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lasmonics as an interdisciplinary

field involving light interaction with

conductive matter on the subdiffrac-
tion limit length scale has attracted strong
and increasing interest from the scientific
community in the past decade.'> Much of
this attention concerns the application of
nanoparticles in surface-enhanced
spectroscopy®’ and sensing.®® In addition,
plasmonic interconnects and waveguides
based on metal nanoparticle chains'®'" and
arrays'? are expected to play a major role
in the development of micro- and nano-
scale optical devices.

The interaction of electromagnetic radia-
tion with metal nanoparticles is the founda-
tion of these applications and leads to the
localized surface plasmon resonance (LSPR)
phenomenon. One result of the excitation
of plasmons is the creation of localized, en-
hanced electromagnetic (EM) fields, some-
times called hot spots. The EM near-field
distribution on and near the surface of a
metal nanoparticle is far from homoge-
neous, especially for anisotropic particles.
This is particularly true for nanoparticles
with sharp edges and, to a greater extent,
sharp tips (vertices), which can spatially fo-
cus a significant portion of the incident EM
field in an antenna effect.'>' The edges,
tips, gaps, and similar features in asymmet-
ric structures or in multiparticle assemblies
such as dimers and other oligomers pro-
duce EM field hot spots where the local
electric field amplitude can exceed the inci-
dent field by factors of 10 or greater (Ejpcal/
Eincident = 10)."> For many plasmonic struc-
tures and multiparticle assemblies,
simulations have predicted that local EM
fields in hot spots may exceed the incom-
ing field by 2 and even 3 orders of
magnitude.'*'®

www.acsnano.org

ABSTRACT We present an investigation of the plasmon-induced electromagnetic near-field around gold
nanocrescent (NC) antennas which exhibit localized surface plasmon resonances (LSPRs) in the infrared. To probe
the near-field behavior, we monitored the LSPR shift of NCs to adsorption of dielectric layers of varying thickness.
The experimental results are analyzed using theoretical simulations, and the EM field decay lengths for the NCs
are determined. We discuss how the structural properties of NC antennas influence the near-field properties and
compare the results with the near-fields of other metal nanostructures. We show that the near-field distribution
around NCs depends strongly on the structural parameters of the NC and that its spatial extent can be tuned to
large distances (>700 nm) from the nanostructure surface. In addition, we discuss NC antenna structural changes
associated with exposure to ethanol and buffer solutions and the impact on LSPR properties.
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Simulations also have predicted that
the magnitude and degree of spatial local-
ization of the plasmon-induced near-field
vary significantly depending on the nano-
particle size, geometry, radius of curvature
(e.g., sharpness), and gap size between
particles.'® This dependence provides an
opportunity to manipulate the behavior of
local EM fields through structural control.
The EM near-field tunability is essential for
such applications as metal nanoparticle-
based plasmon waveguiding,'” LSPR sens-
ing,'® and surface-enhanced spec-
troscopies.’ Maximum efficiency (e.g., en-
ergy transfer, measured signal, or enhance-
ment factor) would be achieved in these ap-
plications if the EM field could be focused
into a well-defined volume depending on
the application. For example, the decay
length of the EM field near the metal nano-
particle surface determines the sensing
depth for LSPR sensors. LSPR sensing is
based on the shift of the LSPR wavelength,
Amax Upon binding of an analyte due to the
change in dielectric environment near the
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nanoparticle surface. The decay of the near-field deter-
mines the local probe volume and how far from a nano-
particle surface a binding event can be detected. The
LSPR sensing depth was studied extensively for Au and
Ag nanotriangle LSPR sensors by Van Duyne and
co-workers.'®#202! They estimated an EM field decay
length for Au nanotriangles of 5—15 nm (or 1—3% of
light wavelength).'® The effective sensing distance from
the surface of Ag nanotriangles increased to up to 35
nm with a decrease in nanoparticle height from 40 to
25 nm.>'® For gold nanorings, Sutherland and co-
workers estimated an EM field decay length of 12 nm
(~1% of the wavelength), in agreement with discrete
dipole approximation (DDA) calculations that predicted
decay lengths in a range from 8 nm for the outer ring
wall to 24 nm for the inner ring wall.?

Typically, the EM near-field decay lengths (~10 nm)
for finite-size metal nanoparticles are an order of mag-
nitude lower than for propagating surface plasmon po-
laritons excited in extended structures such as planar
gold films (200—300 nm).2*2* The short nanoparticle
LSPR decay length has advantages and disadvantages
depending on the intended application. The major ad-
vantage of a short decay length is a substantial red shift
and high sensitivity to binding of small molecules near
the surface (e.g., small organic molecules and small pro-
teins) and lower sensitivity to the bulk environment
(i.e., bulk refractive index changes, temperature fluctua-
tions) beyond the local EM field.?2% A short decay
length may be adequate for detection of the binding
of two layers of medium-size protein molecules, such
as streptavidin, so that the total multilayer thickness is
well within 10 nm from the NP surface. However, the
drawback of such a short decay length is that any ad-
sorption events beyond the typical EM near-field decay
length range are not detected. For instance, it would
be difficult to detect the binding of large bioparticles
such as viruses or bacteria to capture antibodies immo-
bilized on the nanoparticle surface. A more extended
sensing depth also is desirable for detection of bind-
ing events that do not take place directly on the plas-
monic structure surface. With a more extended EM field
decay length, it would be possible to detect adsorp-
tion events at a greater distance from the surface such
as on a support layer covering the plasmonic structure.
For example, a SiO, layer could be deposited on the
plasmonic structures in order to create a platform for
lipid bilayer assembly.?® A more extended EM field de-
cay, or longer-range sensing depth, would be necessary
to then detect protein adsorption on this layer. Ideally,
both the decay length as well as the LSPR wavelength
should be tunable in order to optimize the plasmonic
structures for specific sensing applications.

Nanocrescent (NC) antennas are one of the most
structurally and optically tunable anisotropic metal
nanoparticle morphologies.?”’ 3° The utility of the NCs’

unique NIR and IR plasmonic tunability for surface-
enhanced spectroscopy has already been demon-
strated in the observation of one of the highest nano-
particle area normalized surface-enhanced infrared ab-
sorption spectroscopy (SEIRA) enhancement factors re-
ported in the literature.3' An understanding of how the
NC structural parameters impact the EM near-field de-
cay length is clearly important for LSPR sensing, light-
guiding, and spectroscopy applications of NCs.

Kreiter and co-workers investigated the local field
properties of NCs prepared using 200 nm diameter tem-
plates.3? For those NCs with a low in-plane aspect ratio
(e.g., ratio of diameter to maximum width, 200/65 ~ 3),
they found that the LSPR shifts corresponded to EM
field decay lengths of 26 and 17 nm from the NC sur-
face for the two major dipole plasmon resonances.
These decay lengths were about 1.5—3 times smaller
than the theoretically predicted decay lengths obtained
by assuming an exponential decay of the local EM field.
Other authors have proposed that the LSPR probe
length is related to the field intensity rather than the
bare field, but so far, no conclusive proof for either has
been presented.'®3* The plasmon-induced intensity de-
pendence is discussed in more detail later in this ar-
ticle. The same group reported a 20 nm probe depth
near the tips of a 150 nm template diameter NC for the
short-axis dipole resonance®? but did not discuss the
EM field behavior for any other region of the NC or for
the dipole plasmon resonance excited along the long-
axis of the NC.

In this paper, we present an investigation of the spa-
tial distribution of the plasmon-induced near-field
around gold NCs. To probe the near-field behavior, we
monitored the LSPR shift of NCs to adsorption of dielec-
tric layers of varying thickness. The experimental re-
sults are analyzed using theoretical simulations, and
the EM field decay lengths for the NCs are determined.
We discuss how the structural properties of NC anten-
nas influence the near-field properties and compare the
results with the near-field properties of other metal
nanostructures. We show that the near-field distribu-
tion around NCs depends strongly on the structural pa-
rameters of the nanoparticle and that the spatial ex-
tent of the near-field can be tuned to large distances
from the nanoparticle surface. The remarkable control
of the spatial distribution of the near-field provided by
NC suggests novel applications in plasmonic waveguid-
ing and energy transfer applications.

RESULTS AND DISCUSSION

Nanocrescents are fabricated in large numbers (=3
X 107 structures cm~2) on a glass substrate with good
control over size, shape, and orientation by nanosphere
template lithography (NTL).?”2 The NTL process starts
with drop casting polystyrene (PS) beads on a glass sub-
strate. The beads serve as individual templates for NC
fabrication. Next, a gold film is deposited at a controlled
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Figure 1. SEM images and local EM field maps of representative gold NC anten-
nas prepared using 410 nm diameter templates. SEM images of (A) a low aspect
ratio NC,o-, which was bare (i.e., not coated with a SAM or proteins) and (E) a
high aspect ratio NC;o- coated with a BAT/OEG SAM before exposure to PBS
buffer. The approach used to estimate the NC aspect ratios is shown in (B) and
(F) where the aspect ratio is defined as the length/width (L/W) ratio. SEM images
of NCs after exposure to PBS buffer (150 NaCl) show minimal structural changes
for (C) a low aspect ratio NCygepgs butfer and more significant structure thinning
for (G) a high aspect ratio NCz- pgs butfer after exposure to PBS buffer. Calculated
long-axis LSPR A\, values and predicted EM fields for (D) a low aspect ratio NC
and (H) a high aspect ratio NC. The NC subscripts indicate the angle used for
NC fabrication and exposure to solvent prior to the measurement.

angle, and then this gold film is etched vertically with
argon ion beam milling. Finally, the PS beads are re-
moved from the substrate surface by lifting them off
with tape. The result is an ensemble of mostly homoge-

spect to the NC antenna structure fea-
tures, as shown in the inset in Figure
2. A third weak LSPR extinction peak
on the blue side of the short-axis di-
pole in the NIR region is the long-axis
quadrupole plasmon resonance.
Since this mode has very small dipo-
lar content, it couples only weakly to
light. For the open NCs described in
this paper, the quadrupole LSPR peak
is in close proximity with the short-
axis dipole LSPR peak and only occa-
sionally appears in the spectra as a
shoulder. Since this peak typically is
not well-resolved, we do not discuss
it further.

We used two experimental ap-
proaches to characterize the local EM
fields for both high and low aspect ra-
tio NCs. The first approach to probe
the LSPR near-fields around the NC
antenna on a nanometer-scale (<10
nm) is based on functionalizing the

structures with a mixed self-assembled monolayer
(SAM) containing biotin-terminated thiolates and then
adsorbing streptavidin (SA) to form layers with fairly

neous individual NCs with uniform size and orienta- F

tion, aspect ratio, and tip sharpness. The azimuthal 0.12 ] shor

deposition angle may be used to control the aspect ra- ]
tio of the NCs. The azimuthal angle is the angle be- ]
tween the metal source in the evaporation chamber
and the normal to the substrate mounted on the

sample holder during metal film deposition. We define
the NC aspect ratio as the ratio of the NC diameter to 0.00
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the NC width at a central point of the structure, as §
shown in Figure 1. A small azimuthal angle produces a
thicker structure with a smaller in-plane aspect ratio,
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while larger angles result in a larger aspect ratio, more
elongated and thinner NC. For example, an azimuthal
angle of 10° produces NCs with an aspect ratio of about
4, as shown in Figure 1A. Thinner NCs with higher as-
pect ratios (5.5—6.6) are fabricated by using azimuthal
deposition angles ranging from 25 to 35°. Throughout
this article, we specify the angle of deposition x° as a
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scribing NC exposure to solvent. Figure 1E presents an
example of a thinner, high aspect ratio NCzq-.

The extinction spectra presented in Figure 2 are rep-
resentative for low and high aspect ratio NCs prepared
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Figure 2. Representative vis—NIR extinction spectra of 410
nm template diameter NCs before and after streptavidin bind-

using 410 nm diameter PS templates. The NCs have at  ing. (A) Spectra show LSPR peaks in a broad spectral range.
least three well-separated, experimentally observed (B) Magnified view of LSPR peaks from spectra in A. Red and

LSPR extinction peaks in the 600—3600 nm spectral

turquoise spectra correspond to low aspect ratio structures
(NCy¢r) and high aspect ratio structures (NCsq), respectively,

range with two plasmon bands, the long-axis dipole after functionalization with a mixture of OEG- and BAT-

resonance and short-axis dipole resonance, exhibiting ~ términated thiols. The high aspect ratio NCs (NCso:pes bufter)
. . . . . 9731 were functionalized after exposure to PBS buffer. Black and
high sensitivity to the dielectric environment.”’”! We gray spectra show the LSPR responses of the NCs after bind-

define the long-axis and short-axis resonances with re-  ing of streptavidin.
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well-defined thicknesses. Upon the increase in the lo-
cal refractive index of the medium near the surface of
a NC due to binding of the SAM and the SA, the LSPR
peak (\max) red shifts. We monitored these LSPR peak
shifts (AN after each adsorption step (the SAM and
then the SA). In order to probe the decay of the near-
field for larger distances, we deposited relatively thick
(~18 nm) layers of silicon and monitored the LSPR
AN\max after deposition of each layer. The LSPR AN, re-
sponse data from both experiments and calculations
were used to estimate the plasmon EM near-field de-
cay length for the NCs. As the position of the LSPR ex-
tinction peaks may vary over a broad spectral range de-
pending on the NC structural parameters, we describe
not only the absolute peak position shifts, ANy, but
also the relative LSPR shifts, ANmax/Amax.2

NC Structural Changes Induced by Solvents. Prior to investi-
gation of the EM near-field decay length, we observed
structural changes after the NCs were exposed to solu-
tions of PBS buffer or ethanol. The impact of the solvent
exposure is most easily observed through blue shifts
of the LSPR extinction peaks of NCs after exposure to
these solvents. This blue shift is due to the rounding of
the sharp NC tips. Similar structural changes upon expo-
sure of gold and silver nanotriangles to solvents (includ-
ing water) were reported by Van Duyne and co-
workers.2> Observation of similar solvent effects is not
surprising given the fact that the nanotriangles are fab-
ricated on a substrate using a nanosphere lithography
process that is similar to the present NTL process used
to prepare NCs. The experimentally measured blue
LSPR shifts for the nanotriangles after exposure to sol-
vents were supported by results from calculations by
Hao et al., which predicted a LSPR Ay blue shift upon
truncation of the tips of a nanotriangle.** Annealing of
nanotriangles in ethanol and other solvents (e.g., hex-
ane, methanol) is typically used to saturate the struc-
tural changes after fabrication.?>3*

We investigated the NC structural changes induced
by solvent exposure. In particular, we probed if the ef-
fects of the structural changes on the LSPR measure-
ments could be minimized by exposure of the NCs to
solvents prior to any functionalization or adsorption
process. Because ethanol is the solvent used for the
SAM formation process, we first investigated the struc-
tural changes of NCs after exposure to ethanol. The NCs
on glass were submerged in ethanol for 12—24 h. This
exposure to ethanol resulted in blue LSPR \nax shifts in
the range of 5—12 nm (0.5—0.8% of ANmax/Amax relative
shift) for the NCs. Those shifts are modest if compared
to the 48 nm blue shift from 695 to 647 nm (7% of
ANmax/Amax relative shift) for Ag nanotriangles after a
30 min exposure to water reported by Malinsky et al.?®
We found that, after 12 h of exposure to ethanol, the
NCs were stable and did not undergo any further de-
tectable structural or optical changes.

We also observed structural changes and LSPR \ax
shifts after exposure of the NCs to phosphate buffered
saline (PBS). This was the same PBS buffer used for the
SA adsorption experiments. When the NCs were im-
mersed in the PBS buffer for a time comparable to that
used for SA adsorption (~60 min), we observed Apyax
shifts of ~10 nm, which were similar to the shifts ob-
served after exposure to ethanol. However, we ob-
served more significant structural changes when the
NCs were exposed to the PBS buffer either by flowing
the buffer over the NCs or when the NCs were im-
mersed for a long period of time. After exposure of
NCs to a flowing PBS solution, we observed significant
Amax blue shifts (e.g., up to 87 nm) of the short- and
long-axis dipole resonances and a decrease in the ex-
tinction amplitude. We also investigated the saturation
of the spectral changes by monitoring the LSPR spectra
after sequential exposures to PBS buffer until there
was no shift or just a negligible blue shift in the LSPR
Amax- After 130 h of immersion of bare NCs in PBS solu-
tion, a saturation of structural changes was demon-
strated by no further A blue shift. The maximum to-
tal Amax blue shift, which was observed for the long-axis
dipole plasmon resonance, was about 110 nm. One pos-
sible explanation for the observed LSPR Ay blue shift
for the buffer-exposed NCs may be that the thickness of
the NCs decreases due to etching induced by the pres-
ence of chloride ions (=0.015 M of CI™) in the PBS
buffer. Etching of the gold NCs could lead to an in-
crease in the percentage of NC area exposed to the
lower refractive index medium, air (n = 1), with a de-
crease of the area exposed to the glass substrate (n ~
1.6), leading to more extensive blue shifts. Etching also
will contribute to smoothing the NC structure and
rounding its tips, leading to a larger blue shift. More de-
tailed analysis of the NC structural changes and further
investigation of this hypothesis is underway.

The experiments described above were done with
unfunctionalized NCs. We also probed whether func-
tionalization of the NCs with thiolates prior to PBS
buffer exposure could protect the structures from the
effects of the buffer. However, SAM-coated NCs still
demonstrated a substantial blue shift of the Ay in the
range of 40—70 nm after immersion in PBS buffer for
long periods of time. The most surprising finding was
how the exposure to the buffer impacted the structure
of SAM-modified NCs as shown by both the spectro-
scopic data and the SEM analysis. The SEM images of
low aspect ratio NCs showed no detectable change in
the maximum width or in-plane aspect ratio relative to
NCs that were not exposed to buffer. However, after
buffer exposure, the tips of the low aspect ratio NCs are
rounded compared to the sharp tips typically observed
for these structures, as shown in Figure 1A,C. In con-
trast, the SEM images of the high aspect ratio NCs ex-
posed to PBS buffer demonstrated a decrease in the in-
plane width (e.g., by about half, typically from 70—90
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TABLE 1. Summary of Relationship of Aspect Ratios of the
NCs with Extinction Efficiency and LSPR Response to SA
Binding

NC template diameter,

angle of deposition, aspect extinction ANpax ANpax
and etching process ratio efficiency (long axis) (short axis)
410 nm, 10°, PBS buffer 4.0 17° 12 75
410 nm, 30°, no exposure 6.6 29° 33 19
410 nm, 30°, PBS buffer 85 400 43 37
291 nm, 30°, PBS buffer 6.2 29 35 25

YValue was obtained using ~85% polarized light. *Value was obtained using
100% polarized light.

nm to 33—50 nm for 410 nm NC template diameter)
and a decrease in the radius of curvature of the NC tips
(i.e., increase in tip sharpness), as shown in the SEM im-
ages in Figure 1E,G. Those structural changes were ac-
companied by an increase in the aspect ratio from 6.6 to
8.5 and up to a 27% increase in NC extinction effi-
ciency (from 29 to 40; see Table 1). The extinction effi-
ciency, which is the ratio of optical cross section of a
NC to its geometrical cross section, is an important pa-
rameter showing how efficiently a nanoparticle inter-
acts with incident EM radiation. The overall extinction
efficiency of a long-axis dipole LSPR peak is propor-
tional to the NC in-plane aspect ratio as demonstrated
in Figure 3. For 40 nm thick and 410 nm diameter NCs,
which were exposed to PBS buffer (Figure 1G shows a
representative SEM image), the extinction efficiency is
as high as 40 if the spectrum is acquired with the inci-
dent light polarized along the long-axis of the NC. These
NCs demonstrate the highest experimentally obtained
extinction efficiency for any metal nanoparticle mor-
phology reported in literature, demonstrating an un-
usually strong interaction of these structures with inci-
dent EM radiation.

We investigated the effect of the solvent-induced
structural changes on the local EM fields using simula-
tions. Figure 1D presents the EM field map for low as-
pect ratio NCs (AR = 4) and how the local field distribu-
tion may be impacted due to structural changes. From
the simulations, the calculated extinction cross section
of 2.2 X 1072 m for a single NC with local EM field en-
hancement (e.g., Eiocal/ Eo, Where Ejoe is the local EM field
and £, is the incident EM field) is 90 near the NC tips.
On the basis of this optical cross section as well as on
an estimate of the NC geometrical cross section (0.057
pwm?), the structure has an extinction efficiency about
40.% This number is approximately twice the experi-
mental extinction efficiency of low aspect ratio NCs. The
simulation of the local electric field on and near the
high aspect ratio NC produced an extinction cross sec-
tion of 1.9 X 1072 m for a long-axis dipole mode of a
single NC with local electric field enhancement as high
as 400 near the NC tips, as shown in Figure 1H. On the
basis of this optical cross section as well as on an esti-
mate of the NC geometrical cross section (0.025 um?),
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Figure 3. Long-axis and short-axis dipole LSPR A\, shifts for
410 nm template diameter NCs upon streptavidin binding as
a function of the NC in-plane aspect ratio.

the NC extinction efficiency is estimated to be 76. To
our knowledge, this value is the highest calculated ex-
tinction efficiency reported for any nanoparticle mor-
phology. This number is again about twice the experi-
mental value for ensemble measurements for the high
aspect ratio NCs. A possible explanation for the differ-
ence between the experimental and calculated values
may be the effect of the EM field interference from
neighboring NCs in the ensemble. Also, structural im-
perfections such as surface roughness that are not ac-
counted for in the model but are present in the experi-
mental NC structures may contribute to this difference
in extinction efficiency.

More detailed characterization of the observed LSPR
Amax blue shift upon exposure of NCs to different sol-
vents will be discussed in a future publication. However,
in all cases, when we exposed NCs to different sol-
vents and solutions, only blue shifts in NC extinction
spectra were observed. Therefore, we may assume that,
upon functionalization of NCs with SAMs, the red shift
upon SAM formation will not overestimate the response
of the NCs to the SAM layer. On the contrary, the LSPR
Amax red shift upon SAM formation on the NC may be
somewhat diminished and therefore underestimated if
there is a simultaneous blue shift due to solvent effects.
However, unless specifically noted, we may disregard
the solvent effects after SAM or SA binding. This is in
part because the solvent effects had been saturated for
most of the samples included in the data analysis. In ad-
dition, the PBS buffer exposure time was relatively short
(60—100 min) compared to the saturation immersion
time (12+ hours) which led to the largest structural
changes and blue shifts, and therefore, the effects of
solvent exposure on the LSPR . shifts are expected
to be minimal even in the presence of NaCl. In order to
provide complete information about the NC samples,
we include an additional subscript, NCs sovent to indicate
exposure to PBS buffer or ethanol prior to functionaliza-
tion. If there was no exposure of the NCs to solvent
prior to the functionalization or measurement, no sol-
vent subscript is included. The first subscript, x°, is the
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deposition angle used in the fabrication of the NCs as
described above.

Probing the Response of NCs to Adsorption of Thin Dielectric
Layers. We used SAM formation of w-functionalized alkyl
thiols and streptavidin (SA) adsorption to characterize
the short-range EM field decay near NC antennas. A
mixed SAM containing biotin- and
oligo(ethyleneglycol)-functionalized alkyl thiols (BAT
and OEG, respectively) was used to provide a binding
surface for SA adsorption. For these studies, we allowed
the SAM to form from a mixed BAT/OEG solution in eth-
anol for 2 h and observed NC \,.x red shifts in a range
of 5—13 nm. After SAM formation, we exposed the NCs
to SA, which was expected to bind to the biotin groups
exposed on the SAM-functionalized NC surface. In the
characterization of the short-range EM near-field decay,
the LSPR peak in the visible spectral region was not ana-
lyzed because the LSPR peak shifts upon SAM forma-
tion and SA binding were modest (only a few nanome-
ters) and in fact close to the uncertainty of the \yax
measurement (e.g., 0.5—2 nm depending on the LSPR
peak width and amplitude). The measured average red
shifts or A\« values were 8 —37 nm for the short-axis
dipole and 17—40 nm for the long-axis dipole LSPR
peaks, depending on the aspect ratio of the NCs. Re-
sults for representative NC samples are summarized in
Table 1. For the 410 nm template diameter NCs, we ob-
served increases in the red shifts of both the long-axis
and short-axis dipole plasmon resonances with an in-
crease in the NC aspect ratio. Values of A\, for SA
binding increased by an average of ~85% when the in-
plane aspect ratio of NCs increased from about 4 for
the low aspect ratio structures (NC;¢:) to an average of
6.6 for high aspect ratio structures (NCsq:). The magni-
tude of the LSPR shift is larger than that observed for
the low aspect ratio NCs (NC;¢:) by as much as 110% for
the thinnest NCs (NCsge pps buffer) With an aspect ratio of
8.5, which were the results of exposing thin, high aspect
ratio NCs (NGz¢e) to PBS buffer. Figure 3 presents the lin-
ear dependence of the A\, for long-axis and short-
axis dipole resonances on aspect ratio for some repre-
sentative NC samples. For the thin NCs fabricated with
a 30° azimuthal angle (NCsq), the initial in-plane aspect
ratio is 6.6, which increased by 29% to 8.5 upon expo-
sure to the PBS buffer (NCzge pgs bufrer)- This increase is
very well matched by about the same A\, increase
of 30% for the long-axis plasmon resonance from 33 to
43 nm.

For the thicker, lower aspect ratio AuNCs (i.e., NC;o:)
that had no measurable change in aspect ratio after ex-
posure to solvents, there is no increase in the long-axis
dipole LSPR A\ but a decrease in the short-axis LSPR
ANmax from 12—15 to 8 nm that may be due to a slight
truncation of the tips of the structures (Figure 2B). For
SA binding to the thin 410 nm diameter NCs formed by
exposure to PBS (i.e., NCge pgs pufter) and then functional-
ized with a BAT/OEG mixed SAM, we observed up to a

43 nm long-axis LSPR Amay red shift from 2445 to 2485
nm (a relative shift (ANmax/Amax) Of 1.8%) as well as up to
a 37 nm short-axis Amay red shift from 1425 to 1462 nm
(2.5%). Both of these shifts are larger than the 27 nm
Amax red shift (e.g., 3.8% relative shift) reported for SA
binding to biotin-functionalized Ag nanotriangular
prisms with LSPR \pmay of 610 nm.3¢ Also, both AuNC
LSPR red shifts are much larger than the absolute and
relative red shifts for bovine serum albumin (ANmax =
6.4—13.4 nm or 1.2% relative shift) and neutravidin
(ANmax = 3.7 nm or 0.3% relative shift) binding to a gold
nanoring-based LSPR sensor with an LSPR \.x of about
1120 nm.?2 The larger LSPR response is not surprising
due to the increase in the refractive index sensitivity of
the NC antennas which have LSPRs at longer wave-
lengths compared to the nanotriangles and nano-
rings.2® The distribution of the local EM fields near the
surfaces of these different plasmonic structures also
plays a role. This is demonstrated by the dependence
of the LSPR response (A\ma) on the aspect ratio of the
NCs.

Overall, we found that the structural changes in-
duced by exposure of the NCs to solvent such as PBS
buffer containing NaCl may be useful in tailoring the
properties of the structures. For example, our investiga-
tions show that the thinner, high aspect ratio NCs are
more sensitive to the local dielectric environment in the
distance range of <10 nm than any other LSPR sensor
based on other NP morphologies, in terms of the abso-
lute A\max response. In general, thinner, higher aspect
ratio NCs provide higher sensitivity compared to lower
aspect ratio structures for binding of small- and
medium-sized molecules to the SAM-functionalized NC
surface.

Investigation of the Longer-Range NC EM Field Decay Using
Silicon Layers. In order to probe the EM near-field for
larger distances, we coated NCs with multiple layers of
amorphous silicon by sputtering. We prepared the
coated NCs in a stepwise approach and measured the
NC LSPR \iax shift (AN, after addition of each layer.
We used SEM images of the NC structures to develop
models for calculating the LSPR response to layers of di-
electric material. We combined the experimental and
calculated LSPR response data to estimate the decay
lengths for the long-axis and short-axis plasmon reso-
nances. This is described in more detail below.

Low and high aspect ratio 410 nm AuNCs were
coated with up to 55.2 nm of silicon in three 18.4 =
1.5 nm thick layers by sputtering. LSPR extinction spec-
tra were collected after deposition of each silicon layer.
Significant LSPR \ax red shifts were observed after
each deposition step for both dipolar NC LSPR modes,
as shown by the representative spectra in Figure 4. The
red shift for each of the plasmon resonances exceeds
the uncertainty in the A« measurement (e.g., 2—4 nm
for Amax= 2200—3300 nm) by at least 1 or even 2 orders
of magnitude. As expected, with each additional layer
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Figure 4. (A) Experimental ensemble LSPR extinction spec-
tra and (B) simulated single-particle NC extinction spectra
for 410 nm template gold NCs and after coating with three
18 nm thick silicon layers.

of silicon, the LSPR peaks red shift. For thicker silicon
layers, the individual LSPR peaks were difficult to distin-
guish due to additional structure in the spectra, most
likely due to additional scattering and Fabry—Perot (FP)
resonances in the silicon layer. We calculated the extinc-
tion spectra of an individual gold NC on a glass sub-
strate with the same inner diameter (410 nm) and struc-
tural characteristics as the fabricated NCs. Figure 4
presents the calculated spectra for a bare NC and for
the same structure after sequentially adding 18 nm
thick silicon layers. The values for both the experimen-
tal spectra and the calculated spectra are shown in
Table 2. There is excellent agreement between the LSPR
Amax Values from the experiment and the simulation
for bare NCs and after adding silicon layers, especially
considering that the model does not take into account
some the structural features such as grain size and
roughness. The similarity between the measured and
calculated LSPR widths is additional evidence for the

TABLE 2. NC Extinction Peak A\, for Long-Axis and
Short-Axis Dipole LSPRs Obtained from Experiment and
Simulation after Addition of Silicon Layers

long-axis dipole A, nm  short-axis dipole Ay, nm

silicon layer thickness, nm  experiment simulation experiment  simulation
0 2290 2270 1300 1300
18 2640 2620 1516 1550
36 2875 2900 1642 1630
54 3129 3170 1706 1700

www.acsnano.org

homogeneity of the NCs in the ensemble-based experi-
mental measurements.

We used the experimental and simulation data of
the LSPR response of the NCs to the addition of silicon
layers to estimate the LSPR EM near-field decay length.
In contrast to propagating plasmons in a planar geom-
etry where the near-field decays exponentially away
from the surface, the local fields around a finite nano-
particle will decay polynomially.?” However, the near-
field around a finite nanoparticle can be approximately
parametrized using an exponential decay.'820213337 For
simplicity, we therefore apply the relationship used by
Jung et al.?® to describe the EM field of a propagating
plasmon at a planar gold film—dielectric interface as
follows

Ahald) = m(n, — ns)[1 — exp(%j)] (1)
where A\ma(d) is the SPR wavelength shift response
to the addition of a dielectric layer with thickness d,
m is the sensitivity of the SPR sensor to bulk refrac-
tive index changes, n, is the refractive index of the
adsorbed layer, n; is the refractive index of the me-
dium of the bulk or surrounding dielectric material,
and l4 is the EM near-field decay length. Several
groups have used this relationship to describe the
EM near-field decay for finite plasmonic metal
nanostructures.'®2'33 For an anisotropic metal nano-
structure, this relationship is an oversimplification.
This is certainly the case for NCs where simulations
predict a strong directional dependence of the EM
field decay on the local structural properties. Al-
though eq 1 does not take into account the anisot-
ropy of the EM near-field, the single exponential can
be used to provide an approximation of the aver-
age field decay, which is what is probed in our ex-
perimental measurements.

We have used eq 1 to estimate the decay length
for the 410 nm NCs. Two approaches may be used to
apply eq 1. The first is to measure the sensitivity factor,
m, for the NCs and incorporate the refractive indices for
bulk dielectric material, which is air (ns = 1.00), for our
measurements and the dielectric of the silicon layers (n,
= 3.46 at the LSPR wavelengths probed in the experi-
ment). A disadvantage with this approach is that it is
rather tedious to measure m at multiple wavelengths
across the entire LSPR wavelength region for different
solvents with known n values and no absorption bands
which would interfere with the LSPR shift measure-
ments. An alternative approach is to use the fact that
the term m(n, — n,) describes the maximum NC LSPR re-
sponse expected for an infinitely thick adsorbed layer
of material with a refractive index of n,. We can then
measure the maximum LSPR response at saturation,
ANmax(dsar). This would normally be done by monitor-
ing the LSPR A shift for thicker layers of the material
(e.g., silicon for these experiments) until there is no ad-
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TABLE 3. Optical Properties of NCs, Nanorings, and Nanotriangles

morphology type of resonance LSPR N ppax, NM probe depth, nm decay length, nm relative decay length, % source
crescents long-axis dipole 3170 346 692 22 experiment
crescents long-axis dipole 3129 370 740 24 simulation
crescents short-axis dipole 1700 252 404 24 experiment
crescents short-axis dipole 1796 217 434 24 simulation
crescents® long-axis dipole 1364 26.2° 521 4 experiment
crescents® long-axis dipole 1364 707 140° 10 simulation
arescents* short-axis dipole 897 17.2¢ 34.4° 4 experiment
crescents™ short-axis dipole 897 3 647 7 simulation
nanorings? in-plane dipole 1100 120 1 experiment
nanotriangles'® in-plane dipole 700 5—15¢ 1-3 experiment

YValues were adjusted to take into account the light intensity dependence related to the square of the local field. *Decay length values were found using an approach tak-
ing into account the light intensity dependence of the measured LSPR response. ‘Decay length values were taken from the summary by the authors.

ditional LSPR A\ shift indicating saturation. However,
we found that the experimental measurement of the
saturation of A\ma(dsat) presents a challenge due to the
spectral changes caused by the FP resonances. As an al-
ternative, we used simulations to estimate the satura-
tion LSPR AN, for the NCs.

In order to estimate the EM field decay length, we re-
place m(n, — ny) with A\ax(dsar). As mentioned above,
the maximum LSPR AN a.(dsay) is the LSPR peak shift
after which there is no additional shift with an increase
in the thickness of the dielectric layer (in this case sili-
con) covering the NC. After replacing m(n, — n,) with
ANmax(dsar) and rearranging the terms, eq 1 takes the
form

A)\max(d) o 2d
- () @

We linearized this relationship and used experimen-
tal and calculated values for A\max(d) for a range of sili-
con layer thicknesses (d = 0, 18, 36, 54 nm) to estimate
the average decay length, /4. Simulations provided val-
ues for AN max(dsar) of 6330 and 2300 nm for the long-axis
LSPR and the short-axis LSPR, respectively. The silicon
layer thickness that produced these saturation LSPR
ANmax(dsa) values was 400 nm. The estimated decay
lengths are presented in Table 3. We also include the
decay lengths for smaller NCs, nanotriangles, and
nanorings which were all fabricated using a template
lithography process on a substrate. The NC data pub-
lished by Bocchio et al.3? also were based on applica-
tion of an exponential relationship to estimate the de-
cay length for smaller NCs. However, we adjusted the
value for the EM near-field decay length to take into ac-
count the dependence on the local field intensity to al-
low direct comparison of data for all of the structures.
This dependence on intensity, or % is incorporated
in egs 1 and 2 by including the factor of 2 in the expo-
nent. The values provided by Bocchio et al.>? more accu-
rately describe the probe depth, which is one-half of
the field decay length. The local field intensity is espe-
cially important to consider due to the dependence of
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refractive index sensing and spectroscopy applications
on the local light intensity.

The long-axis LSPR decay lengths of 692 nm (experi-
mental) and 740 nm (simulation) and the short-axis de-
cay lengths of 404 nm (experimental) and 434 nm
(simulation) significantly exceed both the predicted
and measured EM field decay lengths for other fabri-
cated structures such as gold nanotriangles (~12 nm)
and gold nanorings (5—15 nm). The decay length val-
ues for the 410 nm template NCs also exceed both ex-
perimental (52 nm) and simulated (140 nm) decay
lengths for low aspect ratio (AR = 3) NCs of smaller tem-
plate diameter (200 nm).32 Overall, longer field decay
lengths for the larger NCs are expected due to the much
longer wavelengths of the LSPRs compared to the plas-
mon resonances for smaller NCs, nanotriangles, and
nanorings. In order to compare the behavior for differ-
ent structures, normalization of the EM field decay
length to either nanoparticle size or LSPR wavelength
is one approach to assess how the EM decay length var-
ies for a given geometry relative to the decay length
for other geometries. We therefore normalized the EM
near-field decay length to the wavelength of the LSPR.
This is especially useful in situations where the exact ge-
ometry of the particle cannot be unambiguously deter-
mined. For example, two NC samples of the same tem-
plate diameter but different aspect ratios (fabricated at
different azimuthal metal deposition angles) would
have different LSPR A\« values and EM near field be-
havior. Such a ratio of the decay length to the LSPR A5
was also used in the characterization of the LSPR EM
field decay near Ag nanotriangles by Haes et al.'®

Relative decay lengths obtained from both ex-
periments and simulations for the 410 nm tem-
plated NCs, as well as for the smaller NCs, nanotrian-
gles, and nanorings are presented in Table 3. In
addition to exhibiting significantly larger absolute
decay lengths, the NCs also have larger relative de-
cay lengths (22—24% relative to the LSPR wave-
length) compared to the other structures. The more
extended EM near-field decay for the larger NCs is
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clearly reflects the physical situ-
ation as also illustrated in Figure
5. A more detailed investigation
of how the near-field distribu-
tion is influenced by the struc-
tural parameters of the NC will
be presented in a future
publication.

CONCLUSION

The distribution of EM near-
fields on and near the surface
of plasmonic structures is im-
portant for a wide range of ap-

200 nm

plications. Ideally, the EM near-
field decay length would be
tunable in order to optimize
plasmonic materials for particu-

Figure 5. (A) Calculated near-field distributions for excitation of the longitudinal di- lar applications such as EM en-
polar resonance of three NCs of different template diameter (D) and structure thick-  ergy transfer and near-field cou-

ness (T) at resonance (Aya): D = 410 nm, T = 43 nm at A o= 2200 nm; D = 200 nm,
T =43 nm at Anax= 1500 nm; and D = 100 nm and T = 20 nm at A,ax = 1200 nm. (B)

pling between adjacent metal

Near-field distribution in vertical sections perpendicular to the NC plane for the NCs nanoparticles in plasmonic

in (A).

surprising based on the behavior of the smaller NCs.
One would expect the relative decay lengths to be
quite similar. These results show that the EM field de-
cay length does not scale simply with nanoparticle
size and LSPR wavelength. Instead, there seems to
be a transition where the EM fields become much
more extended, such as in the case of the larger NCs.
Evidence for this transition is shown in Figure 5,
where the plasmon-induced near-field is shown for
three NC of different sizes. For the large NC in Figure
5A, the near-field extends more than 400 nm away from
the tips in the longitudinal direction, while for the two
smaller structures in Figure 5B,C, it is much more con-
fined. Interestingly, the smaller 210 nm templated NCs
exhibit relative decay lengths (4—10%), which are be-
tween the results for the nanotriangles (1—3%) and
nanorings (1%) and the more extended fields and much
larger relative decay (22—24%) of the 410 nm tem-
plated NCs. The different relative decay lengths for the
410 and 210 nm templated NCs demonstrate the possi-
bility of controlling and manipulating the near-fields
around the NC within a large spatial range. Although
the amplitude of the field diminishes over the decay
length, less localized fields may be useful in some appli-
cations. For example, the much more extended EM
fields of the 410 nm templated NCs provide an oppor-
tunity to transfer energy over longer distances and an
opportunity for coupling of the EM fields to surround-
ing materials. Our estimated decay lengths of the
plasmon-induced near-field should not be taken liter-
ally due to the assumption of an exponential decay in
the model (egs 1 and 2). However, the finding of the sig-
nificantly extended decay lengths for the larger NCs

Www.acsnano.org

waveguide applications and tai-

loring of the probe depth and
signal enhancements for sensing and spectroscopy ap-
plications. Nanocrescent antennas demonstrate much
more extended EM field decay lengths compared to
other nanostructures prepared by nanosphere templat-
ing methods. The relative plasmon near-field decay
lengths of the larger 410 nm templated NCs (22 —24%)
of higher aspect ratio (AR = 4—8.5) are much larger
than that of smaller 210 nm templated NCs (4—10%)
of lower aspect ratio (AR = 3). This demonstrates the
possibility of tuning the near-field decay over a large
range of distances from the surface of the nanostruc-
tures. Future investigations will focus on obtaining a
three-dimensional map of the spatial distribution of the
EM fields for a wide range of NC antenna structures.

More detailed characterization of how lithographi-
cally produced plasmonic structures are impacted by
exposure to a range of solvents is needed to better un-
derstand how structures may hold up for applications
which involve solvents. NC antennas demonstrate small
structural changes, mostly observed by LSPR shifts,
upon exposure to ethanol. However, exposing NCs to
PBS buffer containing NaCl leads to much larger struc-
tural changes for some NCs, and the apparent etching
seems to depend on the NC aspect ratio. Thinner, high
aspect ratio NCs were more impacted by exposure to
PBS buffer than lower aspect ratio NCs. More studies
must be done to fully understand solvent-induced
structural changes, but overall, the impact for NCs is
minimal over short (hours) exposure times.

We also demonstrate that by controlling the NC as-
pect ratio, the sensitivity to adsorption of thin dielec-
tric layers and the structure extinction efficiency may be
tuned. Thinner NCs with aspect ratios above 8.5 ex-
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hibit the largest reported experimental and calculated
nanoparticle extinction efficiencies of 40 and 78, re-
spectively. Upon fabrication of thinner, higher aspect
ratio NCs, an even higher extinction efficiency and a

EXPERIMENTAL MATERIALS AND METHODS

Materials. Au pellets (99.999%) were purchased from K. J.
Lesker (Philadelphia, PA). Polybead polystyrene microspheres
and polystyrene NIST particle size standards were purchased
from Polysciences, Inc. (Warrington, PA). Coverslips were pur-
chased from Ted Pella (Redding, CA). Carbon disulfide was pur-
chased from Fisher Chemicals, and anhydrous carbon tetrachlo-
ride was purchased from Sigma-Aldrich. For all steps of substrate
preparation, we used water purified to 18 M() using a
NANOpure Dlamond system from Barnstead. Absolute ethanol
(200 proof) was obtained from Aaper (Shelbyville, KY). (1-
Mercapto-11-undecyl)tetra(ethylene glycol) (OEG) and biotin-
terminated tri(ethylene glycol)hexadecanethiol (BAT) were pur-
chased from Asemblon (Redmond, WA). Immunopure streptavi-
din (SA) was used as received from Pierce (Rockford, IL).
Phosphate buffered saline (PBS, 150 mM NaCl) was prepared in
the laboratory by dissolving 8 g of NaCl, 0.2 g of KCl, 1.44 g of
Na,HPO,, and 0.24 g of KH,PO,4 in 1000 mL of deionized water,
with pH adjusted to 7.4 by addition of several drops of HCI.

Methods. Glass substrates were cleaned by immersion in pira-
nha solution (7:3 volume ratio of H,504/30% H,0,) for 30 min
(WARNING: Piranha solution is very corrosive and must be
handled with extreme caution; it reacts violently with organic
materials and may not be stored in tightly closed vessels). The
substrates were rinsed repeatedly in nanopure water and then
sonicated in 5:1:1 volume ratio H,O/NH4OH/30% H,0, solution at
50 °C for 1 h. After copious rinsing with water following sonica-
tion, substrates were used immediately or stored in nanopure
water for no longer than one week.

Nanocrescents were fabricated using a nanosphere tem-
plate lithography (NTL) process. The first step of NTL is to de-
posit polystyrene (PS) beads on a glass coverslip with submono-
layer coverage. Colloid solutions stored at 4 °C were allowed to
warm to room temperature. A volume of the solution was diluted
in absolute ethanol, so the resulting solution would provide a
substrate surface coverage of about 2—3% of a monolayer of
beads. For example, a dilution of 1:60 was used for the 410 nm
colloid solution. After cleaning, the substrates were rinsed in eth-
anol and dried in a stream of nitrogen. A 15 pL aliquot of poly-
styrene colloid solution was deposited on the substrate surface.
After 20—30 s, the substrates were dried individually using nitro-
gen flow. The drying procedure is critical to ensure the maxi-
mum uniformity of colloid distribution and to prevent the forma-
tion of close-packed agglomerates. Dark-field microscopy (Nikon
Eclipse TE-2000U) was used to examine the dispersion of the PS
spheres on the substrate. PS sphere-coated substrates were
mounted on custom holders, which allowed tilt angles of 6 =
20 or 40° to control the deposition angle, which is the key ele-
ment of the second step in the fabrication, as shown in Figure 1.
Those substrate holders were installed on carrier rails inside an
electron-beam evaporator chamber. By varying the second hold-
er's position on the carrier rails, the azimuthal angle with re-
spect to the source also could be adjusted. Gold was deposited
using an electron-beam evaporator (Denton Vacuum USA,
Moorestown, NJ). The metal film thickness and deposition rate
(1 A/s) were measured with a quartz crystal microbalance (XPC2,
Inficon, East Syracuse, NY). As shown in Figure 1, step 3, an ar-
gon ion milling system (Plasmalab 80 Plus, Oxford Instruments)
was used to remove the gold film not protected by the PS
spheres. PS spheres were lifted off the substrate by the applica-
tion of transparent tape (Magic Tape, 3M).

The NCs were exposed to a mixture of BAT (0.09 mmol/L)
and OEG (0.9 mmol/L) in ethanol for 2 h. The second compo-
nent was used in 10:1 excess to generate a stable monolayer re-
sistant to nonspecific adsorption of the streptavidin onto the
gold surface of the AuNCs.*® After collecting extinction spectra,
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higher LSPR sensitivity to adsorption of thin dielectric
layers would be expected. The higher aspect ratio NCs
may be fabricated simply by adjusting the azimuthal
angle used during the metal deposition process.

we exposed those NCs to streptavidin solution (0.04 mg/mL or
0.75 wM) in PBS buffer for 2 h. Some uncoated (i.e., no SAM) gold
NCs were exposed to PBS buffer by submerging the samples in
a beaker with flowing PBS solution added at 0.6—1 mL/min rate
flow for 90 min. Each sample was copiously rinsed after expo-
sure to solution with ethanol (after thiols) or with

nanopure deionized water (after streptavidin and buffer) and
dried in a nitrogen flow.

For the experiments using dielectric layers, freshly fabri-
cated 410 nm AuNCs were coated with up to 55.2 nm of silicon
in three 18.4 £ 1.5 nm steps by sputtering using a Denton Dis-
covery 18 Sputter system from Denton Vacuum (Moorestown,
NJ). LSPR extinction spectra were collected after each deposi-
tion. To determine the sputtering rate, a Tencor P-10 profilome-
ter from KLA-Tencor (Milpitas, CA) was used to measure the
thickness of silicon layers deposited on a bare glass substrate.
The deposited thickness of silicon on the AuNC samples was also
measured using the profilometer. This was done by including
two pieces of vacuum tape on the corners of the NC substrate
during silicon deposition. The tape was removed after the depo-
sition of the first and the third layers of Si. The profile depres-
sions in those bare areas previously occupied by the tape were
in good agreement with the calculated sputtering rate.

The optical properties of the NCs were characterized by
transmission vis—NIR spectroscopy and transmission FTIR spec-
troscopy. Extinction spectra were measured over a wavelength
range of 500—3200 nm with a Perkin-Elmer Lambda 9 UV/vis/NIR
spectrophotometer with light predominantly (~80%) polarized
in the horizontal plane. Extinction represents a measure of the
loss of light due to scattering, and absorbance and is defined as
E = (1 — I/lp), where Iy is the intensity of the incident light and / is
the measured light intensity after the beam passes through the
sample. Extinction spectra also were measured over a wave-
length range of 2500—4000 nm with a Perkin-Elmer Spectrum
100 FT-IR spectrometer with randomly polarized light. In addi-
tion to those instruments, we used a Perkin-Elmer Lambda 750
UV/vis spectrometer with 100% angular controlled uniformly
s-polarized light. The NC extinction efficiency was calculated
from the spectroscopy data and electron microscopy analysis as
described previously.?®

A pair of glass cuvettes (10 mm path length, Perkin-Elmer)
was used for extinction measurements in ethanol, CCl,, and CS,.
An Abbe-3L refractometer was used to measure the refractive in-
dex of the solvents. Scanning electron microscopy (SEM, Philips
XL 30 ESEM FEG, Hillsboro, OR) and tapping mode atomic force
microscopy (AFM, Dimension 2000 or Bioscope II, Veeco Metrol-
ogy Inc,, Santa Barbara, CA) were used to characterize the physi-
cal properties of the NCs. Silicon probes (RTESP, Veeco Metrol-
ogy, Inc.) with spring constants of 20—80 N/m were used for AFM
imaging.

Finite Element Modeling. We used the finite element method
(FEM) to calculate the response of different NC samples to exter-
nal electromagnetic excitation. All FEM simulations are per-
formed with the commercial software COMSOL 3.5a using scat-
tered harmonic propagation (radio frequency module). The
refractive index of the substrate beneath the NCs is chosen to
match the glass substrate used in the experiment (n = 2.04). A
perfectly matched layer (PML) is used as an absorbing layer to
simulate the infinite space surrounding the nanoparticles. The
PML is placed far enough to accommodate the largest value of
the nanoparticle optical extinction cross section. The Au material
is modeled using experimentally measured dielectric data.* Lin-
ear interpolation is used to predict the dielectric properties be-
tween the data points. A simple geometrical model is used to
represent the NCs of small/large aspect ratio. The model is built
according to the fabrication steps as a wide block of Au of 40 nm
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height (the same as experimentally deposited Au thickness). To
resemble the PS shadow, a cylinder of 410 nm diameter (the PS
template diameter), tilted by the azimuthal deposition angle, is
used to remove a tilted elliptical hole in the Au film. A vertical cyl-
inder of 410 nm diameter is used to model the vertical etching
by removing the Au film parts outside this cylinder. The final ge-
ometry has a realistic NC shape, with a trapezoidal cross section
of maximum area at the center and minimum at the tips. The sili-
con layers are modeled such that silicon covers the NC and the
surrounding area. The silicon material is modeled using experi-
mentally measured dielectric data, which is almost frequency in-
dependent in the frequency range of interest (n = 3.46).

The optical extinction cross section is calculated by adding
the optical absorption and the optical scattering together.*
The optical absorption essentially is the thermal energy ab-
sorbed inside the metallic particle (calculated directly by the
solver), multiplied by a factor incorporating the surrounding me-
dium optical properties. The optical scattering is calculated us-
ing the far-field transformation. The far-field components are cal-
culated directly by the solver on top of a defined far-field
spherical monitor surface. The calculated far-field energy is nor-
malized against the far-field monitor surface area to obtain the
scattering cross section.
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