of TH emission from the bare Al,O5 sur-
face [Fig. 4(a)] are almost on the same order of magnitude
with respect to the nanostructured surface [Fig. 4(c)].
However, the nonlinear FDTD simulations indicate that if
the THG would mainly originate from Au, the antennas
[Figs. 2(a) and 2(b)] should produce several orders of magni-
tude higher THG with respect to the bare Al,O3 crystal
[Figs. 2(c) and 2(d)]. Consequently, from the comparison of
photon counts, we can further conclude that the bare Au
does not significantly contribute to the THG enhancement.
One might ask whether a strong electric field indeed
exists within the Au interconnector of the diabolo antennas.
To verify the enhancement of the electric field inside the
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FIG. 3. Top (a) and perspective (b) view SEM images of a diabolo antenna.
A thin gold nanorod electrically connected the facing tips. The side-view (at
y=0) electric near-field distribution of the bowtie (c) and diabolo (d)
antenna is shown. The laser propagates along the z-axis and polarizes along
the x-axis. The interface (dashed lines) between the Au nanoantenna and the
Al,O5 substrate is defined as z=0. The comparison between (c) and (d)
shows that the presence of the gold nanorod in the diabolo antennas pushes
the hotspot to be far away from the substrate. (e) and (f) Photon counts of
TH emission from diabolo antennas as a function of 6 (¢) and pump intensity
(f): the TH photon counts scale with the cube (blue line) of the pump inten-
sity. (g) Counts of TH emission from the bowtie (blue squares) and diabolo
(red circles) antennas versus laser polarization in the polar diagram.

interconnector, we utilize the photothermal effects.°
Thermal heating in plasmonic nanoantennas is governed by
ohmic heating, with the heat source density given by
q = Seowlm(e,)|E(r) > = |j(r)|*/o. where ¢ denotes the
electrical conductivity of Au. Here, |E (r)] is the electric field
strength and ‘ j(r)| is the plasmonic current density inside the
metal. The plasmonic nanoparticles can be thermally
reshaped when the metal is heated to a critical point by the
current. Figure 5 shows a side-view SEM image of a diabolo
antenna after long-term irradiation by high-fluence femtosec-
ond pulses (30J/m?). The side-view SEM image is obtained
by milling a cross section of the nanostructure in the x-z
plane with a Ga'-based FIB. From the SEM image, we can
clearly observe that the Au interconnector is destroyed,
resulting in the separation of a fragment due to the change in
surface tension at high temperature. This structural deforma-
tion provides an important evidence that, indeed, a local
plasmonic current passes through the Au interconnector, and
a strong electric field was induced inside the Au nanorod.
Regardless of the huge third order nonlinear susceptibil-
ity of Au nanostructures, our measurement however clearly
confirms that the THG mainly radiates from the exposed sap-
phire in the optical hot spot of the bowtie, namely, in the
antenna gap region. The absence of THG from the bare Au
may be attributed to the following two reasons: First, in our
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FIG. 4. (a) Photon counts of TH emission from the bare substrate surface
versus the laser focus position. The inset shows the experimental setting
from a side view. The laser propagates from left to right, i.e., along the z-
axis. The back (left) surface corresponds to the position of —400 um. (b) z-
scan of TH emission from bowtie antennas, which are located at the front
(right) surface of the substrate and laser polarization along the x-axis. The
left inset shows the spectra of THG radiated from the bare substrate surface
(black curve) and from the bowtie surface (blue curve). (¢) z-scan of TH
emission from diabolo antennas. The left inset shows the spectra of THG
radiated from the bare substrate surface (black curve) and from the bowtie
surface (red curve).

experimental conditions, the interband transition of Au atoms
becomes significant at the rather high pump intensity. The
photon energy of our femtosecond oscillator is i-ac» = 1.55¢eV,
and therefore, two-photon absorption (3.1 eV) is already more
than enough to excite electrons from the 5d-bands crossing
the Fermi surface and entering the empty states in the 6sp-
bands (AE = E4g, — Esy~2.2 eV).31 The dominance of two-
photon band-to-band absorption can restrain the real part of
the third-order nonlinear response of materials, which there-
fore quenches the THG conversion efficiency.’’ Second,
the energy of a single THG photon in our case reaches
h-3w =4.65eV. This energetic photon can be reabsorbed by
the Au atoms through the electron—electron scattering assisted
absorption and the interband absorption.*** The strong reab-
sorption further significantly prevents the transmission of a
THG signal.

In summary, we propose the use of diabolo nanoanten-
nas to investigate the origin of enhanced THG emitted from
dipolar plasmonic nanostructures. Our experimental results
demonstrate that the bare Au atoms might contribute to the
THG emission; however, the exposed dielectric substrate
in the gap region of an Au antenna dominates the THG
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FIG. 5. SEM image of a diabolo nanoantenna after a long-term irradiation
by intense pulses. The accumulation of free charges at the neighbouring tips
results in a strong plasmonic current (red curve) passing through the small
volume of the interconnector. This highly concentrated current can contrib-
ute a thermal load to the gold nanorod through the ohmic heating process,
which finally thermally destroys the gold interconnector. A separation of the
fragment caused by thermal damage is observed in the gap, as indicated by
the yellow arrow.

enhancement. Our results are in agreement with the recent
plasmonic enhanced high harmonic generation from a crys-
talline material.”®** We do not observe a significant
enhancement of the THG emission from the bare Au itself,
which is ascribed to the strong absorption by Au atoms. It
will be promising to use mid-infrared femtosecond sources
to further investigate the ability of bare Au for THG
enhancement because in the long wavelength region, the
band-to-band transition is not as significant as in the case of
a near-infrared driver.
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