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ABSTRACT: Because of their ability to strongly localize and
enhance optical fields, plasmonic nanostructures have the
potential to dramatically amplify the inherent nonlinear response
of materials. We illustrate the impact of this plasmonic interaction
by investigating the third-harmonic generation (THG) from a
system of film-coupled nanostripes operating at 1500 nm. Both
the film and the stripes are gold, separated by a nanoscale layer of
aluminum oxide (AL,O,;) grown using atomic layer deposition.
This nanoscale junction, with an ultrasmooth interface, forms a
waveguide cavity resonator with a large and controllable electric
field enhancement, whose plasmon resonance can be tuned
independently by changing the stripe width. We study
experimentally the dependence of THG on the field enhancement
by varying the gap size between the stripe and the metal film while

simultaneously maintaining a fixed plasmon resonance. The experiments are supported with numerical simulations in which
nonlinear contributions of the dielectric spacer layer and the metal are considered. Enhancements of the THG of nearly S orders
of magnitude with respect to a bare metal film are measured experimentally for the smallest gap sizes, with a trend similar to that

found in the numerical simulations.
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onlinear up-conversion of visible and infrared light to

higher frequencies has been studied extensively and used
in a variety of applications including biomedical imaging
techniques' > and higher energy coherent light sources.*”
While traditionally, nonlinear conversion has been limited to
bulk crystalline materials that take advantage of phase matching,
recently it has been shown that nanoscale plasmonic structures
can also be used as media for nonlinear optics.® Various
plasmonic structures have been explored for second-harmonic
generation,g_13 third-harmonic generation,m_l(’ four-wave
mi)dng,17_19 and higher harmonic generation.7’20 Because
plasmonic nanostructures are smaller than the wavelength of
light, phase matching cannot be exploited further; moreover,
because plasmonic materials are often metals, it is difficult to
access the inherent large third-order nonlinear susceptibilities
that metals possess, with interactions confined to just the skin
depth region of the metal. However, plasmonic structures do
possess advantageous properties that can be exploited for
nonlinear optics, such as large optical field enhancements™"**
that can, in turn, substantially enhance many nonlinear
processes.
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In particular, when two plasmonic nanostructures are
positioned in close proximity to each other, hybridization
between the plasmon resonances inherent to each of the
nanostructures can result in extremely large electric fields that
build up between the nanostructures.”> > To achieve the
maximum impact from the plasmonic effects, a large research
emphasis has been placed on achieving the ultimate field
enhancements in coupled nanostructures. Many of these
geometries, such as chemically or lithographically fabricated
dimers,'>1%1%26 bowties,”*” and oligomerm’17 structures have
been explored for nonlinear optics. However, chemically
synthesized cluster structures suffer from randomness in
geometry and position, as well as limitations in yield, while
lithographically fabricated clusters suffer from lower field
enhancements due to difficulties in realizing precisely
controlled nanometer-scale gaps between in-plane features.”®
Recently it has been shown that these fabrication limitations
can be overcome and large field enhancements can be realized
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using film-coupled nanoparticles.”***** For the film-coupled

nanoparticle system, the plasmonic junction is defined by
planar deposition of materials, which allows for well-controlled
nanometer-scale gaps and the ability to load the gaps with a
wide range of materials.

In this paper, we study the third-harmonic generation
(THG) enhancement of film-coupled nanostripes as a function
of gap size. We employ lithographically fabricated gold stripes
positioned over a gold film separated by a thin layer of Al,O;.
Although the gold stripes are fabricated by lithography, our
samples do not suffer from the feature size limitations typically
associated with lithography because the plasmonic junctions are
defined by atomic layer deposition (ALD) of the Al,O;. The
resonance wavelength of each structure is fixed around 1500
nm by varying the gap size and the width of the stripes. We
characterize the THG from these structures as a function of the
gap size between the stripes and film, comparing the signal level
to that of a bare gold film control sample. From this
comparison, we show that the THG signal is enhanced by
almost S orders of magnitude relative to that of the gold film.
The experiments are supported with numerical simulations in
which the contributions of both the gold and the Al,O; spacer
layer, formed using ALD, to the nonlinear enhancement are
taken into account. We show that although AL,O; has a
relatively small third-order susceptibility, the THG is greatly
enhanced due to the large field enhancements of the film-
coupled nanostripes.

A schematic of the sample geometry used in this study is
shown in Figure 1a. First, a 30 nm gold film was fabricated by
template stripping.®"*> This technique results in a gold film on
a hardened optical epoxy (NOA 61, Norland Products Inc.)
substrate with an ultrasmooth top surface. On top of the gold
film, a thin layer of Al,O; was deposited by ALD at 50 °C to
define a plasmonic nanoscale junction between the Au film and
the metal stripes deposited on top of the ALO; layer.*>** A
periodic array of Au stripes were fabricated on top of the Al,O,
layer by electron beam lithography. The period between stripes
was fixed at 250 nm, the height of the stripes was set at 30 nm,
and the length was set at 50 ym. This geometry results in a
coupled plasmonic structure that behaves as an optical
frequency patch antenna such that the AL,O; gap defines a
waveguide cavity resonator where plasmons can propagate
along the width and are reflected at the edges.>*** As a result,
both the width, W, and the gap size, g, determine the plasmon
resonance frequency. The width determines the cavity length,
while the gap size determines the effective index in the
waveguide. Here the electric fields are mostly confined inside
the gap, and thus near-field coupling between the stripes is
minimized. Six different samples were fabricated with gap sizes
ranging from 2.83 to 11.40 nm. With all other geometric
parameters fixed, increasing gap size blue-shifts the plasmon
resonance, pushing the THG toward the UV range. The shifted
plasmon resonance introduces an additional mechanism to the
THG amplitude, since the material properties of the gold
disperse as a function of wavelength. To eliminate any changes
in the THG due to the material dispersion, we fix the resonance
wavelength of each sample to 1500 nm by varying
simultaneously the gap size and the width of the stripe. The
variation of the stripe width affects only the resonance
wavelength, while variation of the gap affects both the
enhancement as well as the resonance wavelength. By studying

film-coupled stripes with varying gap sizes at the fixed
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Figure 1. (A) Schematic of the plasmonic stripe geometry. (B)
Representative polarized reflectance spectra of the thinnest gap sample
(g = 2.83 nm). The blue (red) curves represent spectra taken with
incident light polarized according to the blue (red) arrows in (A).
Insets show the magnetic field profiles of the waveguide-cavity modes
at both the pumping and third-harmonic generation (THG)
wavelengths.

resonance wavelength of 1500 nm, we are able to directly
correlate THG enhancement with field enhancement.

A representative reflectance spectrum, measured by Fourier
transform infrared spectroscopy, is shown in Figure 1b for the
sample with the smallest gap size (2.83 nm). When the
polarization (electric field) of the incident field is oriented
along the length of the stripe (transverse electric, or TE), no
resonance is observed because the length of the waveguide is
too long to support resonances in this wavelength range. For
the opposite polarization (transverse magnetic, or TM), in
which the electric field is oriented along the width of the stripe,
a strong minimum approaching zero is observed in the
reflectance spectrum near 1500 nm, indicating the film-coupled
stripe behaves as a near-perfect absorber®® where most of the
photonic energy incident on the structures is coupled into the
gap region. As a result, the electric field is drastically enhanced
in the gap region with a maximum electric field at the edges of
the stripe and maximum magnetic field at the center of the
stripe, characteristic of a half-wavelength resonator (Figure 1b).
For the g = 2.83 nm case, the enhancement of the electric field
in the gap half way between the gold stripe and the gold
substrate is 57. This large electric field is the determining factor
for the enhancement of THG.

For each of the six samples, the desired width of the stripes
was determined by the experimental requirement that the
plasmon resonance be positioned near 1500 nm in wavelength.
This requirement resulted in an increasing stripe width as the
gap size was increased, in order to maintain a resonance near
1500 nm for all of the samples. The widths of the stripes were
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measured by SEM to be 104, 119, 127, 153, 166, and 188 nm,
respectively, in order of the thinnest to thickest gap samples.
The reflectance spectrum for each sample is shown in Figure 2,
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Figure 2. Experimental (blue) and simulated (black) reflectance
spectra for each of the stripe samples used in the third-harmonic
generation experiment. Each panel shows a representative spectrum
from the sample with gap size indicated. Insets: SEM images of the
stripe samples corresponding to the spectra (scale bar = 500 nm).

along with the simulated spectrum fitted to the experimental
data. Each of the six experimental samples supported plasmon
resonances within the range 1485 to 1530 nm. The simulated
spectra were obtained using two-dimensional finite element
method simulations (COMSOL Multiphysics) with periodic
boundary conditions and plane wave illumination at normal
incidence. The simulations were fitted to the experimental
spectra by varying the gap size, while the other parameters
remained fixed for each sample: stripe width measured by SEM,
30 nm stripe thickness, 30 nm gold film thickness, 250 nm
period, and a 5 nm rounding radius on the top corners of the
stripes. Although the roundin% of the corners can be quite
important in many geometries,”” here the enhanced fields are
confined mostly to the gap, so the rounding of the top corners
did not have a significant effect. The thickness of the Al,O;
layer may differ slightly from the nominal values, and thus the
final experimental gap sizes were determined by fitting the
plasmonic spectra to simulations. The gap sizes were
determined to be 2.83, 3.98, 4.40, 6.80, 8.60, and 11.40 nm.
Because the gap size varies, but the resonance remains the
same, the electric field in the gap increases with smaller gap
sizes, enhancing the THG. By requiring the resonance to
remain as close to the same wavelength as possible for all
samples, we ensure that the effects of spectral dispersion in
both the linear and nonlinear optical properties of the materials
are minimized in our experiments.

In order to probe THG enhancement for these structures, we
use a custom optical setup (Figure 3) that focuses ultrafast laser
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pulses (~200 fs) from a tunable OPO source (Coherent,
Chameleon) onto the sample using a broadband-corrected
microscope objective (Mitutoyo Plan Apo NIR, 50X). The
experiment is performed in a reflection configuration such that
the microscope objective also collects the generated third-
harmonic signal. The fundamental laser line is filtered out using
a dichroic mirror and short-pass filters, and the THG signal is
directed into a spectrograph/CCD (Acton sp2500i/Princeton
Instruments 400 BR Excelon) for data collection and analysis.
Each measurement of the THG from a sample was taken as a
spectrum (Figure 3, inset), and the THG signal for each sample
was defined as the peak of a Gaussian fit to the measured
spectrum. For each of the six samples shown in Figure 2, the
polarization of the laser was oriented along the width of the
stripes and was tuned to be at the minimum of the reflection
spectrum in order to be efficiently coupled into the plasmon
resonance mode.

The experimentally measured THG signal for each sample is
shown in Figure 4 (blue). For each sample, five different stripe
patterns were exposed to the laser, and the THG signal was
collected during a 300 s exposure. The mean of the signal
recorded from the five different stripe patterns is shown, and
the error bars represent one standard deviation. Because the
system is nonlinear with laser power, and because the local gap
fields exponentially increase for smaller gaps, it was not possible
to find a laser power where THG could be measured and laser
damage could simultaneously be avoided from all six samples.
Instead, the samples were separated into two groups. The
11.40, 8.60, and 6.80 nm samples were exposed to a higher
average power (112 W), while the 2.83 and 3.98 nm gap size
samples were exposed to a lower average power (45 uW) to
prevent laser damage. The 4.40 nm gap sample was exposed to
both incident powers in order to provide a means of
normalizing between the two groups. The THG signals
measured from the 2.83 and 3.98 nm samples were normalized
by multiplying by the ratio between the measured signals from
the 4.40 nm gap sample at both incident powers (18.19). This
normalization is justified by measuring the incident power
dependence of the THG signal from the 4.40 nm gap sample
(Figure 4c). The THG signal power dependence is plotted on a
log scale plot, and follows a power law (slope = ~3). By using
this normalization, the trend for the dependence of the THG
signal versus the gap size between the stripes and the metal film
can be clearly observed. Further justification and discussion
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Figure 4. (A) Third harmonic generation enhancement (as compared
to a bare gold film) vs gap size (g). (Blue) Experimentally measured
THG enhancement, (red) numerically simulated THG enhancement
that only takes into account the nonlinearity from the Al,O; spacer
layer. (Green) numerically simulated THG enhancement that only
takes into account the nonlinearity from gold, (orange) numerically
simulated THG enhancement taking into account the nonlinearities of
both the gold and Al,O; spacer layer. (B) Power dependence of the
THG signal from a bare 30 nm gold film. (C) Power dependence of
the THG signal from a stripe pattern on the g = 4.2 nm sample.

regarding this normalization is presented in the Supporting
Information.

For the experimental data to be quantitatively compared to
simulations, it must be expressed in terms of a known reference
signal that is present and measurable in both simulation and
experiment. We have chosen the THG signal from the
background gold film as a convenient reference, and thus, all
data points in Figure 4a are expressed as an enhancement with
respect to a 30 nm template-stripped gold film (i.e,, THG signal
from the stripe sample divided by the THG signal from the
bare gold film). For the experimental data, this reference THG
signal was measured from a 30 nm bare gold reference sample
fabricated by template-stripping in the same manner as the
bottom layer of the film-coupled nanostripes samples but
without the Al,Oj; layer or the gold stripes. However, the THG
signal is too weak to be observed from the bare gold sample at
the same incident power level as was used for the stripe
samples. Thus, in order to accurately express the data as an
enhancement factor, the THG signal from the bare gold sample
was measured as a function of incident power at higher powers
where the signal could be observed (Figure 4b). The data were
fitted to a straight line on the log scale plot (power law) with
slope = 3.01. Because the fit is high quality (R* = 0.9999992)
and the slope is approximately 3, we can extrapolate the fit
function to the lower powers used to measure the stripe
patterns (0.367 counts at an input power of 112 yW, indicated
by the blue cross in Figure 4b). The experimental THG signal
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from the stripe samples were divided by this value in order to
get the enhancement with respect to the background gold film,
shown as the blue data points in Figure 4a. These enhancement
values are beneficial because they can be quantitatively
compared with similar enhancement values from numerical
simulations.

The data appear to show a linear trend on the semilog plot
suggesting an exponential increase in the measured THG signal
with decreasing gap size. The blue line in Figure 4a represents a
fit to the experimental data with an exponential function, y = a
+ be™™, where the fit parameters are a = 37, b = 3.1 X 10°, and ¢
= 0.6. This trend is due to the increase in the electric field as the
gap size is made smaller. Note that the volume of the gold and
Al O, layers are also changing across the samples, and thus the
conversion volume is also changing, but the signal actually
decreases as the conversion volume increases. Because of this
and because the volume changes are small as compared to the
more than 2 orders of magnitude difference in signal between
the largest and smallest gap samples, we can assume that any
effect due to changes in the conversion volume is insignificant.
For the 2.83 nm gap sample, the THG enhancement is
measured to be 4.8 orders of magnitude greater than that from
a bare gold film, indicating that this geometry is highly efficient
at enhancing the THG. In order to understand these results, we
performed nonlinear simulations of the structures using the
commercial software COMSOL Multiphysics. For these
simulations, third-harmonic fields were calculated by assuming
that the fundamental fields are negligibly affected, undepleted
pump approximation, by the up-conversion process. That is, the
fields at the fundamental wavelength (4) were used in the
source term for computing the response at the third-harmonic
wavelength (4/3). Here, the permittivity of the 30 nm template
stripped gold film and evaporated gold stripes were taken from
empirical data,*® and thus any absorption of the ~500 nm THG
emission due to the interband transitions of gold was fully
accounted for in our simulations. The y® used for calculating
the THG from the bare gold film was 2.45 X 107" (m/V)?,
which is an orientational average of the 7% tensor of
polycrystalline gold film.** The 7% for the gold in the film-
coupled stripes is uncertain and could be a complex value.*’
However, we still took y* = 245 x 107 (m/V)? as an
approximation. Though the properties of 7 for crystalline
Al,O; are well-known, the very thin, amorphous spacer layer
may not necessarily have the same properties as larger bulk
crystals. We therefore treated the spacer layer as an isotropic
nonlinear material whose third-order nonlinear polarization was
given by

- L. OE
P 480)( (E-E)E (L1)

We then fitted the simulation results to the experimental
measurements, finding a value of P (ALO;) = 23 x 1072
(m/V)?, which is relatively reasonable when compared to the
2% (~1072 m?/V?) of crystalline ALO3.*' As shown in Figure
4a, the fitted trend of the simulated THG as a function of gap
size is in good agreement to that measured in the experiments,
following an exponential increase with decreasing gap size.
However, the fit in Figure 4a (red curve) does not account for
the nonlinear contribution of gold in the structured samples.

Because the gold film and nanostripes both possess a
relatively large 2 that could potentially give rise to the
observed THG, we performed a numerical study to investigate
the THG that would arise from the gold alone. In Figure 4a, we
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present a simulated THG curve that takes into account only the
nonlinear contribution from the gold (green curve). In this
case, the trend of the simulated THG as a function of gap size is
distinct from that measured in the experiments. The trend
observed in the simulations results from the limited field
penetrating into the gold. When decreasing the gap size, the
fields confined within the gap are stronger, as are the fields
inside the gold; however, due to the large losses in gold, only
the field near the gold surface is significantly enhanced. The
trade-off between the field enhancement and loss mechanisms
due to the gold nonlinearity results in a much flatter curve in
Figure 4a (green curve). Note that the green curve exceeds the
experimentally measured THG enhancement for gap sizes
larger than 6 nm. One possible cause of this discrepancy is that
our current models do not account for other possible nonlinear
effects that can occur in this system. It is possible, for example,
that competition between enhancement by the Al,O; spacer
layer and reduction by nonlinear absorption and other
processes could account for the observed experimental
enhancement values. It is also possible that nonlinear
absorption could severely decrease the observed THG signal
in simulation and hence bring both the green and the red curve
down below the experimental curve. In Figure 4a, we also show
the simulation result including both nonlinearities from the
gold and the spacer layer (orange curve). The THG from the
gold and the spacer interfere constructively, resulting in a total
THG enhancement exceeding that from either the gold or the
spacer alone. However, analyses regarding nonlinear absorption
and the interference between different THG sources™ are
beyond the scope of this paper.

In conclusion, we have fabricated film-coupled nanostripe
plasmonic antennas that support waveguide cavity resonances
and measured the THG as a function of the gap size separating
the stripes and the film. We observed a large THG
enhancement of 4.8 orders of magnitude over the case of a
bare gold film, and we have shown that this enhancement can
be reasonably modeled using classical, local electrodynamic
simulations. Our analysis indicates that the majority of the
THG in these structures occurs inside the dielectric gap rather
than in the metal, despite the relatively low 7% value (~107%3)
of the material inside the gap (AL,O;). However, it is difficult to
distinguish the actual contributions of the metal and dielectric
regions, and recent literature has shown that conclusions to this
question can be contradictory, even for two very similar hybrid
nanoantenna structures.'>'® It is possible that other effects such
as nonlinear absorption and interference between multiple
THG sources account for a complete understanding of the
observed THG signals, and additional work in this area is
needed. Nevertheless, we have shown that the dielectric spacer
layer plays a critical role, and thus the THG signal
enhancement and the effective ¥ of the whole plasmonic
structure could likely be drastically enhanced by using a
material in the gap with a larger 7. Because of the large
observed THG enhancement and the ease with which the
ultrasmooth gap can be loaded with different materials, the
film-coupled stripe system has great potential for future
nonlinear optics applications.

B ASSOCIATED CONTENT
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Figures showing non-normalized THG data vs gap size and
explanation of the normalization used for this data is presented.
Figure and discussion of gap electric field compared to radiated

1216

THG. This material is available free of charge via the Internet at
http://pubs.acs.org.
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