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Investigating the electric field distribution around individual metallic nanoparticles is of significant importance
for the understanding of the electromagnetic (EM) mechanism of surface-enhanced Raman scattering (SERS).
We report single gold-nanoparticle-enhanced Raman scattering of individual single-walled carbon nanotubes
(SWNTs) by atomic force microscope (AFM) manipulation. The distance between the gold nanoparticle (GNP)
and the SWNT can be controlled by pushing the GNP with an AFM tip. The Raman signals increase when
a single GNP is moved close to an individual SWNT, and the corresponding polarization dependence to the
incident laser excitation at each GNP/SWNT distance is studied. The agreement of the experimental results
with the theoretical model described in this paper suggests a rational modification of the EM enhancement
model of SERS for one-dimensional “molecules”, like nanotubes.

Introduction

Surface-enhanced Raman scattering (SERS) has been a
significant issue in the research of optical properties of metallic
nanostructures and chemo/bio-sensing.1-4 The huge electric field
enhancement, which is induced by surface plasmon resonance
(SPR), results in a magnified Raman scattering signal.5-7 The
distribution of the induced electric field around metallic
nanostructures has been extensively studied, such as the size
and shape effect,4,8 and distance dependence.9-14 To further
clarify the electromagnetic (EM) mechanism, SERS has been
achieved on substrates varying from large metallic nanostructure
arrays to individual metallic nanoparticles, so that it is possible
to investigate the EM mechanism at single particle level.6,15,16

Single-walled carbon nanotubes (SWNTs) have attracted
intense scientific interests recently because of their unique
electrical, mechanical and optical properties,17-20 and large
potentials in various applications.21 Spectral measurements, such
as fluorescence,19,22 Raman scattering23 and Rayleigh scatter-
ing,20,24are effective means to characterize the vibrational and/
or electronic properties of SWNTs. Among these, Raman
scattering is a useful tool to study both vibrational and electronic
information of SWNTs even down to individual SWNTs
level.23,25

Because of the high aspect ratio, stability and strong electron-
phonon coupling, SWNTs are unique probing molecules for
SERS studies.26,27 On the other hand, SERS can also provide
even more detailed structural information of individual
SWNTs.26,28 Tip-enhanced near-field Raman spectroscopy of
individual SWNT or SWNT bundle has been reported.29-32 The
high resolution of the metallic tip makes it possible to optically

study the inhomogeneous physical or chemical properties, such
as chirality and defects, along the SWNT axis with a spatial
resolution of tens of nanometers. What is more, the SWNT/tip
distance dependence of Raman enhancement has also been
studied.29 Herein, we experiment with SERS of individual
SWNTs using single gold nanoparticles (GNPs) as the source
of the enhancement manipulated by an atomic force microscope
(AFM). The distance between a GNP and an individual SWNT
was adjusted by moving the GNP with an AFM tip.

Experimental Methods

Well-separated long SWNTs on SiO2 substrate were grown
by catalytic chemical vapor deposition (CVD).33,34Trenches and
crosses at micron scale were previously fabricated on the
substrate by photolithography and used as markers to locate
individual SWNTs. GNPs of∼12 nm diameter were prepared
by sodium citrate reduction of hydrogen tetrachloroaurate (III)
trihydrate (HAuCl4‚3H2O) and were then used as seeds for
synthesizing larger ones.35

The sample with SWNTs was then immersed into the Au
hydrosol, followed by rinsing with ultrapure water (18.2 MΩ
cm) and drying with highly purified nitrogen. The immersion
time was determined by the expected surface distribution of
GNPs on the substrate. With the prefabricated markers on the
substrate, the same SWNTs and GNPs, before and after the
AFM manipulations, were easily located under AFM and the
objective of the micro-Raman spectroscope.

Raman spectra of SWNTs were measured using a Renishaw
system 1000 micro-Raman spectrometer equipped with a He-
Ne laser (632.8 nm) and an Olympus microscope (50×
objective, numerical aperture: 0.80). The exposure time for a
single spectrum was 10 s, and the laser power on the sample
for all the measurements was 1 mW. The incident polarization
was altered by rotating a half-wave plate inserted before the
microscope objective. Such a configuration avoids the effects
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of the polarization-dependent sensitivity of the spectrometer
grating.36,37The Raman scattering signals were collected without
any analyzer polarizer. The maximum Raman intensities in the
same area before and after the manipulation of GNP can be
obtained from Raman spectral mapping. AFM manipulations
of GNPs were done on a Nanoscope III SPM (Veeco) equipped
with a homemade software.38 All measurements were done at
room temperature. After each manipulation, the sample was
baked in air at 300°C for 5 min to clean the possible
contamination on the surface of GNP introduced by the AFM
tip. For the SWNTs, Raman spectra show that there is no
observable damage caused by laser irradiation or the bake
process (see Supporting Information).

Results and Discussion

Raman spectra of SWNTs are generally dominated by two
bands, that is, the radial breathing mode (RBM) and the
tangential (G) mode.23,39 RBM is relevant to the coherent
vibration of C atoms in the radial direction and occurs between
120 and 350 cm-1 for SWNTs of diameters from 0.7 to 2 nm.23

The frequency of G band varies from 1550 to 1610 cm-1,
depending on the chirality and diameter of SWNTs. G+ band,
the higher frequency component, is associated with vibrations
along the axis of the SWNT, and G- band, the lower frequency
component, is associated with vibrations along the circumfer-
ential direction.23

The experimental scheme is shown in Figure 1a. The Raman
signal was collected in back-scattering direction. Figure 1b,c
shows typical Raman mapping images (G+ band) of two sections
of a long SWNT without and with a GNP nearby. As shown in
Figure 1b, for the section without a GNP, the Raman intensity
of the G+ band was homogeneous along the tube axis. However,
a sharp contrast in the Raman intensity appeared where there
was a GNP nearby, as shown in Figure 1c, which suggests that
the Raman scattering of the SWNT can be locally enhanced by
the GNP. Figure 1d shows typical Raman spectra of this
individual SWNT captured from the points close to and away
from the GNP. The Raman intensity of the G+ band at the point
close to the GNP was enhanced about three times. In addition,
the RBM peak appeared in the GNP enhanced spectrum, while
it was merged into the background of the spectrum without
GNPs, as shown by the inset in Figure 1d.

On a selected region, the relative positions of the SWNT and
GNPs can be further adjusted by AFM manipulation. Figure
2a I-III shows AFM images of a selected region where a GNP
of 110 nm diameter (marked by the circle) was pushed away
from and close to a long SWNT. The distances from the
manipulated GNP to the SWNT in image II and III were
estimated to be∼10 and∼30 nm (see below), respectively.
The corresponding Raman spectra are shown in Figure 2b. It is
apparent that the Raman intensity increased dramatically when
the GNP was moved closer to the SWNT (Figure 2a, image
II), while a decrease occurred when the GNP was slightly pushed
away (Figure 2a, image III).

Before the manipulation, only one weak peak at 127 cm-1

was observed in the RBM region of the Raman spectrum, as
shown in Figure 2b. According to the empirical equationdt ∼
248/ω for individual SWNTs on SiO2 surface,25 wheredt (nm)
is the diameter of SWNTs,ω (cm-1) is the frequency of RBM
mode and the parameter 248 has a unit of cm-1nm, the estimated
diameter of this SWNT is∼1.9 nm, which is much smaller
than the height measured by AFM (4.2( 0.5 nm). It indicates
that the observed SWNT must be a bundle of several nanotubes
with only one in good enough resonant condition to be observed

in Raman spectra. After being enhanced by the GNP, a weak
peak at 173 cm-1 appeared, as shown in Figure 2b, suggesting
that another SWNT with the estimated diameter of 1.4 nm (dt

∼ 248/ω) must exist in this bundle (also see Supporting
Information). It is worthy to point out that resonance Raman
spectroscopic characterization of an isolated SWNT sample may
not provide enough spectral details to recognize whether it is a
single nanotube or a small bundle, because some SWNTs out
of resonance may be “invisible” in normal Raman spectra under
a certain excitation wavelength.25 Therefore, SERS spectra of
SWNTs provide a possible way to solve the above-mentioned
problem to a certain extent, that is, distinguishing SWNT
bundles from individual SWNTs. In addition, some weak Raman
active modes, such as the intermediate frequency modes,40 of
an individual single SWNT could be clearly seen in the SERS
spectra (data not shown here) although not in resonance Raman
spectra.

The observed Raman enhancement was caused by the induced
electric field of the GNP acting on the SWNT when the GNP
was moved closer. Figure 2c shows the electric field profile of
a 110 nm spherical GNP on SiO2 substrate, simulated by
generalized Mie theory with considering the substrate effect.41

The dotted lines represent the position of the SWNTs withD
denoting the distance between the GNP and the SWNT. It is

Figure 1. Schematic view of the experimental setup and Raman spectra
of an individual SWNT with and without GNPs. (a) Schematic view
of the experimental setup. (b,c) Raman mapping (G+ band) images of
an individual SWNT without GNPs and with a GNP as the source of
the enhancement. (d) The corresponding Raman spectra (black and red
curves: the intense region in panels b and c, respectively). Inset, RBM
band at 266 cm-1.
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clear that the smaller the distance is, the more intense the electric
field the SWNT experiences.

Figure 3a shows the AFM image (1.8× 1.8µm) of a section
of a long individual SWNT before the GNP was pushed closer
by AFM manipulation. The original distance between the center
of the GNP’s projection (80 nm diameter, marked by the arrow)
and the SWNT was∼200 nm. The induced EM field of the

GNP at such a distance could be attenuated to such a low level
that the measured Raman intensity of the SWNT, in this case,
was similar to that of the SWNT without any GNPs nearby
(see Supporting Information), which can be taken as the basis
for comparison. Figure 3b-d shows the AFM images of the
same region after AFM manipulation, in which the measured
distance (D) between the GNP and the SWNT were∼15,∼40,
and ∼60 nm, respectively. The scheme for estimating the
distance between the GNP and the SWNT is shown in Figure
3f and described in detail in Supporting Information.

Figure 3g shows Raman spectra that were taken from the
same region corresponding to the above images with the incident
polarization parallel to the SWNT axis. The intensities of the
G+ band and RBM peak (inset) are the strongest at a distance
of ∼15 nm and decrease with the increased distances, as the
peak positions remain unchanged. Because there were three
other nearby GNPs that were close to the SWNT in Figure 3d,
we carefully compared the Raman spectra of the section of
SWNT in Figure 3a (D ∼ 200 nm) before and after the nearby
GNPs being pushed away and the section without GNPs of the
same SWNT in other areas. No discrepancies in both intensity
and peak position were observed, which indicates that the
Raman enhancement was only caused by the manipulated GNP
of 80 nm in diameter (see Supporting Information).

The observed SWNT in this region was confirmed to be an
individual single SWNT by the consistency between the
estimated diameter of the SWNT from RBM frequency at 291
cm-1 (dt ∼ 248/ω ) 0.85 nm) and the AFM measured height
of the SWNT (0.9( 0.2 nm). It should also be noted that the
RBM peak is “invisible” without SERS enhancement.

At each distance, the Raman spectra at different polarization
angles were measured as well, as shown in Figure 4a. The
polarization dependence for the GNP at 200 nm distance shows
a clear cos2 θ dependency, which is the same as that in normal
Raman measurement.36 At such a distance, no obvious SERS
effect can be observed. When the GNP was moved closer, the
Raman intensity was enhanced notably in all polarization angles.
However, the cos2 θ dependency was obviously broken here
becasue there was nonzero minimum Raman intensity at the
perpendicular polarization,42 while cos2 θ predicts a zero value.

Figure 2. AFM images of a manipulated GNP and the corresponding Raman spectra. (a) AFM images (1.8µm × 1.8 µm) of a single GNP and
a SWNT at distancesD of ∼200 (I), ∼10 (II) and∼30 nm (III), respectively. (b) The corresponding Raman spectra for I (black), III (blue), and
II (red) in panel a. (c) The electric field profile on the substrate under the GNP simulated by the generalized Mie theory. The laser polarization is
parallel to the axis of the SWNT.

Figure 3. AFM images and single-GNP-enhanced Raman spectra of
an individual SWNT at different distanceD. (a-d) AFM images (1.8
µm × 1.8 µm) of the SWNT and GNP. The distanceD is ∼200 nm
for (a),∼15 nm for (b),∼40 nm for (c), and∼60 nm for (d). Insets in
panels a-d show the magnified contour images to clarify the relative
position of the GNP and the SWNT. (e) The section profile of the
GNP indicated by the arrow. (f) The estimation of the distance between
the center of the GNP’s projection and the SWNT in the contour image
(see Supporting Information for details). (g) The corresponding Raman
spectra (black for (a), red for (b), green for (c), and blue for (d)). Inset,
the RBM region. The polarization of the incident laser is parallel to
the axis of the SWNT.
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It can be explained by an enhanced nonzero electric field parallel
to the SWNT, which was induced by the GNP. The antenna
effect of the GNP will cause additional Raman enhancement
of the SWNT. To simulate the experimental results, we
calculated the EM enhancement using the generalized Mie
theory with considering the configuration of light focusing and
the substrate effect. The substrate effect is accounted as the
interaction between the particle and its mirror image inside the
substrate.41 The light at the focus is assumed to be the sum of
a number of plane waves that come from every part of the
objective. The vector and polarization of these waves are
determined by the geometrical optics. Under this least ap-
proximation, the expressions of the average electric-field
intensity are

wherer andæ are radial and angular coordinates of a point on
the objective (see the inset of Figure 4b), andEi is the electric
field calculated by the generalized Mie theory including the
substrate-particle coupling.

For SWNTs near the nanoparticle, the enhanced near-field
has a component parallel to the SWNT whatever the incident
polarization is. The perpendicular components are ignored as
only the parallel component of the incident electric field can

excite the Raman scattering process of the SWNT efficiently.36

The distance between the SWNT and GNP is relatively large
(g15 nm), which means the symmetry-lowering effects men-
tioned by Kneipp et al.43 should be unlikely accounted here.
Hence, the calculated enhancement factor is written as

whereL is the length of the SWNT that experienced the induced
electric field, which is taken as the diffraction limit of the
focused laser beam (∼300 nm).E0 is the electric field of the
incident light.

In Figure 4b, the dots and curves represent the experimental
enhancement factor (EF) values and theoretical Raman enhance-
ment forD at 15, 40, and 60 nm, respectively. The experimental
EF here is defined as the ratio of the enhanced Raman scattering
intensity of G+ band to the original intensity under a parallel
polarization configuration without GNPs. Obviously, the ob-
served single-GNP SERS polarization dependence of individual
SWNT can be appropriately explained by the pure EM simula-
tion. It should be noted that at the distances used here, the single
SWNT may have no contact with the GNP if the shape of the
GNP is spherical (see Supporting Information). Hence, the
chemical enhancement that requires chemisorption of the probe
molecules will be ruled out in such a single-nanoparticle/single-
nanotube system.

Interestingly, the theoretical method presented here is different
from the traditional SERS theory. In the traditional SERS theory,
the EF is roughly proportional to the product of the enhancement
of the local field which the molecule experiences and the
emission enhancement in the Raman channel due to the antenna
effect of the surrounding metallic nanostructures, which can be
expressed asM(θ) ≈ |Eloc(ω)/E0(ω)|2‚|(Eloc(ω - ωυ))/(E0(ω -
ωυ))|2, whereE0 andEloc are the incident and induced electric
filed, and ω and ωυ are the incident frequency and the
vibrational frequency of the test molecule, respectively. For
SWNTs, the Raman scattering shows a clear cos2 θ incident
polarization dependency, which means that only the electric field
aligned to the direction of the nanotube can cause strong enough
Raman scattering. Hence the field enhancement term is changed
to |Ex(ω)/E0(ω)|2 for single SWNT instead, whereEx is the
induced electric field aligned to the axis of the nanotube. Since
Ex is only a partial component ofEloc, the contributions to the
SERS EF are significantly different. The dashed curve in Figure
4b represents the simulated result by considering the totalEloc

instead ofEx at a distance of 15 nm. It is obvious that neither
the absolute enhancement nor the polarization dependence is
in accordance with the experimental values. Hence, the agree-
ment of the experiments and the modified EM model described
here suggests a rational modification of the EM model for the
EM enhancement mechanism of SERS for one-dimensional
“molecules”, like SWNTs.

Conclusion

We use AFM manipulated single GNP to obtain SERS spectra
from individual SWNT(s). The measured Raman enhancement
strongly depends on the distance between the single nanoparticle
and the individual SWNT, which can be modulated by AFM
manipulation, and significantly depends on the polarization
angles. At the large enough distances, the chemical enhancement
that requires chemisorption can be ruled out in such a single-
particle/single-nanotube system. The agreement between the
experimental results and the theoretical model is achieved, which

Figure 4. Polarization dependence of G+ band intensity at different
distanceD and experimental and theoretical Raman enhancement. (a)
Raman intensity of G+ band as a function of the polarization angleθ
for D at ∼200 nm (purple),∼60 nm (blue),∼40 nm (red), and∼15
nm (black), respectively. The purple triangles are fitted by cos2 θ (black
curve). Inset, the definition of polarization angleθ. (b) The experimental
EF (markers) and theoretical Raman enhancement (curves) forD at 15
nm (black), 40 nm (red), and 60 nm (blue), respectively. Inset, scheme
for the calculation.E andk denote the directions of the polarization
and wave vector of the incident light and convergent light from one
part of the objective. The dashed curve represents the simulated result
by considering the totalEloc instead ofEx at the distance of 15 nm for
comparison.
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suggests a rational modification to the EM enhancement of the
normal SERS theory for one-dimensional Raman active mol-
ecules, such as SWNTs. On the other hand, the enhanced Raman
spectra may provide a possible way to distinguish SWNT
bundles from individual SWNTs. Also, GNPs of different size,
number and morphology can be selectively manipulated to
enhance the Raman scattering of the SWNT, which makes it a
feasible way to study the electric field distribution around
different GNPs (or other metallic nanoparticles, for example,
Ag nanoparticles) at individual nanoparticle level.
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