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Abstract

This Perspective reviews a new class of surface-enhanced Raman scattering (SERS) nanoparticle
substrates defined by their three-dimensional (3D) confinement of localized electromagnetic
fields. First, we describe the critical design parameters and recent advances in nanofabrication to
create reproducible nanoparticle assemblies for SERS. Next, we highlight a promising platform—
gold nanopyramids—for testing how the local arrangement of particles in an assembly affects the
overall SERS response. The dimensions and optical properties of the nanopyramids can be tuned
easily, and their unique anisotropic shape allows them to be organized into different particle
configurations with 3D Raman-active volumes. Because of their large hot-spot volumes, this
unique class of nanoparticle substrates offers an attractive alternative for ultra-sensitive sensors
and trace chemical analysis.

Introduction

Surface enhanced Raman scattering (SERS) is a surface-sensitive, vibrational phenomena
characterized by increased Raman scattering from molecules that are situated on or near
roughened metal surfaces and metal nanostructures.1~3 Enhanced Raman scattering was first
observed on uneven metal films with regions of high curvature and gaps between metal
grains.# The confined electromagnetic fields, commonly referred to as “hot spots,”® were
believed to originate from localized surface plasmons (LSPs) excited in these areas.1—3/6
Metal nanoparticles (NPs) have generated interest as SERS substrates because they exhibit
both tunable LSPs and high radii of curvature that can generate reproducible hot spots.’
Raman enhancement scales with the square of the electromagnetic field intensity8 and is
maximized when the LSP resonances of metal nanostructures occur between the excitation
and Stokes-shifted wavelength.®

For NPs with anisotropic shapes, the electromagnetic fields are most concentrated at
asperities (Fig. 1),10-12 such as the apexes of triangles’:13 or the corners of cubes.1* When
NPs of the same size and shape are assembled into small clusters, well-defined hot spots
form in the nanoscale junctions between them, which increases the SERS response
compared to that of a single NP.1516 The main challenge of using anisotropic or assembled
NPs as reproducible SERS substrates is their preparation. Typically, chemically synthesized
particles require stabilizing ligands to control their shape and size and to avoid undesired
aggregation; however, regulating critical factors, such as the concentration of ligands, purity
of precursors and solvents, and uniform reaction temperature, is not trivial. The generation
of identical NPs from batch-to-batch remains a challenge. Also, the ligands on solution-
synthesized NP surfaces can inhibit the adsorption of Raman reporter molecules.
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Recent advances in NP fabrication and assembly have offered new possibilities to tailor hot
spot volumes with reproducible SERS signals.1” Top-down fabrication provides a controlled
method to form highly anisotropic structures of relatively large sizes (> 100 nm) with
ligand-free surfaces.1’18 Assembly and templating techniques can create structures that
confine electric fields within the entire region between two parallel metal faces, which we
define here as a 3D Raman-active volume.81%-21 These NP architectures with large-volume
hot spots support the greatest average field enhancement rather than the greatest absolute
field enhancement (the latter is most important for single molecule detection).22 Hence, NP
substrates with 3D Raman-active volumes provide a new mechanism (1) to improve the
sensitive detection of trace analytes and (2) to tailor the particle placement in designing
hierarchical structures with large hot spot volumes. In the following sections, we will
discuss intrinsic factors (particle shape, interparticle separation, and orientation) and
extrinsic factors (polarization of light) that are important to optimize SERS and will focus
specifically on ordered assemblies of nanocubes, nanodisks, and pyramidal nanoshells.

nanoparticle dimers: Dependence on shape and gap size

SERS signals can increase when NPs aggregate or are directed into assembled structures
because of strong electromagnetic fields confined between particles.16:23-26 NP dimers27:28
are of particular interest for SERS because the electric field intensities within the gap exceed
those from hot spots on the surface of an isolated particle.8-16.29-31 Fig. 1 shows the
calculated electric field distributions of a single particle and various dimers at their
respective LSP resonance wavelengths. There are three important parameters in designing
NP dimers with localized hot spots: (1) the shape of the constituent particles, (2) the
polarization of incident light, and (3) the size of the gap between particles.

Dimers composed of anisotropic particles can increase Raman scattering because the sharp
features used to define the gap support high electromagnetic field intensities. For example,
the field intensity between two triangular prisms oriented tip-to-tip (Fig. 1b) was greater
than that between spheres (Fig. 1c) because of the concentration of electromagnetic fields
within regions of higher curvature.32 In addition, comparison between dimers of nanocubes
and spheres revealed that dimers comprised of cubes were more SERS-active because of the
field localization at their corners.1® Besides pairs of smaller (< 100 nm) constituent NPs,
dimers of large anisotropic structures, such as nanopyramidal shells (Fig. 1d), also exhibit
fields confined at asperities—the tip and the narrow edge at the base of the pyramid—that
contribute to a strong SERS response.?!

SERS has been shown to depend on the angle 6@ between the polarization and the dipole
moment associated with the excited LSP mode in a cos26 manner.33 The strongest
electromagnetic fields will occur when incident light is polarized paralle/to the dimer axis,
which promotes coupling between the NPs®:19 and leads to electromagnetic field
localization within the gap. Dimers of silver nanocubes demonstrate that this polarization
effect did not depend on particle orientation within the assembled structure (Fig.
2).8:19.32.34-37 \When two nanocube faces were parallel (face-to-face), the measured Raman
signal was over 10 times greater than the case where two nanocubes were oriented edge-to-
edge. When the edge of one nanocube was located at the center of a face (edge-to-face), the
Raman signal was reduced by ~ 25% compared to the face-to-face configuration.1?
Although the electric field intensity is expected to be highest between two corners,38 the hot
spot volume is very small. Hence, the greater enhancement from dimers with parallel faces
is a result of a greater number of molecules contained in the large hot spot.1®

Most previous work has suggested that nanoscale (1-2 nm) gaps were required for
optimized Raman enhancement?8:29.35.39-42 hecayse the dimension of the gap within a NP
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dimer strongly influences the intensity and distribution of the electromagnetic fields.
Unexpectedly, however, higher SERS responses have been observed from large (10-30 nm)
gap distances defined by large (>150 nm) nanostructures. The systematic investigation of
large particle dimers has been enabled by novel fabrication routes that offer control over the
material, shape, and thickness of the constituent particles®20.2143:44 5q that specific
geometric parameters can be correlated with the resulting Raman signal. For example, NP
dimers can be formed by depositing alternating layers of gold and a sacrificial material
within a template and then etching the spacer metal to produce well-defined gaps.820

Dimers of gold disks (&= 360 nm) that were relatively thick (120 nm) and separated by
large (up to 30 nm) distances produced SERS signals and field intensities (Fig. 3a)8
comparable to NP substrates with gaps on the order of several nano-metres. We also found a
similar result for dimers comprised of two pyramidal nanoshells (&= 300 nm and 20-nm
gold shell thickness).29 In the latter case, the size of the gap between the nested shells was
varied by the amount of spacer layer that was etched away. Chromium was chosen as the
sacrificial material because we could judiciously control the etch rates. A shorter etch time
led to a large gap (30 nm) between pyramidal shells, which supported a SERS signal 60
times higher than when the sacrificial layer was etched away completely, and where the
inner and outer pyramidal shells collapsed to form a very small gap (5 nm) (Fig. 3b, c).20

Tailoring 3D Raman-active volumes using pyramidal nanoshell dimers

Nanofabricated pyramidal nanoshells are ideal SERS substrates because (1) the dimensions
and plasmon resonances of these particles can be easily tuned;*>46 and (2) their anisotropic
shape allows them to be assembled into different particle configurations with large Raman-
active volumes. Fig. 4 compares the SERS response of the pyramidal nanoshell dimers with
two different arrangements: side-to-side and stacked. Side-to-side assemblies were
characterized by an outer face of one pyramid being nearly parallel with that of a
neighboring pyramid (Fig. 4a). In contrast, stacked assemblies consisted of four parallel
faces since one pyramidal shell was embedded within the other. Both the stacked and side-
to-side dimers of pyramidal nanoshells produced greater SERS signals compared to the
response from a single particle (or two single particles).

Although FDTD modeling showed high field intensities at the tips and edges of the
pyramidal shells, a large region of comparable field strength was located within the gap
between the particles (Fig. 1d).21 Comparison of stacked and side-to-side pyramids revealed
that the stacked structure generated a SERS signal over four times greater than the side-to-
side dimer. This increase in signal most likely corresponds to the 4-fold increase in the
number of parallel faces within the assembly. The effective increase in the size of the hot
spot volume allowed a higher concentration of molecules to contribute to the SERS
response. Thus, by tailoring the geometry of the Raman-active volume, the hot spot can be
manipulated to optimize SERS.1947

Enhancing SERS with pyramidal nanoshell trimers

The 3D geometry of the nanopyramids enables the formation of higher-order, 3D
assemblies. By taking advantage of this unique structural parameter, we expanded the
investigation of Raman-active volumes from dimers to trimers in order to achieve additional
insight into the design of optimal NP SERS substrates. A pyramidal nanoshell stacked
within another particle in a side-to-side pair, a “mixed” trimer, produced a signal ~ 2.5 times
greater than that of three side-to-side pyramids (Fig. 5). This increase in signal can be
attributed to the “mixed” trimer having a larger (2.5 times) SERS-active volume than the
side-to-side trimer. Similar results were observed in stacked trimers, where the signal was
ten times larger than that of a side-to-side trimer; the hot spot volume available in stacked
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pyramids was four times larger than that of the side-to-side assemblies. Therefore, the local
arrangement of NPs within a cluster can now be considered a new and critical parameter in
the design of optimal SERS NP substrates.2: Combined with polarization, gap spacing, and
shape of constituent particles, the relative orientation of anisotropic NPs provides an
additional means to increase SERS signals.

Conclusions and future outlook

This Perspective highlighted NP SERS substrates that supported 3D Raman-active volumes.
We identified several critical design parameters, such as particle size, particle shape, and
interparticle separation, needed to create reproducible SERS substrates. We discussed how
signal was maximized for dimers of large anisotropic NPs with hot spots defined by parallel
metallic faces separated by large gap distances (>10 nm). Access to these types of structures
is now possible because of new fabrication and assembly methods. Because NPs such as
nanopyramids support high electric field intensities over a large (50,000 nm?3) volume, they
mitigate the challenge of directing molecular adsorption to a nanoscale hot spot (e.g. one
defined between adjacent tips). Hence, hot spot volumes defined by parallel NP faces offer
an alternative approach to increase SERS signals on NP substrates in sensing applications,
especially for trace analytes.
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Fig. 1.

Calculated electric field intensities for different metal NP shapes and dimers at LSP
resonance wavelengths of (a) nanoprism with hot spots at sharp asperities (top-down), (b)
nanoprism dimer (top-down), (c) nanosphere dimer, and (d) two stacked nanopyramids
(side-view). Red color corresponds to highest intensity. Adapted with permission from ref.
21 and 32. Copyrights 2004 American Institute of Physics and 2010 American Chemical
Society.
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Fig. 2.

Nanocube dimers oriented face-to-face generate SERS intensity higher than other dimer
configurations. The polarization is along the dimer axis of 100-nm silver particles, and the
Raman reporter molecule was 4-methylbenzenethiol. Reprinted with permission from ref.
19. Copyright 2010 Elsevier B.V.
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Fig. 3.

Fabricated dimers with large hot-spot volumes. (a) SEM image of Au disk (120-nm thick)
dimers separated by (bottom left to top right) 160, 80, 30, 15, and 5 nm gaps, and
corresponding Raman image. (b) SEM image of two nested Au nanopyramids with a 5-nm
gap and no appreciable Raman signal. (c) SEM of nested Au nanopyramids with a 30-nm
gap and a strong Raman signal. All Raman images were acquired at the 1624 cm™1 band of
methylene blue with a 633-nm HeNe laser. Adapted with permission from ref. 8 and 20.
Copyrights 2006 National Academy of Sciences, USA and 2010 American Chemical
Society.
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Fig. 4.

Stacked nanopyramid dimers produce a SERS response larger than side-to-side dimers. ()
3D illustration and SEM of a single particle, a side-to-side dimer, and a stacked dimer. All
images are 1.5 um x 1.5 um; the Au shell thickness was 20 nm. (b) Corresponding Raman
spectra for nanopyramid dimers in (a) coated with a monolayer of methylene blue molecules
excited by 633-nm laser light. Adapted with permission from ref. 21. Copyright 2010
American Chemical Society.

Chem Sci. Author manuscript; available in PMC 2013 August 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Stoerzinger et al. Page 10

a
side-to-side stacked
trimer trimer trimer
600 F
b
500 |
& 400
€ stacked
g 300 [
O
200 - mixed
100
side-to-side
0 WNWMW
500 1000 1500 2000

Raman Shift (cm-1)

Fig. 5.

Stacked nanopyramid trimers produce a SERS response larger than other nanopyramid
trimers. (a) 3D illustrations and SEM images of different trimer configurations. All images
are 1.5 um x 1.5 um; the Au shell thickness was 20 nm. (b) Corresponding Raman spectra
for nano-pyramid trimers in (a) coated with a monolayer of methylene blue molecules
excited by 633-nm laser light. Adapted with permission from ref. 21. Copyright 2010
American Chemical Society.
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