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ignificant effort has been directed

toward both understanding the mecha-

nism of surface-enhanced Raman
scattering (SERS) and to exploit its benefits
for use in obtaining the largest Raman en-
hancement factors (G) possible, with single
molecule detection having been reported
from nm-sized, localized hot-spots and from
tip enhanced Raman scattering.' ~* However,
in the case of a real world sensor, the detec-
tion of low levels of species is directly related
to the probability of a molecule interacting
with the active area of the sensor surface. The
use of highly localized hot spots in this case
relegates a large portion of the sensing area
as inactive for detection. Therefore, as
schemes for detecting chemical or biological
species are anticipated to involve measuring
large-areas at a given time (several micro-
meters to millimeters for instance), it can be
expected that the average enhancement
factor (G) over the entire array is more
pertinent than the peak enhancement, G
In addition, the best performance will not
just require large (G), but will also require the
smallest variability in G over the detection
area. Therefore, as most SERS templates
focus primarily on small collections of plas-
monically coupled particles that are widely
spaced from one another, not only will the
{G) be significantly reduced with respect to
Gpeak but also the variability between differ-
ent positions on the samples will be quite
large. Thus, fabrication of nanostructures
with evenly distributed plasmonic fields fea-
turing high (G) are desired, even at the cost
of a reduction in Gpeak.

Several studies have been undertaken in-
vestigating the surface plasmon resonance
(SPR) from various periodic and aperiodic
structures of Ag and/or Au nanoparticles
both theoretically*~® and experimentally;”'°
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ABSTRACT Efforts to create reproducible surface-enhanced Raman scattering (SERS)-based
chemical and biological sensors has been hindered by difficulties in fabricating large-area SERS-
active substrates with a uniform, reproducible SERS response that still provides sufficient
enhancement for easy detection. Here we report on periodic arrays of Au-capped, vertically aligned
silicon nanopillars that are embedded in a Au plane upon a Si substrate. We illustrate that these
arrays are ideal for use as SERS sensor templates, in that they provide large, uniform and
reproducible average enhancement factors up to ~1.2 x 10% over the structure surface area. We
discuss the impact of the overall geometry of the structures upon the SERS response at 532, 633, and
785 nm incident laser wavelengths. Calculations of the electromagnetic field distributions and
intensities within such structures were performed and both the wavelength dependence of the
predicted SERS response and the field distribution within the nanopillar structure are discussed and
support the experimental results we report.
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however, few reports have focused on how
such structures perform for SERS-based sens-
ing applications. Those studies that did inves-
tigate the SERS behavior typically have fo-
cused on optimizing the Gy observed
within the nm-sized hot-spots between
nanoparticles,'" reporting very large Gpeax
values by considering only the spatial regions
where the plasmonic fields persist, rather than
the entire irradiated area. A discussion of the
importance of exploring the benefits of large-
area, uniform (G) has been reported by Genov
et al,* where the authors presented a numer-
ical calculation and an analytical model of the
predicted SERS enhancement from periodic

arrays of Ag and Au nanospheres and cylind- ~ *Address correspondence to

rical oblate disks with high aspect ratios,
reporting that (G) values up to 2 x 10" and
5 x 10'° are feasible within such structures,
respectively. By comparison, Gopinath, et al.?
have recently reported experimental (G) = 3 x
107 in aperiodic arrays of tightly spaced Au
nanostructures, while Yu, et al'*'® have
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50 nm

Figure 1. SEM micrographs of Si nanopillars collected at a
45 degree tilt (a) prior to and (b) following the deposition of
50 nm of Au via electron beam evaporation. (c) TEM
micrograph of a single Au-coated Si nanopillar.

reported enhancement factors from periodic Au nano-
hole and nanodisk arrays that were fabricated by
ebeam lithography, reporting (G) = 4.2 x 10°and 1.3 x
10° for nanohole and nanodisk arrays, respectively.
This is also consistent with the results from Baumberg
et al” where periodic arrays of nanohole were ob-
served to provide (G) = 3 x 10° Thus, clearly the high
theoretical values that Genov et al.? reported have not
been attained experimentally. This discrepancy is due
in part to the fact that in experimental situations,
nanoparticles are either placed within a matrix or are
fabricated onto the surface of a substrate. In either
case, the substrate will have a significant impact on the
plasmonic response of the nanoparticles,'*'® even in
an arrayed format.

Here we report on the SERS response from two-
dimensional arrays of registered Au-capped, Si nano-
pillars embedded in a periodic Au-nanohole array
located at the base of the nanopillars. The introduction
of periodicity within these arrays has an important
impact on (G), in that local variations in the electric
fields associated with fabrication imperfections are
averaged over the entire structure, and therefore their
direct impact is minimized. The use of the combination
of the nanodisks with the nanoholes in the Au film are
found to also lead to an additional enhancement of the
local fields. We previously reported that the combina-
tion of the localized plasmon modes within the nano-
disks and the propagating plasmon modes in the
nanohole array is required to attain high and uniform
SERS enhancements.'® Contrary to the inverted size
dependence described by Yu et al,,'® we found that the
SERS response of a self-assembled monolayer of thio-
phenol on such nanostructures peaked at a specific
diameter. Further, this diameter was found to be
dependent upon the incident wavelength, with the
strongest SERS response being observed at 785 nm
excitation. The SERS intensity was also found to in-
crease monotonically with increasing interpillar gap
within the range of 85—298 nm for measurements at
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Figure 2. (a) A top-view SEM micrograph of a 100 x 100
nanopillar array. (b) An optical micrograph of the array
pattern layout. Each colored square is an individual 100 x
100 nanopillar array. The dimensions listed correspond to the
nanopillar diameter and interpillar gap associated with each
array in the series prior to metal deposition as determined
from SEM images.

both 785 and 633 nm incident. Overall, we report (G)
up to 1.2 x 10® and 3.3 x 10° at 785 and 633 nm
excitation, respectively. Recently, Li et al."” reported
similarly large enhancements to those reported here
using Au-coated SiO, arrays that were similar in struc-
ture to those reported by Chen and Jiang,” with the
peak response being observed near 633 nm incident
for SERS and extinction, respectively, while the optimal
response observed here is found at 785 nm incident.
Simulations of the expected SERS response from the
structures reported here were found to be qualitatively
consistent with the experimental results, predicting
both the wavelength and the general diameter depen-
dence that was experimentally observed at those
excitation conditions. The simulations also indicate
that the peak plasmonic fields are distributed both
around the Au cap located on top of the Si nanopillars
as well as around the nanoholes, with the latter
providing larger electromagnetic fields at the optimal
excitation conditions. This illustrates once again that
the combination of the registered nanohole and na-
nodisks within the architecture we discuss here is
required to attain the large (G) we report, consistent
with our previous observations.'® It should also be
noted that the dielectric constant of the nanopillar
is also very important in determining both the mag-
nitude of the enhancement and its wavelength
(nanopillar diameter) dependence.

RESULTS AND DISCUSSION

Plasmonic nanostructures comprising 100 x 100
arrays of ~160 nm tall, Au-coated Si nanopillars were
fabricated. The nanopillars were fabricated using a chro-
mium hard mask created via ebeam lithography and
reactive ion etching, with a SEM illustrating the uncoated
nanopillar structures presented in Figure 1a. Following
nanopillar fabrication, they were overcoated with a thin
(~50 nm) film of Au via e-beam evaporation, resulting in
a mushroom-shaped cap on top and a thin Au film at the
base of the nanopillars as shown in Figure 1b. As
evidenced by the TEM micrograph presented in Figure 1
¢, in addition to the Au cap and base film, small Au
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TABLE 1. Listing of the Nanopillar Diameters and
Interpillar Gaps Prior to and Following Deposition of
50 nm Au via Electron Beam Evaporation

before metal deposition after metal deposition

diameter interpillar gap pillar cap diameter interpillar cap gap

86 60

87 109 19 83
13 130 145 104
140 157 161 131
166 180 187 153
194 204 213 178
212 222 232 196
236 257 269 231
261 272 288 246
288 298 318 272

205nm

-~-pmEEEEEHEN

Dia=87nm 113nm 140nm 166nm  194nm  212nm 236nm 261nm 288nm

Figure 3. Optical micrographs of individual arrays as a
function of diameter at (top row) constant 205 nm inter-
pillar gap and (bottom row) constant 370 nm pitch. The
images were collected at 50 x magnification.

370 nm
pitch

beads were also deposited onto the side-wall, with these
beads falling within the range of 10—30 nm in diameter.
For the large-area structures to be discussed here, an
array of a 100 x 100 nanopillars were arranged into a
cubic lattice. A SEM micrograph of such an array is
presented in Figure 2a. To determine the role that the
nanopillar diameter and interpillar gap played in the
observed SERS intensity, a combinatorial approach was
undertaken. As illustrated in the optical image presented
in Figure 2b, 90 total arrays were fabricated, with each
featuring a different nanopillar diameter and interpillar
gap, with these parameters ranging from 85—298 nm,
prior to Au deposition. A full outline of all of the
diameters and gaps prior to and following Au deposition
is provided in Table 1.

The optical and plasmonic responses of the arrays
were studied using two techniques: optical reflection
imaging and surface enhanced Raman scattering
(SERS). The optical images allow us to see overall color
changes associated with both the plasmonic and
diffraction responses from these nanopillar arrays,
while SERS measurements of a stable self-assembled
monolayer (SAM) of benzene thiol enabled the mea-
surement of the (G) from the various arrays.

Optical reflection images of each individual array
were collected and compared as a function of dia-
meter, interpillar gap, and array pitch. Presented in
Figure 3 panels a and b are reflected white light
images of a series of arrays with increasing nanopillar
diameter at a constant interpillar gap and pitch,
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Figure 4. (a) Comparison of the SERS (optimal structure)
and neat Raman spectra of benzene thiol collected at

785 nm incident. The number of molecules of benzene thiol
that each measurement is probing is denoted in the figure.
Inset: Zoomed in region of the spectra showing the three
primary modes located near 1000 cm ', with the 998 cm '
used for calculation of the SERS enhancement factor. Note
that the neat spectra has been multiplied by a factor of 5 for
easier direct comparison. (b) Diameter dependence of the
SERS enhancement factor at a constant interpillar gap of
272 nm detected at 633 (green squares) and 785 (red
circles) nm incident.

respectively. For nanopillars with diameters smaller
than 194 nm, large variations in the reflected color
were observed with changing diameter, whereas
those arrays featuring larger nanopillars exhibited
minimal changes in the reflected color as the dia-
meter was increased. This effect was observed when
the arrays were compared at either constant gap
(Figure 3a) or pitch (Figure 3b), thus indicating that
the color changes observed at small diameters were
dominated by changes in the surface plasmon reso-
nance (SPR) condition, rather than being induced
because of diffraction effects. This observation can
be explained by the expected red-shift in the SPR
condition with increasing nanoparticles size. For iso-
lated disks, the SPRis dominated by the aspect ratio of
the disk,"®"'® thus by increasing the diameter of a fixed
height disk, the SPR will red-shift. For the small
diameter structures, where the SPR condition is ex-
pected to occur within the visible portion of the
electromagnetic spectrum, the observed color of the
arrays would be primarily a function of the plasmon-
induced absorption. As the diameter of the nanopil-
lars is increased, the red-shift in the SPR would
eventually push the SPR condition into the near-
infrared (NIR), at which point, the plasmonic absorp-
tion would no longer influence the array color within
the reflectance images. In all cases, as the array pitch
(periodicity) approaches 300 nm, diffraction effects
would be expected to become important and would
therefore influence the observed color. From the
images presented in Figure 3a,b, it would be antici-
pated that the SPR shifts into the NIR for structures
with nanopillar diameters between 166 and 194 nm.
Therefore, it should be anticipated that the peak in
the SERS response detected at 785 nm incident light
should be observed from arrays featuring nanopillars
with diameters near the lower end of this range,
whereas for 633 nm incident, the optimal perfor-
mance should be observed at smaller diameters.
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Presented in Figure 4a are Raman spectra that were
collected from the nanopillar array exhibiting the highest
SERS response (red) and from a neat spectra of thiophe-
nol (blue) with both having been normalized to account
for the acquisition time and laser power. The number of
molecules contributing to the SERS response quoted
within Figure 4a and used for determining (G), were
calculated by taking into account the surface coverage of
benzene thiol on the metal surface and the exposed Au
surface area within the laser spot size, while the number
of molecules contributing to the neat Raman spectra was
calculated by taking into account the laser spot size and
the collection volume. These calculations were used to
determine the (G) for the various arrays, with full ex-
planation (G) calculations being provided in the Meth-
ods section. Note that the SERS response is over an order
of magnitude higher in intensity than the neat spectra,
despite the fact that the SERS measurement sampled
approximately 7 orders of magnitude less thiophenol
molecules, as noted in the figure. In computing the SERS
enhancements we used the intensity of the peak found
at 998 cm™', which is due to a carbon—hydrogen
wagging mode, and therefore is the furthest removed
from the sulfur—gold bond, where modifications in the
molecular polarizability and in turn the Raman intensity
would be most dramatic. This peak was chosen to ensure
that an accurate estimation of the enhancement factor
could be established. The careful selection of the Raman
mode used for the calculations of (G) is of the utmost
importance, as the value of (G) will be artificially inflated
if Raman modes from the C—C or C—S vibrations are
used. For comparison, the three modes associated with
vibrations about the aromatic ring are presented in the
inset of Figure 4a, with these calculations of (G) based on
the intensities of the modes at 998 (C—H wag), 1021
(C—C symmetric stretch) and 1071 (C—C asymmetric
stretch)?®**' ¢cm™" providing enhancement factors of
12 x 10% 38 x 10°% and 14 x 10° at 785 nm incident
for the optimal array structure. Additionally, choosing
the strong Raman mode located at approximately
1571 cm ™', which corresponds to a C—C symmetric
stretch, leads to an enhancement factor of 2.7 x 10°.
However, while choosing the most appropriate peak is
very important for calculating an accurate (G), the
general trends within the diameter, gap, and pitch
dependences were found to be relatively independent
of the choice of Raman mode used for comparison. In
Figure 4b we present the diameter dependence of the
SERS enhancement factor for the 998 cm™' mode as a
function of diameter with a constant interpillar gap of
272 nm. The measurement of (G) was required not only for
determining the efficiency of the arrays for use as SERS-
based chemical sensors, but was also needed for a direct
comparison to the theoretical calculations to be carried out.

Consistent with the expectations derived from the
optical images presented in Figure 3, the diameter
dependence presented in Figure 4b illustrates that the
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Figure 5. Contour plots of the SERS enhancement factor as
a function of interpillar gap (x-axis) and Si nanopillar
diameter (y-axis) collected using (a) 633 and (b) 785 nm
incident excitation. The optimal diameter for SERS detec-
tion at each wavelength is identified by the center of the
horizontal red region found in both plots. Note the different
scales for the two contour plots.

optimal SERS response was detected from arrays with
~150 nm nanopillars at 785 nm incident excitation. At
633 nm excitation the optimal response was observed
to shift near 130 nm. As obtaining the peak SERS
response requires that the center position of the SPR
is near the incident and/or detected wavelengths, the
peak SERS response at a shorter incident wavelength
requires a blue-shift in the SPR peak. Such a shift would
be induced by reducing the nanopillar diameter, which
is consistent with the diameter dependence for the 785
and 633 nm SERS measurements reported. In addition
to the primary peaks in the diameter dependences, a
second, weaker peak was observed in the 250—270 nm
range for both excitation conditions, with this peak
being more predominant at the shorter wavelength
measurements. It should be noted that the SERS
measurements were also carried out using both 514
and 532 nm excitations, however, no clear SERS res-
ponse was observed. In contrast to the strong depen-
dence of the SERS response on the nanopillar diameter,
only a slow monotonic increase in the SERS intensity
was observed with increasing interpillar gap (not
shown) for both excitation conditions. Similarly, a clear
dependence of the SERS intensity on the array pitch
was not discernible. A clearer presentation of the SERS
response as a function of both nanopillar diameter and
interpillar gap can be found in Figure 5, where contour
plots of the (G) for each of the arrays using (a) 633 and
(b) 785 nm excitation are presented. Again the strong
dependence of the SERS intensity, and in turn (G),
upon the nanopillar diameter in both cases is clear.
Overall, large values for (G) were observed, with peak
enhancements approaching 3.0 x 10°and 1.2 x 10% at
633 and 785 nm excitation, respectively. It should be
noted that even for nonoptimal structures large en-
hancement factors were still observed, with the mini-
mum values for the arrays studied at 633 and 785 nm
only falling to 1.7 x 10° and 2.2 x 10°, respectively,
illustrating that while optimization of the structures
can provide significant advantages in detection sensi-
tivity, these structures provide significant response,
even from nonoptimal architectures. Furthermore,
spatial maps of the SERS intensity over specific arrays
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Figure 6. Spectral dependence of the SERS enhancement
factor calculated using COMSOL Multiphysics under the
quasi-static approximation for Au-coated, Si nanopillars
with just the Au pillar cap and base film (no beads, black
trace), and with Au beads located on the Si nanopillar
sidewall either touching the base Au film (red trace),
touching the Au cap (blue trace), located near the middle of
the Si nanopillar (green trace, single bead; magenta trace,
two coupled beads).

were also collected to determine the intra-array spatial
variation in (G) and it was determined that such
deviations were typically less than 30%, thus not only
do these arrays provide very large enhancement fac-
tors, but they also offer high reproducibility and relia-
bility, illustrating the promise of these structures for
large-area SERS-based sensors for the detection of
chemical and biological compounds. The enhancement
factors reported here compare quite favorably with
those reported for similar large-area structures.”?'%'3

To gain a more complete understanding of the
plasmonic field distributions from these Au-coated, Si
nanopillar array structures, as well as to determine if
simple modeling can provide predictive capabilities for
such complex nanoarchitectures, finite-element simu-
lations were undertaken using COMSOL Multiphysics
under the quasi-static approximation. Arrays of nano-
pillars were modeled by constructing a single Si nano-
pillar placed on a square Si substrate. Both the top of
the pillar and the Si substrate were covered with a
45 nm thick Au coating. The length and width of the Si
substrate were chosen so that the pillar and substrate
formed a unit cell within a periodic array. Periodic
boundary conditions were then applied to the struc-
ture resulting in an infinite array with 100 nm interpillar
gaps. Calculations using other gaps were also used,
with minimal changes in the peak positions being
observed provided the distance between the pillars
was maintained at dimensions greater than 20 nm;
thus, the simulations were carried out in a regime
where interparticle plasmonic coupling was negligible.
This observation is consistent with the monotonic
increase in the SERS response observed as a function
of interpillar gap.

From the TEM image presented in Figure 1c, it is
observed that there are four major components of the
individual nanopillars; (1) nanopillar cap, (2) hole array
atthe base, (3) metal beads on the sidewall and (4) cap-
to-base gap. A good approximation of the mushroom
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cap shape on top of the pillar was attained by creating
a Au disk the width of the Si pillar and then adding a
torroid with the same height of the disk, but over-
hanging the nanopillar edge by the 15 nm observed in
the SEM and TEM images. This structure not only
simulated the rounding of the edges, but also the
higher radius of curvature of the cap with decreasing
diameter. Simulations of the nanopillars with varying
amounts of metal spheres (beads) on the side-walls at
different spatial locations were performed in an effort
to determine the role that the sidewall coverage
played in the observed (G). The results of this study
for a 150 nm Si pillar are presented in Figure 6. It was
determined that when the beads were located away
from the base or cap of the nanopillar that their impact
upon (G) was minimal across the entire spectrum
explored, independent of whether an isolated or two
coupled beads were used. However, when the bead
was placed near either the Au cap and/or the base film
an SPR peak was induced near 633 nm, and in both
cases led to an overall increase in (G) across the entire
spectral range explored. It is important to note that no
shifts in the peak positions of the SPR peaks were
observed due to the inclusion of the sidewall coverage,
with its introduction serving to enable the strong SERS
response measured at 633 nm and provide an ampli-
fication of the response at 785 nm. From these calcula-
tions it is observed that the incorporation of beads on
the sidewall near the pillar cap and/or base within the
simulations are required in order to correctly simulate
the relative SERS intensity of measurements carried out
at 633 nm with respect to those using the 532 nm
incident where no SERS response was found. However,
while no SERS response at 532 nm was detected, the
luminescence background caused the signal intensity
to saturate the CCD detector at acquisition times long-
er than 20—30s. Therefore, it is possible that a weaker
SERS response could have been observed if this lumi-
nescence could have been quenched or if the spectro-
meter featured a larger dynamic range. The important
role that the sidewall coverage plays in enabling a SERS
response at 633 nm was also observed in the study of Li
etal."” on SiO, nanopillars, where the peak SERS response
was observed at 633 and a significantly reduced response
detected at 785 nm and calculations were performed
using the finite difference time domain (FDTD) approach.

On the basis of a sampling of the TEM and SEM
images of several nanopillars, it was determined that
the best approximation of the nanopillar structure was
one that included a bead located at both the cap and
base, and three beads located near the center of the
nanopillar side-wall. An image of the structure used for
all simulations to be discussed going forward is pre-
sented in Figure 7a. SEM images were used to deter-
mine the nanopillar diameters and interpillar gaps
prior to and following Au deposition in order to
determine the width of the mushroom cap with
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Figure 7. (a) Schematic of the nanopillar architecture used for the simulations presented in (b) and (c) as well as Figure 8.
Diameter dependence of the SERS response calculated with (blue circles) and without (red squares) the Au beads on the
sidewall in comparison to the corresponding experimental results (black triangles) at (b) 785 and (c) 633 nm incident.

respect to the nanopillar diameter. A summary of these
measurements is provided in Table 1. In addition, the
SEM images indicated that at the base of the pillar,
there was a 5—10 nm gap between the edge of the
nanopillar and the Au film. This gap was also found to
play an important role in the calculated spectra and
thus was also included in the final nanopillar structure
to be simulated.

Using the nanopillar structure presented in Figure 7a,
calculations to determine the (G) as a function of
nanopillar diameter were carried out for direct compar-
ison to the experimental results. The calculated (G) at
633 and 785 nm as a function of nanopillar diameter are
presented in Figure 7b,c, respectively, both with (blue
circles) and without (red squares) the beads on the
nanopillar sidewalls, along with the corresponding
experimental results (black triangles). In the case of
the simulated spectra, the values reported correspond
to the value of (G) at the average between the incident
and detection wavelengths (820 and 670 nm for the
785 and 633 nm incident measurements). As these
wavelengths represent the average spectral position
between the incident and detected wavelengths, they
are indicative of the SERS intensity from this detection
scheme. It is important to note that similar results are
achieved by averaging the SERS intensity at the inci-
dent and detection wavelengths. From these plots it is
observed that good qualitative agreement in the gen-
eral dependence line shape is obtained between the
experimental and simulated results, both with and
without beads, for the 785 nm excitation. Independent
of the presence of the beads on the nanopillar sidewall,
a peak in the diameter dependence is observed at
approximately 175 nm, in good agreement with the
experimental data. However, the experimental results
exhibit an enhancement factor that is approximately
1.5 orders of magnitude higher than those predicted by
the simulations. It is possible that this discrepancy is
due to the chemical component of the total SERS
enhancement that may account for up to 1—2 orders
of magnitude.?*?* For aromatic thiols, there is also a
resonant Raman phenomenon that is due to the hy-
bridized molecular orbital states created by the forma-
tion of the Au—S bond that is expected to also play
some role in the observed SERS enhancement. These
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states are the reason for the observed background
fluorescence from benzene thiol, which as an unbound
molecule does not fluoresce.® Such chemical and
resonant effects can therefore account for the discre-
pancy between the calculations and the experimental
results.

As implied by the (G) spectra presented in Figure 6,
unlike the results at 785 nm, qualitative agreement
between the simulations and experimental results was
only attained at 633 nm incident when the beads were
introduced onto the side wall. As is indicated in
Figure 7c, the diameter dependence is essentially flat
and very low in enhancement when the beads were
absent, whereas the double-humped resonance found
in the experimental results and the approximate en-
hancement amplitude were achieved only when the
beads were included. While the actual spectral posi-
tions of the two peaks in the experimental and calcu-
lated (G) spectra are not completely coincident and the
drop off in SERS intensity between 150 and 200 nm is
over exaggerated by the simulations, the fact that the
general line shape and approximate diameters at
which the optimal (G) were observed were qualita-
tively similar between the experimental and calculated
results despite the calculations being so heavily de-
pendent upon the presence and location of the side-
wall Au beads, is a testament to the high quality of the
simulations and their predictive capabilities.

The observation that the SERS intensity passes
through a maximum for a given incident wavelength
at a specific nanoparticle diameter is consistent with
most other observations reported in the literature.®'”
Such an observation is also consistent with the wave-
length shifts in the SPR condition known to occur with
changing nanoparticle size. However, such results
appear to contradict those reported by Yu et al.'® In
that study, the authors reported an inverted size
dependence of the SERS response when comparing
nanohole and nanodisk arrays with diameters and
interparticle gaps similar to those discussed here. They
observed a continual increase in (G) with increasing
hole diameter, while the opposite was found for the
nanodisk arrays. Thus, it would appear possible that the
peakin the diameter dependence discussed here is the
result of the overlapping of the inverted dependences
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Figure 8. Contour plots of the calculated SERS enhancement across the surface of a 150 nm diameter Si nanopillar with 50 nm
Au coverage measured at (a) 540, (b) 620, (c) 730, and (d) 820 nm, for nanopillars without (top row) and with (bottom row) Au
beads on the Si nanopillar sidewall. The wavelengths chosen for the images presented correspond to the center position of

the peaks observed in the spectra of these structures.

within our combined nanodisk and nanohole architec-
ture and therefore would be consistent with the results
of Yu et al."*'® However, recent work from our group
determined that the overall diameter dependence
remained unchanged upon the removal of the nano-
hole array film located at the base of the nanopillars,
with only a reduction in the SERS intensity being
induced.'® It is possible that this discrepancy results
from the presence of the continuous gold film that
underlies both the nanodisk and nanohole arrays that
those authors fabricated. While the impact of the
underlying Au film in their structure is unclear, since
it was directly in contact with the nanodisks, it can
certainly be expected to aid in the delocalization of the
plasmonic fields induced, thus reducing G, modifying
the SPR of the subsequent geometries, and therefore
the geometry required for attaining the optimal SERS
response.'” This comparison highlights the importance
of understanding the role that each portion of the
plasmonic architecture plays in providing the observed
SERS enhancement. For instance, higher G values have
been reported from nanohole”'? arrays in comparison
to nanodisks,®'#'? indicating that the traveling plas-
mon modes that are present in nanohole arrays can
provide significantly larger G values in comparison to
the localized modes present in isolated nanoparticles
such as nanodisks. This is consistent with the cal-
culated plasmonic field distributions presented in
Figure 8 (a—d), where such distributions are provided
for 150 nm diameter nanopillars without (top) and with
(bottom) beads on the sidewalls at 540, 620, 730, and
820 nm. The wavelengths chosen correspond to the
four primary peaks observed in the (G) spectra pre-
sented in Figure 6. Here, large enhancements can be
observed just under the pillar cap and in the gap
between the nanopillar and the base film at the two
lower wavelengths, whereas the fields begin to expand
along the nanopillar wall, onto the cap overhang and
along the Si sidewall as the wavelength is increased. It
is the introduction of the enhanced SERS along the
sidewalls and in the beads that lead to the large SERS
response observed using a 633 nm incident excitation,

CALDWELL ET AL.

as indicated previously. By comparison, both the 785 nm
incident and the 857 nm detection wavelengths reside
on the peak in the G spectra located at 820 nm, where, as
shown in Figure 8d, the plasmonic fields are primarily
focused within the Au nanohole array and the gap
between the nanopillar and base film. Therefore, con-
sistent with the observations of Bezares et al,'® the
collocation of both traveling and localized plasmon
modes within the structures discussed here are the
presumed reason for the large (G) observed.

CONCLUSIONS

Here we have reported on the SERS enhancement
from a self-assembled monolayer of benzene thiol
bound to Au-coated, silicon nanopillars embedded in
a Au film (nanohole) that were arranged in periodic
arrays, exploring the influence of nanopillar diameter
and interpillar gap as well as the incident wavelength
upon the detected SERS response. It was determined
that a peak in the SERS intensity was found at approxi-
mately 130 and 150 nm for measurements carried out
at 633 and 785 nm, respectively, with the correspond-
ing average enhancement factors, (G) = 3.0 x 10° and
1.2 x 10°® reported. A slow monotonic increase in the
SERS intensity was observed as the interpillar gap was
expanded from 85 to 298 nm, independent of nano-
pillar diameter, with no clear dependence upon array
pitch (periodicity) having been observed. These latter
effects indicate that while interference effects
(diffraction) may play a role in the detected SERS
response, this effect is minimal in comparison to the
overwhelming influence of the nanopillar diameter,
which controls the spectral position of the SPR and
therefore the optimal SERS response. Simulations of G
and its spatial distribution thoughout the nanopillar
structure were undertaken using the quasi-static ap-
proximation. These calculations qualitatively predicted
the behavior of the SERS enhancement as a function of
diameter at both 633 and 785 nm, as well as the
increasing SERS response observed with longer inci-
dent wavelength (532, 633, and 785 nm). The calcula-
tions illustrate the spatial distribution of the plasmonic
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fields within the nanopillar architecture, thereby pro-
viding insight into the role of the various components
of the structure in providing the SERS enhancements
observed at each incident wavelength, and clearly
identified the (G) at 633 nm as being the result of the
presence of the Au beads located along the nanopillar
sidewalls, in particular those located near the nanopil-
lar cap and base. The (G) measured at 785 nm was
found to be primarily dependent upon the plasmonic

METHODS

Nanopillar Array Fabrication. The silicon nanopillar arrays were
fabricated on 4’ n-type Si wafers. Prior to processing, the native
oxide was stripped in a 2% HF solution, rinsed in DI water, and
then cleaned using the SC1 solution for 10 min before a final
isopropyl alcohol (IPA) spray rinse and N, blow dry. Poly(methyl
methacrylate) (PMMA) was spun onto the Si wafer for pattern-
ing (495 molecular weight, 3% dilution) at 4000 rpm for 35 s,
followed by a 20 min vacuum bake at 140 °C. Periodic arrays of
dots were written into the PMMA layer via a Vistec electron
beam lithography system. The dot diameters ranged from 87 to
288 nm, while the gaps ranged from 85 to 298 nm and were
arranged into a full-factorial arrangement of 100 x 100 dot
arrays as shown in the optical reflectance image presented in
Figure 2b. A planview SEM image of a 100 x 100 array of pillars is
shown in Figure 1a, illustrating the square pattern, circularity,
and uniformity in pitch of the dots. Following patterning, the
resist was developed in 1:3 MIBK/IPA mixture for 60 s, and then
spray rinsed with IPA and blown dry with dry nitrogen. A 30 nm
thick film of chrome was deposited via e-beam evaporation at
1 A/s, and the pattern of chrome dots was revealed via a
standard lift off process in n-methylpyrolidone (nmp). The
chrome dots were then used as a hard mask for reactive ion
etching (RIE) of the Si substrate to form pillars, as shown in the
SEM images collected at 45° tilt that are presented in Figure 1a,
b. The RIE process was carried out in 12 sccm of CHF; and
16 sccm of SFg in a chamber held to a pressure of 18 mTorr, with
an RF power of 140 W. This chemistry provided for an aniso-
tropic etch that enabled the formation of the straight sidewalls
of the nanopillars presented here. The 160 nm tall pillars were
fabricated via a 10 min, 48 s etch. Once the pillars were formed,
the chrome was removed via wet-chemical etching, and the
now bare silicon pillars were imaged in the SEM to determine
the pillar diameters and interpillar gaps of each array prior to the
deposition of the metal overcoat. Following this, the nanopillars
were coated with Au via e-beam evaporation. It was determined
via SEM and TEM imaging that approximately 45 nm of Au was
deposited on the pillar tops and the base substrate, with an
approximate 5—10 nm gap between the edge of the Au base
film and the Si nanopillar sidewall. The coverage on the pillar
caps formed a mushroom cap shape, as shown in Figure 1b,c,
with the caps extending an additional 12—15 nm beyond the
width of the pillars. A summary of the nanopillar diameters and
interpillar gaps before and after Au deposition is provided in
Table 1. In all cases some discontinuous sidewall coverage was
also created.

TEM Preparation and Imaging. An FEI Nova 600 dual-beam
focused ion beam (FIB) tool was used to both image and
prepare the cross-sectional TEM samples of the nanopillars.
During FIB preparation, the electron beam in the dual-beam
system was used to deposit a conformal protective nanocrystal-
line carbon layer in order to prevent sputtering of the gold off of
the nanopillars during ion beam imaging and alignment. The
TEM samples were evaluated in a JEOL 2200F microscope
viewed in both high-resolution and scanning-TEM mode using
a high-angle annular detector (HAADF) that provides contrast
based on atomic mass. Several pillars were examined to provide
basis measurements for the quasi-static calculations in COMSOL
Multiphysics.
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fields located at the nanopillar base (hole array) and to
some extent the nanopillar cap. These results indicate
that the traveling plasmons located within the Au-film
that is perforated by the nanopillars in the array play a
significant role in determining the SERS enhancement
factor and that the peak in (G) at a given diameter is a
key feature of the plasmonic architectures, such as
arrays of nanoholes, nanodisks, and combinations
thereof.

SERS Detection. To use the nanopillar arrays for surface-
enhanced Raman scattering (SERS), the arrays were immersed
ina 1 x 1073 M solution of benzene thiol in ethanol for
approximately 18 h to ensure that a complete SAM was formed
on the nanopillar surface. SERS measurements were carried out
using a DeltaNu ExamineR micro-Raman system using the 532,
633, and 785 nm incident laser lines of the various modules. A
summary of the acquisition parameters for the various wave-
lengths and maximum and minimum enhancement factors are
presented in Table 2. For each array and incident wavelength,
several spectra were collected at various positions to ensure a
reproducible SERS response was attained. Spatial mapping of
the SERS intensity was carried out using the automated Prior
stage mounted on the microscope. It was determined that the
standard deviation in the SERS intensities were limited to
approximately 30% within a given array. The SERS response at
a given point was found to be highly reproducible, with
variations in the detected response being limited to about 5%.

Enhancement Factor Calculations. To get an accurate approxi-
mation of the enhancement factor, the neat spectrum of
benzene thiol was collected over 5 s using the liquid sample
monitor included in the DeltaNu Examiner microscope at the
various wavelengths. The powers used for these measurements
were 3.6, 2.0, and 8.2 mW outputs of the 532, 633, and 785 nm
incident laser lines, with a laser spot size of 30 um and a depth of
focus of 60 um.

The enhancement factor G is defined as

[SERS / \[SERS
where [SERS, Raman  \SERS and NRaman are the SERS and Raman
intensities in counts and the number of probed molecules in the
SERS and Raman measurements, respectively. For direct com-
parisons between the two measurements, corrections to the
detected intensities must be made to compensate for the
acquisition time and incident laser power. The corrected SERS
intensity is therefore defined as

ISERS
Corr

= F/aP) (1.2)

where t and P are the acquisition time in seconds and laser
power in Watts. The number of molecules probed via the SERS
process may be written as follows:

(Asurs /unit-cell)

SERS __
N = PsurfNA (Npi”ar/Aspot)

(1.3)

where pg,s is the surface coverage of benzene thiol on which
has been reported as approximately 0.544 nmol/cm?2%24-26
Na = Avogadro's number, and Ag,/unit-cell is the SERS-active
surface area of the nanopillar (Au cap, sidewall Au coverage, and
Au base film) per unit cell (one nanopillar and the surrounding
base film) and N”i”a’/ASIDOt represents the number of nanopillars
within the area of the laser spot-size. The surface area per unit

cell may be defined as follows:
Asut/unit-cell = (2mra,? + 2rauday) + [2rsi + s5i)? — 7rsi°]

(1.4)
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TABLE 2. Listing of the Relevant Acquisition Parameters for the Sers Measurements Carried out at the Three Primary
Incident Wavelengths Explored. The Maximum and Minimum Enhancement Factors Observed at Each Wavelength Are

Also Reported

incident wavelength (nm) spot size (1m)

532 2 1-30
633 2 10
785 2 2

where rp, and rs; are the radius of Au cap and Si nanopillar,
respectively, sg; is the interpillar gap between adjacent Si
nanopillars, and da, is the thickness of Au cap on top of the
pillars. In this case, the first term represents the surface area of
the pillar cap, while the second term defines the surface area of
the surrounding perforated Au film minus the missing hole
where the nanopillar is embedded. In this calculation, the
surface area of the exposed Si pillar was neglected as the
plasmonic fields highest at or near the Au nanostructures, as
indicated in the simulated plasmonic field distributions pre-
sented in Figure 8 (a—d); however, it is important to note that its
inclusion did not significantly modify the reported (G).

The number of nanopillars located within the laser spot size
used in the measurements is defined as follows:

Aspot

Npillar/ASpot _ (1 .5)

Aunit-cell
where Aspot = ﬂ’spotz and Aunit—cell = (eri + SSi)2~

To finish the comparison, the bulk Raman intensity is
normalized to account for the laser power and acquisition times
used,

IRman = [§aman /(tP) (1.6)
and
P
NRaman -_ P N 1.7
(MW x V) * 7

where p = 1.073 g/mL and MW = 110.18 g/mol are the density
and molecular weight of benzene thiol and V is the collection
volume of the liquid sample monitor, which can be defined as

V = argpo’d (1.8)

where d is the collection depth.

Theoretical Considerations. The Raman scattering process de-
pends on light scattered from molecular vibrations in a solid,
liquid, or a gas. In SERS, the Raman scattering from molecules
adsorbed on nanostructured metal substrates is significantly
increased by the strong optical fields associated with the
creation of surface plasmons. Theoretically, G for SERS depends
upon the dielectric properties of the molecule and the geome-
try and dielectric properties of the metal nanostructure.

Therefore, G can be written as follows:

Etotal (Fm, @)

Eslo) (1.9)

G(rm, w) =

where Ey(w) is the incident electric field and Eiyq(rm, @) is the
total field at the location of the molecule, r,. It is important to
note that the total electric field is a vector quantity and that it
contains contributions from the incident field, as well as the
electric field induced by the excitation of the surface plasmons
when they are in the presence of this incident field. Hence, the
observed SERS enhancement is expected to be proportional to
the electric field intensity to the fourth power. Equation 1.9 has
an analytical form for the case of solid spheres and cylinders,
however, more complex geometries or interacting nanoparti-
cles must be treated with a numerical solution of Maxwell's
equations. The quasistatic approximation to Maxwell's equa-
tions is appropriate when the geometries of the scattering
aggregates are much smaller than the wavelength of the
incident light and for nanoparticle arrays with periodicities
below the diffraction limit (1/2). Genov et al.* have shown

CALDWELL ET AL.

acquisition time (s)

laser power (mW) Max EF Min EF
3.2 0 0
20 3.0 x 10° 17 x 10°
8.2 12 x 108 2.2 x 10°

further that the ability of a quasistatic description of the field
enhancements in periodic arrays is also governed primarily by
the packing density parameter, given by y = pillar diameter/
interpillar gap, which determines the intensity of local field
factors. Larger packing densities correspond to more localized
EM resonances between the elements of the array and puts
conditions closer to the quasistatic limit. They have demon-
strated that nanoparticle arrays with y >5 can be quantitatively
or semiquantitatively calculated under quasistatic conditions
and such arrays are not sensitive to radiative losses due to
retardation or damping effects.
Within the quasistatic limit, Maxwell's equations can be
reduced to: ~ ~
V-{olr)[-Ve(r)+El} =0 (1.10)

where o is the local conductivity and ¢ is the local electric
potential. To simulate the structures discussed in this paper, this
equation was solved numerically using the COMSOL Multiphysics.
The structure used for the simulations is presented in Figure 7a.
The thickness of the Au film was defined to be the same as that of
the Au cap, while the radius of the pillar caps were chosen to
correspond to values 15 nm larger than the nanopillar diameter. In
an effort to account for the array periodicity and interference
effects, the nanopillars were centered within a box with periodic
boundary conditions that included a 100 nm interpillar gap in
addition to the nanopillar diameter. The experimental samples
were composed of periodic arrays of Au-capped Si nanopillars
with gaps between the individual elements that were greater
than 85 nm. At these gaps, interparticle plasmonic coupling
between the elements is negligibly small'’ and thus can be
ignored. It is well-known that the quasistatic approximation is
limited to geometries and periodicities less than the wavelength
of light. Because the excitation lasers used in our experiments
have wavelengths of 532, 633, and 785 nm, this corresponds
to diameters less than 200 nm, with simulations of larger dia-
meters potentially leading to an underestimation of the SERS
enhancement. Furthermore, 100 nm interpillar gaps lead to
packing densities in the quasistatic range y > 5 for pillar diameters
d = 50 nm. As a further check to ensure that the quasistatic
approximation was appropriate, full-wave simulations that incor-
porated the time-dependent form of Maxwell's equations were
also performed for a limited number of cases using the RF mode of
the COMSOL program and produced qualitatively similar results.
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