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M .1aliic nanostructures attract much interest as an efficient media for
surface-enhanced Raman scattering (SERS). Significant progress has been
made on the synthesis of metal nanoparticles with various shapes,
composition, and controlled plasmonic properties, all critical for an efficient
SERS response. For practical applications, efficient strategies of assembling
metal nanoparticles into organized nanostructures are paramount for the
fabrication of reproducible, stable, and highly active SERS substrates. Recent
progress in the synthesis of novel plasmonic nanoparticles, fabrication of
highly ordered one-, two-, and three-dimensional SERS substrates, and some
applications of corresponding SERS effects are discussed.

1. Introduction

Inelastic light scattering by a molecule with the quantized
vibrational signature is the physical phenomenon behind Raman
spectroscopy.[!l Despite the rich information offered by regular
Raman spectroscopy, it has not been the primary choice as a
handy analytical tool comparable to Fourier-transform infrared
(FTIR) or UV/Vis spectroscopy due to the inherent limitation,
“feeble signal”. The weak signal is due to the extremely small
Raman scattering cross section for most molecules except some
special cases of resonating molecular structures. For example,
the benzene molecule, which is a relatively strong Raman
scatterer, >l exhibits a scattering cross section 0f 2.8 x 1072 cm?
molecule ' sr~!, which is 12-14 orders of magnitude lower than
typical fluorescence cross sections.

The discovery of surface-enhanced Raman scattering
(SERS) nearly 30 years ago opened a new avenue for Raman
spectroscopy by creating excitement in the scientific commu-
nity.[3"5] The dramatic enhancement of the intensity of the
vibrational spectra from the analyte adsorbed on a rough (at
the nanoscale) metal surface, which seems to be simple for
experimental realization, was intensely investigated to under-
stand the underlying physical phenomenon responsible for
the effect (for a general overview of theories, see References
[6-10]). Figure 1 shows the number of publications over the
past 30 years in this field, demonstrating a dramatic increase in
the research activity, especially in the past 4-5 years. This
spark is due to numerous factors of a technical nature (single-
molecule detection, nanotechnology advancement, improved
instrumentation capabilities) as well as societal old and novel
needs (health care, safety, terrorist threats; see the recent
Chemical Reviews issue on chemical sensing, particularly,
References [11,12]).
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The key impediment for the practical use of SERS-based
sensors is the lack of robust and facile fabrication strategies for
reproducible SERS substrates with large and stable Raman
enhancement. Even though traditional SERS substrates, such
as electrochemically roughened metallic surfaces, colloidal
metal nanoparticles, metal islands, and fractal films, can
provide significant SERS enhancement (for reviews, see
References [13-15]), the highly ordered SERS substrates with
reproducible and deterministic geometries with much higher
Raman enhancement are needed for routine measurement of
trace-level analytes. With the help of modern nanotechnology
to control nanoscale structures and materials, much progress
has been recently made.

The discussion of such highly ordered metallic nano-
structures is the subject of this Review. We will briefly describe
the mechanistic aspects of SERS from an electromagnetic
enhancement standpoint and focus on the design, synthesis,
and assembly of nanostructures for enhanced Raman scatter-
ing. We will discuss recent progress on the fabrication of SERS
substrates with ordered one-dimensional (1D), 2D, and 3D
nanostructures, especially metallic nanostructures showing a
variety of intriguing surface plasmonic properties and
corresponding SERS effects.

1.1. Electromagnetic and Chemical SERS Enhancement

Itisimportant to note that after much debate, it is currently
widely accepted that the SERS can be discussed in terms of
electromagnetic and chemical enhancements, in which the
former term is responsible for the major portion of SERS
enhancement.

Electromagnetic enhancement is caused by the excitation
of collective oscillations of the conduction electrons in a metal
nanoparticle (surface plasmons; see Scheme 1).['®! Excitation
of the surface plasmon results in the enhancement of the local
field experienced by a molecule adsorbed on the surface of the
nanoparticle. Although the increase in the local electric field is
usually modest, the enhancement in the inelastically scattered
light intensity scales to the fourth power, causing a remarkable
SERS effect. However, the enhancement effects are highly
localized and decay rapidly as the separation between the
analyte and the metal particles increases, making SERS a
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Figure 1. The number of annual publications obtained from SCI FINDER
with keyword ““SERS.”

truly surface-sensitive technique.[m The size of the metal
nanostructures for the excitation of the surface plasmons have
an upper bound as the wavelength of the excitation light to
ensure dipolar excitations since higher-order multipole
excitations are not favorable for Raman excitations. However,
it is important to note that the higher-order multipole
excitations contribute significantly to the electromagnetic
enhancement for particles separated by distances smaller than
their diameter.®!

Chemical effect is another independent mechanism that
enhances the Raman-scattering cross section of the analyte
adsorbed on the metal surface.'”! The rationale behind the
prediction of this secondary, independent, and relatively weak
enhancement is the dependence of the enhancement on the
chemical nature of the analyte molecule or structure. Whereas
electromagnetic enhancement is a chemically non-selective
mechanism, more than two orders of difference in the
enhancement can be observed between, for example, CO
and N, molecules, due only to the chemical-enhancement
mechanism.?°! The electronic states of the analyte molecule
are either shifted or broadened due to either the interaction
with metal or the origin of new electronic states, resulting in
additional enhancement often termed as chemical enhance-
ment. The proximity between the metal and the analyte
molecules adsorbed on the surface causes electronic coupling
by a charge-transfer mechanism, resulting in resonant
intermediate states and thereby enhancing Raman scatter-

1ng.[21] One of the most popular examples of resonance Raman

+
+
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Light /f\wm\wI '

E

Scheme 1. Schematic image of plasmon oscillation for a metal nano-
sphere. Interaction of the electromagnetic wave with a metal causes the
free electrons to coherently oscillate at the plasmon frequency (w,)
against the immobile positive-ion lattice.
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scattering that is widely exploited is that observed for carbon
nanotubes (not discussed here).?224!

In most cases, both electromagnetic and chemical
contributions exist simultaneously, in which the former can
give up to 10'? enhancement while the latter is considered to
be usually in the range of 10-100.2° The 10*2 electromagnetic
enhancement factor is typically reported in the case of single-
molecule experiments. However, it is worth noting that in a
recent report the enhancement factors described for single-
molecule detection have been overestimated by four to five
orders of magnitude owing to various factors.[*®]

While there is a consensus regarding the existence and
nature of chemical enhancement, the magnitude of the
enhancement remains unclear. For instance, recent experi-
mental observations and theoretical estimates suggest
possible contributions from chemical enhancement as high
as 10°-107.1272%

1.2. SERS Experiments and Enhancement
Phenomenon

SERS experiments can be broadly classified into two
categories, namely, ‘“‘average SERS” and ‘‘single-molecule
SERS.” In the average SERS experiment, the spectra
obtained are ensemble averages of the signal from a relatively
high concentration of the analyte adsorbed on the nano-
structures. At this length scale, moderate enhancements
(10°-10%) have been achieved for a wide variety of
nanostructures. The technique is usually adapted for reliable
quantitative analysis of the analyte under detection. From an
experimental viewpoint, it is desirable to improve the
enhancement factors by proper design and assembly of the
metal nanostructures on the substrate.

In sharp contrast, single-molecule SERS involves detec-
tion of the signal from ultralow concentration of the analyte
molecules (in theory and some experiments, down to a single
molecule) present at a hot spot with enhancement factor
claimed (usually based upon simple estimations of analyte
molecule concentration) to be as high as 10'. It is a well-
accepted rule-of-thumb that the higher the enhancement of
Raman cross-section, the more localized are the zones of high
Raman activity.m]

The detection of the single molecule rejuvenated interest
in the phenomenon of SERS and brought the technique on par
with fluorescence and frequency-modulated optical absorp-
tion. One of the main features of the single-molecule SERS
response, markedly different from the average SERS effect, is
the so-called blinking of the signal, where the observed
position, bandwidth, and the intensity of the normal Raman
modes exhibit fast temporal fluctuations.*!! While the name
“blinking” suggests a phenomenon normally related to the
fluorescence, the origin of the phenomenon in SERS is still
under debate.

As mentioned above, the SERS effect is the product of the
individual contributions from electromagnetic and chemical
enhancements. Traditionally, the SERS enhancement factor
has been estimated by a simple comparison of the enhanced
Raman signal with the normal Raman signal obtained under
identical experimental conditions. This technique is accept-

small 2008, 4, No. 10, 1576-1599

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small

able for average SERS experiments, where the enhancement
of the relatively uniform SERS substrate is compared with the
similar substrate. However, apart from the inherent assump-
tions that all the experimental conditions remain exactly the
same for SERS and normal Raman, one of the primary
drawbacks of the technique is the assumption that nearly all
the molecules contribute to the observed SERS signal. This
assumption causes the common underestimation of the
enhancement factor.

An alternate method was introduced in mid-1990s where
the enhancement of the vibrational cross section is estimated
from the relative magnitude of Stokes and anti-Stokes Raman
modes.*2*3] The vibrational pumping causes a deviation in the
anti-Stokes-to-Stokes ratio different from that of the normal
scattering process, which is governed by the Boltzmann
distribution. For large surface enhancement, the enhanced
cross section plays a significant role in the population of
the anti-Stokes, given by PSERS = <N0 exp(‘hvm/KT>+
NooSERS 1111 )oSERSpy | where Nj is the humber of molecules
in the vibrational ground state, n;, the laser intensity, osggs is
the effective SERS cross section, 7; the lifetime of the first
excited vibrational state, 7 the sample temperature, and /& and
K are Planck’s and Boltzmann’s constants, respectively. The
first term of the equation corresponds to the anti-Stokes band
due to thermal contributions (same as the normal Raman).
However, the second term, which is negligible for normal
Raman process, dramatically increases and becomes compar-
able to the thermal contribution for high enhancement. This
change can be used to estimate the effective SERS cross
section of the analyte molecule, although this method is truly
reliable only for very strong enhancement.!?!

1.3. Theoretical Estimation of SERS Enhancement

The need to develop new theories to corroborate the
experimental observations and to design experiments with great
precision has become more important with the advent of
nanostructured materials with complex shapes, multilength-
scale spatial distributions, and variable dielectric ambient.
Various computational models, such as discrete dipole approxi-
mation (DDA),** the multipole-multipole method,**! the
time-domain finite-element method,[36] and the modified long-
wavelength approximation®” have been employed to calculate
the optical properties (such as electromagnetic enhancement
and extinction) of various metal nanostructures.

Among recent developments is a noteworthy study by Hao
and Schatz, who performed a series of theoretical calculations
of the electromagnetic field in proximity to individual and
dimer metal nanospheres and prisms using DDA B8 From the
simulation results, they have concluded that dimer nanopar-
ticles separated by 2nm exhibited |E|* values close to 10°. In
another study, finite-element calculations based on Maxwell
equations have also been employed to map the electromag-
netic field in the vicinity of the atomic force microscopy
(AFM) tip surface.? These simulations provided valuable
insight into the tip-enhanced Raman scattering (TERS)
mechanism, elucidating that the tip apex angle has a minimum
impact on the enhancement. Notingher and Elfick have
reported a Raman scattering enhancement of 10% for AFM tips
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and analyte molecules adsorbed on gold surface when excited
with light in resonance. "]

It has also been predicted that the enhancement rapidly
increases when the wavelength of light is in proximity to the
resonance frequency. Although far from experimental realiza-
tion, Garcia-Vidal et al. have suggested the idea of using silver-
filled carbon nanotubes as spectroscopic enhancers and
analyzed the enhancement effect from a theoretical point of
view."*! Tt has been concluded that the array of metal-filled
carbon nanotubes can cause Raman scattering enhancements
up to 10° for molecules adsorbed on them.

2. Electromagnetic Enhancement and
Nanostructures

2.1. Surface Plasmons in Metal Nanostructures

While there are several aspects that affect the magnitude
of the SERS enhancement factor, the characteristics of metal
nanostructures responsible for the enhanced electric field in
close (nanometer) proximity is paramount. In this section, we
will briefly review fundamentals of the synthesis of metal
nanostructures designed for SERS experiments followed by
the discussion of complex nanostructures. Special emphasis
will be laid on the correlation between the size, shape, and
composition of the metal nanoparticles, their optical proper-
ties, and finally on the potential SERS ability.

From an electromagnetic viewpoint, metals can be
considered as a plasma of electrons composed of polarizable,
free electrons (mobile), and a positive ion core (immobile).?!
Interaction of the electromagnetic wave with a metal causes
the free electrons to coherently oscillate at the plasmon
frequency (w,) against the immobile positive ion lattice
(Scheme 1).[43] When the electrons are confined in a finite
system, say a nanoparticle, where the surface effects dominate
the bulk contribution, the plasmon resonance frequency is
altered compared to the bulk metal. For example, the plasmon
resonance frequency of the spherical metal nanoparticle in
vacuum is given by w—g, where w,, is the plasmon resonance of
the bulk metal in vacuum. The polarization of the electrons in
the nanoparticle (with a radius much smaller than the
wavelength of the light) by the electromagnetic radiation
results in a strong induced electric field at the surface. The field
induced at the surface of the nanoparticle is given by
FEinduced = {[e1(@) — &2]/[e1(@) + 2&2]} Eincident, Where &1(w) is
the complex dielectric function of the metal structure and ¢; is
the relative permittivity of the surrounding medium.

When the exciting electromagnetic radiation is in resonance
with the dipolar plasmon of the nanoparticle (Re (&) = —2¢,),
the nanoparticle will radiate light with characteristic para-
meters for the dipolar plasmon. For three metals, Au, Ag, and
Cu, the resonance condition (which depends on the electron
density) is met in the visible part of the electromagnetic
spectrum, an important property for practical considerations.

The electromagnetic field exhibits a spatial distribution
where certain areas are depleted while other areas exhibit an
enhanced field. The molecule adsorbed on the surface of the
metal nanoparticle is excited by the enhanced field. The
increased electromagnetic field results in enhanced Raman-
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scattered light (ER) given by Er = argEp, where ag is the
fraction of the photons undergoing inelastic scattering under
normal conditions (given by the appropriate combinations of
the components of Raman tensor) and g is the average field
enhancement over the particle surface (ratio of the enhanced
field to the incident field). Furthermore, the Raman-scattered
light is also enhanced by a similar process but to a different
magnitude (g’) than that of the incident light. Effectively, the
average SERS intensity (Isgrs) Will be proportional to square
of the product of both the gains, that is, Isgrs o |gg’ |2. For low-
frequency Raman modes, the gains (g and g’) of the incident
and Raman-scattered light can be considered to be nearly
equal. This feature results in the SERS intensity to be
proportional to the fourth power of the gain in the
electromagnetic field caused by the nanostructure. Hence,
even modest enhancement of the electromagnetic field results
in gigantic enhancement of SERS cross section.

While the presence of the individual nanoparticles results
in the enhancement of the electromagnetic field on the surface,
they are seldom reported to exhibit large SERS enhancement.
In contrast, the electromagnetic interaction (electromagnetic
coupling) between metal nanostructures greatly increases the
SERS intensity.** %! In fact, almost all SERS-active systems
are composed of interacting metal nanoparticles arranged in
close proximity to each other. Such an aggregated structured
possess a high concentration of the so-called hot spots with
enormous local enhancement in the electromagnetic field
between nanoparticles for particular polarization direction
(coupling effect; Scheme 2).14”]

The SERS enhancement of the interacting metal nano-
particles exceeds that of the isolated nanoparticles by nearly
five to six orders of magnitude.'* In a typical SERS
experiment, the enhancement is the sum of enhancement
sprouting from nanoparticles in various topologies (single

Scheme 2. Schematic image of the reason why light polarized with the
Evector along the interparticle axis results in huge enhancements in the
gap between the two nanopatrticles. For light polarized along the
interparticle axis the proximity of the charges (induced by the optical
fields) to the molecule can be made arbitrarily small and hence the field
sensed by the molecule is commensurately large as the nanoparticles
are brought closer together. This capability is not available for light
polarized orthogonally to the interparticle axis. Reproduced with per-
mission from Reference [49].
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particles, dimers, and multiparticle aggregates). It is important
to note that the enhancement obtained from nanoparticle
aggregates with narrow interparticle gaps completely dom-
inates over that of any isolated nanoparticles.>*->?!

The physical reason behind such a gigantic enhancement
for aggregated nanoparticles with narrow interparticle gaps
can be understood from a simple electrostatic picture. When
two nanoparticles separated by a small but finite distance, the
incident electromagnetic field (with the electric field along the
nanoparticle axis) causes the polarization of the nanoparticles
and sets up surface plasmons in both nanoparticles. As the
nanoparticles are brought closer, the plasmons of both
nanoparticles start interacting with each other and the analyte
molecule residing in the gap is subjected to the large capacitive
field arising from the opposite charges separated by a small
distance (Scheme 2). This interparticle plasmon coupling is
extremely important for the intense enhancement of the SERS
signal from molecules adsorbed on the nanoparticle junctions,
providing the capability for single-molecule detection.[*>3334
It should be noted that there has been a significant controversy
over the nature of single-molecule SERS but this issue is
beyond the scope of our Review.>>>7!

2.1. Size and Shape of the Metal Nanostructures

The plasmon resonance, electromagnetic-field enhance-
ment, and hence the SERS enhancement critically depend
upon the size, size distribution, surface state, surrounding
environment, shape, and nature of the metal nanostructures.
The metal structures responsible for the SERS effect must be
significantly smaller than the wavelength of the exciting
electromagnetic radiation. It is clear that SERS-active systems
must possess features in the range of 5-100nm while the
strongest SERS effects are usually observed for nanoparticles
with a size of 20-70nm (strongly dependent upon shape,
materials, environment, and excitation wavelength). On the
other hand, the size of the nanoparticle cannot be much
smaller than 5nm as the particle starts deviating from the
pseudo bulk-plasmon behavior and starts exhibiting quantum
effects. In fact, for nanoparticles that are too small, the
electronic scattering at the surface plays a major role, resulting
in the depletion of the electrical conductivity, leading to poor
polarizability of the particle and hence degrading the plasmon
resonance quality and SERS enhancement.

The plasmon resonance frequencies of the nanoparticles
also depend on their size (with some shift caused by
variable environment) and are well tabulated for Au and
Ag nanoparticles.”™ For example, the plasmon band of Ag
nanoparticles exists at 406 nm for the size of 22.8nm while
nanoparticles with a 37.8-nm diameter show a peak at 428 nm,
a significant red shift.>! It is also well known that the electric-
field enhancement is maximized when the source frequency is
in resonance with the plasmon band maximum.[®! For
instance, Xia and co-workers have performed a systematic
study of the SERS enhancement from sharp and truncated Ag
nanocubes with a size ranging from 60 to 100 nm.!*" They have
observed higher SERS enhancement for particles of larger size
(90 and 100 nm), which is primarily attributed to the overlap
between the laser source and plasmon resonance band. In a
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similar manner, the optimal length of the silver nanorods with
a diameter of 37 nm was found to be 62 nm for highest SERS
enhancement when a 632-nm laser was employed as an
excitation source.!®”!

An important considerations is the shape and exposed
crystal planes of the metal nanostructures. This issue has been
recently addressed by Zhang et al., who studied the SERS
spectra of rhodamine B at the surface of Ag colloids of three
distinct shapes (particles, wires, and plates).!®*! They have
concluded that the nanoparticles exhibit better enhancement
compared to nanowires, and nanowires are better than
nanoplates. Particular crystal facets can cause even more
dramatic effects, where planes of higher energy form the edges
and corners of the nanostructures and act as hot sites for the
enhancement. On the other hand, it was found that silver
platelets and silver-coated gold nanorods are most effective
for achieving high SERS enhancements.[**! The SERS
sensitivity exhibited a strong correlation with the size and
the enhancement diminished for platelets larger than 100 nm.
Furthermore, it has also been demonstrated that the optimal
aspect ratio for the highest SERS enhancement ranges from
2 to 10.1%4

It is well known that when a spherical nanoparticle is
elongated, the surface plasmon band is split into two
components: longitudinal (low frequency) and transverse
(high frequency).[ In the case of nanoprisms, due to their
anisotropic shape, four different plasmon resonances are
observed: in-plane dipole, quadrupole, out-of-plane dipole,
and quadrupole, as theoretically predicted and experimentally
observed. In the case of nanoparticles with sharp corners and
edges such as nanoprisms and nanocubes, additional enhance-
ment is observed owing to the optical antenna effect.l® For
instance, the optical bowtie (tip-to-tip triangles) antennas have
been extensively investigated from theoretical and experi-
mental viewpoints.[®7~6]

One of the newest synthetic routes to nanoprisms is the
photoinduced conversion of metal nanoparticles.””! For
example, Ag nanoparticles, upon exposure to visible light
(350-700 nm), undergo fragmentation, subsequently forming
smaller nanoprisms followed by their growth until all nuclei
are consumed. Similarly, a thermal-induced spontaneous
transformation of Ag nanoparticles to nanoprisms has been
demonstrated.l”"! The nanoparticle solution was refluxed in
ambient conditions for 10 h, resulting in the transformation of
nanoparticles to nanoprisms, accompanied by alteration of
plasmon resonances. One important advantage of the thermal
transformation is the preservation of sharp edges of the
nanoprisms, as opposed to the light-induced conversion where
truncated edges were observed, reducing the enhancement
effect. The thermally induced synthesis has been further
modified to obtain silver nanoprisms with high control over the
thickness, which was unattainable with photoinduced conver-
sion methods.”” Jin et al. have shown a bimodal size
distribution of Ag nanoprisms where the larger nanoprisms
formed due to the edge-selective particle fusion.”>! Various
other techniques such as sonochemical and chemical routes
have also been utilized for the synthesis of nanoprisms.[*"7}
Several other methods have been shown for the synthesis of
exotic nanostructures such as nanocrescents, nanobars,

www.small-journal.com

MICRO

1581



1582 www.small-journal.com

I eViews

nanoplates, nanocubes, and nanorice with unique plasmonic
signatures.”s_szl

In related efforts, Norlander et al. have demonstrated the
synthesis of star-shaped gold nanoparticles with a slight
alteration to the conventional seed growth of nanorods. They
have observed a polarization-dependent light scattering with
multiple peaks.®*#* For nanoparticles with anisotropic
shapes, especially with truncated corners, the polarization
of light with respect to the truncated corners plays a significant
role. For instance, Xia and co-workers have observed dramatic
variation in SERS intensity when the nanocubes were oriented
at different angles relative to the polarization of the excitation
laser (Figure 2).%!1 SERS spectra of 1-4 benzenedithiol
adsorbed on Ag nanocubes oriented in different directions
with respect to the polarization showed different intensities.
The individual nanocubes with sharp corners were the most
active when they were oriented such that a diagonal axis
(corner to corner) of the cube was parallel to the polarization
of the source. On the other hand, nanocubes oriented with one
of their faces parallel to the laser polarization were much less
SERS active (Figure 2).

2.3. Distance Dependence of SERS Intensity for
Different Scenarios

The other important issue in the SERS effect is the
distance dependence of the enhancement effect with respect to
either the arrangement of analyte molecules and metal
surfaces or mutual arrangement of adjacent metal nano-
structures.

1080
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Figure 2. SEM images labeled (A-D) of individual Ag nanocubes. The
100-nm scale bar applies to all images. The white arrows in the images
denote the polarization direction of the incident laser. The corre-
sponding SERS spectra from these particles are shown below. Repro-
duced with permission from Reference [81]. Copyright 2007, American
Chemical Society.
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While, in the case of the chemical enhancement effect, it is
clear that the analyte needs to be chemisorbed to the metal
surface for electron transfer to occur, the electromagnetic
mechanism needs special consideration. A distance depen-
dence of corresponding intensity, /, has been theoretically
predicted in the form 7 = (1 + g)fm, where a is the average
size of the field-enhancing feature and r is the distance of the
analyte from the surface of the metal® However, it is
important to note that this effect depends on the fine
geometrical features (e.g., shape and mutual orientation) of
the nanostructures responsible for the enhancement. More-
over, the coupling of the plasmons in the metal nanoparticle
aggregates not only causes the amplification of the polariza-
tion thus generating large enhancement but also induces a red-
shift of the plasmon resonance peaks as compared to the
individual nanoparticle.[%¢-%]

There have been several experimental efforts for estimat-
ing the distance dependencies. Van Duyne and co-workers
have used atomic layer deposition (ALD), which offers a
resolution of 0.1nm, as a spacer layer between the silver
film over nanosphere (SERS substrate) and the analyte
molecules.[**!] Figure 3a shows the series of SERS spectra
collected at different thicknesses of the spacer layer. From the

3
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Figure 3. a) SERS spectra of pyridine adsorbed onto silver film covered
with alumina (0.0, 1.6, 3.2, and 4.8 nm) at 532-nm wavelength; b) SERS
intensity as a function of alumina thickness for the 1594 cm™* band.
Reproduced with permission from Reference [90]. Copyright 2006, RSC
Publishing.
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normalized intensity of the SERS spectra as a function of
spacer layer thickness and the fit to theoretical estimation, the
authors have estimated that the SERS intensity decreases by a
factor of 10 for a spacer layer of 2.8 nm (Figure 3b). In a more
recent study, TERS has been employed to probe the distance
dependence of the SERS effect. As the tip (metal nano-
structure) was retracted from the analyte, a dramatic drop of
the intensity was observed within the first 20nm (signal
intensity dropping to one hundredth of the initial intensity).
The intensity exhibited a linear drop on a double log scale with
further increase in distance.*?!

In other studies, electron-beam lithography (EBL) has been
employed to probe the distance dependence of the plasmonic
coupling.[%"%] Su et al. have demonstrated a near exponential
decay of the plasmon shift as a function of the interparticle
separation in elliptical gold nanoparticles.””! Gunnarsson et al.
further confirmed this near-exponential behavior for Ag
nanodisk pairs.[gs] More recently, El-Sayed and co-workers
conducted a systematic investigation of the plasmon shift of the
nanodisk pairs fabricated by EBL (shown in Figure 4a) with
varying size and distance.”” The experimental observations
were analyzed with DDA calculations. They have shown that
the plasmon resonances in Au nanodisk pairs exhibited an
interparticle plasmon coupling with polarization along the
interparticle axis that decays nearly exponentially as given by
y = ae*/*, where x is the ratio of the gap to diameter of the
disk, and 7 is the decay constant estimated to be 0.23 +0.03
(Figure 4b and c). It is important to emphasize that the decay
trend was found to be universal irrespective of the particle size,
shape, metal type, and medium dielectric constant. However,
the magnitude of the plasmon shift depends on various
parameters such as the metal type, medium dielectric constant,
and shape of the metal nanoparticles.

2.4. Complex Nanostructures: Dimers, Trimers, Core/
Shell, and Bimetallic Nanoparticles

While the EBL technique is an excellent tool for the
fabrication of nanostructured arrays with desired geometries,
this technique suffers from low throughput and high cost. In
view of the large SERS enhancements from dimers and
multiparticle aggregates, significant efforts have been made to
chemically synthesize dimers and trimers of noble metal
nanoparticles. Several methods for the synthesis of controlled
gold aggregates and conjugated nanoparticles (dimers) and
their use for SERS studies have been recently published.
Feldheim and co-workers demonstrated a solution approach,
in which they synthesized phenylacetylene-bridged gold
dimers and trimers.['"] Phenylacetylene oligomers were
chosen as a basic linker owing to the conformational rigidity
and various geometries such as linear, trigonal, and tetrahedral
have been tested. In contrast, Huo and co-workers used acid
monofunctional gold nanoparticles obtained by a solid-phase
synthesis.!'”1~1%3] A similar solid-phase approach also has been
undertaken by Sung et al.'% Both groups used diamines as a
coupling agent in order to obtain dimers of the gold
nanoparticles with very small diameters (<2nm). Wang
et al. have developed a polyelectrolyte-based strategy for
the synthesis of dimer and trimer aggregates of gold
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Figure 4. SEM image of nanodisk pairs, having an edge-to-edge
separation of 12nm (inset: a magnified image of a single nanodisk
pair). b) Calculated plasmon shift versus the center-to-center distance
in Au nanodisk pair for different disk diameters. The solid curves
represent least-squares fits to single-exponential decay, y =y, + ae™,
¢) Calculated fractional plasmon shift versus the ratio of interparticle gap
to nanodisk diameter. Reproduced with permission from Reference [99].
Copyright 2007, American Chemical Society.

nanoparticles.[ws] This method is relatively simple and

provides gold nanoparticle dimers with larger diameter. Apart
from the chemical synthesis of dimers, higher-order systems
such as linear chains and multilayered structures can be
generated, as will be discussed below.

The ability to obtain enhanced Raman spectra using near-
infrared sources is highly desirable owing to the fact that the
fluorescence from the analyte is significantly suppressed in this
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regime. Furthermore, NIR excitation has been particularly
important for biological and biomedical applications of Raman
spectroscopy owing to the relative transparency of human tissue
in this spectral range. Thus, metal nanostructures with the
plasmon resonance extending into infrared regions should be
designed for potentially high SERS enhancements with near-
infrared sources. While it is possible to tune the plasmon
resonance of metal nanostructures by tuning the size, shape, and
assembly, these attributes either offer limited tunability before
significantly affecting the quality of the resonance or pose
extreme challenges in the large-scale synthesis.

Owing to the above consideration, a novel class of
nanostructures, metal nanoshells, which offer a wide degree
of tunability of the plasmon resonance, have been extensively
investigated. In the general case, a metal nanoshell consists of
a spherical core enclosed by an ultrathin, conductive, metallic
layer.[l%] The electromagnetic-field enhancement, in the case
of metal nanoshells, sprouts from strongly interacting
plasmons on the inner and outer surfaces of the metallic
shell layer.'%! By varying the composition and dimensions of
the shell and the core, the plasmon resonances can be tuned
from visible to infrared regions of the spectrum.'%1% It is
interesting to note that even for a fixed composition, by simply
varying the relative dimensions of the core and the shell, the
plasmon resonances can be tuned over a wide wavelength
range. Zhou et al. pioneered the synthesis of metal nanoshells,
in which an Au,S dielectric core was encapsulated by a gold
shell in a single-step process during the mixing of chloroauric
acid (HAuCl,) and sodium sulfide (Na,S).[''!! By altering the
size of the nanoparticles, they demonstrated that it was
possible to shift the plasmon resonance to longer wavelengths
(=~900nm) from the conventional plasmon resonance
(~520nm) of the individual gold nanoparticles.

The primary drawback of the single-step synthetic process
is the lack of control over the individual sizes of the core and
shell. To overcome this drawback, a two-step process was
introduced, which involves the synthesis of the dielectric cores
initially, followed by the reduction of the metal on the surface
of dielectric cores.!'' To facilitate metal growth, metal
colloids (1-2nm) are adsorbed onto the core nanoparticles,
which serve as the nucleation centers. The technique has been
extended to the fabrication of multilayered concentric
particles resulting in complex hybridization of plasmon
resonances.'') The plasmon resonances can be calculated
by applying plasmon hybridization theory!™*'* and the
proper geometry can be pre-designed to any frequency in the
visible to mid-infrared region.

There are numerous demonstrations in which core/shell
nanoparticles have been synthesized and employed for SERS
in NIR regions with enhancement as high as 10011151181
Silica spheres coated with a gold shell with a varying degree
of coverage have been employed for SERS.['"l When
p-mercaptoaniline is in solution with gold nanoshells that
have their plasmon resonance near 1.06 um, significant SERS
is observed. The strongest Raman enhancement is obtained
when enough gold is deposited on the silica cores to form a
nearly complete metal shell.''!”]

Bicomponent (bimetallic) nanostructures (typically, com-
bining Au and Ag) are a relatively new class of plasmonic
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materials, gaining increased attention in recent years due to
synergism of these metals, tunability of plasmon resonance,
pre-designed hot spots, and enhanced SERS activity. The
bicomponent nanostructures can be primarily classified into
three broad categories: core/shell structures, random alloys,
and hybrid structures.

Core/shell bimetallic nanoparticles have been synthesized
by either segregation during simultaneous reduction or
successive reduction of two different metals.!'?”11?! Rivas
et al. have demonstrated both Au on Ag and Ag on Au
structures by citrate reduction.?”) On the other hand, Srnova-
Syloufova et al. used hydroxylamine to grow Au on Ag
seeds.'?!l Core/shell architectures have been achieved in
complex shapes such as prisms, wires, and rice to name a few.
Bimetallic nanoframes of gold and silver were fabricated by
Mirkin et al.'??! The fabrication involved the synthesis of Ag
nanoprisms followed by their conversion into nanoframes and
finally backfilling them with Au to form alloyed nanoprisms.
Sanedrin et al. have reported seeded growth for the
preparation of bimetallic nanoprisms (Au core/Ag shell).!>]
Core/shell bimetallic nanowires have been synthesized and
employed to increase SERS enhancement, similar to that
designed for spherical nanoparticles.24126]

Alloys of Au and Ag nanoparticles have been synthesized
in all possible molar ratios owing to the same crystal structure
of the both metals (face-centered cubic (fcc)) and the close
lattice constants (4.078 A for Au and 4.086 A for Ag).'?’] The
alloyed metal nanoparticles have been generally prepared by
simultaneous reduction of both the metals.'>*13!] As shown in
Figure 5, by varying the molar content of the metals, the
plasmon absorption maximum could be tuned from that of
pure Ag (=400 nm) to that of pure Au (=520nm). While it is

mol% Au
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Figure 5. Variation in optical properties (UV/Vis spectra) for Au—Ag
alloy nanoparticles with varying composition. The position of the
experimental absorption band (dots) is plotted as a function of com-
position, and the solid line is a linear fit obtained using Mie theory. The
high-resolution transmission electron microscopy (HRTEM) image
shows the distribution of Au and Ag components within the particles.
Reproduced with permission from Reference [127]. Copyright 2006,
American Chemical Society.
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believed that the alloyed Ag-Au
particles are largely homogenous, a
surface enrichment with Ag has been
recently demonstrated by SERS
studies of pyridine adsorbed on the
particles.[132]

Hybrid, organic-inorganic nano-
structures are a different class
of SERS materials in which two
different (composition or shape)
component are assembled to form
novel structures with a synergistic
enhancement in properties. Recently,
we have demonstrated bimetallic,

small

silver—polymer-gold,  core/double
shellnanowires with greatly enhanced
SERS ability (Figure 6)."*31 In this
design, gold nanoparticles decorate
the surface of silver nanowires aided
by a three-arm star polymer with
functional terminal groups, which
act as a linker. Gold nanoparticles
form an effective hybrid (polymer—
gold) shell of 13-nm thickness with
4-nm gold nanoparticles embedded
within the polymer shell around a
65-nm silver core (see the schematic
and TEM image in Figure 6a and b).
Figure 6c shows the Raman
spectra obtained from the nanocob,
silver nanowire, and intersection of
two nanowires (see the positions 1, 2,
and 3 in Figure 6d and e). Clearly,
hybrid silver—gold nanocobs possess significant SERS activity
greatly exceeding (by about two orders of magnitude) the
SERS enhancement from isolated, bare silver nanowires.
Furthermore, it is manifold higher than that at the intersection
of two neighboring silver nanowires, which is considered as a
traditional hot spot for one-dimensional nanostructures.
Figure 6d and e shows the optical image and corresponding
confocal Raman mapping, clearly depicting the uniform SERS
enhancement for the entire length of
the nanocob, as opposed to the bare a)
nanowire, which shows detectable
SERS enhancement only at the
intersection gap (Figure 6).

Normalized Intensity

1500
Raman Shift (cm™)

3. Highly Ordered 1D, 2D, and d)
3D Metallic Nanostructures

In this section, we will consider
the integration for the design of
SERS-active substrates that can
include the nanoparticles described
above with different nanostructures.

1- Ag nanowires
0.8 2- Intersection. Ag nancwrires|
3- Ag-Au nanocobs

2500

3000

Figure 6. a) Schematic image of silver—gold nanocob. b) TEM image showing the gold nanoparticles
decorating the silver nanowires. c¢) SERS obtained from: individual silver nanowires, intersecting
silver nanowires, and silver-gold nanocobs (see corresponding positions 1, 2, and 3 in (d) and (e)).
Optical images (left) and confocal Raman mapping (right) of individual nanowires: d) silver—gold
nanocobs and e) silver nanowires. The confocal Raman mapping was obtained at 1580 cm
Reproduced from Reference [133].

-1

nanoparticle and nanodisk strings. 2D SERS substrates
include densely packed nanoparticles and their periodic
arrays obtained by, for example, nanosphere lithography.
Finally, 3D SERS substrates are open metal nanostructures
providing light interaction with the whole structure, such as
nanocanal arrays decorated with metal nanoparticles, metallic
nanohole arrays, and microhollow optical fibers decorated
with metal nanoparticles.

b)

Figure 7. Schematic images of highly ordered 1D, 2D, and 3D SERS substrates. a) 1D metal

We focus on highly ordered 1D, 2D,
and 3D SERS substrates (Figure 7).
Here, 1D SERS substrates include

small 2008, 4, No. 10, 1576-1599

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nanoparticle string, b) 1D metal nanodisk array, c) 2D close-packed nanoparticle array, d) 2D metal
nanostructures templated by colloidal crystals, €) nanopore array decorated with metal nanopar-
ticles, f) nanohole array in metal film.
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3.1. 1D SERS Substrates

One-dimensional metal nanoparti-
cle arrays with the capability of guiding
electromagnetic energy are attractive
for nanoscale optical devices and cir-
cuits.'3*135] These nanoparticle arrays
can be also excellent candidates for
SERS substrates because of the light

V. V. Tsukruk et al.

=
—

confinement between nanoparticles,
providing enhanced local electromag-
netic fields on the junctions of neigh-
boring nanoparticles!™®®! and the tun-
ability of localized surface plasmon
resonances.['?77140)

Moreover, recent theoretical stu-
dies suggest that 1D nanoparticle arrays
are able to combine local field enhance-
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ment of nanoparticle dimers with long-
range photonic interactions leading to
giant field enhancements (|E|*>>107),
which enables the detection of single
molecules.'*"! The other theoretical
report on the self-similar metal nano-
particle chains with progressively
decreasing sizes and separations has
also suggested the increase in local
fields by orders of magnitude due to the
cascade effect.!'*?!

3.1.1. Solution-Based Assembly of 1D Metal
Nanoparticle Arrays

While EBL has been used for the fabrication of 1D metal
nanoparticle arrays with well-defined spacing for fundamental
study of surface plasmons and subwavelength optics, 14314
the fabrication of the massive amount of 1D arrays and
assembly of large organized structures will be a key step for
practical applications. Several solution-based methods have
been reported for the preparation of chain assemblies with
interesting surface plasmon properties.'*! For example,
chains of hollow gold nanoparticles have been prepared by
templating chains of cobalt nanoparticles assembled by
magnetic fields."*”! In other examples, direct self-assembly
of gold nanoparticle strings without using templates has been
reported by controlled ligand exchange of citrate ions on the
surface of gold with mercaptoethyl alcohol (MEA), a linker
molecule between nanoparticles.[“g]

More recently, a solution-based assembly has been
demonstrated by using a cationic surfactant, cetyltrimethyl-
ammonium bromide (CTAB).!'**13 In this process, citrate-
stabilized Au or Ag nanoparticles were linearly assembled by
the addition of appropriate amount of CTAB molecules,
which link together the {100} facets of neighboring nanopar-
ticles. Here, the CTAB surfactant has been reported to form
bilayer structure on the surface of metal nanoparticles and
preferentially bind to the {100} rather than the {111} facets.!'>!]
As can be seen in Figure 8a, the chain length of 1D Ag
arrays can be controlled by adjusting the amount of CTAB,

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) TEM images of 1D Ag nanoparticle aggregates: 1) monodisperse Ag colloids, 2) two,
3) three, and 4) four Ag nanoparticle chains. b) Extinction spectra of 1D Ag nanoparticle chains
corresponding to samples in (a). ¢) SERS spectra of 100 mm R6G adsorbed on glass and 5 nwm R6G
adsorbed on Ag film prepared by self-assembly on PDDA-modified glass with Ag nanoparticle
chains 1, 2, 3, and 4 in (a). Reproduced with permission from Reference [150]. Copyright 2007,
American Chemical Society.

leading to gradual increase in chain length with the increase in
the amount of CTAB. Furthermore, during the growth of 1D
nanoparticle arrays, the chain length can be fixed by the
addition of 11-mercaptoundecanoic acid (MUA), which
prevents further growth of nanoparticle chains by forming
carboxylate-terminated protecting layers.

The plasmon resonances of the Ag chain aggregates
showed gradual red-shift with increase in CTAB amounts,
demonstrating the tunability of the surface plasmon resonance
by controlling the length of nanosphere strings (Figure 8b).
The SERS spectra of R6G on the monolayer of Ag
nanoparticle chain aggregates displayed the increase in the
intensity of SERS spectra with increase in the chain length
because of an increasing number of interparticle hot spots
(Figure 8c). The SERS enhancement factor has been
estimated to be about 2.6 x 10% for R6G, which is about two
orders of magnitude higher than that of isolated Ag
nanoparticles.

3.1.2. Face-to-Face Ordered Nanodisks

One-dimensional, face-to-face nanodisk arrays have been
fabricated by on-wire lithography, in which cylindrical
nanopores (e.g., porous alumina membranes) have been used
for electrochemical synthesis of segmented bimetal nanowires
and subsequent wet-chemical etching of one component.['?!
On-wire lithography is an attractive method for preparing 1D
SERS substrates because it enables the formation of multiple
features with precisely controlled gap (from 5 nm to 8 pm) and
nanodisk thickness (from 20 nm to several micrometers) along
the wire.
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Recently, Mirkin and co-workers prepared 1D Au
nanodisk arrays to investigate electromagnetic enhancement
with these structures.'>] A systematic study of the effects of
nanodisk size and interdisk gaps on the SERS intensity was
possible due to the ability to precisely control the gap (5-
360nm) and size (360 nm diameter, 40-600 nm thickness) of
Au arrays. It was observed that the separation below 30 nm
does not significantly affect the SERS enhancement
(Figure 9a, d, and g). They also found an optimum thickness
(120nm) of the Au nanodisk, which might be related to the
light penetration and confinement within this array (Figure 9b,
e, and h). Interestingly, it was observed that there is a non-zero
optimum gap size (=30nm), in contrast to previous sugges-
tions that the maximum SERS enhancement occurs on the
junctions with much smaller gaps (<10nm) (Figure 9c, f, and
i). The authors suggested that the decrease in SERS
enhancement is due to the excitation of higher multipoles
for very small gaps, in which the field enhancements are
smaller than that of dipole mode, although it can also be
associated with nanoscale roughness of metal surfaces. In a
subsequent report, the 1D nanodisk arrays have been proved
to be very useful as an encoding system for multiplexed DNA

9 43 93 400 138 i
3 501 285443 561 (h) ()

(9)

Figure 9. a—c) SEM images of 1D Au nanodisk arrays: a) identical nanodisks with 120-nm thickness
and 30-nm separation. b) Identical separations of 30 nm and nanodisk thicknesses of 40, 80, 120,
and 200 nm from top left to bottom right, respectively, and at the top left is a single Au disk with
40-nm thickness; c) identical nanodisk thickness of 120 nm and separations of 160, 80, 30, 15, and
5 nm from bottom left to top right, respectively. d—f) 2D and g—i) confocal Raman microscopy images
corresponding to 1D Au nanodisk arrays in (a—c) functionalized with methylene blue. Reproduced
with permission from Reference [153]. Copyright 2006, National Academy of Sciences.
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detection by functionalization with Raman-active chromo-
phores on the spatially separated disk pairs.[154]

3.2. Two-Dimensional SERS Substrates

In contrast to the disordered metal nanostructures, 2D
periodic array of metal nanoparticles have two distinct
advantages for SERS applications. The specific surface density
of hot spots can be maximized when the nanoparticles are
organized in a close-packed manner with the long-range effect
providing additional Raman enhancement. The enhancement
factors of 2D periodic arrays can be several orders of
magnitude higher than those of disordered metal nanoparticle
films due to the reduced losses (retardation or damping
effects). Theoretical calculations have pointed out that an
average SERS enhancement factor of 2D periodic metal
nanoparticle arrays with large diameter-spacing ratio (over 30)
can approach 2 x 10" for a Ag nanodisk array and 2 x 10° for a
Ag nanosphere array.[lss] The higher SERS enhancement
factor for metal nanodisk arrays comparing to those for
nanosphere arrays can be ascribed to the electromagnetic-field
contribution along the depth for nanodisk arrays.

3.2.1. Close-Packed 2D Metal
Nanoparticle Arrays by Self-
Assembly

The self-assembly strategy has
been one of the most popular
methods for the preparation of 2D
periodic nanoparticle arrays because
of its simple procedure. Simple and
well-known strategies can be adop-
ted in generating common 2D plas-
monic arrays important for efficient
SERS. In this approach, a drop of
nanoparticle-containing solution is
allowed to evaporate on a properly
treated substrate, leading to ordered
nanoparticle arrays due to the inter-
play of capillary and interfacial
forces.[130-1581 I comparison to con-
ventional lithographic methods, the
great advantage of the self-assembly
method for SERS applications is the
preparation of extremely narrow
interparticle gaps (several nan-
ometers), enabling large electromag-
netic-field enhancement. Further-
more, the close-packed structures
resulting from self-assembly can
provide a maximum surface density
of hot spots within an illuminated
area.

Most studies with highly ordered
2D metal nanoparticle arrays have
focused on the small size of modified
nanoparticles (5-15nm in diameter)
because of the relatively easy process

§ 208 374 170 25

www.small-journal.com

MICRO

1587



1588 www.small-journal.com

I eViews

of their assembly. The periodic assembly of larger
metal nanoparticles is a challenging task because
the long-range capillary forces and van der Waals
attractions increase with increasing nanoparticle
size, preventing the formation of perfect periodic
2D metal nanoparticle arrays.[lsgl

Large-area (over 1mm?) hexagonal close-
packed structures of alkanethiol-stabilized gold
nanoparticles have been recently prepared.'*"!
The interparticle spacings have been finely tuned

V. V. Tsukruk et al.

from 2.3 to 3.4nm by controlling the alkyl chain  d) e)
lengths of alkanethiols from 12 to 18 carbon .4 oo N 100 4
atoms. The surface plasmon resonances of these 3
2D gold nanoparticle arrays have shown clear 111 nm rd.-""’—“ T ] /.>'9
interparticle coupling effects with pronounced N 1 "/',
red-shifting for the decreasing interparticle gaps. 87 nm v-/j\ G 1054 /B'B\E/
-, 3
In a recent study, hexagonal close-packed 70 nM foe “‘\_%‘ 3
structures of silver nanoparticles, prepared by R 1 /
~ ~ . 42nm 1 d
drop evaporation onto a solid substrate, pos ) -
sessed a SERS enhancement factor of 10° for 84 am ,_.-r"" e 10°- ‘
Rhodamine 6G."®"! However, the optimum size i 3 D/ —>— 1064 nm
of metal nanoparticles for maximum SERS 16 1M - ] 8— 785 nm
L g [64] 4
enhancement was within 30 SQ nm. . - o— 647 nm
The van der Waals attraction can be tuned ; 10‘ P S
by using a proper surfactant to assure close 400 800 1200 1600 2000 o] 60 120 180
packing of larger nanoparticles. For example, a wavelength (nm) particle diameter/nm—s

calixarene-based surfactant containing several
hydrocarbon tails, which can provide strong
repulsive forces, has been successfully employed
for the fabrication of highly ordered, close-
packed gold nanoparticle arrays by self-assembly
of large-diameter gold nanoparticles (up to
170nm in diameter) at the air/water interface
(Figure 10a—c).[15%162163] [nterestingly, the inter-
particle spacing decreases from 1 to 0.4nm with an increase
in nanoparticle diameter due to the increased van der Waals
attraction. The surface plasmon resonances of the resulting
nanoparticle arrays demonstrated significant broadening and
red-shift (by several hundreds of nanometers) from the
visible to the NIR region (Figure 10d). Such noticeable
differences are ascribed to the strong electromagnetic
coupling between closely spaced nanoparticles.”” It is worth
noting that individual nanoparticles show only 47-nm red-
shifts and little broadening with increasing diameter from 10
to 100 nm. 14!

The surface-averaged SERS enhancement factor for these
2D nanoparticle arrays varied from 10* to 107 depending on
the size of nanoparticles and the excitation wavelength
(Figure 10e).1%%! These enhancement factors are about one
to two orders of magnitudes lower than those suggested by
theoretical calculations (5 x 10®), which can be related to the
too small interparticle spacing. It is suggested that while the
local field increases with the decrease in spacing, the available
field volume decreases as well, restricting the access of
analytes.[1>!

CTAB has been successfully used for the assembly of large
gold nanoparticles (50-nm diameter) into 2D periodic
arrays.!'%) The cationic CTAB surfactant is known to form
bilayer structures on the surface of metals, providing positive
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Figure 10. TEM images of 2D close-packed Au nanoparticle arrays with a) 16-, b) 34-,
and c) 87-nm particles. d) Extinction spectra of 2D gold nanoparticle arrays with varying
nanoparticle sizes. Reproduced with permission from Reference [162]. Copyright 2001,
American Chemical Society. ) SERS enhancement factor as a function of nanoparticle
diameter and excitation wavelength, based on the characteristic Raman vibration of
resorcinarene at 813 cm™ . Reproduced from Reference [163].

charges on the nanoparticle surfaces.'>! In contrast to the
conventional monolayer, the bilayer structure gives rise to the
strong repulsive interaction between positively charged
nanoparticles, preventing their random aggregation and
enabling the dense packing of nanoparticles during solvent
evaporation. The interparticle spacing on the resulting 2D
nanoparticle arrays was about 8 nm, providing large a SERS
enhancement factor of 10% for pMA. The experimental value is
close to the theoretical calculation for the perfect Au
nanosphere array.[lss] Similarly, 2D nanoshell arrays have
been fabricated by assembly of CTAB-stabilized gold nano-
shells, providing enhancement of both Raman scattering and
infrared absorption on the magnitude of 10°-10° for Raman
scattering and 10* for infrared absorption.[166]

3.2.2. 2D Metal Nanoparticle Arrays by Electrostatic
Assembly and Langmuir—Blodgett Deposition

The layer-by-layer (LbL) approach is a technique based on
alternating electrostatic self-assembly of oppositely charged
species to form ultrathin polymer films.l'**” 7% LbL assembly
has been a powerful tool for the fabrication of organic—
inorganic hybrid micro- and nanostructures.'’”""'*! With the
advantages of well-controlled nanostructures, LbL assembly
can be a good platform for 2D metal nanoparticle arrays.
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Flexible LbL assembly has been used for the fabrication of
free-standing, hybrid metal nanoparticle—polyelectrolyte
ultrathin (10-500nm) films.'7*18 In particular, the well-
controlled intralayer nanoscale thickness has been used to
finely tune the plasmon coupling between the intralayer gold
nanoparticle arrays in addition to the interlayer plasmon
couplings. 81521831

Langmiur-Blodgett (LB) is a powerful technique to
assemble functionalized metal nanoparticles into highly
ordered nanostructures.'*1%1 In this technique, a proper
colloidal nanoparticle solution is spread onto the water surface
and compressed into close-packed arrays by applying surface
pressure.“wJSs} The LB technique also provides the ability to
tune the interparticle spacing by adjusting the applied
pressure.'®! The ability to tune interparticle spacing and
therefore plasmon coupling can provide new capabilities for
SERS-based substrates.

Recently, SERS and plasmonic properties have been
studied for LB monolayers of silver nanowires,'®! silver
nanospheres,!'””! and non-spherical silver nanoparticles.!'”!]
The tunable interparticle spacing within Langmuir mono-
layers has been demonstrated for silver nanocrystals
(Figure 11)."Y As the surface pressure increases, the
morphology of the monolayer of silver nanocrystals con-
tinuously changes from a hexagonal lattice to a close-packed
superlattice at maximum pressure (Figure 1la and c). The
color of the nanocrystal film also continuously changes with
compression, which immediately indicates the change in
coupling between particles along with decreasing interparticle
spacing. The evolution of plasmon coupling with increasing
surface pressures can be clearly seen in the dark-field
scattering spectrum, which shows the appearance of new
peaks at the longer wavelengths with an increase in surface
pressure (Figure 11d). In another example, the tunable
interparticle spacing has been demonstrated by transferring

small

Ag nanoparticle monolayers prepared by the LB technique
onto the temperature-responsive polymer membrane, poly(N-
isopropylacrylamide) (PNIPAM) followed by the variation of
the substrate morphology related to a temperature-controlled
response.!'?)

3.2.3. 2D Metal Nanostructures Templated by Colloidal
Crystals

Colloidal crystals self-assembled from a monodisperse
nanoparticle solution onto a solid surface have been widely
used as templates for the fabrication of 2D and 3D periodic
nanostructures.['”?! The colloidal crystals provide cheap and
facile templated fabrication methods compared to the other
lithographic methods because of the easy availability of highly
monodisperse colloidal spheres such as silica or polystyrene
and the well-developed assembly methods such as drop-
casting, spin-coating, dip-coating, and electrophoretic deposi-
tion. The typical colloidal crystal possesses hexagonal close-
packed morphology at specific facets or where colloidal
particles are packed within the monolayer. Well-defined
interstitial void spaces between adjacent nanospheres together
over large areas provide attractive templates for subsequent
fabrication of periodic metallic nanostructures for SERS
applications.

For instance, Van Duyne and co-workers introduced a
robust and efficient fabrication method for periodic metallic
nanostructures, called nanosphere lithography.'?>!°*1 This
method utilizes polystyrene colloidal crystals as physical
masks for subsequent evaporation of metal to prepare highly
ordered metal triangle arrays (Figure 12). One of great
advantages of nanosphere lithography is that the localized
surface plasmon resonances of the metallic nanostructures can
be easily tuned from visible to the near-IR range because the
lateral dimensions of these metallic nanoparticles and
interparticle spacing can be precisely controlled by the size

of the colloidal spheres and the thickness of
deposited metal.
The tunable surface plasmon reso-

Scatter intensity

nances made it possible to investigate the
Raman enhancement by means of UV/Vis
absorption spectroscopy, clearly demon-
strating that the largest Raman enhance-
ment occurs when the absorption band of
metallic nanostructure is located between
the excitation wavelength and the wave-
length of Raman-scattered photons.'>
These results indicate that the maximum
Raman enhancement occurs when the
plasmon effect enhances both the incident
and scattered photons. Detailed SERS
studies on different sets of Ag nanoparticle

M=14mNm!

400 500

Figure 11. Tunable plasmon response of Ag cuboctahedra superlattice as a function of

Wavelength (nm)

arrays prepared by nanosphere lithography
have demonstrated that enhancement fac-
tors of up to ~10% can be achieved for
benzene-containing thiols adsorbed on the
SERS substrates.”®] The reader is referred

600 700

surface pressure. a—c) Snapshots of the Langmuir films and corresponding SEM images of LB

monolayers at different surface pressures. d) Dark-field scattering spectra for the Ag
monolayers at various surface pressures. Reproduced with permission from Reference [191]

Copyright 2007, Nature Publishing Group.
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to detailed reviews on nanosphere litho-
graphy for SERS applications for further
insight.[197’198]
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Figure 12. Schematic image of the nanosphere lithography of nanoparticle arrays (left
side) and film over nanosphere surfaces (right side) with corresponding SEM images.
Reproduced with permission from Reference [198]. Copyright 2006, Materials

Research Society.

3.2.4. 2D Nanoporous Arrays

Anodic alumina membranes with highly ordered nanopore
arrays have been used as templates to prepare metallic nano-
structures for SERS applications.'**2°21 The great advantage of
using porous alumina membranes as templates is the capability
of precise control of pore size, interparticle distance (i.e., pore
wall thickness), and the periodicity of nanopore arrays.

Recently, anodic alumina membranes with hexagonally
close-packed nanochannels have been used as templates to
fabricate 2D metal nanostructure arrays.mz] In this report, the
interparticle gap has been controllably tuned down to 5 nm by
adjusting the periodicity, which enables the systematic study of
SERS phenomenon. This study has demonstrated that the
SERS decreases exponentially with increase in interparticle
spacing due to both the decrease in specific surface density of
interparticle gaps located at interfaces and the decrease in
local electromagnetic field between nanoparticles. The
dependence of Raman intensity on the gap-to-diameter ratio
showed an exponential decrease, in accordance with the
theoretical prediction discussed above.[2%]

3.3. 3D SERS Substrates

The metal nanoparticle aggregates within colloidal solu-
tions have been the most sensitive SERS systems capable of
record limits of detection, down to a single molecule.??>3 One
of the main reasons for this high sensitivity is the increased
light transmission and thus increased light interaction with the
mobile nanoparticle aggregates, providing the incoming
excitation laser with better chances to meet hot spots. In
addition, the sufficiently mobile nanoparticles have better
ability to capture analytes within their extremely small gaps.
However, when these colloidal nanoparticles are deposited on
the planar substrates, the Raman scattering exhibits a
dramatic decrease due to the limited light interaction with
the ultrathin layer of metallic nanostructures.[**]

However, the colloidal solution has a limited value for
practical applications due to a very limited temporal stability

Film over nanospheres
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of dispersed nanoparticle aggregates (frequently,
only a few hours or days). The fabrication of
robust 3D metallic nanostructures on solid sub-
strates with open morphology for efficient light
interaction is needed for efficient SERS-active
chips. The solid 3D SERS substrates offer large
specific surface area for the adsorption of target
analytes and provide a large density of hot spots
within the laser-illumination area. Moreover, this
advantage can be combined with other optical
properties related to 3D geometry to assure
additional Raman-signal enhancement. More-
over, these solid substrates are usually very stable
under ambient conditions.

To limit current discussion, 3D SERS sub-
strates considered in this section do not include,
for example, multilayered nanoparticle films with
intralayer and interlayer coupling of plasmon
resonances, in which the incident-light propaga-
tion is limited.®) Moreover, while random
nanoporous metallic membranes have been suggested as 3D
SERS substrates,[204’205] we restrict our consideration to only
highly ordered 3D metallic nanostructures as SERS substrates
with controllable light transmission, which show the highest
efficiency.

Most of 3D SERS substrates considered here are
fabricated by using 3D templates for the deposition of
metallic nanostructures. After their deposition, the 3D
templates are frequently removed to generate periodic porous
nanostructures. Alternatively, templates can also be included
in 3D SERS substrates supporting the metallic nanostructures
for improved integrity.

3.3.1. 3D Metal Nanostructures via Colloidal Crystal
Templates

While monolayer colloidal crystals have been used as
template masks for the fabrication of 2D periodic metal
nanoparticles, multilayered colloidal crystals have been widely
used for the fabrication of 3D periodic structures of porous
metal nanostructures.2°027l The deposition of gold nano-
particles in the interstitial spaces of colloidal crystal templates
and subsequent removal of these templates give rise to 3D
metal nanostructures with long-range hierarchical ordering
and nanoscale porosity.?®! The combination of micro- and
nanoporous structures is advantageous for SERS-based
sensors due to efficient through transport of analytes and
high surface area. Furthermore, the long-range ordering of the
periodic metal nanostructures provides additional field
enhancement.

For example, in a recent study, Velev and co-workers
investigated the SERS properties of 3D gold nanoparticle
arrays with a periodic nanoporous structure fabricated by
convective assembly of the mixture of polystyrene colloids and
gold nanoparticles onto glass substrates.>*>!!] The intensity
of Raman scattering of trans-1,2-bis(4-pyridyl)ethylene
adsorbed on 3D metallic nanostructures prepared by this
method was demonstrated to be an order of magnitude higher
than that of gold nanoparticle films fabricated without using
the periodic colloidal crystal templates.
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3.3.2. 3D Vertical Nanopore Arrays Decorated with
Metal Nanoparticles

Highly sensitive SERS substrates can be fabricated by
depositing metal nanoparticles inside the pores of synthetic
nanoporous semiconductors such as silicon®?! and gallium
nitride.*'3! The nanoporous semiconductors are favored as
SERS substrates due to their easy fabrication (e.g., by
electrochemical etching), uniform pore size, and vertical
alignment of the nanopores over large area with precise
control of pore depth. However, uniform metal coating deeper
into the nanopores is not easily achievable with conventional
immersion plating or electrochemical deposition.*'*! To
overcome this challenge, thermal decomposition of AgNO;
solution inside the nanoporous silicon has been used to
produce efficient SERS substrates.*'?!

The well-defined 3D nanostructures of anodic aluminum
oxide can be also exploited for the fabrication of 3D SERS
substrates with metal nanoparticles. Unlike the earlier 3D
SERS substrates with limited light propagation, porous
alumina membranes with vertical, through nanocanals are
beneficial for the efficient light interaction because of optical
transparency and waveguide properties.[?!4215]

In fact, we have demonstrated that significant Raman
enhancement can be achieved by a 3D porous nanocanal
array decorated with gold nanoparticles even without
nominal hot spots (Figure 13).1*!%! In this case, the fabrication
of a 3D SERS substrate is conducted by simply filtrating gold
nanoparticles through the PDDA-modified porous alumina
membrane. The gold nanoparticles are distributed evenly
within nanocanals (Figure 13). For 2,4-dinitrotoluene (2,4-
DNT), this nanoparticle-decorated nanocanal array showed
about five orders greater enhancement than that of
conventional planar nanoparticles array (see Raman spectra
in Figure 13). This enhancement cannot be attributed solely
to the increase in specific surface area of 3D geometry,
suggesting waveguidelike behavior of aluminum oxide
nanocanals.

3.3.3. Photonic Crystal Fibers Decorated with Metal
Nanoparticles

In fact, as has been demonstrated in recent studies, optical
guiding properties can be advantageous for the fabrication of
SERS substrates. The porous 3D microstructure of photonic
crystal fibers was utilized for SERS detection by decorating
metal nanoparticles inside the aperiodic or periodic micro-
scopic hole arrays (Figure 14a).2'7"2!%] For a typical photonic
crystal fiber, the light is guided through the hollow core due to
the existence of a photonic bandgap arising from the surround-
ing air channels. The advantage of using optical fibers is the
efficient electromagnetic interaction along the extensive length
of the fiber in addition to the large surface area.

Indeed, the decoration of air channels with metal nano-
particles can give rise to an efficient 3D SERS effect
(Figure 14b).2"7! As can be seen in Figure 14c, the benzenethiol
molecules adsorbed onto the silver nanoparticles within the
photonic fiber provide a strong Raman signal, which can not be
observed in a control fiber without silver decoration. As
compared to the conventional planar SERS substrates or 3D
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Figure 13. a) 3D nanocanal arrays decorated with gold nanoparticles.
Porous alumina membranes are functionalized with PDDA and CTAB-
capped gold nanoparticles. b) Cross-sectional SEM image of porous
alumina membranes decorated with Au nanoparticles. ¢) Raman
spectra of 100 ppb 2,4-DNT drop-evaporated on the 3D SERS substrate
in comparison with 10 000 ppm 2,4-DNT on 2D gold nanoparticle
substrate. Reproduced from Reference [216].

SERS substrates without any optical guiding, many more metal
nanostructures can be excited by the guided excitation laser
traveling along the optical fiber and also the scattered Raman
photons can be efficiently collected.

The critical challenge of using optical fibers for SERS
detection is the difficulty of filling the hollow fiber with
metal nanoparticles without pore clogging. The limited mass
transport throughout the continuous microscopic channels
calls for the channel diameter to be at least several
micrometers. Although the direct capillary suction of liquid
colloids into the optical fibers can be applied for the
immobilization of metal nanoparticles inside the pores,*'®!
the limited filling inside the pores restricts this method to
only optical fibers with short length. Recent attempts of
using high pressure have shown successful filling of longer
fibers with organometallic precursor solution or metal
colloids.!*')

3.3.4. Periodic Nanohole Arrays

Recently, periodic arrays of metallic nanoholes in thin
metallic films have attracted much interest due to unexpected
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Figure 14. a) SEM image of a photonic crystal fiber with an ~20-um
hollow core and cladding air channel diameter of ~3.5 um. Reproduced
with permission from Reference [219]. Copyright 2007, SPIE. b) SEM
image of air channel decorated with metal nanoparticles. The inset
shows the air-hole arrays with a silica core. ¢) SERS spectra of ben-
zenethiol adsorbed onto silver nanoparticles within the 18- and 168-
hole templates and adsorbed on control optical fiber with no silver
filling. Reproduced from Reference [217].

optical phenomena such as extraordinary light transmission
and enhanced spectroscopic ability.?2°?2!] Metallic nanohole
arrays have been demonstrated to enhance fluorescence and
IR absorption when the target analytes are adsorbed inside
these nanoholes.??2?23! These arrays are also attractive as
surface plasmon resonance substrates due to high sensitivity to
the change in refractive index of the dielectric medium.!?**]
Central to these phenomena is the excitation of surface
plasmon resonances on the surface of metallic nanohole arrays
with controlled diameter, spacing, and distribution.

Usually, the subwavelength holes in metal film are
fabricated by using focused ion beam (FIB) milling,[?2222:22°]
Alternately, nanosphere lithography has been used to
fabricate periodic gold nanovoids by electrochemical deposi-
tion of Au through self-assembled colloidal crystals.[?>%?*7]
Soft lithography is another powerful tool to fabricate periodic

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

V. V. Tsukruk et al.

metallic nanohole arrays over large areas. Odom and co-
workers used a poly(dimethylsiloxane) (PDMS) stamp as a
phase mask to generate free-standing Au nanohole arrays with
high optical quality.”*****! The PDMS stamp has also been
used in imprint lithography to fabricate periodic Au multi-
layered structures consisting of nanohole arrays with a second
Au disk layer at the bottom of the holes.[>!

Nanohole arrays have been demonstrated to exhibit
enhanced Raman scattering due to the combined effects of
an intense electromagnetic field generated by the surface
plasmons and enhanced light transmission.!**!2**! Brolo et al.
have demonstrated a SERS enhancement factor of 2 x 10° for
resonant analytes when the wavelength of the transmission
peak was close to the excitation wavelength.m” In a recent
study, double-hole arrays in a 100-nm-thick gold film have
been fabricated (Figure 15a).”**! The maximum SERS
intensity was observed when the distance between the
holes was about 190nm due to the formation of sharpe
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Figure 15. a) Double hole array in gold film with 550-nm periodicity,
center-to-center distance of 175nm, and hole diameter of 180 nm.
Normalized SERS intensity in forward- and back-scattering geometries
as a function of b) the center-to-center hole distance (for arrays with
fixed periodicity at 750 nm) and c) the periodicity (for array with fixed
center-to-center hole distance at 175 nm). The intensity of the 591 cm*
band of oxazine720 is used. The dashed line shows the back-scattering
results from the unpatterned surface. Reproduced with permission from
Reference [233]. Copyright 2007, American Chemical Society.
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apexes (Figure 15b). The SERS enhancement increased about
12 times as compared to that of the nanohole array with non-
resonant spacing (Figure 15c¢).

4. Practical Applications of SERS-Active
Nanostructures

Raman spectroscopy has continued to find applications in a
variety of fields, which include materials science, biomedical
and environmental monitoring, reaction monitoring and
industrial processes, chemical sensing, and trace detec-
tion.[23*2351 While regular Raman spectroscopy suffices for
the most routine measurements, it fails for low quantities of
analytes (e.g., self-assembled monolayers (SAMS), ultrathin
polymer films, nanomolar analyte solutions), limiting its use as
a surface-sensitive technique. Unarguably, SERS has made a
significant impact on the field of surface science, imparting
single-molecule sensitivity to Raman spectroscopy.

The current and prospective applications of SERS can be
classified into two broad categories. The first set of applica-
tions involves the technologically important detection of trace
amounts of analytes, such as organic compounds, biomole-
cules, or vapors. In the second set of applications, the
technique is employed to monitor physical or chemical
processes at the nanoscale. It is worth noting that the vast
majority of applied studies reported to date involve simple
SERS-active media such as metal colloids with little use of
novel nanostructured designs. However, considering signifi-
cant progress in designing such
nanostructures with superior per-

small

One example is prostrate-specific antigen (PSA), a well-
established biomarker for the prostrate cancer at ultralow
concentrations (a few ng mL ') in a complex biological fluid. To
this end, Grubisha et al. have shown that very low PSA
concentration (several pg mL™') in serum can be detected by
binding the specific antibody with bifunctional gold nanopar-
ticles with a monolayer of Raman-active molecules.**! Van
Duyne and co-workers have demonstrated the quantitative
detection of calcium dipicolinate (CaDPA) from bacillus spores,
a biomarker for anthrax using silver film over nanosphere
(AgFON) substrates. The limit of detection was ~2550 anthrax
spores on the AgFON sensor with a data acquisition period of
1 min.>*"! One of the primary drawbacks of the system was the
limited long-time stability due to oxidation of the silver.

Overcoming this drawback, the same group later demon-
strated simple surface modification to the AgFON by ALD
technique.mﬂ They coated the AgFON substrates with an
ultrathin layer (less than 1 nm) of alumina. The ultrathin alumina
layer protected the silver from oxidation yet preserved the
electromagnetic enhancement. The resulting substrates enabled
a detection limit of 1400 spores and extended (to nearly
9 months) temporal stability. Goodacre and co-workers>® have
developed a Raman interface to scanning electron microscopy
(SEM) for bacterial analysis and have demonstrated identifica-
tion of SERS-active regions in the matrix through SEM imaging.
Several other recent studies report trace analysis of glucose,[239]
gene diagnostics,***! and viruses.**!! While most of the initial
studies pertained to in vitro conditions (trace detection and
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significant importance in the field
of life sciences for health care or
therapeutic treatment. While there
are several reports where Raman
spectroscopy is used as a bioana-
lytical tool, the application is
limited because of the poor sensi-
tivity at clinically important con-
centrations and physiologically
relevant conditions. Moreover,
apart from the detection of extre-
mely low concentrations of the
biomolecules, it is highly desirable
to quantitatively estimate the con-
centration of the specific analyte.
This routine requires extremely
reproducible SERS substrates in
conjunction with careful calibra-
tion. Publishing Group.

small 2008, 4, No. 10, 1576-1599

Raman shift (cm™")

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Raman shift cm™)

Figure 16. In vivo cancer targeting and SERS detection by antibody conjugated gold nanoparticles that
recognize the tumor biomarker. SERS spectra obtained from the tumor and the liver locations by using
a) targeted and b) non-targeted nanoparticles. ¢) Photographs showing the laser beam (785 nm)
focusing on the tumor site or on the anatomical location of the liver. The Raman reporter molecule used
was malachite green. Reproduced with permission from Reference [243]. Copyright 2008, Nature
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quantitative analysis), in vivo SERS measurements have been
recently demonstrated.?*>?* vVan Duyne and co-workers were
the first to demonstrate in vivo SERS measurements, in which
they subcutaneously implanted functionalized AgFON surfaces
into the live rats to quantitatively monitor the concentration of
glucose levels in the interstitial fluid.*2!

An important application of SERS for biological studies is
tagging, in which Raman-active molecules are tethered to a
nanoparticle or an aggregate exploited for specific biological
targets.[z‘m] Very recently, biocompatible and nontoxic nano-
particles have been applied as SERS tags for in vivo tumor
targeting.***! Gold nanoparticles have the distinct advantage as
SERS tags due to well-established cell-biology methods.
However, the functionalization of gold nanoparticles for
biocompatibility and for achieving targeted probe delivery is
considered to be challenging. Au nanoparticles (63 nm) were
tagged with Raman-active markers (1.5 x 10* markers/particle)
and were functionalized with poly(ethylene glycol) (PEG) for
biocompatibility. Targeted (with specific antibodies and pep-
tides) and non-targeted (accumulation by enhanced perme-
ability and retention) nanoparticles were delivered to mice
(Figure 16). The targeted particles exhibited stronger Raman
spectra from the tumor sites due to the enhanced accumulation
(nearly ten times) compared to the non-targeted particles, as can
be seen from the SERS signals obtained from liver (a control for
non-specific accumulation) and tumor in the case of the targeted
and non-targeted nanoparticles (Figure 16).

4.2. Trace Chemical and Explosives Analysis

The detection of trace-level explosives and hazardous
chemicals is in high demand with increasing threat from
terrorism and harmful environments.***! It is challenging to
detect trace-level trinitrotoluene (TNT), one of the most
widely used explosives due to its low vapor pressure (=5 ppb).
Kneipp et al. were the first to demonstrate the SERS detection
of TNT with a detection limit as low as 100 nm (1 pg) level by
using colloidal gold and silver.**! Dinitrotoluene (DNT),
present as impurities in TNT explosives, has also been chosen
as a target molecule because it provides higher vapor pressure
(100 ppb) than TNT.?*”1 Typical detection limits of 0.7-10 pg
of 2,4-DNT have been reported with highly oriented silver
nanowire films!'*”! and rough gold substrates.24¥!

Our group introduced nanocanal arrays decorated with
metal nanoparticles as efficient SERS substrates for trace-level
detection of DNT.*'! The minimum detection limit estimated
from the signal-to-noise ratio for this spectrum can be as low as
10fg. The Raman spectrum of 100ppb 24-DNT solution
evaporated on a SERS substrate clearly shows NO; stretching
modes of DNT at 1342 cm ™", distinctive from several PDDA-
related Raman peaks such as veyn at 783 em ™! and peps at
1444 cm™" (Figure 13c).

4.3. Monitoring Nanoscale Chemical and Biochemical
Phenomena

There are numerous reports where SERS has been used to
study the nanoscale biochemical phenomena. For instance,
SERS has been employed to monitor the release of
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neurotransmitter at the single-cell level due to the ability to
provide structural information of the released compounds and
spatial information about their release sites.”>*"! Silver colloids
were added to the cell-culture medium, which resulted in the
aggregation of the nanoparticles on the cell surface. One of the
major advantages of the Raman spectroscopy over IR
spectroscopy is the higher lateral resolution in far-field
imaging due to the smaller wavelength.

There are numerous examples where SERS has been
applied for studying the formation of SAMs on Au and Ag
surfaces.>**?*!1 In a recent study, Halas and co-workers have
reported an interesting carbon-chain-length-dependent sur-
face-enhanced Raman effect for alkanethiol SAMs.>?! The
gold-sulfur bond stretching of the alkane thiol molecules
adsorbed on the properly designed Au nanoshells was found to
be sensitive to chain length.
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Figure 17. a) Raman spectra of freely suspended nanomembranes
showing dramatic enhancement of selected Raman bands after
encapsulation of gold nanoparticles. Inset: Raman spectra of bulk
materials used for nanomembrane assemblies. b) The peak shift versus
nanomembrane deflection for different deformation cycles. Reproduced
with permission from Reference [254]. Copyright 2005, American
Physical Society.
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4.4. Monitoring Micromechanical Behavior

Revealing internal distribution of mechanical stress (e.g., in
silicon substrates) is a traditional application of Raman
microscopy.!”*! However, for nanoscale structures and for
materials with a weak Raman signature, traditional Raman
observations should be replaced with a SERS approach.

For instance, in a recent study, SERS has been applied for
the in situ monitoring of polymer-chain reorganization in
deformed ultrathin, gold-containing LbL films (~60nm)./?>*
LbL films were prepared by sandwiching a monolayer of gold
nanoparticles (12.7nm in diameter) between polyelectrolyte
layers. The amount of gold nanoparticles was adjusted to
achieve chainlike aggregation with 2-8-nm gaps providing hot
spots. For such a design, the strong SERS signals allowed the
peak positions and intensity to be monitored in real
deformation time, revealing a two-stage mechanism for the
stretching of the polymer chains (Figure 17a and b). Under
small deformation, a radial reorientation of the side phenyl
rings of the polymer backbones was observed while larger
deformation resulted in the polymer chains bridging the
adjacent nanoparticles.

5. Conclusions

The selectivity and sensitivity (down to single-molecule
level) makes SERS one of the most promising analytical
techniques for biological, materials, and chemical sciences.
With respect to the fabrication of efficient SERS substrates,
significant advancements have been made in the synthesis of
metal and hybrid nanoparticles with good control over the
shape and size. Intriguing optical properties of these
nanoparticles in conjunction with their assembly behavior
have been extensively studied.

The next critical challenge is the fundamental under-
standing of the collective optical properties of complex metal
nanoparticles when they are assembled into nanostructure
arrays and the utilization of these metallic nanostructure
arrays for a wide range of applications. Therefore, the
development of efficient, robust fabrication strategies of
metallic nanostructures with reproducible and well-defined
geometry providing giant SERS enhancement represents a key
challenges for high- performance SERS-based sensors.

Future efforts should focus on the design of metallic or
hybrid structures to precisely control various aspects of related
phenomena such as transmission, absorption, scattering,
reflection, and propagation of light interacting with the SERS
substrate. These nanostructures should be combined with the
known hot-spot geometries to efficiently collect and transport
the incident and scattered photons along with providing easy
access to analytes. In addition to the selected 2D assemblies
and novel 3D nanostructures discussed here, a variety of well-
known approaches can be exploited to create even more
efficient SERS-active nanostructured materials and structures
such as complex Waveguides,[215 213D photonic crystals, non-
periodic materials,’>*®*?"! block copolymers with incorporated
nanoparticles,[258] transparent 3D optical resonators,>>]
transparent and porous LbL structures, [260-261] responsive
coatings,”®?) multiplexed soft lithography,?®*! nanofiber
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arrays, and free-standing nanocomposites,
all of which are rarely utilized as SERS-active media in
current studies.
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