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ABSTRACT

Material quality can play a critical role in the performance of nanometer-scale plasmonic struc-
tures. Here, we highlight a novel deposition strategy for single-crystal noble metal deposition and pro-
vide a direct and quantitative comparison between the fabrication yield, durability, and efficiency of
bowtie nano-antennas fabricated from monocrystalline and polycrystalline gold films using subtractive
nanofabrication. Focused ion beam milling of monocrystalline Au(100) films deposited through epitax-
ial electroless deposition to form bowtie nano-antennas produces devices that demonstrate key per-
formance enhancements over devices patterned identically from polycrystalline Au films deposited via
physical vapor deposition. Single-crystal bowties reveal significant improvements in pattern transfer
fidelity and device vyield, the ability to tailor and model local plasmonic field enhancements and
marked improvement in their thermal and mechanical stability over those fabricated from polycrystal-
line Au films. This work underscores the performance advantages of single-crystal nanoscale plas-
monic materials and describes a straightforward, solution-phase deposition pathway to achieve them.
We anticipate that this approach will be broadly useful in applications where local near-fields can en-
hance light-matter interactions, including for the fabrication of optical sensors, photocatalytic struc-
tures, hot carrier-based devices, and nanostructured noble metal architectures targeting nano-

attophysics.
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INTRODUCTION

The coupling of extended electromagnetic waves to planar metal/dielectric interfaces through sur-
face plasmon polaritons (SPPs) or to nanometer-scale metal structures through locally resonant surface
plasmons (LRSPs) leads to confined and amplified local fields that can be exploited for application in
energy harvesting, sensing, spectroscopy, catalysis and imaging. The fate of these plasmonic excitations
is intimately linked with the characteristics of the materials from which they are formed.}® SPP propa-
gation lengths, SP dephasing, decay, and decoupling are influenced strongly by material crystallinity and
scattering processes that are induced by material defects, grain boundaries, and other material imper-
fections. Single-crystal plasmonic structures are expected to yield advantages over their polycrystalline
analogues through reductions in optical absorption loss, grain boundary scattering and dissipation, while

providing enhanced local fields derived from well-defined faceted nanostructures.

Conventional deposition of plasmonic metals such as gold is typically carried out through physical
vapor deposition (PVD) techniques and generally yield polycrystalline metal films and nanostructures.
While deposition strategies and other protocols to mitigate the polycrystalline character of these films
have been developed,’ polycrystalline metal deposition can lead to compromised fabrication yields,®° as
well as loss and dissipation that result in device inefficiency, and remains a significant challenge in the
field. We have recently developed an alternative approach to achieve ultrasmooth monocrystalline
Au(100) films via electroless deposition from highly alkaline solutions of common gold salts onto
Ag(100)/Si(100) substrates.’® The method is scalable to the wafer level, environmentally friendly, and
represents a promising new approach to the integration of noble metal-based plasmonic structures into
CMOS compatible device architectures.'>'?2 Here, we use this approach to fabricate bowtie nano-
antenna devices in a 100 nm thick single-crystal Au(100) film by subtractive patterning. Focused ion
beam (FIB) milling of these single-crystal films results in high quality, low defect density, monocrystalline
bowtie antenna structures. By contrast, we have also deposited 100 nm thick polycrystalline gold films
by evaporation, utilizing a Si(100) wafer with a 5 nm Cr adhesion layer as a substrate (supporting infor-
mation), followed by patterning identical bowtie nano-antenna structures through FIB milling. In this
manuscript, we employ these bowtie antennas to provide a direct comparison between the perfor-

mance of single-crystal and polycrystalline plasmonic devices.
Bowtie nano-antenna devices were fabricated by a Thermo Fisher Helios NanoLab 650 SEM/FIB sys-
tem, using a focused gallium ion beam. Figure 1a,b illustrate the sequential milling of material as the

focused gallium ion beam is moved over surface regions in a serial fashion to create the bowtie nano-



antennas on the surface. Figure 1c shows a top-view SEM of the milled single-crystal (left) and polycrys-
talline (right) bowtie structures. The images reveal significant differences in the quality of pattern trans-
fer, with the milled regions of the monocrystalline film appearing highly uniform, and those of the poly-
crystalline film much more irregular. The lack of milling uniformity in the polycrystalline films results
from anisotropic, crystal direction-dependent ion milling rates and provides a bowtie structure defined
by the remaining non-milled area, surrounded by a region of recessed roughened gold. Note that the
pattern generation scheme involved milling rectangular and diamond regions sequentially. This process
yields milled regions surrounding the bowtie that lie at different depths within the film which are sepa-
rated by small vertical step edges. These regions can be seen readily (Fig 1c, left) in the areas of overlap
of the rectangular and diamond regions. The dimensions of the milled geometrical features were cho-
sen to create a bowtie antenna with a length, L = 1560 nm, a gap, g = 20 nm, and height, h = 50 nm.
The bowtie nano-antenna dimensions were selected so that they could be resonantly excited with avail-
able 780 nm laser radiation to activate the devices and produce the field confinement at the antenna

feedpoint.
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Figure 1. Fabrication of bowtie nanrantennasa) Focused ion beam (FIB) milling of the Au substrate. (b) Pattern generation and fabrica-
tion steps of a bowtie nanantenna ora gold film involving sequential milling ofrectangles and squares to fobrowties of length/, and
gapg. c) top-view SEM image®f bowtie antennaBIB-milled on monocrystallingleft) and polycrystallingright) Au films.



RESULTS AND DISCUSSION
Yield and Activity as a Function of Film Quality

Focused ion beam milling of 3 X 10 bowtie nano-antenna arrays was performed on single-crystal
and polycrystalline gold films. The performance of the bowtie arrays was assessed with a Zeiss scanning
laser microscope (SLM) equipped with a 63x objective lens, and a wavelength tunable Coherent Chame-
leon ultrafast oscillator (80 MHz repetition rate, 140 fs pulse duration) used to activate the antennas.
Resonant excitation of the bowtie nano-antennas leads to two-photon photoluminescence (2PPL) that is
well-correlated with the locally resonant surface plasmon excitation of the structures. 2PPL imaging has
been used extensively to characterize the resonant behaviour of plasmonic nanostructures®3-20 and is
utilized here as a measure of the nano-antenna plasmonic response and local field enhancement. These
structures provide a stringent test of fabrication precision and yield, with the goal of uniform, reproduci-

ble and intense field confinement at the antenna’s feedpoints.

2PPL intensity maps of the bowtie arrays induced by 780 nm laser excitation are presented in Figure
2 and highlight the primary performance differences between the mono- and polycrystalline nano-
antennas. The 2PPL maps demonstrate that fabrication yield is greatly impacted by the material quality
and subsequently by the resulting pattern transfer characteristics. The yield of monocrystalline bowtie
antennas is close to 100% as measured by the appearance of an enhanced confined local near-field
demonstrated in the 2PPL intensity at the 20 nm wide antenna feedpoints, and the relative uniformity of
this 2PPL intensity for the vast majority of antennas, (Figure 2a). Structures milled identically in the
polycrystalline-deposited gold (Figure 2b), show a poor fabrication yield with few devices showing near-
field intensity enhancements at the antenna feedpoints, and of these, little uniformity in 2PPL intensity.
Note that the fabrication differences between the mono- and polycrystalline structures (e.g. the pres-
ence of a Cr adhesion layer in the case of the polycrystalline antennas) can potentially lead to differences
in the resonant response characteristics of the antennas. However, scanning of the 10 nm bandwidth
laser wavelength in the vicinity of the expected resonant excitation spectra (780 nm) did not yield im-

provements in the emission characteristics of the polycrystalline antennas.

2PPL emission from the polycrystalline antennas (Fig 2b) shows poor fabrication yield with few an-
tenna structures displaying 2PPL gap intensity. While the integrated emission intensity from the poly-
crystalline antennas appears brighter than that from single-crystal devices, the vast majority of the 2PPL

emission from polycrystalline devices emanates from the roughened recessed regions



Figure 2. Bowtie naneantenna device yield and uniformity for a) single/stal bowties fabricated by epitaxial electroless depositiod
b) polycrystalline bowties fabricated by physical vapor deposition.

surrounding the bowties, and not from the antenna’s feedpoints, as desired. This “background” emis-

sion results from the roughened nature of the surrounding regions, as S&aster from polycrystalline
grain boundaries and material defects that arise fromumaiform and anisotropic milling. Further, the
bright, localized 2PPL emission from monocrystalline antenna feedpoints, is significantly more intense
than the average Vel of background emission emanating from polycrystalline devices, reflecting larger

and more uniform field enhancement factors in the siogistal bowtie gaps.
Polarization Dependence of the Nano-Antennas

The activity of the bowtie structures are known to be highly polarization sensitive. The bowtie
nano-antennas fabricated on mono- and polycrystalline Au films were studied under vertically- and
horizontally-polarized 780 nm laser irradiation at normal incidence. Their polarization-dependent 2PPL
emission characteristics are illustrated in Figure 3, along with a numerical simulation of the anticipated
response calculated using a finite difference time domain (FDTD) model of the bowtie structures (Lu-
merical). To compare the modelled and the experimentally measured antenna response accurately,
the geometrical shapes employed in the FIB milling protocol of the fabricated devices were used to

design the nano-antennas for the FDTD software model.



Figure 3. The effect of polarization on the activity of bowtie narentennas. FDTD modeled antenresponsédor (a) vertically- and (b)
horizontally-polarized excitationTwo photon photoluminescence intensity maps of a singlgystal bowtie naneantenna (c) (d) and a
polycrystalline bowtie nanantenna (g)f) for horizontally and vertically polarized excitatioespectivelyNote that the intensity scale of
the FDTD simulation in (a), (b) shows maximum intensity as dark red, while the 2PPL intensity scalp(fpshow intensity maxima as
bright yellow.

The results presented in Figures 3a,b represent the simulated device response for plane wave exci-
tation at 780 nm for vertically- and horizontally-polarized light with respect to the bowties. As antici-
pated, the electric field distribution across the device is polarization-sensitive and shows field maxima
lines that lie orthogonal to the polarization direction. The milling protocol results in the formation of
recessed regions of the film that define local plasmonic cavities characterized by sharply-edged walls.
Light that is orthogonally-polarized to the wall edges is edge-coupled into these cavities which are ca-
pable of supporting SP modes that appear as field intensity maxima in the FDTD simulations. These
are readily visible as horizontal intensity maxima in the outer rectangular milled regions of the antenna
under vertically-polarized excitation (Fig 3a), and as vertical intensity maxima in the horizontally-
polarized excitation (Fig 3b). The mode patterns observed for the simulated milled structures in Fig
3a-b in the immediate vicinity of the bowtie are further complicated by the plasmonic cavities defined

by the diamond-shaped milled regions, leading to interference between modes and more complex in-

tensity structure. Note that excitation of the structures with vertically-polarized incident radiation that



is orthogonal to the bowtie axis (Fig 3a) results in no gap field at the antenna feedpoint while horizon-

tally-polarized incident radiation results in a confined local field in the bowtie gap, as expected.

Comparison of the plasmonic response of the simulated bowties with the fabricated bowties rein-
forces the significant differences in pattern transfer quality of the mono- and polycrystalline devices.
Fig 3c-d display the corresponding 2PPL emission from a single-crystal bowtie under vertically- and
horizontally-polarized 780 nm short pulse excitation. There is good qualitative, and to some degree
guantitative agreement, between the FDTD modelled device response and the experimentally ob-
served 2PPL response. The experimental response displays horizontal intensity maxima upon excita-
tion with vertically-polarized light, and vertical intensity maxima upon horizontally-polarized excitation
and is qualitatively similar to those of the FDTD simulations. Fig 3d also shows an intense localized
field maximum at the antenna feedpoint upon horizontally-polarized excitation that is absent under
vertical light polarization. Note that some differences between the simulated and measured antenna
responses may reflect the narrow bandwidth 780 nm output of the simulation, in comparison to the
experimental measurement that employs an ultrafast laser bandwidth of ~10 nm, centered at 780 nm.
Finite quality factors of the milled cavities will couple a range of incident wavelengths into the struc-
tures that can lead to SP mode interferences. Complex constructive and destructive interferences re-
sulting from the multiple SP cavities that define the milled structure may contribute to intensity differ-

ences between the simulated and 2PPL intensity maps.

Comparison of the 2PPL emission response from polycrystalline bowties (Fig 3e-f) shows very
modest polarization dependence, the nature of which is significantly different from that observed from
the monocrystalline antennas. Poor pattern transfer quality in the polycrystalline antennas leads to
little or no well-defined mode structure as observed in the case of the single-crystal antennas. Plas-
monic excitation and rapid decay through grain boundary and defect induced plasmon dissipation
leads to 2PPL “background” emission with little polarization character. However, it should be noted
that the overall intensity of 2PPL emission appears to be more intense for horizontally-polarized exci-
tation, presumably due to the enhanced coupling of light that is enabled by the bowtie antenna for

this polarization.

Further refinements in film quality, pattern transfer, and simulation accuracy are currently under-
way in our laboratory to improve the level of agreement between simulated and fabricated structures.
Nevertheless, the high quality of material deposition enabled through our electroless deposition pro-

cess, provides good agreement between simulation and experiment.



Device Stability

The effect of material quality on device stability was also investigated. To do so, the 2PPL intensity
emanating from bowties was evaluated upon increasing the power of the incident laser. Figure 4 dis-
plays a time sequence of 2PPL images of a single monocrystalline (Fig 4a) and polycrystalline (Fig 4b)
bowtie as the laser power was increased sequentially every 5 seconds. Each bowtie was illuminated in
this period under the same laser scanning microscope scan rate conditions to ensure equivalent expo-
sures for single- and polycrystalline devices. The percentage values appearing in each panel of the fig-
ure reflect the percentage of total laser output power coupled into the scanning laser microscope. The
actual power incident on the sample through the SLM 63x objective is a small fraction of this intensity,
but scales linearly with the displayed percentage, as measured independently in the absence of a sam-
ple with a calibrated power meter. As the laser power is increased, both mono- and polycrystalline
devices emit increased 2PPL emission intensity as expected, since 2PPL intensity is proportional to 2,
where / is the local near-field intensity enhancement®!31>20 The antennas appear to be non-emissive
at low incident intensity, however this is misleading, as the 2PPL emission intensities displayed in Fig 4
have been normalized to the maximum emission intensities observed under high intensity illumina-
tion. Figure 4 demonstrates that as the incident intensity is systematically increased, so too is the
bowtie gap intensity. Further increase in incident intensity results ultimately in the catastrophic rup-
ture of the devices as indicated by the loss of bowtie structure and saturated emission intensity in the
2PPL image maps. We attribute the catastrophic destruction of the bowtie structures to plasmonic
decay via photothermal mechanisms, generating local heating effects that exceed the thermal and
mechanical stability of the structures. Inspection of Figure 4 reveals that the threshold incident inten-
sity necessary to induce catastrophic damage under these illumination conditions is approximately ten
times greater for single-crystal bowtie devices (~45% incident intensity) than for polycrystalline devices
(4.5% incident intensity). The power incident on the bowtie samples after the 63x objective was found
to scale approximately linearly with percent power transmission as indicated on the microscope and in
Figure 4. The power measured at 4% transmission corresponded to 8.8 mW of incident radiation (just
below the onset of damage in the polycrystalline bowties), whereas the power at 48% transmission
was measured to be 84 mW (just below the onset of damage observed in the single crystal bowties),
approximately 1 order of magnitude higher. We attribute this large difference to the presence of grain
boundaries and defects in the polycrystalline structures which increase the dissipation of SPs to heat

over the entire milled region of the structures (bowtie and background). Further, the polycrystalline



structures of these antennas are anticipated to be less thermally and mechanically stable than their
corresponding single-crystal counterparts, leading to lower thresholds for bowtie destruction. The lack
of grain boundaries in the monocrystalline Au films does not provide such a path for distributed SP
photothermal decay. Further, the decay of SP in single-crystal structures can be mediated by additional
longer-range mechanisms of thermal conduction (e.g. via phonon dissipation) that are unavailable in
polycrystalline structures comprised of nanoscale grains. Thus, our stability study indicates that the
single-crystal bowtie structures can support approximately 10 times more incident illumination intensi-
ty, corresponding to 102 greater 2PPL intensity, and therefore, a factor of 10* greater local field, be-

yond that of polycrystalline bowties, before irreversible and catastrophic loss.

Figure 4. Effect of material quality on bowtie nano-antenna stability. The device stability of a) monocrystalline bowtie antenna and b)
polycrystalline bowtie antenna as the incident laser power is sequentially increased. Both devices were excited by a 780nm, 120 fs pulse
duration laser. Percentages reflect the fraction of maximum incident laser intensity.

Plasmonic Activity and Field Enhancement

Surface enhanced Raman spectroscopy (SERS) is a well-known and well-studied process in which
the local excitation of SPs leads to a significant enhancement in the Raman scattered light collected
from surface molecules?®=%4. The locally excited electric field and the Raman enhancement can be
achieved using nanoparticles and nanostructures made from plasmonic noble metals,?*~2¢ or with the
help of nano-scaled devices with resonating cavities that can confine the excited SPs within very small
gaps?’3°. Here, the SERS response from the common Raman reporter molecule benzoic acid (BA) is
used to compare the SERS efficiency as a measure of the relative magnitude of the field confinement
for mono- and polycrystalline bowtie nano-antennas. In a receiving antenna, the maximum power gain

is directly related to the maximum effective area of the antenna, A, which is calculated through:
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Ao = (1)

4m

where A is the wavelength of the incident photon3®. Since the bowtie nano-antennas on mono- and
polycrystalline Au films are identical in design, we expect the A. to remain constant across the fabri-
cated devices on both surfaces and therefore the difference in the performance can be attributed to
the quality of the materials. The field confinement magnitude at the gap of the plasmonic bowtie
nano-antennas is linked to the coupling efficiency of photons to SPs, which in turn, is a function of sur-
face quality of the film from which the device is made'#®. The surface roughness of the polycrystalline
devices negatively impacts the intensity of excited SPs at the bowtie feedpoint by enabling photon-SP
decoupling at grain boundaries and material defects, thereby reducing the magnitude of the field at
the gap. This route for SP intensity decay is minimized for the monocrystalline Au nano-antennas, re-

sulting in a larger gap field.
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Figure 5. Surface enhanced Raman spectra of benzoic acid from a) monocrystalline Au bowtie nano-antenna and b) polycrystalline Au
bowtie nano-antenna, are shown and compared in c). The SERS was carried out by a Renishaw Raman microscope (785 nm).
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Both mono- and polycrystalline devices were coated with 10 uL of 0.02 M BA in methanol, by drop
casting, followed by solvent evaporation. SERS was carried out using a Renishaw Invia Raman micro-
scope and a fiber coupled continuous wave 785 nm diode laser, as the excitation source. The Raman
spectra were collected at 50% incident laser intensity with a 10s exposure time. The bowties were far
enough apart from one another that Raman data from single devices could readily be acquired. The

SERS spectra from BA coated bowties appear in Figure 5 and are representative of the mono- and pol-



ycrystalline responses from many bowtie measurements. The data suggest that the larger observed
SERS enhancement from single-crystal antenna can be attributed to the quality of the Au film from
which the devices were fabricated and that single-crystal nanostructures support larger near-field gap
intensities than their polycrystalline counterparts, suggesting significant advantages in the use of sin-
gle-crystal plasmonic materials. Performance improvement and antenna efficiency are expected to re-
sult in part from device material conductivity,?”*® reducing conduction losses as the captured field of
incident photons is directed toward the antenna feedpoint. At optical frequencies, ohmic losses occur
in close proximity to the surface and therefore material quality and conductivity of the metal plays a
critical role in determining device impedance.3®3’ We have previously reported the improved conduc-
tivity of the solution-deposited monocrystalline gold films compared to their vapor-deposited coun-
terparts.'® Four-point probe measurements on both mono- and polycrystalline gold surfaces indicate
that the conductivity of the single-crystal gold surfaces are greater by approximately a factor of 20

over the polycrystalline films.

CONCLUSION

We have demonstrated a new scalable and green solution-deposition method for the fabrication
of large area single-crystal Au(100) films and the subtractive manufacture of single-crystal plasmonic
bowtie nano-antennas with improved fabrication and performance yields compared to their polycrys-
talline counterparts. We have presented a direct and quantitative comparison of the performance of
mono- versus polycrystalline plasmonic bowtie nano-antennas. Single-crystal bowties were fabricated
via FIB milling of Au(100) films deposited by epitaxial electroless deposition from highly alkaline depo-
sition baths onto Ag(100)/Si(100) substrates. Polycrystalline antennas were fabricated through an
identical patterning protocol on polycrystalline films deposited by Au evaporation onto a Si(100) wafer
containing a 5nm thick Cr adhesion layer. The quality and yield of pattern transfer onto single-crystal
films far surpasses that of polycrystalline films and leads to significant performance advantages of the
single-crystal devices. These include the uniformity, and intensity of local near-field distributions, the
ability to model accurately these distributions, and the resulting stability of single-crystal devices com-
pared to their polycrystalline analogues. Single-crystal devices demonstrate the ability to support one
order of magnitude more incident intensity (and therefore 10* times the local field) than polycrystal-
line devices, before their catastrophic loss via photothermal decay. This enhanced stability is attribut-

ed to the greater thermal and mechanical characteristics of single-crystal materials. Single-crystal bow-



ties have also shown a greater SERS enhancement factor than polycrystalline structures through re-
duced photon-surface decoupling and absorption loss, providing greater local gap fields that enhance

the light-matter interaction.

While our study has focused specifically on bowtie nano-antennas, we anticipate that the performance
of plasmonic device structures more generally will benefit from single-crystal materials and that the
epitaxial electroless deposition approach employed here will be broadly useful for single-crystal device

fabrication.

METHODS

Monocrystalline Silver Deposition on Silicon

Silver Ag(100) deposition was carried out using a Kurt J. Lesker Company PVD-75 thermal evaporation tool with
a base pressure of <2 x 107 Torr. Ag (99.99% Kurt J. Lesker Company) was evaporated from an alumina coated
tungsten wire basket. The substrate was heated via a backside quartz lamp and the temperature was monitored
with a K type thermocouple attached to the backside of the sample chuck assembly. Deposition was carried out at
a substrate temperature of 340 °C and a rate of 3 A/s. Prior to Ag deposition, substrates were immersed in either
dilute HF acid solutions (10:1 with de-ionized water), or similarly diluted commercial buffered oxide etch solu-
tions (BOE, CMOS Grade, J.T. Baker Inc.), to remove the native oxide layer from the surface of the silicon wa-
fer. All activities, prior to characterization of the films, were carried out under class 100 clean room conditions or

better.

Electroless Deposition of Monocrystalline Gold on Silver

A 1 x 1 cm? Ag(100) substrate was used as surface on which to grow a 200 nm thick monocrystalline Au(100)
film electrolessly. The Ag substrate was submerged in 10 mL of 1 M NaOH which acted as the deposition bath.
Then 250 pL of 0.025 M of HAuCl, solution was added to the deposition bath (10 mL NaOH). The solution was
placed in a water bath where its temperature was kept at 70°C for 60 minutes undisturbed to grow a 200 nm thick
monocrystalline Au(100) film on the Ag(100)/Si(100) substrate. The sample was then washed with distilled water

and sonicated in isopropanol alcohol for 60 s and air dried.

Bowtie Gold Nano-Antenna Fabrication

An FEI Helios Focused-Ion beam (FIB) tool (4D LABS) was used to fabricate the gold bowtie nano-antennas.
The process was carried under the pre-set conditions in the tool for Au films, in which the desired milling depth
was 50 nm. The ion beam current was set at 7.7 pA for the 30 kV operating voltage. Under these conditions, for
50 nm depth etching the dose was set to be 33 pC/um?* and this value was doubled for the milling the monocrys-

talline Au film. The exposure time for fabrication of bowtie nano-antennas on the monocrystalline Au film was



also increased by a factor of 2 over the parameters used for milling polycrystalline films to achieve a milling
depth of 50 nm, due to the lower material removal rate for single-crystal Au. Figure 1 shows the fabricated bowtie
antenna on both monocrystalline and polycrystalline Au achieved under these etching conditions. The dimensions
of the nano-antennas (L=1560 nm) was designed to be twice the wavelength of the 780 nm incident photons to

achieve efficient coupling.

1.473 um 732.8 nm

1.459 pm
741.0 nm

20.24 nm

Figure 6. The fabricated Au bowie nano-antennas from a) monocrystalline Au (100) and b) thermally evaporated polycrystalline Au.

Benzoic Acid (BA) Preparation for SERS

The BA solution was prepared by dissolving 0.0488 g of BA solid powder (Coleman & Bell) in 20 mL of metha-
nol to achieve 0.02 M concentration. From this solution, 10 pL of BA was drop casted on the bowtie nano-

antennas described in this paper.

Finite-Difference Time-Domain Simulations

The FDTD analysis was carried out using Lumerical Solutions FDTD tool to simulate the electric field distribu-
tion across the surface of the fabricated bowtie for comparison with the experimental results. The design of the
structures input to the FDTD model were as close as possible to the fabricated structures for more accurate analy-
sis. The images shown in the figure 3a) and b) of the manuscript, are from a power monitor placed 50 nm above
the structure at 0° and 90° polarization respectively. The source used in this simulation was emitting a plane wave
with a bandwidth from 730 nm to 830 nm (centered at 800 nm). A uniform mesh with 1 nm x 1 nm x 1 nm size
was used over the region under simulation with 1000 fs simulation time. The dimension of the FDTD simulation
area was 5 x 5 x 2 um® (3D simulation) and the mesh accuracy of the simulation was set at 5 (“High accuracy”)
with “conformal variant 1” for the mesh refinement selection and 0.25 nm minimum mesh step. The boundary
conditions were set for the perfect matching layer (“PML”) with 12 pml layers in all directions and 0.0001 pml
reflection. The substrate on which the bowtie nano-antenna was designed, was a 10 x 10 x 2 um® cuboid and the

selected optical material was “Au (Gold)-CRC”.



Two-Photon Photoluminescence (2PPL). Two-photon photoluminescence studies of the bowtie devic-
es were performed using a Zeiss LSM 510 MP laser scanning microscope equipped with a 140 fs Cha-
meleon Ultra excitation laser (Coherent) with 80 MHz repetition rate, tunable from 710 to 980 nm. The
high-resolution images and bowtie power studies were collected with an LD Plan-Neofluar 63x/0.75
Korr dry objective lens, and the bowtie nanoantennas were irradiated with 780 nm wavelength. The
beam waist (W) at the focuswas calculated using W = 1.22A/NA, using a numerical aperture (NA) of

0.75 and determined to be approximately 1.3 um.

Surface Enhanced Raman Scattering Measurements (SERS).

Surface enhanced Raman spectroscopy was performed with a Renishaw (Invia) Raman micro-
scope/spectrometer equipped with a fiber-coupled 785 nm diode laser source. Raman spectra were
acquired using a 50x objective with 10s exposure time acquisitions. Both mono- and polycrystalline
devices were coated with 10 pL of 0.02 M BA in methanol, by drop casting, followed by solvent evapo-
ration. The BA solution was prepared by dissolving 0.0488 g of BA solid powder (Coleman & Bell) in 20
mL of methanol to achieve 0.02 M concentration. Spectra were obtained under 50% incident laser
power and compared with the spectra obtained from a silicon reference sample obtained under iden-
tical illumination and collection conditions. Repeated acquisition of the SERS spectra obtained from
the same illuminated region under these illumination conditions showed no appreciable signal degra-

dation.
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