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Plasmonic nanoantennas focus light below the (e

diffraction limit, creating strong field enhancements, typically w p,eado(
within a nanoscale junction. Placing a nanostructure within the

junction can greatly enhance the nanostructure’s innate optical

absorption, resulting in intense photothermal heating that could

ultimately compromise both the nanostructure and the nano- Cond“cw\ “a_reacto' —
antenna. Here, we demonstrate a three-dimensional “antenna- 30 pote”

reactor” geometry that results in large nanoscale thermal i
gradients, inducing large local temperature increases in the \

confined nanostructure reactor while minimizing the temperature

increase of the surrounding antenna. The nanostructure is cof‘du
supported on an insulating substrate within the antenna gap,

while the antenna maintains direct contact with an underlying

thermal conductor. Elevated local temperatures are quantified, and high local temperature gradients that thermally reshape
only the internal reactor element within each antenna-reactor structure are observed. We also show that high local
temperature increases of nominally 200 °C are achievable within antenna-reactors patterned into large extended arrays. This
simple strategy can facilitate standoff optical generation of high-temperature hotspots, which may be useful in applications
such as small-volume, high-throughput chemical processes, where reaction efliciencies depend exponentially on local
temperature.

fac

plasmons, hotspots, absorption, light focusing, gradient

trongly localized photothermal effects have gained reaction, where the addition of the antenna serves to convert it
steadily increasing interest due to their wide range of from a thermocatalyst to a hot carrier-driven photocatalyst. In
applications, such as biosensing, chemical catalysis, principle, however, the A-R concept is far more general and can
localized photothermal therapy, and solar thermal energy be used to amplify a wide range of other processes. What makes
harvesting.l_4 Plasmonic nanostructures far smaller than the A-R systems particularly useful is their capability to capture
wavelength of incident resonant light can efficiently absorb that electromagnetic energy from larger length scales and focus it
light and act as highly effective nanoscale photothermal within the reactor’s nanoscale volume, where that energy can be

transducers. Increasing the size of the nanostructure increases
its scattering cross section, making it more effective as a far-field
nanoscale antenna, enhancing the optical near field>~7 In the
latter case, heat dissipation is generally regarded as an unwanted
side effect that can limit the optical performance of
nanostructures and may lead to their reshaping or even melting
when high local temperatures are achieved. Recently, the
antenna-reactor (A-R) concept® has been introduced: a
combination of nanostructures where nanoscale optical February 3, 2021
“antennas”, acting as lenses, amplify the interaction between April 16, 2021
light and “reactor” nanostructures, which in isolation would be April 26, 2021
unable to interact with the incident optical field efficiently. For

example, the A-R concept has been extremely practical and

effective when the reactor nanostructure can catalyze a chemical

utilized for various applications. Besides reradiation and
emission control, concentrated electromagnetic fields can
generate mechanical forces, excite hot carriers,” generate high
harmonics,'"’™"” induce phase changes,'”””'* and dissipate
heat."> However, while elevated reactor temperatures may be
desirable to drive localized thermal processes, it is also important
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Figure 1. High-temperature gradient generation with increased absorption in the reactor from field enhancement from antenna supported on a
heat sink. (a) Top and side view of the three-dimensional schematic representation of the A-R structure showing the bowtie shaped antennas in
direct contact with the underlying heat sink (p-type doped Si) and the nanorod reactor supported by an insulating silica layer. The incident light
is polarized perpendicular to the bowtie gap. Scanning electron microscope image of the A-R device optimized for 785 nm excitation (scale bar =
300 nm). (b) The absorption efficiency of the reactor with antenna (solid black line with solid circles), without antenna (empty circles). (c)
Charge distribution in the A-R structure at 785 nm. (d) Field enhancement in the plane of the structure at 785 nm. (e) Calculated temperature
increase distribution in the plane of an individual structure illuminated with an intensity of 435 kW/cm?.

that elevated temperatures not compromise the antenna itself. In
large arrays, collective thermal effects tend to homogenize the
temperature distribution over extended areas, reducing or
eliminating nanoscale thermal gradients.16 In this work, we
demonstrate the presence of large temperature gradients in gold
A-R systems by selectively melting the reactor thanks to its
enhanced absorption provided by the antenna’s optical field
enhancement. Additionally, we show how our A-R design can be
extended to refractory reactor materials (e.g., tungsten) to avoid
melting and therefore potentially catalyze target chemical
reactions.

The challenge of creating nanoscale thermal hotspots was
initially addressed theoretically, by calculating the local heating
that arises in arrangements of nanostructures that support Fano

718 A Figure of Merit was defined within these
studies, providing a metric for the evaluation of nanoscale
heating and thermal gradients under various excitation
conditions.'® Early experimental work was limited to planar
arrangements of nanostructures, specifically nanorod dimers,
where, although localized heating was indirectly demonstrated,
its magnitude remained unquantified."”

Here, we demonstrate an A-R nanostructure complex
designed to generate large local thermal hotspots and nanoscale
thermal gradients, minimizing antenna overheating and
exhibiting elevated local temperatures at the reactor sites over
extended areas. The complex consists of a carefully tuned Au
bowtie nanoantenna and a small Au nanorod reactor fabricated
within its junction. Metallic bowties or alternative plasmonic
material’””' nanostructures can act as antennas for coupling
with propagating fields, localizing electromagnetic energy.”” In

resonances.
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the past decade, bowties or related geometries” have been
engineered for multiple applications, including optical tweez-
ers,”* gas-sensing,”” optical trapping,”® and even magnetic data
storage”” or audio recording.”® In our bowtie structure, using the
same metal for both antenna and reactor enables us to establish
that the temperature differences achieved between the two
structures are due to the specific nanoscale geometry, not to
differences in thermal conductivities between two different
metals (although this same design strategy would also achieve
nanoscale thermal gradients using antenna and reactors of
different compositions). In our design, the antenna is in direct
contact with an underlying thermal conductor (p-type Si) for
passive cooling and the reactor is supported on an insulator
(silica) to maintain a substantial degree of thermal isolation. The
sustained passive cooling of the antenna as it focuses light into
the thermally isolated reactor enables reliable long-term
operation. The combination of insulated reactors and thermally
short-circuited antennas generates a strong thermal transport
imbalance along the vertical, z, direction, perpendicular to the
substrate. The resulting 3D assembly exhibits a heat transfer
asymmetry that induces large temperature increases in the
reactor while favoring the cooling of the nearby antenna. A
similar approach was previously adopted to enhance infrared
absorption in polymer molecules” and generate large thermal
gradients using high-aspect ratio rod-like antennas.”” Here, we
demonstrate how a custom A-R configuration allows exceptional
light absorption and temperature increase within a reactor
otherwise unable to dissipate heat and accumulate thermal
energy. We verified localized temperature gradients at reactor
sites in two ways: First, by monitoring the local temperature
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Figure 2. Fabrication of three-dimensional A-R structure. (a) The p-type doped Si substrate has a 90 nm thermal oxide coating. (b) The
substrate is spin-coated with ~200 nm thick layer of PMMA. (c) The bowtie structures are written with e-beam lithography, and the exposed
PMMA is developed in 1:3 MIBK:IPA. (d) Reactive ion etching with CHF; and O, helps remove the underlying silica layer in the developed
gaps to expose underlying p-type Si. (¢) 2 nm titanium and 150 nm Au are e-beam evaporated on top of the exposed Si layer. (f) Lift-off of extra
Au in 1-methyl-2-pyrrolidinone leads to well-defined bowtie structures. (g) Layer of ~75 nm thick PMMA is spin-coated. (h) E-beam
lithography patterns the reactors in the gaps between the bowtie antennas the exposed structures are developed. (i) 10 nm Au is evaporated on
top of exposed silica. (j) Extra Au is removed to obtain final three-dimensional A-R structures.

through the Stokes—anti-Stokes ratio of the surface-enhanced
Raman scattering (SERS) signal from p-mercaptobenzoic acid
(pMBA) molecules adsorbed onto the reactor site within a
single A-R. Second, by observing selective reactor reshaping at
higher incident light intensities in illuminated A-R arrays. We
obtain temperature gradients up to 1.9 X 10° K/m for the A-R
system, compared to ~9.3 X 10" K/m for reactor-only structures
under a fixed input illumination intensity (~500 kW/cm?). This
corresponds to a nanoscale thermal gradient FOM of more than
20, which is significantly higher than the 2.5 obtained in the
original theoretical study of a trimer for the same separation (see
Supporting Information for specific details)."®

RESULTS/DISCUSSION

A schematic of the three-dimensional nanostructure complex is
shown in Figure 1a, along with a scanning electron microscope
image of the fabricated complex (see Figure S1, for all detailed
dimensions). Two A-R complexes were fabricated, one (of
overall dimensions 408 nm X 340 nm) optimized for 785 nm
wavelength incident light for the SERS studies, the other (415
nm X 330 nm) for 808 nm wavelength incident light for high-
intensity studies (Figure S3). We optimized the physical
dimensions of these two A-R structures for maximal reactor
absorption enhancements provided by the respective antennas
(shown in Figures S4 and SS). Each bowtie antenna had a 120
nm X 40 nm nanorod “reactor” fabricated within its junction.
The aspect ratio of the nanorod was specifically chosen so that
the nanorod transverse mode is detuned (600 nm) from the
illumination wavelengths. A cross-sectional view of the
nanostructure is also shown in Figure la. The antenna was
deposited directly onto a Si substrate, with a height of 150 nm.
The nanorod was deposited instead on a silica layer of 90 nm
height within the junction of the bowtie antenna. The optical
absorption of the reactor alone has a peak at 600 nm wavelength
(Figure 1b, dashed black line with hollow circles), while the
absorption spectrum of the A-R is significantly broader due to
the coupling of the relatively narrow reactor absorption with the
broader field enhancement of the antenna (Figure 1b solid black
line with solid circles). It should be emphasized that the reactor
absorption peak is not relevant (in fact, we detuned our optical
response on purpose) since the main goal of our A-R system is to
achieve absorption enhancement (due to the antenna) in
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reactors with otherwise limited absorption efliciency in the same
spectral region. In our case, the relatively broad antenna near-
field enhancement (Figures S4 and SS) provides an increased
absorption over a wide spectral range. However, the same
concept can be applied to other optical nanostructures featuring
sharp resonances that would induce large reactor absorption
characteristics at selected wavelengths. The charge distribution
in the A-R, optimized for maximal temperature difference at 785
nm CW illumination, is shown in Figure lc. The field
enhancement in the antenna gap (at the edges of the reactor)
is shown in Figure 1d. Theoretically, this design facilitates a
substrate temperature closer to ambient while the reactor
temperature increases by >70 °C when illuminated with a
continuous 785 nm wavelength and ~435 kW/ cm? laser
intensity (Figure le).

The A-R structure was fabricated on top of a thermally grown
90 nm silica layer on a p-type doped Si substrate (Figure 2a; see
Supporting Information for details). An ~200 nm PMMA
coating was then applied (Figure 2b). The bowtie antenna
pattern was exposed with electron beam lithography and
developed (Figure 2c). The silica layer in the regions of the
bowtie nanostructures was then removed with reactive ion
etching (Figure 2d). A thin layer of 2 nm Ti, followed by 150 nm
Au, was evaporated into the etched silica layer (Figure 2e),
followed by lift-off, ensuring removal of excess Au (Figure 2f). A
layer of PMMA was subsequently spin-coated onto the substrate
(Figure 2g). The nanorod reactor pattern was then exposed with
electron beam lithography, aligned with the gaps between the
bowtie antennas and developed (Figure 2h). A thin layer of 10
nm Au was evaporated in the exposed nanorod gap (Figure 2i),
followed by lift-off (Figure 2j). The evaporation produced
structures with wall angles of ~83° utilized in all experimental
simulations (see Figures S4 and SS).

To probe the local temperature at the reactor within the A-R
structure, we performed nanothermometry measurements based
on SERS.*"** The ratio of the Stokes and anti-Stokes intensities
for strong Raman modes of an adsorbate molecule can be used
to calculate the temperature of the molecules within the
hotspots of a plasmonic nanostructure complex.”’ *° In our
case, the well-defined gap region can be reliably used to
determine the local temperature of the probe molecules sitting
within the gap. Since the SERS signal scales as |EI* of the local
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Figure 3. Nanothermometry of Au bowtie nanoheaters using SERS. (a) Calculated field enhancement and temperature increase in the individual
nanorod reactor with antenna, just antenna, and just nanorod reactor. The field enhancement is shown at 785 nm illumination wavelength, and
the temperature increase is shown at maximum laser illumination intensity of ~435 kW/cm? (b) Measured temperature increases for pMBA on
Au bowtie nanoheaters (blue). The dashed black line represents the calculated temperature increase on the surface of the nanorod. Inset:

schematic of how the pMBA molecules bind to the Au substrate.
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Figure 4. Experimental reshaping of the reactor with illumination. (a) Schematic showing the illumination of an array of A-R structures. (b)
SEM images of the reactor with antenna illuminated at different laser intensities. The scale bar is 250 nm. Magnified insets (white dashed box) of
the SEM images with SEM images of the reactors without antenna illuminated at the same intensities are shown in the following rows,
respectively. (c) Change in the aspect ratio of the nanorod reactor with (solid black line) and without (dashed black line) surrounding antenna
at different illumination laser intensities. (d) Simulated temperature increases in the reactor (T, black solid line), antenna (T, orange solid
line) in the combined A-R structure with laser illumination intensity. Temperatures corresponding to experiments are marked with solid
symbols corresponding to the border colors in (b) for different illumination intensities. Melting temperature observed from furnace heating is
shown with the gray dashed line. The light source is an 808 nm CW laser with illumination spot size of ~40 pm.

field, only the molecules within the regions of the enhanced field
will serve as reporters, providing quantifiable experimental
validation of localized heating within the junction of the A-R
structure.

The A-R structures designed and fabricated for optimized
heating at the Raman pump laser wavelength of 785 were used
(Figure 3a). The structures were plasma cleaned, then
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functionalized with pMBA (see Supporting Information for
details). We chose pMBA as the probe molecule for SERS
nanothermometry since it strongly binds to Au through the Au—
S bond and is known to form well-ordered self-assembled
monolayers (SAMs).*” Additionally, pMBA has several vibra-
tional modes with a large Raman cross section, making detection
more feasible, especially in the anti-Stokes region where
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Figure 5. A-R array thermal calculations. (a) Simulated three-dimensional temperature profile of the complete system for an incident intensity
of 771.3 kW/cm? (corresponding to 3.5 W power) for: current experimental setup (top), the case where the silica insulator between the reactor
and the Si substrate is replaced by Si (middle), and the case where no antenna enhancement is considered, and reactors only are illuminated
(bottom). (b) Temperature profiles for the cases in (a) along a horizontal line in the XY plane passing through the whole system at the reactor Z
coordinate (see inset). Current work (magenta), noninsulated reactor (green), and no antenna enhancement (gray) cases are compared. (c)
Ratio between the temperature of the reactor (Ty) and antenna (T,) depending on incident intensity for different cases: current work setup
(magenta), no antenna enhancement (gray), no absorption in the Si substrate where Si thermal conductivity was reduced to the silica one (light
orange), and no absorption in the Si substrate. (d) Temperature profile similar to (b) in the case of tungsten reactors for an input intensity of
1322.2 kW/cm? (corresponding to 6 W power). (e) Left axis: reactor absorption cross section spectra for an array of W reactors only (red), an
array of Au antennas and W reactors. Right axis: ratio between W reactors absorption cross section spectra in the case with and without Au
antennas. In array simulations, a 12 X 12 array of A-R structures distanced 1.5 gm are heated consistently with the calculated electromagnetic
dissipation at a wavelength of 808 nm. Substrate heating in Si and silica within the 40 gm diameter beam spot is accounted for through the
materials absorption coefficients of 770 and 201 cm™, respectively.

intensities are inherently low. We focused our analysis on the SERS measurements were obtained on antenna-only structures
strong Raman peak of pMBA at 1075 cm ™', corresponding to the and polarized along the transverse axis of the A-R structure
aromatic v(CC) ring-breathing mode®” (Figure S6). After (Figure S8). When the incident polarization was in the
functionalization, we measured the Stokes (I.s) and anti- transverse direction, no SERS signal from pMBA was observed.
Stokes (Ln-seokes) Raman scattering from the Au bowties as a A small SERS signal from the antenna-only structure was due to
function of laser intensity (Figure S7). The laser intensity was the much larger gap dimension (~50 nm), but no anti-Stokes
controlled by using the built-in neutral density filters on the mode was observable (Figure S7). Additionally, we did not
Renishaw Raman microscope, corresponding to 43.6,217.8, and observe any pMBA signal from the Si substrate, even at the
435.5 kW/cm?, corresponding to 10%, 50%, and 100% of the highest intensity. These additional control measurements show
laser intensity (see details of our measurements and analysis in that the pMBA SERS signal originated from molecules adsorbed
the Supporting Information). The temperature increases into the ~5 nm gap on each side of the reactor nanorod structure
obtained experimentally for the three laser intensities were (Figure S8 and Figure 3a). A similar nanothermometry analysis
—4.4 +19.0,21.6 + 14, and 54.3 + 4.8 °C, respectively (Figure was also performed on the amorphous silica peak appearing as an
3b). The temperature analysis error is greatest for the lowest asymmetric peak between 910 and 1000 cm ™ to determine the
intensity due to the low signal-to-noise of the anti-Stokes signal average temperature of the interlayer silica substrate illuminated
at this laser intensity range. The inherently low intensity of the by the laser spot (Figure S7¢). The temperatures obtained using
anti-Stokes process, relatively large hotspot gap, and low number the silica SERS data revealed that the substrate heats only by a
of probed structures result in an extremely low signal-to-noise small amount, 4.3 + 10.3, 2.9 + 4.4, and 7.3 + 1.4 °C with
ratio at low laser intensity. More details on the estimation of the increasing laser intensity (Figure S7c).
error can be found in the Supporting Information. To further A theoretical model was developed to predict the temperature
prove that the PMBA signal originated from the reactor increase at the reactor site (details of these calculations are
structure within the A-R gap region and not from the antenna, provided in the Supporting Information). The experimental
8765 https://doi.org/10.1021/acsnano.1c01046
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temperature determined from the SERS measurements agrees
well with the calculated temperature increase at the nanoreactor,
providing evidence that the bowtie antenna can efliciently
generate quantifiable local heating on the nanorod reactor
(Figure 3b).

In addition to investigating the localized temperature
increases within an individually illuminated A-R structure, we
extended our studies to A-R arrays. In light-driven nonlinear
processes like solar-driven desalination®® or photocatalysis,”
large arrays of localized, high-temperature hotspots could
significantly enhance thermally driven processes compared to
homogeneous temperature distributions.

The A-R array experiments were performed with a continuous
wave (CW) laser at 808 nm (Diomed). The experimental setup
is shown in Figure 4a. The distance between adjacent A-R
nanostructures is 1.5 gm. The beam waist of the laser spot size at
the sample is ~40 pm (measured with a Thorlabs beam
profilometer). The temperature generated in the nanorod
reactors (Ty) under array illumination was monitored indirectly
by assessing their reshaping with increasing laser intensity.
Although the bulk Au melting temperature is 1064 °C, it is well-
known that the melting temperature of Au nanostructures is
significantly depressed relative to their bulk value.””~*' Heating
in a conventional laboratory furnace was used to obtain the
nanorod reactors’ melting point. The reshaping of the nanorods
at different temperatures and the corresponding change in the
geometric aspect ratio is shown in Figure S9. When the A-R
nanostructure is illuminated with the CW laser, a reshaping of
the nanorod with varying laser power and intensity is observed
(Figure 4). The reshaping occurs at lower incident laser
intensities for a nanorod reactor within an antenna than for a
bare nanorod without an antenna (Figure 4b). The presence of
the antennas clearly enhances the optical absorption at 808 nm,
increasing the temperature of the nanorod reactors in the
antenna gaps. The distribution of energy flux represented by the
Poynting vectors visually explains this effect (Figure S10). The
antennas reshape at higher intensities than the nanorod reactors,
most likely because the antennas are fabricated on the
underlying doped Si substrate that promotes heat dissipation
(Figure 4b). Higher temperature generation in nanorods with
antennas compared to bare nanorods is evident from the
observed higher change in aspect ratio with illumination
intensity (Figure 4c). Three-dimensional simulations of A-R
arrays show that the antenna temperature (T ) is nominally 200
°C lower than the reactor temperature at 880 kW/cm? incident
intensity (Figure 4d). The nonlinear trend of Ty is due to the
temperature dependence of the Au permittivity,* which has
been shown to affect the photothermal response of nanostruc-
tures across wide temperature ramges.%’44

Our design strategy for nanostructures featuring large thermal
gradients is to generate an imbalance in heat loss by thermally
isolating the reactor while coupling the antenna to a heat sink.
This approach achieves a non-homogeneous temperature profile
over a larger area despite the collective heating effects induced
by an array of nanostructures and intrinsic substrate dissipation
(Figure S). To account for all relevant thermal aspects of our
system, we have modeled a realistic 12 X 12 array of A-R
structures, with a 1.5 um periodicity and an illumination
diameter of ~40 pm, consistent with the system used in the
reshaping experiments (Figure 4a). The heat dissipation density
applied to each antenna and reactor of the array is derived from
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electromagnetic simulations (see Supporting Information).
Additional dissipation from both the silica and Si substrate
layers is also taken into account through their absorption
coefficients (770 cm™'* and 201 em™.,* respectively) at the
illumination wavelength. In Figure Sa, we show the 3D
temperature profile of the array when illuminated at ~3.5 W
in three different variations: our experimental case (top), the
case where the reactor is “short-circuited” to the Si substrate by
substituting its silica underlayer with Si (middle), and the case
where there is no antenna structure (bottom). The temperature
maps clearly show how both the silica insulating layer beneath
each reactor and the antenna absorption enhancement play
critical roles in generating the localized temperature increases at
the reactor sites. The temperature profiles along a line crossing a
central row of the array at the reactor height are shown in Figure
5Sb for the same three cases as in Figure Sa. For all cases, the
substrate temperature is similar and mostly due to the intrinsic
absorption in the Si substrate (green). When both reactor
insulation and antenna-driven absorption enhancement are in
place, the temperature at the reactors is consistently at least 100
°C higher.

The temperature difference between reactor and antenna in
A-Rs becomes important, for example, in the case of photo-
thermal catalytic reactions whose reaction rates follow an
Arrhenius temperature dependence  exp[—y/T]. For this case,
itis crucial to quantify, in addition to reactor temperatures, their
temperature values relative to nearby antennas. Hence, we
define the ratio between reactor (Tg) and antennas (T,)
temperatures, Tp/T)y, as an additional figure of merit. We plot
T/ T, for increasing incident illumination intensities in Figure
Sc by comparing our system (magenta) with other significant
cases. The case where the antenna enhancement is neglected
(gray) clearly shows how Ty/T, approaches 1, meaning that
there is no relevant temperature increase of the reactor with
respect to the antenna and, thus, no temperature localization.
The case where the Si substrate is substituted by a transparent,
though insulating, material (light orange) shows that temper-
ature localization improves only slightly, but T/ T, does not go
past ~1.1 at even the highest simulated intensities. Our design at
3.5 W, instead, reaches values up to 1.5 (magenta), meaning that
reactors can be up to ~50% hotter than the antennas, which are
only ~5—10 nm away. For comparison, the rather idealistic case
where the substrate does not absorb light and is also thermally
conductive (Si thermal conductivity is assumed) is shown as a
green line and reaches a maximum Ty/T, of ~1.8. This study
confirms the promising performance of our three-dimensional
A-R design.

Our approach can be extended in a straightforward manner to
other reactor materials, which could be used to catalyze chemical
reactions and would be able to sustain higher temperatures. To
illustrate this application, we use the same geometry but
substitute the Au reactor with a tungsten reactor. The calculated
temperature profile is shown in Figure 5d for a power
illumination of 6 W. The reactor temperatures can here be as
high as ~640 °C, well below the W bulk melting temperature of
~3400 °C, while the antenna remains below ~420 °C. The
absorption enhancement exceeds 100 for a relatively broad
range of wavelengths (Figure Se). We note that tungsten is
metallic (negative electric permittivity) at our operational
wavelength (808 nm) according to Werner et al.*’ However,
other works*® have reported positive permittivity in the same
wavelength range. We highlight the fact that our design
significantly increases the reactor absorption for both choices
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of tungsten permittivities (see Figure S12), further demonstrat-
ing how our A-R concept can be even applied to non-metallic
materials.

In conclusion, the design and demonstration of this three-
dimensional plasmonic “nanoheater” demonstrates that one can
establish sizable temperature gradients over ultrasmall length
scales. This strategy is one of very general importance and
provides a way to control temperatures for applications in
research, such as spectroscopy and photocatalysis, and the study
of physical processes at the nanoscale, such as phase transitions.
Achieving nanoscale thermal hotspots and gradients in large
arrays will also be useful in applications, such as solar energy
harvesting and other light-driven processes, where the
efficiencies follow Arrhenius-like laws.

MATERIALS AND METHODS

Antenna-Reactor Nanofabrication. The bowtie antenna-nano-
rod reactor structure is fabricated on top of a thermally grown 90 nm
silica on a p-type doped Si substrate (thickness 525 ym, resistivity
0.001—0.005 ohm-cm). The substrate was cleaned by sonication in
acetone, followed by sonication in isopropyl alcohol (IPA) for S min
each. It was then plasma-cleaned in argon plasma at a pressure of 0.85
bar for 3 min at 200 W power. Poly(methyl methacrylate) (PMMA)
950 A4 was spin-coated at 3000 rpm onto the cleaned substrate,
resulting in a PMMA coating thickness of ~200 nm. The bowtie
antenna pattern was then exposed with electron beam lithography. The
resist was then developed in 1:3 methyl-isobutyl ketone (MIBK):IPA.
The layer of 90 nm silica in the regions of developed bowtie
nanostructures was then etched with reactive ion etching in a CHF; and
O, environment. A thin layer of 2 nm titanium, followed by 150 nm Au,
was then evaporated into the etched silica layer. The lift-off was
performed using 1-methyl-2-pyrrolidinone at 65 °C overnight to ensure
removal of excess Au. A layer of ~70 nm PMMA 950 A2 was then spin-
coated onto the substrate to prepare for the second step of lithography.
The nanorod reactor pattern was again exposed with electron beam
lithography aligned with the gaps between the bowtie antennas
fabricated earlier. The exposed resist was then developed in 1:3
MIBK:IPA. A thin layer of 10 nm Au was evaporated in the exposed
nanorod gap. The lift-off of excess Au was carried out in 1-methyl-2-
pyrrolidinone at 65 °C for 1 h.

SERS Sample Preparation. Au bowtie antennas were first plasma-
cleaned to remove surface impurities following the fabrication
procedure. The samples were then immersed in 1 mM p-
mercaptobenzoic acid (pMBA) in 200 proof ethanol for 18—24 h at
room temperature to ensure adequate binding. Samples were then
rinsed thoroughly with 200 proof ethanol and dried under a stream of
nitrogen gas.
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