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Plasmon management in index engineered 2.5D
hybrid nanostructures for surface-enhanced Raman

scattering

Yi-Fan Huang!, Chiung-Yi Chen?, Li-Chyong Chen?, Kuei-Hsien Chen®? and Surojit Chattopadhyay!*

Leaky mode resonance (LMR) and optical standing waves (SWs) generated in suitably illuminated vertically aligned supported
nanowires (NWs) were demonstrated to enhance the plasmonic electric (E) field behavior of silver nanoparticles (AgNPs)
dispersed on the wires. The combination of LMR and SW can significantly enhance the local plasmonic E field around high-
density AgNPs. The results of the finite difference time domain (FDTD) calculations were experimentally verified by comparing
the surface-enhanced Raman scattering (SERS) sensitivity, which is directly dependent on the E field, in AgNP-coated silicon,
germanium and silver NWs. As LMR and SW are functions of the substrate optical index (n, k), an engineering of the indices
predicted a (3.88, 0) theoretical value to maximize the plasmonic E-field on the hybrid scaffold at a given AgNP density. These
SERS substrates were utilized for the detection of marine toxins, L-BMAA (2-amino-3-(methylamino) propionic acid
hydrochloride) and Malachite green, which are used extensively in seafood. AgNP-decorated silicon NWs, whose index (3.88,
0.02) lies close to the theoretically predicted value, exhibit at least pico-molar sensitivity toward those marine toxins. A
plasmon management strategy is developed that could assist in lowering the detection level of environmental toxins by SERS.
NPG Asia Materials (2014) 6, e123; doi:10.1038/am.2014.67; published online 12 September 2014

INTRODUCTION
The involvement of plasmonics' in applications such as biosensing?
through surface-enhanced Raman scattering (SERS), energy,’
photodetectors* and lasers,” among others, is extensive because
surface plasmons can concentrate and manipulate light energy on
scales lower than their diffraction limit.® The common goal has
generally been to be able to intensify and control the plasmonic
electric (E) fields in preferred locations within the material. For
example, the so-called ‘hot-spots’ in SERS, for molecular sensing, are
reportedly the regions of extraordinarily intense E field at the
junctions of critically close gold (Au) or silver (Ag) nanoparticles
(NPs). The interparticle spacing’ and fractal-like aggregations® within
the metal NPs were observed to be more critical for the E
enhancement than the basic material properties or the size of the NPs.
The recent observation of enhanced optical absorption in suitably
illuminated semiconductor nanowires (NWs) via leaky mode reso-
nances (LMRs)? opens up the possibility of using LMR for the E-field
enhancement of metal NPs. In addition, researchers have observed
optical standing waves (SWs) along the length of the NWs when
studying optically illuminated vertically aligned NW structures grown
on a substrate by finite difference time domain (FDTD) calculations.
However, the effect of the SWs or the LMR in modulating the total
effective E field has been ignored or addressed inadequately. The fact
that Ag- or AuNP-dispersed vertically aligned 1D NW/nanorods!®
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supported on a 2D wafer, to be called 2.5D hereafter, are better SERS
perforrnersu’17 indicates a role for both the LMR and the SWs;
however, this role has not yet been reported. Such a study is difficult
but immensely useful because the hybrid (metal-semiconductor)
nanostructures can be used for a wide range of applications such as
SERS,16-18 pho'[onics,“‘5 renewable energ};' and biomedicine.!%-2! This
study addresses whether the newly observed optical effects, LMR and
SWs in an NW system, can positively affect the plasmonic E field for
photonic applications.

To address this query, detailed FDTD calculations were performed
on the 2.5D semiconductor nanostructures decorated with AgNPs
that included the effects of (i) LMR in the 1D NWs, (ii) SWs
generated in the NWs due to the substrate, (iii) the locations of the
AgNPs with respect to the SWs, (iv) optical indices of the NWs and
the substrate that will affect both the LMR and the SWs, and (v) the
AgNP density.

To validate the theoretical predictions of the plasmon management,
we chose SERS as the experimental platform because SERS is
fundamentally based on the plasmonic enhancement of the
E field,?>?® and the technique is evolving as a major tool for
inclusion of environmental safety’® in the ultra-sensitive toxic
screening of food products.?® Existing high-performance
nanostructured SERS substrates are more chanced upon than
rationally developed. A fundamental understanding of the plasmon
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management might lead to a design principle, including the
architecture and selection of a material for the SERS scaffold that
could lower the limit of detection in sensing applications. We have
modeled the plasmonics of our 2.5D substrates, AgNP-coated,
vertically aligned NW arrays, by FDTD and clarify the role of the
five significant factors mentioned above in controlling the E field. The
theoretical predictions are then directly corroborated by the
experimental SERS observation for screening toxic food additives.
Finally, we predict a 2.5D material design by mapping the optical
index (n, k) space for the development of a hybrid SERS substrate that
would support the highest E field for ultrasensitive detection and
possible photonic applications.

EXPERIMENTAL PROCEDURES

Fabrication of the silicon nanowires

The silicon nanowire (SINW) arrays on 6-inch silicon substrates were
fabricated using a top-down type self-masked dry etching process. A high-
density electron cyclotron resonance microwave plasma of SiH,, CHy, H,, and
Argon (Ar) was used to physico-chemically etch the Si wafers. Typical gas flow
ratios of SiH,:CH:Ar:H,=0.2:3:5:8, a microwave power of 1200W, a
substrate temperature of ~200 °C and an etching time of 10 h were used.?*-28

Ion-beam-sputtering deposition of AgNPs

The plasmonic AgNPs were coated on the SiNWs using the ion-beam
sputtering process. The sputtering chamber contained a 2-inch Ag target
mounted on a rotating stage, and the SINW substrates were held ~ 15 cm away
from the target. An Ar ion beam (flow rate of 2 sccm), using an Ion Tech, Inc.
(Fort Collins, CO, USA) (MPS-3000FC) controller, was incident on the Ag
target at 5 x 10 ~* Torr pressure at room temperature, and the deposition time
was varied from 10 to 40 min to achieve different loadings of the AgNPs on the
SINW surface.

High-resolution scanning electron microscopy
High-resolution scanning electron microscopy (HRSEM) was performed with
a JEOL (Tokyo, Japan) FESEM 6700F to characterize the morphology, particle
size, and loading density of the NWs and the AgNPs.

Surface-enhanced Raman spectroscopy

Raman spectra were obtained using a commercial Jobin Yvon LabRAM HR800
(HORIBA Ltd., Kyoto, Japan) equipped with a x 100 microscope objective
and a liquid-nitrogen-cooled CCD detector using a back-scattering geometry.
An excitation laser wavelength of 633nm, a power of 0.6 mW and a focused
laser beam spot size of ~2 pm (diameter) were used. All single accumulation
Raman spectra were acquired with an acquisition time of 20s. The spectral
resolution was 0.6 cm L.

The marine toxic chemicals, used as analytes, for the SERS experiments were
Malachite green ([C¢HsC(CeH4N(CHj3),),]Cl, MG, Sigma-Aldrich, St Louis,
MO, USA) and L-BMAA (2-amino-3-(methylamino) propionic acid hydro-
chloride, Sigma-Aldrich). While MG is used as a fungicide in aquaculture,
L-BMAA, which is found in shark fins and cycads, is an environmental factor
in neurodegenerative diseases. BMAA present in cycads is bio-magnified upon
consumption in flying foxes from Guam, where a sizable proportion of the
population suffers from neurological disorders attributed to consuming these
flying foxes. Different concentrations of MG (10 2 to 10 12m) and L-BMAA
(107 to 10~'5m) were prepared by serial dilution in deionized water. An
aqueous solution of these analytes, 1 pl in volume with controlled concentra-
tions, was then dispersed by drop coating onto the SERS substrates (AgNP
coated and uncoated NWs of Si, Ge). The substrates were dried in air, and
Raman spectroscopy (RS) was performed on them. The substrate area covered
by the analyte droplet was ~4 mm?.

FDTD simulation
3D numerical simulations using the FDTD method (FDTD solutions, Version
7, Lumerical Solutions Inc., Vancouver, BC, Canada) (http://www.lumerical.
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com/) were performed to determine the spatial distribution of the near field
plasmonic E field for various substrate configurations and AgNP loading
densities. The simulation parameters included a time step of 0.001 fs, a mesh
size of 1 nm (in all three directions, dx, dy and dz), and a background index of
1.0 (air), unless otherwise mentioned. The known indexes of Ag and various
semiconductor substrates (such as Si, GaAs and Ge) were acquired from
Palik.?? Perfectly matched layer boundary conditions were applied along the x-,
y-, and z-boundaries of the unit cell. The accuracy of the results was confirmed
through convergence tests. E-field mapping of the AgNPs distribution for
various substrate configurations and materials was performed with a
horizontal (X) E polarization of the 633nm excitation under normal
incidence. A schematic illustration of the FDTD model and additional
simulation layout setting details is presented in Supplementary Figure SI.
Far-field optical simulations of the as-grown SINW by FDTD have been
reported elsewhere.>

RESULTS AND DISCUSSION

Keys to plasmon management in 2.5D nanostructures by FDTD
The key elements for effective plasmon management in the 2.5D
nanostructures through the extensive FDTD simulations (model,
Supplementary Figure S1) are presented in Figure 1. First, we
demonstrate why the NW or NR scaffold is preferred for AgNP
dispersion for SERS applications. The obvious reason is the ability of
the NW to load more AgNPs due to the large available surface area
compared with a 2D substrate. The less obvious reason is the recent
observation of enhanced optical absorption, through LMR, in an NW
with a select diameter for a selected energy of illumination. We
observed LMR in the free-standing SINW (~100nm diameter,
/=633nm excitation) (Figure la). Although higher-order LMR
modes are present, such as HE,,, it is the HE;; mode! (at 576 nm)
that couples with the plasmon and alters the E field over the NW
surface. The contribution of this HE;; mode to the E field under
different wavelength excitations is demonstrated in Supplementary
Figure S2 and is significant even at 633 nm. The E field resulting from
these LMRs can also be modulated by the optical indices (1, k) of the
material.” Once the size of the SINWs and the excitation wavelength
are fixed experimentally, a variation of (#, k) will result in regions of
stronger |E|?a, values, as we will observe later.

Next, when a Si substrate is added to the SINW (bottom panel,
Figure 1b), completing the 2.5D structure, classical wave-guiding
principles cause the SWs along the length of the SINW, revealing
clear node and anti-node features. The SWs would not be
present if the NWs are lying down on the substrate. The support,
depending on its optical indices (1, k) (real and imaginary parts of the
complex refractive index N=n+1i k), will reflect the incident light
waves to create the SWs along the length of the NW. The number of
SWmodes (M =1, 2, 3, ...) follows the rule L = (2M —1) /4, where L
is the length of the SINW. We have confirmed the existence of the
SWs by varying the length of the NWs to observe higher modes
(M=2, 3,4, ..) in longer NWs (see Supplementary Figure S3). For
the real case, where L=1300nm and A=633nm was used, M =4,
and the 4th harmonic of the SW was observed (bottom panel,
Figure 1b). These SWs provide a background for the LMR absorption
spectrum and a modulation of the total E field (Supplementary
Figures S2j-1).

The formation of the SW resulting from the interference between
the incident and reflected wavetrains is illustrated in Supplementary
Figure S4. The effect of the SWs on the E-field distribution in such
vertically aligned NWs used for SERS in the backscattering geometry
(light propagation vector K and the E field is along and perpendicular
to the NW axis) has also been tested under different K and E
polarizations (see Supplementary Figure S5). Clearly, the effect of the
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Figure 1 Plasmon management in vertically aligned 2.5D SiNWs, with diameters of 100nm and lengths of 1300 nm, with AgNPs. (Top panel) Schematic
diagrams of vertically aligned (a) free-standing and (b) supported SiNW. Supported SiNW with an Ag dimer (dia. ~20nm, gap=1nm) at the (c) anti-node
and (d) node locations of the resulting standing waves (SWs) along the length (L, along Z) of the SiNW. (e) Schematic of a supported SINW with high-
density AgNPs under real SERS experimental conditions. (Bottom panel) Corresponding FDTD electric (E)-field mapping images show (a) LMRs in a free-
standing SINW and (b) SW-modulated LMR in a supported SiNW; total E field, under the sum effect of SW and LMR, around the Ag dimer when placed at
(c) the anti-node and (d) the node locations of the SW. (e) Plasmonic E-field mapping image for a supported SiNW with high-density AgNPs showing LMR,
SW, and AgNP surface plasmons. K represents the propagation direction of the incident 633-nm light wave. The maximum values of |12 (1E12m,,) calculated

by FDTD are shown for each E-field mapping image.

SWs, represented by the |E|*yq value, is highest with the back-
scattering geometry. Conclusively, the effect of the SW and the LMR
on the total E-field distribution is significant, with or without the
AgNPs, and can be used beneficially for the SERS study.

With the E field over the scaffold, including the effects of LMR and
SWs, being established, we can now introduce the plasmonic AgNPs
(Figures 1c and d) into this system. SW is critical for the surface
plasmon management, as we observe that the Ag dimer exhibits
different |E|? .y strengths when placed at the anti-node (Figure 1c)
and the node locations (Figure 1d) of the SW. Taking all these effects
into consideration, a real supported SINW with high-density AgNPs
is modeled for the E-field (Figure le) to indicate its relative
performance index. A stronger |E|?. value would imply a stronger
SERS signal and hence a lower limit of detection. The materials,
dimensions and excitation selected for the simulation are used to
mimic the real SERS experimental conditions to allow verification of
these predictions. Overall, Figure 1 conveys a total strategy for the
plasmon management.

Morphology and architecture of the 2.5D SERS substrate

For real experiments, we fabricated large-scale arrays of vertically
aligned pencil-like NWs?¢-28 on a support decorated with AgNPs as
our 2.5D SERS substrate (Figures 2a—h); this design is also shown
schematically in Figure 2i. The NWS had cylindrical wire-like bodies
and tapered apexes, giving the pencil-like appearance (Supplementary
Figure S1b). Using plasma processing, we could not fabricate the
AgNWs required for the comparative study. Hence, we approximated
an SINW with an optically thick and conformal Ag coating

(deposition time of >40min) to be equivalent to an AgNW. For the
current experiments and simulations, a length of ~1300nm and a
diameter d of ~ 100 were selected for the NWs to load a high density of
AgNPs and to support enough SW modes (M = 4). An NW longer than
1300 nm would be difficult to coat with AgNPs using the sputtering
process. Moreover, with the absorption depth of 633 nm light in silicon
being ~ 1 pm, Raman signals originating deeper would not be detected.
A shorter NW, however, would not support enough SW modes (see
Supplementary Figure S3b and c¢) to demonstrate its effect.

Subsequently, the ion-beam-sputtering deposition process'™ was
adopted for the deposition of AgNPs on the NW surface. The number
density of the AgNPs, and hence the average interparticle distances,
could be easily controlled as a function of the sputtering time ().
Figures 2e-h present SEM images of individual SINWs without and
with AgNPs (~5-25nm). Up to 20 min of sputtering, AgNPs were
obtained, beyond which, at ~40min, a thick Ag film with embedded
AgNPs was obtained (Figure 2i).

11

SERS measurement on 2.5D SiNW with AgNPs

To evaluate the SERS activity of the differently AgNP-coated SINW
SERS substrates, MG and L-BMAA were used as analytes. These two
molecules are important because they constitute the two most widely
used toxic substances in seafood consumed worldwide.>?? Figures 3a
and b show the SERS signals of 1 mm of MG (Figure 3a) and 1 pm of
L-BMAA (Figure 3b) collected from AgNP-coated SINW substrates
with +=0-40min. The characteristic spectral features of MG and
L-BMAA can be clearly identified on the SERS data (#=10-40 min)
compared with the conventional Raman spectroscopy data (t=0

- |
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t=20

t=0 t=10 t=40

Figure 2 SEM images of the as-grown and AgNP-coated 2.5D pencil-like
SiNW. Cross-sectional HRSEM images of SiNW with Ag deposition times of
t=(a) 0, (b) 10, (c) 20 and (d) 40min, respectively. The inset in (a)
presents a tilted top view SEM image of the SiNWs. Cross-sectional HRSEM
images of the apex of individual SINW with Ag deposition times of t=(e) O,
(f) 10, (g) 20 and (h) 40min, respectively. (i) A schematic description of
the SiINW, height L1, tapered height L, diameter d, with increasing density
of self-assembled AgNP (red spheres) as a function of Ag deposition time.
At t=40min, a continuous Ag film with AgNPs results. The scale bar is
500nm in (a—d) and 100 nm in (e-h).
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min). The SERS spectral intensity increases to a maximum for the
t=20min substrate but then decreases for longer values of ¢.

Having optimized the density of the AgNPs at =20 min for the
maximum SERS intensity, we then investigated the concentration-
dependent SERS spectra of MG and L-BMAA to understand the
sensitivity of the optimized substrate. Figures 3¢ and d show the MG
and L-BMAA fingerprint SERS bands, respectively, decreasing in
intensity with decreasing concentration (1 mwm-1pm for MG and
lum—1fm for L-BMAA). The characteristic bands of MG and
L-BMAA were detectable up to 1 x 10712 and 1 x 1013w, respec-
tively, on the optimized substrate. Hence, the limit of detection is at
least 1pm. Although there are some reports of MG detection via
SERS,* reports on L-BMAA detection in the pico-molar
concentrations did not appear in our search. For an estimation
of the substrate sensitivity, we investigated the strength of the
1176cm ™! band for MG, which is assigned to the in-plane
vibrations of ring C —H, and the 1585cm ! band for L-BMAA as
a function of their respective concentrations. Figures 3e and f reveal
the linear variation of the intensity of the signature bands for MG and
L-BMAA, respectively. The slope of this line yields the sensitivity of
the optimized SERS substrate toward MG and L-BMAA detection
over the studied range of concentrations. The reproducibility of the
optimized SERS substrate’® can be quantified by obtaining the
relative standard deviation (RSD=s.d./mean) from repeated
measurements on the same substrate (see Supplementary Figure
S6). However, due to the poor adsorption of L-BMAA on the AgNPs,
there were significant spectral reproducibility problems at lower
analyte concentrations. This issue might be detrimental to quantify
the sensitivity of the substrate. Hence, we also used Rhodamine 6G,
a common Raman dye, to estimate the sensitivity of the substrate
(see Supplementary Figure S7).

To explain the experimental results in Figure 3, it is necessary to
consider the effect of AgNP density in our calculations. We have
modeled the AgNP distribution (Figure 4) resembling Figure 2 as
closely as possible. NWs with no AgNPs (t=0), few AgNPs (=10
min), maximum AgNPs (+=20min) and few AgNPs on a Ag thin
film (#=40min) are schematically described for an FDTD simulation
in Figures 4a—d, respectively. The corresponding E-field mapping
images, for t=0, 10, 20, 40 and 100 min, are presented in the right-
hand side panels for SINW (Column II, Figure 4), GeNW (Column
III, Figure 4), GaAsNW (Column IV, Figure 4) and AgNWs (Column
V, Figure 4), respectively. The E-field distributions are observed to be
riding the SWs in all of these cases with varying intensities, being the
strongest for SINW and the weakest for GeNW, along the Z axes. For
each NW case, the E field is the weakest for the =0 case (Figure 4a).
The E-field value (represented by |E|* ) peaks near t~20min for
the SINW case and near =40 min for the Ge and Ag NW cases. The
line scan profiles of the FDTD results for the t=10 and 40 min cases
contain fewer but stronger and frequent but weaker E-field spikes,
respectively (Supplementary Figure S8). This finding indicated a
stronger SERS signal from the f=10min sample. However, the
surface coverage of the E-field over the entire length of the NW
was better for the t =40 min case and indicated better reproducibility
of the measurements quantified by the RSD. This phenomenon was
also observed experimentally when we compared Supplementary
Figure S9a with e and b with f.

Optical index (n, k) engineering for plasmon management

Figure 4 clearly demonstrates that, irrespective of the AgNP density,
the E-field distributions on different NWs are different. This finding
appears to be an optical index artifact because both LMR and SWs
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Figure 3 SERS data of MG and L-BMAA on the AgNP-coated SiNW. SERS data of marine toxic chemicals, MG and L-BMAA on Ag-coated SiNW substrates.
SERS spectra of (a) 1 mm of MG and (b) 1 um of L-BMAA on SiNWs coated with Ag for t=0, 10, 20 and 40 min. SERS data for different concentrations of
(¢) MG (I mm-1pm) and (d) L-BMAA (1pv-1fw) on t=20min Ag-coated SiNWs. Variation of the () 1176cm~! Raman line intensity of MG and (f)
1585cm 1 Raman line intensity of L-BMAA as a function of their respective concentrations (as in ¢ and d, respectively). The line joining the data points in

(e) and (f) is a linear fit to the data with an RZ-value of (e) 0.97 and (f) 0.98.

have a direct dependence on the optical indices n and k of the
material. It is now imperative to study SW and LMR in materials with
different optical indices to arrive at the best-performing hybrid
with AgNP.

First, we show four simple models for FDTD simulation: (i) SINW,
(ii) GeNW, (iii) pure AgNW, all with AgNPs (t=10min), and
another (iv) SINW with AgNPs (t=40min), as schematically
illustrated in Figure 5a. Figure 5b shows the |E|?y. obtained from
the simulation results in Figure 4 for the respective NWs. Clearly,

among the hybrid substrates, the AgNPs@SiNWs (blue) exhibits the
highest |E|?na value (Figure 5b). The AgNPs@GeNWs (green)
exhibits the lowest |E|% . value. Because the AgNPs@AgNWs (with
t=10min, data colored red, Figure 5b) exhibit a similar |E|? .y value
as the AgNPs@SiNWs (with t=40min, data colored orange,
Figure 5b), they are considered equivalent. This theoretical equiva-
lence of a t=40min coated SINW and a t=10min coated pure
AgNW will be used for our experimental verification because we did
not have pure AgNW samples.

)
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Figure 4 E-field mapping images on AgNP-coated NWs by FDTD. Schematic of a 2.5D NW with Ag coating times of (a) t=0, (b) t=10, (c) t=20, (d)
t=40 and (e) t=100min. Corresponding (for each f) E-field mapping images for (Column Il) SiNW, (Column Ill) GeNW, (Column V) GaAsNW and (Column
V) AgNW. The calculated value of |£12,,, is shown in each case. The E-field scale bar is shown in inset (a). Same scale bar of 100nm in (a-e).

For experimental verification of the FDTD results (Figure 5b), we
performed real SERS measurements (Figure 5c) using MG
as an analyte on the fabricated SERS substrates. At higher concentra-
tions, we can clearly see that AgNPs@SiNWs exhibits the highest

NPG Asia Materials

SERS intensity, and AgNPs@GeNWs exhibits the lowest SERS
intensity (top, Figure 5¢). At lower MG concentrations, the SERS
intensity on AgNPs@GeNWs was negligible, whereas the other two
samples exhibited weak but clear spectral features (bottom,



Figure 5¢). Comprehensive SERS data are presented in Supplementary
Figure S9.

The average SERS signal intensity of the 1176 cm ~! band of MG,
with two concentrations on those three substrates (see Supplementary
Figure S9), is shown in Figure 5d. These experimental data clearly
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match the FDTD predictions shown in Figure 5b. AgNPs@GeNWs,
where Ge has a high value of k (0.83),> were inefficient SERS
substrates that inhibited the formation of the SW and could not
support a strong plasmon field on the dispersed AgNPs (Column III,
Figure 4). In addition, the LMR in the GeNWs, d=100nm, red
shifted to 720 nm, which is off-resonance under 633 nm excitation,
had weak HE;; (see Supplementary Figure S10).

Because the plasma etching process adopted here for the NW
fabrication would lead to small variations in the morphology and size
of the NWs, there might be a concern that the differences in the
|E[max value (Figure 5b) or the SERS intensity (Figure 5d) could be
due to such variations. In fact, the experimental GeNW diameters are
not 100 nm but ~250nm (see Supplementary Figure S11). However,
the simulations performed on different morphologies and sizes of
GeNWs (Supplementary Figure S11) indicate that the variations in
the |E[>pax values are insignificant compared with the differences
observed theoretically and experimentally vis-a-vis SINW or AgNWs
(Figure 5). Hence, the results presented in Figure 5 are clearly an
artifact of the material (n and k) and the optical effects therein and
are not due to small variations in the morphology or sizes normally
associated with a controlled growth process. Among the materials
considered experimentally, Figure 5 establishes a consistent support
for the FDTD prediction that AgNP@SiNWs exhibit better E field.
However, is the Ag-Si system the best in the hybrid class?

An answer to our question is provided theoretically by the
plasmonic description of different hybrid SERS active substrates
shown in Figure 6. FDTD simulations were performed for the
E-field distribution in AgNP (varied density)-decorated 2.5D NWs
of materials with different # and k values, namely Si, GaAs, Ge, and
pure Ag. In Figure 6a, we show FDTD model schematics of individual
NWs with different Ag coating times ranging from =0 to 100 min to
achieve different AgNP loading densities. In the absence of pure
AgNW (for experimental verification), we will assume an equivalent
in an SINW with Ag coating time greater than 40min (case v,
Figure 6a).

With the morphology explained in Figure 6a, we calculated the
variation of the |E|? . values in high-n and low-k (Si, N=3.88 +
i 0.02), high-n and high-k (GaAs, N=3.85+10.19, and Ge, N=5.47
+1 0.83) and pure metal (Ag, N=0.13+1 3.99) at a wavelength of

Figure 5 FDTD prediction and experimental SERS corroboration data.
(a) Left to right: schematic diagram of AgNP decorated nanowire structures
of Si, Ge, pure Ag, and Ag film-coated SiNW. (b) Maximum |£? values,
determined by FDTD, in supported nanostructures of SINW (Blue), GeNWs
(Green), and pure AgNWs (Red) containing the same density of AgNPs
obtained with a t=10min coating on the SiNW. Because pure AgNWs
(third from left in (a)) were not available for experimental verification, we
assumed that pure AgNWs are optically equivalent to a thick Ag
(t=40min)-coated SINW (extreme right in a). This assumption is
acceptable as the calculated values of maximum [E12 (in b) for the
nanostructures shown in the box (in a) are similar. The error bar in b
(extreme right) indicates the maximum spread in |F12,, for the Ag film-
coated SINW with low (as in Si, Ge, and pure Ag) and high densities (AgNP
touching each other) of AgNPs. The 1£1%,, values in SINWs, GeNWs, and
the pure AgNWs are theoretically calculated constants without error bars. (c)
Experimental SERS spectra of MG dispersed on real substrates (except for
that of pure AgNW (Red), which is theoretical) at concentrations of (top)
10-%m and (bottom) 10-®m. The same color code for the substrate and
SERS spectra was maintained in (a—c). (d) The SERS intensity distribution
(with error bars) is displayed as a bar chart with data acquired from
Supplementary Figure S9 at both analyte concentrations from the real
substrates only. All the calculations were performed in air using 633 nm
laser irradiation mimicking real experimental conditions.
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Figure 6 Plasmonic E-field mapping on hybrid substrates by FDTD. (a) Schematic of SiNWs with Ag coating times of t=(i) O, (ii) 10, (iii) 20 (optimized
density), (iv) 40 and (v) 100 min. The schematics are simplified approximations of real SEM images (Figure 2). (b) The variation of |E12,,, as a function of
t on Si, GaAs, Ag, and Ge NW substrates (assuming the same AgNP distribution at each t). The horizontal arrows indicate the metal morphology at different
coating times. The line connecting the data points is a guide to the eye only. (c) The variation of selected SERS bands of MG and L-BMAA on
AgNP@SiNWs as a function of t. A 3D plot (top) and 2D projection (bottom) of 1£12,, as a function of material optical indices (n, k) for a vertically aligned
NW on a support (d) without the AgNPs and (e) with the highest density of AgNP. Some real materials, such as Si, GaAs and Ge, matching the n, k values

were identified in (e).

633 nm (Figure 6b).2° The various NW substrates, with varied # and k
values, revealed similar |E|2rmlx profiles as a function of #, albeit with
variable strengths (Figure 6b). The |E|?,.c data, as a function of
different Ag coating times ¢ ( =0-100 min), on Si, Ge, GaAs and Ag
NW substrates are presented in Figure 4. The E-field profile
(Figure 6b) predicts well not only the experimental SERS observed
here on MG and L-BMAA (Figure 6¢) but also other reports on
hybrid-carbon nanotube-based substrates®®>” and metal-silica
hybrid nanorods, showing improved performance compared with
pure silver NRs.*

To predict the best hybrid substrate with the given geometry
(Figure 6a (iii)) for SERS application, we systematically calculated
|E[>max by varying n and k independently in our simulations. The
values of the maximum E field were determined from the sidewalls of
individual uncoated 2.5D NWs and AgNP@NWs as a function of
each n and k combination to produce a three-dimensional plot, as
depicted in Figures 6d and e. The real part of the refractive index was
varied from n=2 to 6, and the imaginary part was varied from k=0

NPG Asia Materials

to 1. The E field has a 3D profile peaking near n=4 and k=0,
decaying on both sides of the peak. It is clear that the n and k values
significantly affect the 3D E-field profile. This feature is common for
both the supported NW architecture without (Figure 6d) and with
(Figure 6e) the AgNPs. The magnitude of |E|?,.,, however, is higher
for the architecture with the AgNPs (scale bar, Figure 6e). The result
presented in Figure 6e is not a simple addition of Figure 6d and the
plasmonic E-field of the AgNPs. Such high |E|?,,.x values could not be
obtained without the participation of the SW and the LMR. To
demonstrate this point, we simulated an AgNP dimer in air and on a
bulk Si wafer, which would not support SW or LMR, under the same
configuration used for the NW (see Supplementary Figure S12). The
|E[>max value, without the SW and the LMR, is far less than the value
observed with the SW and the LMR present in a vertically aligned
2.5D NW system.

First, we discuss the effect of non-absorbing substrates (k= 0, with
varying n value). We observe that initially the |E|,., value increases
significantly when 7 increases from 2 to 4, but subsequently decreases



when 7 increases from 4 to 6. The initial increase in |E|? .y (1= 2-4)
is correlated with the substrate’s reflectivity, which increases with » at
normal incidence from the air to the substrate. A higher substrate
reflectivity will lead to a stronger SW amplitude along the NW
surface, for example, the SINW (Figure 4a). We have discussed, in
Figure 1, that the SWs can improve the E field on the AgNPs at the
nodal locations. However, as n increases above 4, the amplitude of the
SW-induced |E|?a decreases, as calculated by FDTD.

Next, we discuss the effect of optically absorbing substrates
(n=4, and increasing k). For a fixed n=4, the |E|’,. value
rapidly decreases when k increases from 0 to 1. We believe that this
finding is attributed to the increase in light absorption in the
substrate as k increases, resulting in less optical coupling with the
AgNPs for plasmon generation, and at sufficiently high k values, such
as for Ge (k=0.83), only insignificantly weak SWs and LMR are
present along the 2.5D nanostructures. This effect is confirmed by
comparing the case of Si (n=3.88, k=0.02) (Column II, Figure 4)
and GaAs (n=3.85, k=0.19) (Column IV, Figure 4), which have
similar n values but different k values. This finding explains
the comparatively higher |E]>pox value in SINW than that in GaAs
NW (Figure 6e).

Finally, we remind the readers that the results presented above must
be considered under some general assumptions. First, we assumed
perfectly aligned structures and the same AgNP sizes (no distribution)
for the FDTD modeling. Experimentally, however, deviations will
occur, including clustering of the AgNPs and variations in sizes, which
might lead to broad band absorption and improved SERS perfor-
mance.® Moderate size variations or agglomerations may cause
extraordinary local fields (see Supplementary Figure S13), and hence
the current assumption of a uniform distribution of AgNPs would
underestimate the actual E field available in these substrates. For
calculation purposes, a uniform distribution is easier to model and
rationalize than a definition-less random one. Second, we did not
assume any change in the optical constant of the metal NPs as a
function of size, shape or dielectric environment.*®*! Different
dielectric media may cause surface plasmon resonance to shift to
longer wavelengths or exhibit other resonance modes, such as Fano
resonance.*> However, in this work, we are only using a single
wavelength  (633nm) for real SERS measurements. Tilted
nanostructures or ‘kissing nanowires™® and double resonance** did
not participate in this discussion. Third, in this work, we only
considered single nanostructures for the FDTD simulations because
the inter-SINW distance is > 100 nm, as shown in Figure 2. Interwire
optical coupling was not considered.*> If the individual plasmonic
nanostructures, pure metallic or metal-hybrid, come closer than the
range (~30nm) of the plasmonic E field, extremely intense local
electromagnetic fields can be generated.*® In contrast to the localized
surface plasmons studied here, for pure metallic NWs, propagating
surface plasmons with a guided character can also result in high-
sensitivity bio-sensing.*’ Furthermore, we are only using the classical
electromagnetic theory for the calculation and interpretation of
results; quantum mechanical effects or chemical enhancement
effects have not been considered.*®*’ However, under a uniform
basis and assumptions, the main outcome and the trends of the
results would remain unaffected.

CONCLUSIONS

We have presented a plasmon management strategy in vertically
aligned 2.5D hybrid NW-AgNP SERS substrates utilizing the effects of
LMR and optical SWs observed in them. The plasmonic E field
around the high-density AgNPs becomes enhanced in the presence of
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the combined effect of LMR and SW. While the LMR ensures higher
optical absorption, the SWs provide a modulation of the E field,
which is strongest at the node locations of the SWs. Optical index
engineering of the scaffold material maximizes the total E field
theoretically for a material with n=3.88 and k=0 at 633nm and
provides key design approaches to help fabricate sensitive hybrid
SERS substrates. A vertically aligned 2.5D SINW (n=3.88, k=0.02)—
AgNP system was experimentally shown to perform similar to the best
SERS substrate, among those compared, for the detection of marine
toxins, MG and L-BMAA, with at least picomolar levels of SERS
sensitivity to support the theoretical prediction.
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