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urface-enhanced Raman scattering

(SERS) has been extensively investi-

gated on substrates formed by nano-
particles of various morphologies, composi-
tions, and plasmonic properties.! Gold and
silver nanoparticles possess unique optical
properties due to their localized surface-
plasmon resonance. Morphological fea-
tures, such as sharp tips and edges, are be-
lieved to create strong spatially confined
electric-field enhancement, which enhances
Raman scattering of the molecules in the re-
gion. Mesoscopic nanoparticles with rich
geometrical features have been investi-
gated, such as dendritic nanostructures,?
nanostars,>* bipyramids,® meatball-like® and
flower-like’ particles. In addition to morpho-
logical features, nanoparticles of composite
structures, such as core—shell
nanoshells,®1° possess tunable plasmonic
properties. These nanoparticles can be en-
gineered to generate large electromagnetic
field enhancement when the laser-
excitation wavelength overlaps with the
plasmon-resonance wavelength. A rela-
tively new design explored core—satellite
nanoparticle complexes, in which strong
enhancement due to the synergistic and
cascading effects was found.'"'? Lately, bi-
metallic nanoparticles have gained research
interest because of the synergism and plas-
monic tunability of the metals."*~'8 Indi-
vidual nanoparticles have also been as-
sembled into conjugated dimers, trimers,
and aggregates,'>?° as well as one-
dimensional nanoparticle chains,? ~2* nano-
disk arrays,?*?* two-dimensional nanoparti-
cle arrays and clusters.?~33 Large-scale
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ABSTRACT We investigate surface-enhanced Raman scattering (SERS) from gold-coated silicon—germanium
nanocone substrates that are decorated with 30-nm spherical gold nanoparticles (AuNPs). Finite-element
simulations suggest that individual nanocones generate stronger electromagnetic enhancement with axial
polarization (i.e., polarization parallel to the vertical axis of the nanocones) than with transverse polarization
(i.e., polarization in the plane of the nanocone substrate), whereas the excitation in a typical Raman microscope
is mainly polarized in the transverse plane. We introduce a practical approach to improve the SERS performance of
the substrate by filling the valleys between nanocones with AuNPs. Simulations reveal an enhanced electric field
at the nanoscale junctions formed between AuNPs and nanocones, and we explain this lateral coupling with a
hybridization model for a particle-film system. We further experimentally verify the added enhancement by
measuring SERS from trans-1,2-bi-(4-pyridyl) ethylene molecules absorbed onto the substrates. We report over
one order-of-magnitude increase in SERS activities with the AuNP decoration (compared to the nanocone substrate
without AuNPs) and achieve a spatially averaged enhancement factor of 1.78 X 10° at 785-nm excitation.
Understanding and implementing the enhancing mechanism of structured metallic surfaces decorated with
plasmonic nanoparticles open possibilities to substantially improve the SERS performance of the existing process-

engineered substrates.

KEYWORDS: Raman scattering - SERS - nanocone substrate - gold
nanoparticles - surface plasmon - plasmon hybridization - in-plane excitation

three-dimensional structures have been
created by depositing plasmonic nanoparti-
cles into nonplasmonic templates. 343’
Concurrent with the plasmonic nanopar-
ticle studies is a vast pool of literature that
discusses the fabrication of process-
engineered metallic substrates. Similar to
nanoparticles, nanostructured metallic sub-
strates create strong enhancement due to
their plasmonic properties. Patterned nano-
structures are often created by performing
chemical and plasma etch on a supporting
substrate and subsequently depositing a
thin layer of gold onto the surface.38 % A
design variant creates periodic impressions
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Figure 1. Scanning electron microscope images of (a) a low-magnification view of or-
dered nanostructures fabricated on the SiGe substrate, (b) a high-magnification view of

the limitations of the substrate by simu-
lating plasmonic properties of the AFM-
characterized nanocone geometries at
different excitation wavelengths and
polarizations—the relatively weak en-
hancement exists with transversely po-
larized light. We show that this weak en-
hancement can be dramatically
improved by adding AuNPs to the sub-
strate and efficiently utilizing trans-
versely polarized light. Via simulations,

the SiGe substrate shown in panel a, and (c) a side view taken at 40° of the SiGe substrate ~We demonstrate strong lateral coupling
after deposition of 40 nm of gold (i.e., the nanocone substrate). Scale bar is 1 pm in panel  created by a 30-nm AuNP situated be-

a and 100 nm in panels b and c.

instead of protruding nanostructures on thin gold
films 4344

An emerging new design utilizes plasmonic nano-
particles supported by a metallic structure that also ex-
hibits surface plasmon properties. A recent paper re-
ported a bimetallic nanocob structure, in which silver
nanowires are coated with polymer layers embedded
with 4-nm gold nanoparticles (AuNPs).* While two
crossing nanowires with no AuNPs exhibited notice-
able Raman signal only from the intersection point
(where the gap distance is small), AuNP-decorated
nanowires generated the Raman signal throughout
the nanowires, at an intensity that is about 2 orders of
magnitude stronger than that of the nondecorated sil-
ver wires.*

Inspired by the bistructured SERS substrates that ex-
hibit high Raman activities, we report in this paper a
simple and effective approach to improve SERS perfor-
mance of a process-engineered nanocone substrate by
decorating its surface with AuNPs. We have diagnosed

tween a pair of nanocones. We experi-

mentally verify the improved SERS per-
formance by measuring and comparing Raman spectra
of trans-1,2-bi-(4-pyridyl) ethylene (BPE) molecules ab-
sorbed onto the substrates with and without AuNPs.

RESULTS AND DISCUSSION

Fabrication of Nanocone Substrates. We fabricated the
nanocone substrates by depositing a polycrystalline
silicon—germanium (SiGe) layer on a silicon (Si) wafer,
followed by plasma etch. The process produced or-
dered nanoscale peaks, as shown in Figure 1a,b. After
dicing the wafer into 1 cm by 1 cm chips and attach-
ing them to a handling Si-wafer, we evaporated a
40-nm gold layer onto the SiGe surface, producing the
nanocone substrates shown in Figure 1c. We measured
the thickness of the gold layer by characterizing the
step height at the borderline between the areas cov-
ered and not covered by the gold layer on the handling
Si-wafer. The deposition rate of the gold evaporation
process is sensitive to incident angles, with maximum
at normal incidence. As a result, the tips of the nano-
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Figure 2. AFM height profile of the SiGe substrate before gold deposition. (a) Height profile of a two-dimensional scan, with
color bar giving the height in nm. Individual line sectioning plots (b—d) show doublet peaks denoted by triangles, isolated
single peaks denoted by blocks, and deep gaps between peaks denoted by circles.
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Figure 3. lllustration of the axial and transverse (in-plane)
polarization of the Raman excitation light in relation to the
SERS substrate.

scale peaks are covered by a 40-nm-gold layer, and
the coating thickness tapers down toward the base.
Side-view images taken at 40° are shown in Figure 1b,c
and reveal the cone-like shapes of the nanocones.

Surface-Topology Analysis. To construct models that ac-
curately represent the geometry of the nanocone, we
characterized surface topologies of the nanocone sub-
strate using atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM). We further estimated
the effective gold surface area and the number of ana-
lyte molecules that could form a monolayer on the sub-
strate. We later used this number to calculate the en-
hancement factor of the substrate.

An AFM scan of the height profile on a 1-um? square
area is displayed in Figure 2a. The y sectioning plots in
Figure 2b—d show three common structures: doublet
nanocones denoted by triangles, isolated single nano-
cones denoted by blocks, and nanocones with deep
gaps denoted by circles. For SiGe nanocones, an aver-
age base radius of ca. 30—50 nm and a height of ca.
80—130 nm were measured. Dimensions of several
nanocones are labeled in Figure 2¢,d. (Also see Figure
S1 in Supporting Information for high-magnification
SEM images of the individual nanocones
and Figure S2 for AFM cross-section analysis
of the nanocones.) In our simulations, we
employed a base radius of 40 nm (base width
of 80 nm) and height of 100 nm. The aver-
age peak-to-peak separation varies between
60 and 150 nm. The AFM analysis of the sur-
face revealed a nanocone density of 142
peaks/p.m? Assuming all gold surfaces on
the nanocones contribute to the SERS signal
and by modeling nanocones as singlet cones
with the dimensions given above, the effec-
tive gold surface area per um? on the sub-
strate is approximately 1.9 pum?,

Simulations on the Polarization- and
Wavelength-Dependent Characteristics of the
Nanocone. Whereas Raman shifts are invariant
with respect to the excitation energy, the
strength and localization of the near-field

tion wavelength. This variation in strength and localiza-
tion of the EM enhancement may cause the amplitude
of certain Raman modes to be sensitive to excitation
wavelength. In addition, the laser polarization plays a
role in selectively exciting different modes depending
on the geometry of the nanostructure. We examine
herein the effects of two orthogonal polarizations of
the excitation light: the excitation light polarized paral-
lel to the vertical axis of the nanocone for axial polariza-
tion and perpendicular to the vertical axis for trans-
verse polarization, as shown in Figure 3.

Figure 4 shows the magnitude of the normalized
electric field when a nanocone is excited at four differ-
ent wavelengths with axially polarized light (Figure 4a).
The dimension of the SiGe nanocone is described previ-
ously. The gold coating is 40-nm thick on the tip and
tapers down to 5 nm at the base. Strong EM enhance-
ment is found at the tip of the nanocone and the distri-
bution of the electric field varies at different wave-
lengths. For excitation at 543 nm (Figure 4a), the
localized field is mainly focused at the gold tip of the
nanocone; whereas for excitation at 1064 nm (Figure
4d), noticeable fields are developing inside the SiGe
nanocone. We attribute this dependence on the excita-
tion wavelength to plasmon hybridization of surface
plasmons of the nanocone (i.e., similar to the hybridiza-
tion in a nanoshell).*® The interplay between surface
plasmons at the gold—air interface and at the
SiGe—gold interface influences the localized electric
field distribution.

The wavelength-dependent characteristic of the en-
hancement can also be observed when the excitation
light is transversely polarized. Figure 5 shows this trait
at the same wavelengths as are shown in Figure 4. Un-
like with axial polarization, the nanocone exhibits low
enhancement at the tip due to the geometrical symme-

Max: 15.0

0
Min: 0

electromagnetic (EM) enhancement of the
SERS signal strongly depend on the excita-
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Figure 4. Normalized electric field of the nanocone with axial (vertical) excitation at
four different wavelengths: (a) 543, (b) 633, (c) 785, and (d) 1064 nm.
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surface plasmons at 785 nm. This reso-
nance wavelength blue shifts as the gold
layer becomes thicker (i.e,, toward the tip
of the cone). Despite the similar
wavelength-dependent characteristic, the
overall EM enhancement with transversely
polarized light, as indicated by the color
scale, is not as strong as with axially polar-
ized light.

The relatively weak enhancement of the
15 nanocones with in-plane excitation leaves
space for improvement, because the major-
ity of light is transversely polarized in a con-
focal setup where the laser light propa-
gates perpendicularly to the sample

03 substrate. An axial component of the fo-
cused light can exist only if the light is
) | Mi.?; 0 tightly focused to a point using a high NA
Figure 5. Normalized electric field of the nanocone with transverse (horizontal) exci- objective (i.e., the wavefront at the focal
tation at four different wavelengths: (a) 543, (b) 633, (c) 785, and (d) 1064 nm. point has a slight curvature), or if the sample

try in the transverse direction. Figure 5c presents an in-
teresting case where the section toward the base reso-
nates at 785 nm, separately from the rest of the
nanocone. This dipole-like plasmon resonance can be
induced by the thin gold layer (~5 nm), which results
in a strong coupling between the two aforementioned

Cc

substrate is oriented oblique to the light.
The EM enhancement from transversely po-
larized light improves if narrow nanocones are packed
in close proximity with one another and form nanoscale
gaps. We show in Figure 6 that a narrow gap between
a pair of nanocones (Figure 6¢) generates relatively
strong enhancement, whereas a singlet (Figure 6a) and
a doublet (Figure 6b) in general do not
generate strong enhancement.

Max: 7.35 It is also noteworthy that the geom-
etries and the surface morphology vary
7 across the substrate. We show in Support-

ing Information (see Figure S3) plots of

normalized electric field on nanocones

with the base diameters and heights that
vary up to +25% from the geometry
shown in Figures 4 and 5. We found that
for axial polarization, the enhancement is
affected by the tip radius; and for trans-
verse polarization, the enhancement is
more sensitive to the height of the nano-
cone than to its base width. The overall

{3 enhancing behavior of the nanocone,
however, remains relatively insensitive to
the variation of its dimensions. The simu-

2 lations indicate that individual nanocones
do not exhibit strong EM enhancement
with transversely polarized light in com-

1 parison to axially polarized light. Thus, to
improve the SERS performance of the sub-
strate, we introduce plasmonic gold nano-

Min: 0 particles between nanocones to enhance

the coupling efficiency to the transversely
polarized light.

Figure 6. Normalized electric field of (a) a nanocone singlet, (b) a nanocone doublet Lateral Coupling between Nanocones and

with a peak-to-peak distance of 60 nm, (c) a nanocone pair with a peak-to-peak dis-
tance of 100 nm. Nanocones have the same dimension as previously described. Trans-

verse excitation at 785 nm.
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AuNPs. AuNPs situated near nanocones
create lateral nanoscale gaps that can
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Max: 55.0  electric-field enhancement. In
55 L
= addition, image charges on
pol. 50 the far side of the film contrib-
iE ute additional enhancement
to the junction. Provided that
40 the film is not too thin to sup-
nanocluster nanocluster 35 port plasmons (ie, <5nm),
a larger enhancement is gen-
20 erally observed on a thinner
25 film.* In comparison to a flat
2 film, a core—shell nanocone
possesses a large number of
15 discrete modes (due to its
(c) 10000 -
i 10 large surface area compared
E—4 . .
3 ® substrate to AuNPs) instead of .cc?ntlflu-
£ 1000 - 5 ous modes. The hybridization
8 A 30 nm AuNP i
e nm Au A 0 between the nanoparticle
8 100 A Min: 0 and the nanocone creates a
c 7 . .
o " o large number of localized dis-
§ A crete plasmon modes, some
= 104 A of which are shifted to the vis-
E 0 ible and near-infrared region.
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155 145 135 125 115 105 95 plasmon mode is in vicinity
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AuNP elevation [nm]
Gap size [nm]

Figure 7. Normalized electric field distribution of a 30-nm AuNP located between a pair
of nanocones 100-nm apart and the enhancement resulted from the coupling. The AuNP
is situated at an elevation of (a) 155 and (b) 95 nm. Panel c shows the normalized en-
hancement versus particle elevation for the AuNP—nanocone system (gap size denoted
in parentheses). The excitation light at 785 nm is transversely polarized.

be excited by transversely polarized light. Figure 7
shows the simulation results for an AuNP situated
between two nanocones. Figure 7 panels a and b
show the normalized electric field with the AuNP lo-
cated at different elevations from the base of the
nanocones. The excitation light is transversely polar-
ized (along the gap) at 785 nm. The size of the gap
between the AuNP and the nanocones is propor-
tional to the vertical elevation of the AuNP from the
substrate (shown in Figure 7a). Before the AuUNP couples
to the nanocones, a moderate enhancement of the
electric field can be observed in the gap between the
nanocones. When the AuNP and the nanocones are in
the close proximity to each other, the coupling be-
tween the AuNP and the nanocones strengthens and
creates strong hotspots (Figure 7b).

We interpret the coupling between the nanocones
and the AuNP using a relevant particle-film system re-
ported in the literature.*” ~*° Briefly, the discrete plas-
mon modes of an AuNP couple with a continuum of the
plasmon modes on a flat film. The superposition of the
coupling between discrete and continuous modes cre-
ates virtual states. Surface charges on the nanoparticle
and the nearby surface of the film generate large

www.acsnano.org

wavelength, a strong cou-
pling can be induced. How-
ever, we note that the nano-
cone substrate employs a
high-permittivity dielectric
material (g, = 14 for SiGe),
which induces a strong
screening effect. The screen-
ing charges in the dielectric offset image charges on
the gold-dielectric interface. For this reason, we sus-
pect that the enhancement in the
nanoparticle—nanocone junction is less sensitive to
the thickness of the gold layer on the nanocone.

To quantify the added SERS enhancement, we inte-
grate the electric field across the gold surfaces both on
the substrate and on the AuNP. The EM enhancement,
which is calculated as the fourth power of the electric
field prior to the integration, is normalized by the val-
ues at the elevation of 155 nm, where the lowest point
of the AuNP is at the same elevation as the peak of the
nanocone and no visible coupling between the AuNP
and the nanocones can be observed (Figure 7a). The
normalized enhancement is plotted against AUNP el-
evation (or gap size) in Figure 7c. The enhancement in-
creases both on the AuNP and on the nanocone sub-
strate as the gap size decreases. Due to the relatively
larger surface area of the nanocones with respect to the
size of the hot spot, the EM field in the substrate is en-
hanced at a slower rate than its counterpart in the
30-nm AuNP. An enhancement over 10-fold is achieved
on the substrate when the gap size is reduced to
1.5 nm.
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Figure 8. SEM images showing (a) a side view of the nanocone substrate prior to AuNP-
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the concentration of BPE solution in
order to obtain a submonolayer coat-
ing, we immersed seven nanocone
substrates in 5-mL solutions of 50-uM
BPE solutions for 1, 6, 12, 18, 24, 48,
and 72 h, immediately followed after-
ward by SERS measurements. The in-
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tensity of the 1200 cm™! mode in-
creases approximately linearly from 1
to 24 h, and gradually levels off
around 48 h (see Figure S5 in Sup-
porting Information). The plot indi-
cates that a 24-h incubation is likely
to produce a submonolayer coverage.
In light of this observation, we incu-
bated the substrates in 5 mL of 50-pM
BPE solutions for 24 h and blew dry
the samples using N, gas.

T

1600 1800

0

We used a commercial Renishaw

T
800 1000 1200 1400

Raman shift [em™]

(d

1600 1800 inVia Raman microscope for the SERS
measurements. Figure 8 panels c and
d show representative spectra ob-

tained from the substrates with and

deposition, (b) a top view of the nanocone substrate after AuNP-deposition, and SERS spec-

tra from BPE molecules on the nanocone substrate with (blue) and without (red) 30-nm
AuNPs with the excitation wavelength of (c) 785 and (d) 633 nm. Scale bar is 100 nm in pan-

elsaand b.

AuNP-Decorated Nanocone Substrates and SERS
Measurements. We performed experimental measure-
ments to verify the improved SERS performance indi-
cated by the simulation results. We decorated nano-
cone substrates using the 30-nm unconjugated
colloidal gold solution in DI water purchased from Ted
Pella (Redding, CA). The solution has a particle concen-
tration of 2 X 10" particles/mL. We applied 20 p.L of the
AuNP solution onto the substrate and let it dry in air.
The area coated by the droplet occupied ~1/2 of the
entire 1-cm? surface. On examining the AuNP-coated
surface with an SEM, we found that AuNPs embedded
evenly throughout the coated area and there were no
large aggregates. Figure 8a shows a side view of the
nanocone substrate before AuNP-decoration, and Fig-
ure 8b shows a top view of the nanocone substrate af-
ter AuNP-decoration (some AuNPs are indicated by the
arrows).

We chose 50 wM BPE solutions to incubate all sub-
strates. In general, studies indicate that the Raman in-
tensity increases linearly at low concentrations of Ra-
man molecules and gradually declines at higher
concentrations. Van Duyne’s group investigated cobalt
phthalocyanine on rough Ag films and reported that
the Raman intensity reaches its maximum at 10%
monolayer coverage on rough substrates.”® Mean-
while, for BPE molecules, increasing the molecular con-
centration results in self-quenching and causes the Ra-
man intensity to decrease.”®! To estimate an optimal

@\M\\K> VOL.4 = NO.10 = HU ET AL

without 30-nm AuNPs. Figure 8c cor-
responds to the excitation wave-
length of 785 nm and Figure 8d corre-
sponds to 633 nm. For the 633-nm
laser, 5% of its power was coupled into the micro-
scope and approximately 0.13 mW was delivered to
the sample. For the 785-nm laser, 1% of its power was
coupled into the microscope and approximately 0.29
mW was delivered to the sample. An integration time
of 10 s was used. At both excitation wavelengths, the
substrate coated with AuNPs exhibits substantially
stronger Raman scattering than the substrate without
AuNPs. Additionally, we note that among the five most
prominent Raman modes of BPE molecules at 1017,
1200, 1336, 1606, and 1633 cm ™', the amplitudes of
the modes at 1200, 1606, and 1633 cm™' appear to be
sensitive to the excitation wavelength. At 785-nm exci-
tation, the 1200-cm ™ peak is higher than the 1605- and
1634-cm ™" peaks; whereas at 633-nm excitation, the
1200-cm™~" peak is lower than the 1605- and 1634-cm™!
peaks. The relative change in amplitudes indicates a
frequency-dependent nature of the SERS modes.

We use the 1200 cm ™' mode to characterize the en-
hancement Raman scattering of our substrates. Twenty
individual SERS spectra were acquired from 10 differ-
ent locations on the substrate. Within the AuNP-coated
area, measurements were taken near the center to
avoid densely packed AuNP aggregates that accumu-
lated at the edges. SERS intensity of the 1200 cm ™!
mode on the nanocone substrate before and after
AuNP decoration has a standard deviation of 29% and
16% at 785 nm, and 22% and 18% at 633 nm, respec-
tively. By comparing the intensity of 1200 cm™' mode

Wwww.acsnano.org
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Figure 9. Raman scan of the 30-nm AuNP-coated nanocone substrate (left) and SERS spectra (right) from four locations labeled in the
scan image. The excitation wavelength is 633 nm, and a 100X, 0.95 objective lens was used. For the Raman scan image, the 1200 cm™’

mode was captured by integrating intensities from 1178 to 1227 cm

from the same substrate before and after AUNP decora-
tion, we found that the nanocone substrate decorated
with AuNPs exhibited nearly 28 times stronger SERS ac-
tivity at 785 nm compared to that of the nanocone sub-
strate without AuNPs. Similar observation was made at
633 nm with an over 16-fold improvement.

A portion of the Raman enhancement after coating
AuNPs to the nanocone substrate comes from the in-
creased gold surface area from AuNPs. However, we
prove here that this fraction is negligible in our experi-
ments. From SEM images, such as Figure 8b, we esti-
mate the particle density of the 30-nm AuNPs to be 76
particles/wm?2. The surface area added per um? by
AuNPs on the substrate is calculated by multiplying
the particle density with the surface area of a 30-nm
sphere, and it yields a merely 8% increase to the total
surface area. Thus, the additional enhancement must
originate from the lateral coupling between AuNPs and
nanocones on the substrate.

While in simulations we study the EM enhance-
ment and demonstrate formation of hotspots at nano-
scale lateral junctions, some experimental observations
are still unclear and require further study. For instance,
the 1200-cm ™" mode from the nanocone substrate ex-
hibits a frequency-dependent EM enhancement (i.e., it
is stronger than the 1600-cm™' modes at 785-nm exci-
tation, but weaker than the same modes at 633-nm ex-
citation) both with and without AuNPs. Because EM
theory suggests that all modes are equally amplified
(i.e., to the fourth power of the enhanced electric field),
it cannot explain this mode-dependent enhancement.
We experimentally observe that the AuNP-decorated
nanocone substrate excites Raman modes in a nonuni-
form manner. For instance, the autofluoresence of the
gold substrate, which appears as background in the
SERS spectra, is distributed nonuniformly with respect

www.acsnano.org
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to the Raman shifts. Therefore, a simple background
subtraction may skew the amplitudes of the Raman
modes. We expect future efforts to seek more accurate
methods to scale the amplitude of each Raman mode
with respect to the substrate background level.

Raman Scan and SERS Uniformity. The Raman spectra
were acquired using a 50X, 0.55 objective and exhibit
relatively good spatial enhancement uniformity for the
combined substrate. We further examined the unifor-
mity of the AuNP-decorated nanocone substrate by
performing a Raman scan. To acquire the integrated Ra-
man intensities across the substrate (i.e., integrated in-
tensities around the 1200 cm™' mode), we employed a
100X, 0.95 objective. Figure 9 shows a representative
scan of the AuNP-coated area on the nanocone sub-
strate at 633-nm excitation along with Raman spectra
sampled at four locations as indicated. Individual
hotspots typically confined within 0.5—1 wm are clearly
observed. Although these diffraction-limited hotspots
do not allow us to resolve individual nanocone struc-
tures and AuNPs, the fact that they are distributed rela-
tively uniformly over the nanocone substrate indicates
that the AuNPs and the BPE are uniformly distributed
over the nanocone substrate [this conclusion is also
supported by the SEM image in Figure 8b]. With a lower
NA objective (i.e, 50X, 0.55), the Raman signal is spa-
tially averaged and remains consistent over a large area
of the substrate. Note that, if the AuUNP coating was
not uniform, large patches of enhancement (i.e., bright
areas in Figure 9) would be juxtaposed with large
patches of nonenhancement (i.e., dark areas in Figure
9).

Enhancement Factor. Using the 1200 cm ™" mode, we
calculate the SERS enhancement factor (EF) of the
30-nm AuNP-decorated nanocone substrate at the exci-
tation wavelength of 785 nm. The average background

Nea
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intensity, mostly caused by the autofluorescence of
the gold, was subtracted from the Raman spectrum to
obtain the peak value. The effective area contributing to
SERS is estimated by adding the surface area of the
nanocones with the surface area of the AuNPs. From
the details given in the sections discussing AFM and
SEM characterization, the effective area is 1.9 times the
laser spot size. The packing density of the BPE mol-
ecules is estimated to be 3.30 X 10% wm ™2, with the ap-
proximate area of a single molecule to be 30 A252 We
assumed 100% monolayer coverage of the surface by
BPE molecules, which would lead to a more conserva-
tive estimate of EF due to the coating condition we
used.

Prior to measuring Raman spectra from the neat so-
lution, we determined the probe volume of the objec-
tive (50X, 0.55) using a gold nanocone substrate coated
with BPE molecules as reference.>® The probe volume
is modeled as a cylinder with a diameter equal to the
laser-focus spot size and height equal to the effective
probe depth H,;. The probe depth H,,; was measured
by moving the substrate sample out of the focus plane
at 1-um increments and recording the Raman peak
value at 1200 cm ™' at each position. Raman intensities
were integrated over all positions and normalized by
the maximum intensity at the focal plane, yielding Hp,;
= 28.54 um.

We acquired neat spectra by placing an aliquot of
0.1 M BPE solution under the objective. The excitation
light was first focused onto the backside of the sealing
coverslip, then moved further into the solution. The ex-
citation power at 785 nm and the integration time
were chosen so that the clearly distinct 1200 cm ™!
mode would be obtained in the neat BPE-Raman spec-

METHODS

Experiments. The fabrication process of the nanocone sub-
strates starts with the thermal oxidation followed by the deposi-
tion of rough poly-SiyGeg layer, as shown in Figure 10. The in-
terplay of the surface roughness of the initial SiGe layer, the
thickness of the protective Al,Os layer, and the plasma etcher’s
incident-angle-sensitive etch rate/duration creates the topolo-
gies observed on the substrate.

Thermal oxidation was done in pyrogenic steam at 1000 °C
for 1 h. The SiyGeg layer was deposited at 450 °C using low-
pressure chemical deposition technique. A 20-nm Al,Os3 film (200
cycles) was deposited onto the resulting surface at 300 °C using
the Picosun SUNALE R-150 ALD reactor, a conformal atomic-
layer-deposition system. To generate 20-nm layers, 200 cycles
were required. A partially anisotropic dry etch of Al,O; and the
underlying SiGe layers was performed in a decoupled plasma
system using BCl; and Cl, at 1000 W of RF power.

Unconjugated colloidal gold solutions were obtained from
Ted Pella (Redding, CA, USA). The 30-nm gold colloidal solution
concentration was 2.0 X 10'". The AuNP solutions were stored at
4 °C and vortexed for 30 s before use. A 20 pL aliquot of gold col-
loidal solution was applied to the gold substrate, which was
dried in air. The coated substrate was then incubated with
50-.M BPE (Sigma-Aldrich B52808) solution in methanol for
24 h. The substrate was blown dry with N, gas. The entire pro-
cess is shown in Figure 10.

%\K) VOL. 4 = NO.10 = HU ET AL.

trum while the corresponding BPE-SERS measurement
at the same settings would not saturate the detector.
The EF is calculated using

~

SERS Nneat

neat NSERS

where e, and Isggs represent the intensity of the neat
and SERS signals of the 1200 cm ™" peak, and Nyes and
Nsers are the numbers of the BPE molecules contribut-
ing to the neat and SERS Raman intensities. As previ-
ously described, Near and Nsggs can be calculated from
the effective volume and the effective surface area. Be-
cause we used the same measurement setup and exci-
tation wavelength, the laser spot size is assumed to be
identical, so it cancels out in the EF calculation. The spa-
tially averaged EF is calculated to be 1.78 X 108,

CONCLUSIONS

From finite-element simulations, we show that indi-
vidual nanocones on our process-engineered sub-
strates do not generate strong enhancement with
transversely polarized light, whereas the addition of
gold nanoparticles creates lateral coupling to adjacent
nanocones and harnesses transversely polarized light.
The creation of nanoscale nanoparticle—nanocone
junctions led to a relatively uniform enhancement of
1.78 X 108, over 1 order of magnitude stronger than
that of the nanocone substrate alone. The use of plas-
monic nanoparticles supported by plasmonic-
structured metal surfaces is an efficient and practical
approach. It has the potential to substantially improve
the SERS sensitivity of the substrates designed with
homogeneous structures and compositions.

I : Silicon Germanium 1 Gold

I : Aluminum Oxide

saMAAMAAAAL
i

YVYRYVVVyYYY)

B : Single Crystal Silicon
:Thermal Oxide

Figure 10. Fabrication process for the AuNP-coated nanocone
substrate: (1) grow 450-nm thick thermal oxide on a silicon wa-
fer; (2) deposit 1000-nm thick poly-SisGeg at 450 °C; (3) de-
posit 20 nm of Al,O5; (4) perform a partially anisotropic dry etch
for 1 min; (5) evaporate 20—150 nm of gold; (6) drop-apply
AuNP colloidal solution.
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Raman spectra were acquired by using a commercial Ren-
ishaw Raman microscope. A long working distance 50X, 0.55 ob-
jective lens was used for excitation and collection of the Raman
spectrum. The Renishaw inVia Raman microscope allows the user
to set certain percentage of the laser power to be sent to the
microscope (1%, 5%, etc.). For the 500-mW laser at 785 nm, 1%
of its power was sent to the microscope. For the 50-mW laser at
633 nm, 5% of its power was sent to the microscope. An integra-
tion time of 10 s was used for the spectral acquisition. The peak
intensity at 1200 cm™' was obtained after subtracting the aver-
aged background level from the peak value.

Simulations. The surface topology of the SiGe substrate was
profiled using a NanoScope IV MultiMode AFM (Veeco Instru-
ments Inc., NY). A 1 pm? area was scanned with 512 steps in both
the x and y directions. The height and base diameter of the nano-
cone features were determined from a scanned image of the
height profile. The thickness of the gold layer at the peak of the
nanostructure was set at 40 nm and was tapered down using a
second degree Bézier curve to 10 nm at the base of the nano-
structure. The dielectric constant of SiGe is 14.0 and that of gold
was obtained from Johnson and Christy.>* The ambient space in
the simulation was assumed to be air with a dielectric constant of
1.0. The incident wave was set to be linearly polarized in the hori-
zontal direction and propagated in the vertical direction (i.e., nor-
mal to the nanostructure). The simulation was implemented us-
ing the RF module of COMSOL Multiphysics v3.5a.
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