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Surface-enhanced Raman scattering (SERS) has been intensively explored both in theory and
applications and has been widely used in chemistry, physics and biology for decades. A variety
of SERS substrates have been developed in order to investigate the mechanisms behind, which
give rise to the enormous enhancement even enabling single molecule detection. The Raman
enhancement, which involves an electromagnetic enhancement (EM) and a chemical enhancement
(CM), reflects both the physical principle of light/metal interactions and the molecule/metal

interactions. In this tutorial review, we focus on the EM enhancement of SERS active substrates
made of colloidal gold nanoparticles (GNPs), varying from self-assembled arrays down to single
particles, for the purpose of investigating the EM coupling effect and probing the distribution

of the induced electric field of single GNPs.

Introduction

Since its discovery in the 1970s, surface-enhanced Raman
scattering (SERS) has exhibited its attraction in physics,
chemistry and biology.'® The related research field covers
not only the enhancement mechanism of SERS but also its
applications as a highly sensitive surface analytical tool
for chemo/bio sensing.*® There are two mechanisms: the
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electromagnetic (EM) enhancement induced by surface plasmon
resonance (SPR) and the chemical enhancement (CM) originated
from the charge transfer between the adsorbates and the
substrate. The former, EM enhancement, typically requires a
nanostructured metal substrate where the collective oscilla-
tion of the conduction electrons is confined, resulting in the
so-called localized surface plasmon resonance (LSPR) under
irradiation of light within a certain wavelength range.” The
peak position and intensity of LSPR strongly depend on
the material, roughness and surrounding medium of the
nanostructures.®’ Nobel metals, such as gold and silver, are
popular materials for SERS-active substrates because the
resonance of their localized surface plasmon falls into the visible
optical range where most of the commonly-used lasers are.
The intensity of the induced electric field by the excitation of
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LSPR can be approximated as E ~ (e(®) — &9)/(e(®) + 2&q)-Ey,
where () is the frequency-dependent dielectric constant of
the metal nanoparticles, g, is the dielectric constant of the
surrounding medium, and Ej is the incident electric field. It
can be seen that E is much stronger than E, when the
denominator (g(w)+2gy) — 0, which means in resonance.
Under such a resonant condition, therefore, the Raman probe
molecules experience an enhanced incident field and emit
Raman scattered photons, which are again enhanced by the
localized electric field. In total, the EM enhancement of
Raman scattering is proportional to the product of the

incident field enhancement and emission enhancement, i.e.,

2
E(wo) |” | £(@Raman)
Eo(wo)| | Eo(wRraman)
incident electric field, and wy and Wgraman are the incident

and Raman scattered frequency, respectively.* The EM
enhancement is typically of ~ 10> or higher and dominates
the overall enhancement. The chemical enhancement functions
as an electronic resonance process, where the charge transfer
occurs between the LUMO/HOMO of molecules and Fermi
level of the metal substrate, which enhances the effective
polarizability of the molecules.'®'> This not only enhances
the intensity of Raman scattering, typically by 1~2 order-of-
magnitude, but also changes the peak positions.

In order to investigate how EM enhancement depends on
the size, shape and material of the SERS active substrates, and
to excite LSPR efficiently for chemo/bio sensing, much efforts
have been made in fabricating metal nanostructures for SERS
in controlled manners.'>'® The earlier techniques include
electrochemically roughened electrodes, slat-driven aggregates
in metal colloids and vacuum deposited metal films.*!” These
are still important methods to study SERS, for example, to
expand SERS substrates to transition metals.'® Thanks to the
rapid development of nanofabrication techniques, numerous

, where E and E, are the induced and
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new methods have been developed in fabricating controlled
SERS active substrates, such as electron beam lithography
(EBL), focused ion beam (FIB) and nano-sphere lithography
(NSL), producing ideal templates with well-defined patterns
for the study of both the EM coupling effect and the EM
enhancement at single metal nanoparticle level.'>1%:2

Due to the low cost and the ease of synthesis/surface
modification, colloidal metal nanoparticles have shown their
popularity for SERS. In 1995, Freeman et al.'* reported the
strategy of making SERS-active substrate based on self-
assembled gold colloids on a chemically modified glass surface
through electrostatic interaction. The surface density of the
particles on substrates and the interparticle distances are
easily adjusted by changing the assembly time, in turn, tuning
the EM coupling. On the other hand, chemical synthesis of
nanoparticles of different size, shape and/or compositions
(for example, core/shell nanoparticles) has also been exten-
sively studied.?!??

This tutorial review will discuss SERS-active substrates
developed from assembled gold nanoparticles (GNPs) arrays
to individual GNPs structures manipulated by atomic force
microscope (AFM) for the study of EM enhancement. From
the assembled GNPs arrays, an average EM enhancement
(from single particles and/or interparticle coupling) can be
investigated. In order to exclude the averaging effect and
perform a deeper investigation to the contribution from
“hotspots”, one has to scale it down to single particle level.
For single particle SERS, a special Raman probe molecule,
single-walled carbon nanotube (SWNT), can be used to probe
the electric field distribution of single GNPs.

Raman probe molecules and SERS enhancement
factors

Raman probe molecules should be chosen depending upon the
surface property of the SERS substrate and its application.
For example, colloidal metal nanoparticles are usually negatively
charged, so Raman active probes with positive charges in
aqueous can be used utilizing the electrostatic attraction.
For gold substrates, aromatic thiol molecules are one of the
most popular probes due to the strong Au-S bonding and the
large scattering cross section of the benzene ring. Single-walled
carbon nanotubes (SWNTs), due to its unique shape and
Raman characteristics, have also been studied as Raman
probles in SERS.>*?° Last but not least, to choose a probe
with or without resonant Raman effect, which differs in the
resulted total enhancement, is crucial, especially for single
molecule SERS and enhancement factor (EF) estimation.
The conventional EF value is calculated by dividing the
average intensity of surface-enhanced Raman scattering of a
single molecule by that of normal Raman scattering. However,
this definition assumes an ideally uniform enhancement over
the whole substrate, which is not the case in reality. Le Ru
et al*** introduced a series of EF definitions depending on
SERS applications, and demonstrated that single molecule
SERS can be detected with an EF of ~ 10 instead of ~10'* as
earlier reported. Ref. 27 is strongly recommended for further
reading in the context of EF, as well as single molecule SERS.
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In this tutorial review, we will discuss the Raman enhance-
ment of SERS substrates varying from self-assembled arrays
to single GNPs. Two issues should be addressed before we
proceed. Firstly, since we evaluate the average enhancement of
the whole substrate, we will use the conventional EF definition
(except for the SWNTs case), the so-called SERS substrate
EF, estimated as

EF = (Isgrs/Ioui)/(Npuk/Nsurp) (1)

where Isgrs and I,y represent the measured intensities of a
selected band from a SERS spectrum and a normal Raman
spectrum of a bulk sample, respectively, and Ng,r and Ny
represent the number of molecules which contribute to the
measured intensities in SERS and normal Raman spectra,
respectively. Secondly, although we will mainly focus on the
EM enhancement, the CM enhancement, however, typically
contributes ~ 10'-10? to the overall SERS enhancement and is
not ignorable. It is difficult to separate the CM contribution
from that of EM if the molecules are in contact with the metal
substrates. In the case where they are not in physical contact,
CM can be reasonably excluded. A recent report by Uetsuki
et al. gave a good demonstration.® In general, in order
to obtain a reliable comparison of the EM enhancement
(typically larger than 10°), Raman probes with similar
molecular structures should be used. More detailed discussion
on the CM enhancement can be found elsewhere.'"!?

EM Enhancement of self-assembled GNP arrays

The disadvantage of SERS-active substrates made of electro-
chemically roughened electrodes and aggregated colloids is
that the roughness of the substrates is difficult to control. Since
the EM enhancement is extremely sensitive to the surface
roughness, one single nanoscale protrusion or crevice may
dominate the SERS enhancement from the whole detected
area.”®° Hence, it is important to make SERS substrates
of uniform and homogeneous nanostructure arrays for EM
enhancement investigation. There are several important
techniques along this line, such as self-assembly of metal
nanoparticles,'**' electron beam lithography (EBL)*® and

0 100

nanosphere lithography (NSL).'> Among these methods, we
will address the approach of self-assembled colloidal GNPs in
this tutorial review. In a chemically synthesized gold colloid,
the particle size is typically well monodispersed and easily
controlled by changing the ratio of the reductant and the
oxidant.?> What is more, the average interparticle distance on
a substrate can be adjusted simply by varying the assembling
time and particles concentration in the colloid, making it a
controllable substrate to investigate the EM enhancement
of SERS.

Interparticle EM coupling

When the interparticle distance between two particles is
close enough, the induced electric fields of single particles
overlap with each other and give rise to the total field. This
is particularly pronounced if the polarization of the incident
light is parallel to the dimer axis.**?* The critical gap distance
between two metal nanoparticles, below which the EM coupling
occurs, is approximately the diameter of a single particle.
Within the EM coupling range, excited by a parallel incident
electric vector, the resonance of localized surface plasmon of a
dimer redshifts with respect to that of single particles, and an
enhancement of several orders of magnitude in the near-field
intensity was found.**** In a perpendicular configuration, the
LSPR peak exhibits a slight blue-shift due to the cancellation
of the induced dipoles, and only a small field enhancement
results. On self-assembled arrays, where nanoparticles are
randomly distributed, the incident electric vector always has
a component parallel to adjacent particles. Hence, a field
enhancement, and consequently the Raman enhancement, is
expected.

Colloidal GNPs (negatively charged) can be assembled
on aminopropyltriethoxylsilane (APTMS) modified silicon
surfaces (positively charged) to form arrays.>> By adjusting
the assembling time, surface densities of GNPs can be tuned
on different arrays, where the average interparticle distances
can be found from statistical results over several areas on a
sample. Probe molecules, aromatic thiols, are then chemically
adsorbed on the particles by immersing the samples with GNP
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Fig. 1 (a) SEM images of self-assembled ~22 nm GNPs arrays after immersion time of 4, 15, 25 and 45 min, respectively. Scale bar: 1 um. Insets
show the corresponding statistical interparticle distances. (b) EF values of self-assembled GNPs arrays as a function of average interparticle

distances. Adapted from ref. 35.
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arrays in a thiol/ethanol solution. Fig. 1(a) shows an example
of ~22 nm GNP arrays after an assembling time of 4, 15
25 and 45 min, respectively. The nearest neighbor distance
histograms are shown as the insets.

As shown in Fig. 1(b), the Raman enhancement keeps
constant at large interparticle distances, indicating that the
interparticle EM coupling does not occur and the EF is
basically that of single particles, which is ~4.0 x 10 under
633 nm laser excitation. The average EF values of larger
single GNPs, ~40 nm, ~60 nm, and ~73 nm, are found as
~19 x 10°, ~7.5 x 10°, and ~1.1 x 10% respectively.
However, one should note that in such GNPs arrays, there
are unavoidably a small portion of aggregates, which are
possibly from in the colloid or formed during the self-assembly
process. Such aggregates usually give a much higher enhance-
ment than the average value, thus have to be ruled out for EF
estimation by taking the average of SERS spectra of similar
intensities on randomly selected spots on the substrates and
excluding those with extremely high intensities.

At higher surface coverage, that is, with decreasing inter-
particle distance, the EF increases remarkably due to the EM
coupling effect. The critical center-to-center distances, below
which a sharp increase of enhancement is found, are ~ 50,
~80, ~120 and ~ 150 nm for the ~22, ~40, ~60 and ~73 nm
GNPs, respectively, approximately twice diameters of the
particles, namely, one diameter in gap distance. Since the
GNPs in a colloid are negatively charged due to the adsorption
of citrate ions, the electrostatic repulsive force between the
adjacent particles limits the nearest gap distances between the
GNPs during self-assembly. For such arrays, the nearest
gap distances for ~22, ~40, ~60 and ~73 nm GNPs are
~8, ~10, ~10 and ~7 nm, giving corresponding maximum
EF values of ~1.0 x 10°, ~2.3 x 10%, ~1.4 x 10° and
~1.7 x 10°, respectively.

Close-packed GNP arrays

With respect to the above-mentioned self-assembled arrays, an
onward issue is how much Raman enhancement is expected if
the interparticle distance decreases more until nanoparticles
are close to or even in physical contact. To this end, efforts
have been made by several groups.’®3” Wei et al.>® used a
specially designed molecule, thiolated calixarene, to encapsulate
GNPs (16-170 nm), forming self-organized 2-dimensional
(2D) hexagonal close-packed (hcp) arrays. Using the same
thiolated calixarene as Raman probe, they found a Raman
enhancement of 10*-107 on such arrays (see Fig. 2). Another
approach is to utilize the capillary force during a solvent
evaporation process, where surfactant encapsulated nano-
particles are driven to form 2D hcp arrays. Wang et al.’’
reported 2D hcp arrays fabricated using this method with
cetyltrimethylammonium bromide (CTAB) functionalized
GNPs (~ 50 nm in diameter), from which an empirical Raman
enhancement of ~10® was found for p-mercaptoaniline
(pMA), a nonresonant molecule, under 785 nm laser excita-
tion. Using GNPs dispersed in ethanol and an immersed
glass slide at a 30° inclination, Hossain et al®® obtained
relatively smaller 2D hcp arrays of 50 nm GNPs with an
average center-to-center distance of 54.5 nm, and an EF of

10°~107 was reported for CV molecules using 647 nm
excitation.

We have also previously shown 2D hcp GNPs arrays
fabricated by solvent evaporation driven self-organization of
thiolated alkane functionalized GNPs.*® Although alkyl-thiol
molecule has been used as Raman probes in SERS,* their
Raman cross section is considerably lower than those com-
monly used probes, such as aromatic thiols and dye molecules.
We thus chose 4-fert-butylbenzylmercaptan (4-tBBM) molecules,
which facilitates the fabrication of 2D hcp arrays and has a
relatively large Raman cross section.*! Fig. 3(a) shows
typical SEM images of the close packed arrays with GNPs
of ~22 nm, ~65 nm and ~ 78 nm respectively. Under 633 nm
laser excitation, the corresponding EF values are ~4.7 x 10°,
~1.9 x 107 and ~1.1 x 107, respectively. The representative
surface enhanced Raman scattering spectra measured on
different close-packed GNPs arrays are shown in Fig. 3(b),
with the corresponding EF values shown in Fig. 3(c).

The highest EF is ~1.9 x 107, found on ~65 nm GNPs
array. It is two orders of magnitude higher than the highest
EF obtained from self-assembly arrays of ~60 nm GNPs
(~1.7 x 10%. The nearest interparticle distance for the
close-packed GNPs array is about twice the molecule length
(~1 nm) and that of the self-assembled arrays is ~10 nm.
Obviously, the extra enhancement is originated from the much
stronger near-field coupling at near-contact gap distance. It is
worth noting here that, in all SERS spectra measured on the
above substrates in Fig. 3, there is always the CM contribution
to the total enhancement. Since it is usually of ~10'-10°
(much lower than EM enhancement), and the probes are
of the similar molecular structures for the substrates, it is
reasonable to compare the EF values between the self-
assembled arrays and the closed packed arrays. However, if
one compares the EF values between different works, one
should always keep in mind the difference in the excitation
wavelengths and the probe molecules, in particular, resonant
or nonresonant types. For reference purposes, the theoretical
calculation of EM enhancement of Raman scattering on 2D
close-packed arrays with different diameter/gap distance ratios
can be found in ref. 42, where the EM enhancement of 5 x 10®
was demonstrated.*?

From self-assembled arrays to individual GNPs

To achieve a high EM enhancement, the incident laser wave-
length has to be close to the resonance peak of the LSPR,
which is determined by many parameters: the size, shape,
material of the nanoparticles and interparticle distances.>’
On self-assembled GNP arrays, as mentioned above, it is an
averaged enhancement that is obtained. The arrays unavoidably
contain particles with size/shape variation and non-identical
interparticle distances, which is crucial at very close separa-
tions (a few nanometers). It is of fundamental interest to
understand the enhancement and near-field distribution at
single particle level. The first single-molecule SERS was
discovered on single Ag nanoparticles and/or aggregates of a
few nanoparticles, where a Raman enhancement of ~10'*
was reported for single molecules located at so-called
“hotspots”.?>* One has to note that, single molecule SERS

This journal is © The Royal Society of Chemistry 2011
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Fig. 2 (a) Molecular structure of thiolated calixarene and TEM image of a 2D hcp array. (b) Extinction spectra of different 2D hcp arrays of
GNPs. (c) EF values as a function of particle sizes under different laser excitation. Adapted from ref. 36.
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Fig. 3 (a) SEM images of 2D close-packed arrays of ~22, ~65 and ~78 nm GNPs, respectively. Scale bar: 200 nm. (b) Representative SERS
spectra of 4-tBBM molecules on 2D closed-packed GNPs arrays under 633 nm laser excitation. (c) Size dependence of the EF values.

has been widely explored using different strategies, such as
Langmuir-Blodgett, tip-enhanced Raman and bi-analyte
techniques, and a much lower EF value (~107) has been
found efficient enough to detect single molecules.?”**

Recent studies have demonstrated more details of SERS on
single nanoparticles and small clusters, for example, the
polarization dependence of dimers and trimers,***® the near-field
distribution around different shapes of nanoparticles,*” SERS
on well-defined nanoparticle clusters fabricated using EBL
assisted self-assembly,48 and SERS on dimers/trimers of
well controlled Au@Ag core/shell structures.*” The single-
particles-SERS studies performed based on colloidal nano-
particles, however, usually pick up aggregates from a colloid
with certain salt concentrations. From a controllability point
of view, the precise manipulation of individual nanoparticles

for SERS is still lacking. It has been reported that atomic force
microscope (AFM) can be used to oxidise substrates in
nanoscale regions and manipulate single nanoparticles.’*>?
Using AFM manipulation of nanoparticles for SERS, one sees
the potential of investigating SERS on the same particles with
well-adjusted interparticle distances and alignments.

SERS on controlled alignment of GNPs by AFM
manipulation

Controlled nanostructures of one, two, three and four GNPs,
respectively, can be fabricated using AFM manipulation,>
as shown in Fig. 4 and 5. 4-Methylbenzenethiol (4-MT)
was used as Raman probe molecules for SERS measurements.
In Fig. 4(a), GNPs of 54 nm, 60 nm, 50 nm and 62 nm in
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diameter were moved from other areas to form a linear
alignment but were separated beyond the EM coupling
distances. The enhancement is thus the sum of the contri-
bution from individual particles and shows no polarization
dependence (solid squares in Fig. 4(d)) since the particles are
spherical. The EF from single particles (of approximately
60 nm in diameter) under 633 nm laser excitation is obtained
as ~6.0 x 10*. However, when the particles are moved within
near-field coupling distance, the Raman enhancement exhibits
a dramatic increase and strong polarization dependence,
which is shown in Fig. 4(b) and (c). The EF increases to
~2.2 x 107 and ~9.0 x 10° under parallel and perpendicular
polarization, respectively. The EF values for near-contact
alignment of two and three particles of similar size
(62 nm, 60 nm and 64 nm, respectively) are also obtained
and plotted in Fig. 5.

The EF values for these GNP structures under perpendicular
polarization are of the same order of magnitude as for single
particles because of the weak coupling between adjacent
particles. However, under parallel polarization, the EFs increase
from ~6.0 x 10* for single particles to ~1.9 x 105,
~1.0 x 107 and ~2.2 x 107, respectively. The relative
(normalized to that without EM coupling) enhancement for
near-contact alignments of two and three GNPs and for four
coupled GNPs is 16, 56 and 92 for parallel polarization, and
1.7, 3.0 and 3.8 for perpendicular polarization, respectively.
These results indicate two facts. One is that a strong EM
coupling occurs when the laser polarization is parallel to the
alignment and becomes stronger with more GNPs. While the
polarization is perpendicular, there is a weak EM coupling,
which increases slightly with the number of GNPs. On the
other hand, from the logarithm plot in Fig. 5 (dashed lines),
one can expect that the enhancement would saturate at certain
number of GNPs excited by 633 nm laser.

It is worth noting here that the exact gap distances are not
distinguishable by AFM imaging due to the well-known
convolution effect of the AFM tips. From the estimation of
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Fig. 5 EFs of one, two, three and four GNPs alignment. Solid lines
represent a linear plot (left y-axis) and dashed lines represent a
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peak-to-peak distance in AFM cross section analysis, the
nearest gap distances for the alignments with two and three
GNPs are estimated to be ~1-2 nm. Because the EM coupling
strongly depends on the interparticle distance, the nearest
distances of one or two nanometres difference may result in
a considerable change in the EM enhancement. Moreover,
the nearest gap distances of the four GNP alignments are
~25 nm, ~45 nm and ~25 nm, respectively, which are
relatively large. At closer separations, the EM enhancement
is expected to be stronger.

Single GNP enhanced Raman scattering of SWNTs

The above results of Raman enhancement on controlled
structures with a few nanoparticles exclude the average effect
of GNPs to a great extent compared to the nanoparticle
self-assembly arrays. However, it is still an averaged effect in
terms of molecules. Since the localized electric field distribu-
tion is inhomogeneous around the surface of nanostructures,
the molecules at different sites experience different EM
enhancement, which is averaged out during the estimation of
enhancement factors. It is notoriously difficult to solve this
problem in experiments because the precise positions of the
probe molecules, which are normally small organic molecules,
on the particle surfaces are unknown.

Single-walled carbon nanotube (SWNT), due to its unique
intrinsic Raman characteristics and one-dimensional geometry,
is a special candidate for SERS.?* Individual SWNTs can even
be used to probe the near-field distribution of a metal tip or
single GNPs.?*?* Compared to SERS of bulk SWNTs with
GNP aggregates or on roughened gold films,? there are two
advantages in single-GNP enhanced SWNTs SERS. One is
that the separation between a SWNT and a GNP can be well
distinguished from cross section analysis of an AFM image. In
the case where the SWNT is not in physical contact with the
particles, the overall Raman enhancement is only from pure
EM enhancement since there is no pathway for CM. On the
other hand, the separation can be easily adjusted by pushing
the GNP using AFM manipulation. These, in total, make it an
ideal system for the investigation of pure EM enhancement. By
changing the incident polarization and the distance between
the SWNTs and GNPs, the intensity distribution of the
localized electric field of single GNPs can also be probed by
the SWNTs.

This journal is © The Royal Society of Chemistry 2011
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Fig. 6 (a) AFM images of a SWNT and GNPs before and after AFM manipulation. (b) Corresponding Raman spectra of the SWNT enhanced
by a single GNP at different separations. (c) Theoretical calculation of the induced electric field on the substrate where the GNP sits. Adapted from

ref. 25.

By placing a GNP beside a SWNT via AFM manipulation
(Fig. 6(a)), the Raman scattering intensity can be dramatically
enhanced, as shown in Fig. 6. After a precise adjustment of the
distance between a GNP and an individual SWNT using AFM
manipulation, the distance dependence of Raman enhance-
ment is further investigated. As shown in Fig. 6(b), the Raman
scattering intensity increases ~3 and ~6 times when the
distance decreases to ~30 nm and ~10 nm, respectively,
compared to that at ~200 nm separation where there is
no enhancement. This is in accordance with our extended
Mie-theory calculations, which show a stronger electric field at
closer separation (Fig. 6(c)).

A more detailed investigation was performed to study the
polarization and distance dependence of Raman enhancement
of a SWNT. The results are shown in Fig. 7, where a GNP of
78 nm in diameter is manipulated to enhance the Raman
scattering of a SWNT. Two effects should be taken into
account in the analysis of the polarization dependence: the
polarization dependence of resonant Raman scattering of
the SWNT itself and that of the local electric field around
the GNP experienced by the SWNT.3>>* These two effects
have an opposite polarization dependence and the overall
Raman scattering intensity is determined by the net result.
The experimental results in Fig. 7(a) show that the Raman
scattering intensity is the maximum at parallel polarization
and minimum at perpendicular polarization, indicating that
the polarization dependence of SWNT itself, i.e., the selection
rule of Raman excitation, plays a major role. At all polari-
zation angles, the Raman scattering intensity becomes higher
with decreasing separation distance.

It should be noted that at 90 degrees polarization angle, the
Raman scattering intensity is near-zero without enhancement
from the GNP. Once enhanced by a GNP, the SWNT exhibits
detectable signals. The relative enhancement in this case is
infinite. Hence, for a reasonable comparison, we define a
different EF by normalizing the Raman intensities to that at
parallel polarization without enhancement 7.4, M(0) = Iy/1,,
where 0 is the polarization angle. As shown in Fig. 7(b), the
Raman enhancement is in well agreement with our theoretical
simulations based on a modest modification of the conven-
tional EM enhancement calculations. Since only the parallel
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Fig. 7 (a) Raman scattering intensities of a SWNT at different
separations to a 78 nm GNP. The inset shows the definition of the
polarization angle. (b) Raman enhancement calculated from (a) and
corresponding theoretical simulation. See text for details. Adapted
from ref. 25.

electric component excites the Raman scattering of a SWNT,
one should only consider the parallel component of the
induced electric field instead of the total field. The dashed line
in Fig. 7(b) shows the calculated Raman enhancement from
the total electric field. It is obviously overestimated compared
to the experimental results. This modification, in principle,
holds for SERS of all the one-dimensional molecules with
polarization dependent Raman scattering characteristic.
From Fig. 7, one can extract the distance dependence of
the enhancement at different polarization angles. Because the
intensity of the induced electric field decays as 1/ in the near-
field range and Raman enhancement scales approximately
with \E/E0\4, taking a scaling factor ? of the shell of molecules
at distance r into account, one obtains the theoretical distance
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and perpendicular polarization (open squares), respectively, and corres-
ponding exponential fit (solid lines).

dependent Raman intensity I oc (1+r/a)~'° from the pure
EM enhancement, where « is the radius of the particle.>
Fig. 8 shows the plots of Raman intensities of the G band at
~1580 cm ™! (the tangential mode of sp> hybridized carbon—
carbon vibration) as a function of separation between the
particle and the SWNT under parallel and perpendicular
polarizations, respectively. In both cases, the fitting of
(1+r/a)~'° did not apply. In our experiments, at least three
factors could cause deviation to the theoretical model. Firstly,
although we assume the GNP is ideally spherical, the small
features of roughness on the surface are unknown. Secondly,
the Raman scattering of the SWNT under consideration itself
involves a resonant process.>* Thirdly, the (1 +r/a)~'® dependence
holds for molecules at different » normal to the surface, i.e., at
the same azimuthal angle, which is not the case here.

However, an exponential fit, I = [, + A-exp(—d/l), agrees
well with the experimental data with R-square greater than
0.98 as shown in Fig. 8. The open circles and squares represent
data extracted from Fig. 7(a) and the solid lines are corres-
ponding exponential fits. The parameter / here can be defined
as decay length. For both parallel and perpendicular polari-
zation, a decay length of ~22 nm was obtained. In the study
of tip-enhanced Raman scattering of individual SWNTs,
Hartschuh er al.>* found that the decay length for a silver tip
with 10-15 nm radius is ~ 11 nm. This value could depend on
the size, shape and material of the particle/tip, as well as the
surrounding medium, and is worthwhile to be further investi-
gated in different systems with pure EM enhancement.

Summary

The route of studying SERS on substrates from self-assembly
arrays of GNPs to individual GNP structures manipulated by
AFM is introduced. Qualitative results of the EM enhance-
ment can be obtained on the self-assembled arrays, showing a
sharp increase of Raman enhancement with decreasing
average interparticle distances within near-field coupling
range. On 2D hcp GNP arrays, a much higher enhancement
can be found compared to the self-assembled GNPs arrays due
to the much closer separation and thus the much stronger
coupling effect. To rule out the averaging effect over particles
of different size, shape, and interparticle distances, one has to

focus on single particle SERS. The strategy of using AFM
manipulation to fabricate controlled nanostructures of
GNPs for SERS is discussed. Furthermore, using individual
SWNTs as Raman probe molecules, it is possible to probe the
near-field distribution of a single GNP.

Recent reports on the distribution of “hotspots>® and the
application of SERS for highly sensitive sensing®’ imply
that, after the decades since its discovery, SERS is still of
fundamental and practical interest to the wide community of
physics, chemistry and biology. The investigation of the SERS
mechanism not only helps one to further understand its
physical/chemical nature but also enables reliable designs for
the application of SERS as a highly sensitive analytical tool.
On this basis, the development of ideal SERS active substrates
is of great importance and of practical applications for
chemo/bio sensing.
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