Scalable Manufacturing of Plasmonic
Nanodisk Dimers and Cusp
Nanostructures Using Salting-out
Quenching Method and Colloidal
Lithography

Bala Krishna Juluri,” Neetu Chaturvedi,* Qingzhen Hao,"* Mengqian Lu," Darrell Velegol,** Lasse Jensen,**
and Tony Jun Huang™*

"Department of Engineering Science and Mechanics, The Pennsylvania State University, University Park, Pennsylvania 16802-6812, United States, *Department of
Chemical Engineering, The Pennsylvania State University, University Park, Pennsylvania 16802-6300, United States, Department of Chemistry, The Pennsylvania

State University, University Park, Pennsylvania 16802-6300, United States, and *Department of Physics, The Pennsylvania State University, University Park,

Pennsylvania 16802-6300, United States

ree electrons in metallic nanoparticles
can be driven to resonance by electro-
magnetic radiation in the same way a
spring-mass system can be driven to me-
chanical resonance.! These optical reso-
nances, commonly referred to as localized
surface plasmon resonances, enable the
localization of electromagnetic energy at
the nanoscale.? The energy that is localized
in the vicinity of the nanoparticles is a
function of shape,? size,* and surrounding
environment™® of the nanoparticles. The
optical resonances of individual metal na-
noparticles can also be significantly altered
through near-field electromagnetic cou-
pling between neighboring nanoparticles.
This phenomenon has been demonstrated
in the simple case of two nanoparticles
separated by a small gap, commonly re-
ferred to as nanoparticle dimers.” Not only
is the extinction (scattering + absorption) of
nanoparticle dimers different from indivi-
dual nanoparticles, but there is also a large
enhancement of the electric field in the
nanogap between nanoparticles.®~'° These
enhancements in electric field are impor-
tant in many applications, such as surface-
enhanced Raman scattering (SERS),"""? fluo-
rescence spectra reshaping,'® and higher
harmonic light generation.'*'®
Nanoparticle dimers generally have been
fabricated by e-beam lithography'®'” or fo-
cused ion beam milling."””> These top-down
methods provide a well-controlled, precise
means to fabricate nanoparticle dimers. Using
these methods, nanorod dimers,'® nanoprism
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ABSTRACT Localization of large electric fields in plasmonic nanostructures enables various
processes such as single-molecule detection, higher harmonic light generation, and control of
molecular fluorescence and absorption. High-throughput, simple nanofabrication techniques are
essential for implementing plasmonic nanostructures with large electric fields for practical
applications. In this article we demonstrate a scalable, rapid, and inexpensive fabrication method
based on the salting-out quenching technique and colloidal lithography for the fabrication of two
types of nanostructures with large electric field: nanodisk dimers and cusp nanostructures. Our
technique relies on fabricating polystyrene doublets from single beads by controlled aggregation
and later using them as soft masks to fabricate metal nanodisk dimers and nanocusp structures.
Both of these structures have a well-defined geometry for the localization of large electric fields
comparable to structures fabricated by conventional nanofabrication techniques. We also show that
various parameters in the fabrication process can be adjusted to tune the geometry of the final
structures and control their plasmonic properties. With advantages in throughput, cost, and
geometric tunability, our fabrication method can be valuable in many applications that require

plasmonic nanostructures with large electric fields.

KEYWORDS: nanoparticle dimers - nanocusp structures - colloidal lithography - large
electric field - surface enhanced Raman scattering - salting-out quenching - colloidal
doublets

dimers (bowtie structure),'”” and nanodisk
dimers'® have been demonstrated. However,
e-beam and focused ion beam are unscalable,
expensive, and time-consuming and require
conductive substrates.'® Alternatively, inex-
pensive, scalable bottom-up methods have
been reported that involve the assembly of
nanoparticles to nanoparticle dimers using
surface modification®® by organic molecules
(multivalent thiol linkers) or biological mol-
ecules (DNA linkers).2'2 However, DNA-
based methods require careful separation
using electrophoresis to attain high yield,
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Scheme 1. Schematic showing (a) synthesis of doublets from polystyrene singlet beads using salting-out quenching
technique and (b) fabrication of nanodisk dimers using colloidal lithography, where polystyrene doublets are used as soft

masks during etching processes.

and the use of molecular linkers is not suitable for
applications such as SERS, as they might block the
entry of analyte molecules into a hotspot.>* Solid-
phase synthesis techniques that utilize a solid sub-
strate to synthesize metal nanoparticle dimers have
been demonstrated by Worden et al?> and Sardar
et al.*® Recently, Wang et al.*” used controlled aggre-
gation, encapsulation, and purification to synthesize
metal nanosphere dimers with large yields. Although
this process is scalable, the presence of an encapsula-
tion layer could prevent large SERS enhancements. Li
et al** recently reported silver nanosphere dimer
formation with a yield of 58% by adding salt during a
polyol-based synthesis process. The aforementioned
bottom-up fabrication methods are primarily applied
to metal nanosphere dimers, which are limited in the
tunability of their plasmon resonance wavelength. In
addition, the fabricated nanoparticle dimers are lo-
osely attached to the substrates and do not have the
robustness needed for certain applications.

Here, we report a combination of bottom-up and
top-down methods to fabricate nanodisk dimer struc-
tures (two nanodisks separated by small gap) over a
large area. We use “salting-out quenching”, a novel
bottom-up technique, to synthesize colloidal doublets
from single polystyrene particles; the polystyrene
doublets are then used as templates in the top-down
fabrication of nanodisk dimer structures. In addition to
nanodisk dimers, cusp nanostructures with sharp tips
(i.e., two nanoholes in a thin film with a separation
smaller than their diameter) can be fabricated with
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only simple alterations in the method. Compared to
single nanohole structures, cusp nanostructures exhi-
bit both large transmission and significantly larger
electric field intensity. Our method has the advantages
of being rapid, scalable, inexpensive, and highly geo-
metrically tunable.

RESULTS AND DISCUSSION

The nanodisk dimers are fabricated in a two-step
method. In the first step (Scheme 1a), doublets of poly-
styrene latex beads are fabricated in solution. Doublets of
polymeric colloidal particles have been previously syn-
thesized using a variety of techniques;?® 32 most of these
methods have challenges in either extending the doublet
formation to a variety of materials (e.g., metals, polymers,
semiconductors) or scaling the synthesis process with
reasonable yields. Recently, a simple and robust tech-
nique, salting-out quenching, was developed in our lab to
synthesize submicrometer/micrometer size colloidal
doublets by controlled aggregation of colloidal par-
ticles.3*** This rapid and scalable method relies on
temporally controlling interparticle forces®® to achieve
doublet formation and has been successfully utilized to
synthesize doublets of various materials. The Derjaguin,
Landau, Verwey, and Overbeek (DLVO) forces®** % be-
tween similarly charged colloidal particles can be made
attractive by increasing the ionic strength of the solu-
tion, due to the dominance of the van der Waals forces.
The attractive forces lead to aggregation of the parti-
cles, which would give large clusters if not properly
controlled.>® However, control over the aggregation is

VOL.5 =

NO.7 = 5838-5847 = 2011

D)
\9

WWW.acsnano.org

J1O1LdV

5839



40
35
30
225 -
20 A
15 1
10 A

Yield, %

5 -

0 -

<) 1 2 3 4
Cluster size

(%]

Figure 1. FESEM images of polystyrene doublets synthesized using salting-out quenching technique from beads of (a)
200 nm diameter and (b) 100 nm diameter. (c) Yield as function of cluster size after salting-out quenching technique for
200 nm beads. (d) FESEM image of nanodisk dimers fabricated from polystyrene doublets after colloidal lithography. Inset

shows enlarged images.

obtained by adding deionized (DI) water, thus restor-
ing the electrostatic repulsion and “quenching” the
aggregation. As shown in Scheme 1a, the salting-out
quenching process involves increasing the ionic
strength of an otherwise stable colloidal solution of
positively charged polystyrene latex beads (typically of
200/100 nm in diameter) by initiating a salt stimulus.
The increased ionic strength decreases the Debye
length of the electric double layer and weakens the
interparticle, charge-based repulsive forces. During the
Brownian aggregation process between the polystyr-
ene beads, the beads adhere to one another due to the
attractive van der Waals forces. A simple estimate of
the time required for the particles to aggregate (and
form doublets) is given by the Smoluchowski rapid
flocculation equation,*® 7,44 = (77a°)/(2kT¢)W, where
is the viscosity of the solution, a is the radius of the
colloidal particles, k is the Boltzmann constant, T is the
temperature of the solution, W is the stability ratio
(which identifies how many times particles must col-
lide, on average, before they adhere), and ¢ is the
volume fraction of particles in the solution. After
allowing the diffusion-limited aggregation for a speci-
fic duration of time, the “stimulus” is quenched by
mixing in a large quantity of DI water, which lowers the
ionic strength and prevents further aggregation by
restoring the electrostatic repulsion. At this point, the
suspension consists primarily of single particles and
doublets.

In the second step (Scheme 1b), we use the doublets
fabricated by the salting-out quenching technique to
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make nanodisk dimers by colloidal lithography. Colloi-
dal lithography uses colloidal beads as masks to fabri-
cate nanoparticles; it is scalable, rapid, and inexpensive.
Various plasmonic nanoparticle geometries, including
nanoprisms,***' nanorings,** nanohemishells,** and
nanodisk arrays,***> have been fabricated using colloi-
dal lithography. These particle geometries, however,
were fabricated from isolated beads or with closely
packed hexagonally arranged monolayers of beads that
do not support large electric fields. Doublets made from
the salting-out quenching technique, when used in
colloidal lithography, can be used to fabricate nanodisk
dimers by transferring the shape of doublets onto a thin
metallic film. The process involves using electrostatic
interactions to settle polystyrene doublets on a glass
slide coated with a thin layer of gold (typically 30 nm)
and reducing their diameter by oxygen reactive ion
etching (RIE). During the oxygen RIE process, the gold
beneath the beads and the distance between the
centers of the beads remains unaffected. The reduction
of diameter, however, opens up a narrow gap between
the polystyrene beads. This is followed by argon reactive
ion etching, where the colloidal doublets act as etch
masks, and the gold is removed in the regions that are
not covered by the beads. Finally, the beads are re-
moved by sonication to expose the nanodisk dimers on
glass substrates. Our method produces nanodisk dimers
with excellent tunability in parameters such as nanodisk
size, gap, thickness, and choice of metal. This geometric
tunability is essential, as it helps match the resonance
position to excitation light for best performance. In
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Figure 2. (a) Control over nanogap size as a function of oxygen etching time. Insets show representative FESEM images of the
nanodisk dimers at various etching times. Calculated electric field intensity distribution in Au nanodisk dimer within (b) in-
plane cross-section and (c) out-of-plane cross-section for nanodisk dimer corresponding to 30 s of oxygen RIE (190 nm
diameter, 30 nm height, and 10 nm gap) with incident light polarized along the axis of disk dimers.

addition to doublets, longer flocculation time will en-
able higher order aggregates such as quadramers and
heptamers,*® which can be used to fabricate plasmonic
clusters that exhibit Fano-like resonances.*’#®

Figure 1a and b show representative field emission
scanning electron microscopy (FESEM) images of poly-
styrene doublets synthesized with the salting-out
quenching method. Clear contact between two poly-
styrene beads is seen in all the doublets. Using the
salting-out quenching method, we have achieved a
reasonably high yield of doublets (~36%), compared
to the yield (~1%) without salting-out quenching
technique, evidenced by SEM images with >150 parti-
cles, as shown in Figure 1c. The remaining particles are
either isolated or higher order aggregates. The doublet
yield could be potentially increased to 70—80%>* by
thermally fusing the doublets and further purifying
them using density gradient centrifugation®®>® or
hydrodynamic chromatography.>' Separating doub-
lets and higher order aggregates from single particles
will be the subject of further studies. Figure 1d shows a
representative FESEM image of nanodisk dimers result-
ing from oxygen and Ar RIE process, with an inset
showing a magnified view of an individual nanodisk
dimer separated by a nanogap.

The magnitude of the electric field enhancement
and position of the plasmon resonance wavelength in
nanodisk dimers strongly depends upon the gap and
nanodisk diameter. For surface-enhanced Raman spec-
troscopy applications, it is essential to achieve large
electric field enhancements, while simultaneously tun-
ing the plasmon resonance wavelength to match the
Raman excitation laser wavelength. Our method allows
precise control of the gap/diameter ratio by varying
the oxygen RIE time. Longer etch times correspond to
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smaller beads and subsequently larger gaps between
the beads. Figure 2a shows the dependence of the
nanogap size on the etch time. In the absence of
oxygen etching, the nanodisks touch each other and
thus are in the conducting coupled regime.'®'® Such
structures are potentially useful for broad-band energy
harvesting applications as proposed by Aubry et al.>**3
As the RIE time increases, the gap between nanodisks
increases from 10 nm to 40 nm with a reasonable
standard deviation nearly following a linear trend. A
minimum etching time of 30 s was required to con-
sistently open a 10 nm gap between two polystyrene
beads. An etching time interval below 25 s resulted in
two beads still in contact with each other (details can
be found in the Supporting Information). Dimer gaps
below 10 nm can, in principle, be achieved (not at-
tempted in this current work) by etching for a time
interval between 25 and 30 s. To determine the effects
of particle size on electric field intensity with a constant
gap, we calculated the electric field intensity distribu-
tion and maximum electric field in the nanodisk dimers
for various diameters using finite different time do-
main (FDTD) methods.>* Figure 2b shows the electric
field distribution at the plasmon resonance frequency
for incident light polarized along the dimer axis for a
nanodisk dimer geometry corresponding to 30 s of
etching (190 nm disks separated by 10 nm gap). The
figure shows approximately three orders of enhance-
ment in the electric field intensity due to dipole—di-
pole interaction plasmon modes. The maximum
electric field enhancements occur in nanodisk dimers
that have large disk diameters and are separated by
smaller gaps. Such nanodisk dimers can be achieved
when larger polystyrene beads are used with short
oxygen RIE times.
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Figure 3. (a) Experimentally obtained scattering intensity vs wavelength for nanodisk dimers resulting from 100 nm
polystyrene doublets and etched for different time periods (10's, 15 s, 20 s, from top to bottom). (b) Corresponding FDTD-
calculated scattering cross sections. Incident light is polarized along the axis of the dimer.
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Figure 4. (a) Experimentally obtained scattering intensity vs wavelength for different polarization angles of incident light
(from normal to along the dimer axis in 10° steps) in nanodisk dimer resulting from 100 nm polystyrene doublets with 20 s of
oxygen etching. (b) Corresponding FDTD-calculated scattering cross section.

We further investigated the plasmonic resonances
of nanodisk dimers using dark field microspectroscopy.
It has been revealed from previous studies that as the
gap between nanoparticle dimers decreases, the dipo-
lar plasmon resonance red-shifts due to a decreased
restoring force between the charge separations in
individual particles.” To understand the nature of
plasmon resonances in these structures, we fabricated
nanodisk dimers from 100 nm polystyrene beads.
Although nanodisk dimers fabricated from 200 nm
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polystyrene beads and with short oxygen etch time
possess large electric field enhancements, their plas-
mon resonances are in the infrared range (1200 nm),
making their characterization difficult. Figure 3a shows
the dark field scattering spectra of nanodisk dimers
with various gap/diameter ratios fabricated from
100 nm polystyrene beads and 30 nm thin gold films
with light polarized along the axis of the dimer. We can
see that the longitudinal plasmon peak position blue-
shifts from 800 nm to 700 nm with increased etch time,
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Figure 5. (a) Schematic showing fabrication of cusp nanostructures by using polystyrene doublets as soft masks for
evaporation. Representative FESEM images of cusp nanostructures fabricated (b) without oxygen etching and (c) with 15 s of

oxygen etching. Inset shows enlarged images.

a result of increased gap/diameter ratio. To character-
ize the experimentally observed scattering responses,
we performed FDTD simulations of nanodisk dimers
with corresponding gap/diameter geometry. The peak
positions and widths of the experimentally observed
scattering responses (Figure 3b) match well with the
FDTD results (Figure 3b). In the case of larger nanodisk
diameters with smaller gaps, a quadrapolar plasmon
mode at 600 nm emerges in the scattering response of
both the experiments and simulations. Plasmon reso-
nances of nanodisk dimers can also be shifted by
adjusting the thickness of the film (details can be found
in the Supporting Information). In some doublets, the
diameter of one bead is slightly larger or smaller than
the other. This is due to the inherent size distribution of
polystyrene beads following their synthesis by the
manufacturer. Even though small, these heterogene-
ities may affect the plasmon resonances and electric
fields in the dimers. Using FDTD calculations, we show
(details can be found in the Supporting Information)
that heterogeneity changes the peak of the scattering
spectra (plasmon resonance) of disk dimer to a lower
wavelength, but does not significantly change the
magnitude of the electric field that is localized in the
dimer gap at plasmon resonance. We also investigated
the effect of polarization on the plasmon resonance of
the nanodisk dimers. It is known that there are two
orthogonal plasmon modes in dimers, one parallel to
the dimer axis and other perpendicular. As the polar-
ization changes from parallel to the dimer axis to
perpendicular to the dimer axis, these modes are
excited at varying degrees. Our results from polariza-
tion-dependent dark field spectroscopy are consistent
with previous reports as shown in Figure 4a and agree
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well with FDTD simulations (Figure 4b). With large
localization of electric fields, ease of fabrication, and
very well-defined geometry, the nanodisk dimers fab-
ricated by our method can be readily used as alter-
natives for large electric field nanostructures fabricated
by e-beam lithography or focused ion beam milling.
The large electric field exhibited in the gap will be
valuable in applications such as SERS sensing, second-
harmonic and continuum light generation, nanolitho-
graphy, and microfluidics.

In addition to the fabrication of nanodisk dimers, our
method can be conveniently modified to fabricate
cusp-shaped nanostructures. Such structures, com-
posed of two nanoholes of the same diameter with a
center-to-center distance smaller than their diameter,
were proposed by Reuven Gordon and colleagues.>>>®
Nanoholes in thin metal films have attracted immense
interest among researchers after the discovery of ex-
traordinary transmission in nanohole arrays by Ebessen
et al>” Various methods, both theoretical and experi-
mental, have been reported in an attempt to under-
stand the origin of this enhanced transmission through
single nanoholes in thin films.>®7%° A common under-
standing is that interactions between localized surface
plasmons and propagating plasmon modes in these
systems dictate the optical performance of the nano-
holes. The cusp-shaped nanostructures, when com-
pared to separate nanoholes, exhibit larger electric
fields and transmission similar to bowtie slot nano-
antennas.®’ %% Reuven Gordon and colleagues fabri-
cated arrays of cusp nanostructures by focused ion
beam milling in these studies. Large electric fields in
cusp nanostructures were also studied by Onuta et al.
using second-harmonic generation imaging.®* In their
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Figure 6. (a) Calculated transmission and maximum electric field intensity vs wavelength for a nanocusp structure made of
nanoholes of 208 nm diameter, 30 nm height, and separated by 200 nm gap with incident light polarized along the sharp tips.
Electric field intensity distribution in the x—y plane at (b) 17790 nm and (c) 900 nm.

study, cusp nanostructures were obtained by random
formation of colloidal doublets by using large concen-
trations of polystyrene beads followed by gold
evaporation.

To fabricate cusp-shaped nanostructures (Figure 5a),
polystyrene doublets fabricated using the salting-out
quenching technique are settled on a glass slide and
then etched by oxygen RIE. This etching opens up a
gap between the polystyrene beads. A thin film of gold
is deposited, and the beads are later removed by
sonication. Opening a gap between polystyrene beads
allows the metal to deposit between beads, result-
ing in the formation of a smaller separation between
sharp tips in the aperture. Figure 5b and c show FESEM
images of cusp nanostructures fabricated from 200 nm
polystyrene beads using this method without and with
oxygen RIE, respectively. In the case without oxygen
RIE, sharp tips in the aperture are separated by a larger
distance than the ones with oxygen etching. Control of
the tip separation is important, as it dictates the
magnitude of the electric field intensity and transmis-
sion peak position. To understand the magnitude of
electric field enhancements and transmission improve-
ments, we performed FDTD calculations on isolated
cusp nanostructures. When excited with an incident
light polarized along the axis of the sharp tips, these
structures exhibit a sharp transmission peak at
1860 nm with a shoulder at 905 nm (Figure 6a). We
also calculated the maximum electric field intensity as
afunction of wavelength and see that it also peaks near
these wavelengths. Plots of electric field distribution in
the nanostructures at these wavelengths show distinct
plasmon modes and represent different charge density
distributions as shown in Figure 6b and c. The strong
transmission peak at lower energy (1860 nm) corre-
sponds to a plasmon mode with electric field spread-
ing throughout the nanostructures, whereas the small

JULURI ET AL.

shoulder at 905 nm represents a plasmon mode that is
tightly confined to the tips. The field distributions and
the charge distributions seen in these structures are
very similar to the ones reported by Onuta et al.
However, the magnitude of the field enhancement in
the structures reported here is larger than those re-
ported by Onuta et al. This is due to two reasons: (1) the
structures reported here are made from smaller poly-
styrene doublets and (2) the distance between the two
sharp tips is smaller due to oxygen etching of poly-
styrene beads. These differences lead to larger magni-
tudes of electric field enhancements, especially at the
high energy mode. This is verified by FDTD simulations
(details can be found in the Supporting Information),
where the effect of disk diameter in cusp structures and
distance between two tips on the maximum electric
field enhancements is studied. In addition, compared
to the earlier studies, the reported fabrication method
allows better control of the shape of the cusp nano-
structure. Such control is a result of using beads as
evaporation templates, which naturally allow unifor-
mity in the shape of the nanoholes and tips. In addition,
the possibility of etching polystyrene beads allows fine
control over the gap between tips. With enhanced
transmission and large localization of electric fields,
cusp nanostructures fabricated by our method can be
useful in applications such as secondary harmonic light
generation,”® highly sensitive chemical sensing,5>°
and secondary continuum generation.®’

CONCLUSIONS

In summary, we have demonstrated the fabrica-
tion of nanodisk dimers and nanocusp structures by
the controlled aggregation of polystyrene beads
through the salting-out quenching technique and
further soft-lithography processing. Our method
allows various means of control, such as bead
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diameter, etch time, and film thickness, which can be
employed to finely tune the geometry of the struc-
tures and subsequently control their plasmonic
properties. Numerical simulations were found to
be in good agreement with the experiments. Both
nanodisk dimers and nanocusp structures fabricated
with our method provide large electric field localiza-
tion that is geometry and polarization dependent.
Our method is rapid, scalable, inexpensive, and

MATERIALS AND METHODS

Fabrication of Doublets by Salting-out Quenching Technique. Mono-
disperse, surfactant-free, amidine-functionalized polystyrene
latex (APSL) microspheres (average molecular weight: 70 000
g/mol) were purchased from Invitrogen. Specifically, 100 and
200 nm APSL microspheres (2% w/v) were used in the experi-
ments. In order to fabricate 100 (200) nm APSL doublets, 5 uL of
APSL colloids was added to 1 mL of 100 (250) mM KCl solution in
a centrifuge tube. The rapid flocculation time for this system is
approximately 10 s. This estimate provided a good starting point
for forming doublets, and a few rounds of refinement showed
that a reaction time of 60 s for the salting-out technique provided
enough time for a significant number of doublets to form. The
centrifuge tube, with the particles in high ionic strength solution,
was rolled for 60 s, after which 100 mL of DI water was added to
quench the aggregation, thereby making mostly doublets while
limiting the formation of higher order aggregates.

Substrate Preparation. Glass substrates were precleaned by
immersion in piranha solution (H,5S0,4/H,0, (35%) = 3:1) at 80 °C
for 30 min and later rinsed with DI water. Samples were further
sonicated in H,O/NH40OH/H,0, (35%) = 5:1:1, rinsed with DI
water, and dried with N, gas.

Fabrication of Nanodisk Dimers. Gold was deposited with a
chromium adhesion layer on cleaned glass slides at normal
incidence using the e-beam evaporation method (Semicore
E-gun evaporator). A 15 mL portion of the APSL doublet solution
was added to a Petri dish that contained a precleaned, gold-
coated slide, and the particles were allowed to settle for 12 h.
The excess liquid and unsettled particles were decanted off, and
the dish was washed 8 to 10 times with DI water to remove any
particles not strongly attached to the surface. The resulting
monolayer of APSL singlets and doublets adhered electrostati-
cally to the gold-coated glass slide. Oxygen RIE (Plasma-Therm
720) was performed at 20 sccm gas flow, 100 mT, and 100 W
power density for different durations of time. Ar RIE (Plasma-
Therm 720) was performed at 30 sccm of argon plasma for 200 s
at 10 mT pressure and 300 W rf generated power. Finally, the
slides were sonicated in toulene/DI water. The nanodisk dimers
were then imaged using FESEM (JEOL 6700F).

Fabrication of Nanocusp Structures. A 15 mL amount of the APSL
doublet solution was added to a Petri dish that contained a
cleaned glass slide, and the particles were allowed to settle for
12 h. The excess liquid and unsettled particles were decanted
off, and the dish was washed 8 to 10 times with DI water to
remove any unadhered particles. Oxygen RIE was performed to
etch the polymer colloids at 20 sccm gas flow, 100 mT, and
100 W power density for different time periods. Gold and
chromium layers were deposited at normal incidence using
e-beam evaporation (Semicore E-gun evaporator). Finally, the
slides were sonicated in toulene/DI water. Cusp nanostructures
were imaged using FESEM (JEOL 6700F).

Optical Characterization. A transmission mode microscope
(Nikon Eclipse TE-2000U) with an oil contact dark field con-
denser (NA: 1.3—1.45) and a 100 x wet objective with adjustable
internal iris were used to obtain scattering spectra of nanodisk
dimers. A polarizer was placed at the objective exit to measure
polarization-dependent scattering.®® The light from the objec-
tive was sent to an imaging monochromator (Acton Research
MicroSpec 2300i) equipped with a CCD camera (CoolSnap HQ2).
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results in structures that can be attached to both
conducting and nonconducting substrates. We believe
that these advantages make our method a promising
technique to fabricate nanodisk dimers and nanocusp
structures and to be valuable in many applications
(such as single molecule detection, second-harmonic
generation, and broad-wavelength energy harvesting)
that require plasmonic nanostructures with large elec-
tric fields.

Spectra were obtained by collecting samples of light from a
region that contained nanodisk dimers (/s) and samples from
dark regions (ly). Reference spectra () were obtained by
increasing the iris of objective to allow direct coupling of
incident light into the objective. The scattering spectra were
obtained by the following transformation, (Is — I4)/(l, — Ig).

Finite Difference Time Domain Method. Plasmonic properties
such as size/gap-dependent scattering in nanodisk dimers,
enhanced transmission in cusp nanostructures, and electric
field enhancements in both types of nanostructures were
calculated by the FDTD method using commercially available
software (Lumerical Solution Inc., British Columbia). Perfect
matching layers were used to absorb nonphysical reflections
from the boundaries, and symmetry relations were used to
reduce the simulation time. Scattering cross sections in the
case of nanodisk dimers were calculated by a total-field-
scattering-field formulation. Both nanodisk dimers and cusp
nanostructures were simulated on glass substrates (n = 1.45)
and exposed to a surrounding environment of water (n = 1.33).
Plane wave sources were incident from the glass slide, and
scattering/transmission monitors were placed in the surround-
ing medium. The experimental dielectric function of gold®®
was fitted by a polynomial with 10 coefficients and used for all
the simulations.
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