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Abstract: An electroless deposition method comprised of seed formation and subsequent seeded growth
is developed for the decoration of surface-grown single-walled carbon nanotubes (SWCNTSs) with gold
nanoparticles of controlled size and interparticle distance. The density of the gold nanopatrticles is determined
by the density of seeds. Gold seeds are used for the SWCNT arrays grown on SiO,/Si substrates. For the
dense SWCNT arrays on quartz, palladium seeds are used because it is much easier to obtain higher
quantities of seeds. Attributed to both the seed formation specified on SWCNTSs and the succedent efficient
seeded growth process, the gold nanoparticles deposit on SWCNTSs with very high selectivity. This electroless
method shows no selectivity on types, defects, and conductivity of the SWCNTSs, and thus ensures the
uniform decoration of all SWCNTs on the wafer. Most importantly, this method provides the possibility to
realize the optimal configurations of gold nanoparticles on SWCNTSs for obtaining maximal surface-enhanced
effects and consequently surface-enhanced Raman spectrum (SERS) of each SWCNT. Thus, both the in
situ Raman detection of every SWCNT including those nonresonant with laser energy and the observation
of the radial breathing modes of SWCNTs originally undetectable with resonance Raman spectroscopy
are achieved. Further investigations over the effect of the laser wavelength and the interparticle distance
on the SERS enhancement factors of SWCNTs prove that the coupled surface plasmon resonance
absorption of the high-density gold nanoparticles decorated on SWCNTSs contributes most to the strong

surface enhancement.

Introduction

It has long been a big challenge to develop methodologies
for detecting the molecular structure and electronic band
structure of individual single-walled carbon nanotubes (SWCNTS),
especially the surface-grown SWCNTs, which are of great
importance in the application of nanoscaled electronics and
optoelectronics.'* Rayleigh scattering,” electron scattering,* and
fluorescence spectroscopy”® have shown their partial success
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in the detection of the (n, m) structure of SWCNTSs. However,
none of these methods can realize the in situ characterization
of all SWCNTs grown on substrates. Resonance Raman
spectroscopy (RRS) can probe the structure of SWCNTs at the
single tube level.”~® However, due to the resonance of excitation
photons coinciding with the electronic transition over the band
gap of the SWCNTs,” the majority of the SWCNTSs in a sample
cannot be detected using one excitation laser of fixed wavelength
or even several wavelengths, especially for the surface-grown
SWCNTs, which show relatively low Raman intensity due to
the strong interaction between SWCNTs and the substrates.'!!

Surface-enhanced Raman spectroscopy (SERS), which typi-
cally employs the strong surface plasmon resonance (SPR) of
the metal (normally gold or silver) nanoparticles, has succeeded
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Figure 1. (a) Scheme of the controlled decoration of gold nanoparticles onto SWCNTs based on gold seeds via (i) gold seed decoration and (ii) subsequent
seeded growth stages; (b) scheme of the controlled decoration of gold nanoparticles onto SWCNTs based on palladium seeds via (i) PdCl, adsorption, (ii)

H, reduction, and (iii) seeded growth stages.

in detecting organic compounds at the single molecule level.'*'?
SERS of SWCNTs both in bulk form'*'> and grown on
surface'®?° has been studied. However, it remains uncharted
and challenging to obtain Raman signals for every SWCNT
grown on substrates. Nevertheless, SERS presents a possible
approach to probe the structure of all individual SWCNTs
because the surface-enhancement effect does not show any
selectivity in the electronic transition energy of SWCNTs.'*?!
To achieve this goal, especially to detect the SWCNTs non-
resonant with the excitation wavelength, we should focus on
obtaining an optimal surface-enhancement effect. First, gold or
silver nanoparticles of controlled size and small interparticle
distance, which would result in strong coupled SPR absorption
with an extraordinary enhancement factor for Raman intensity, >
should be uniformly decorated on every SWCNT. Second,
because the SPR absorption and the Raman signals of SWCNTSs
are strongly polarized,** three directions, that is, the polariza-
tion direction of incident laser, the axis direction of SWCNTSs,
and the coupled direction of nanoparticles, should be parallel
to each other to obtain the strongest Raman signals.
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A few methods, including evaporation,
troless deposition,'6’29_3‘ and electrochemical deposition,
have been developed for the decoration of metal nanoparticles
on surface-grown SWCNTs. However, the metal nanoparticles
decorated via evaporation or sputtering showed poor selectivity
on SWCNTs.?*2% Choi et al. reported that selective electroless
metal (gold or platinum) deposition on SWCNTs occurred
spontaneously when nanotubes were immersed in corresponding
metal salt solutions.”® Nevertheless, the electroless methods
typically resulted in either relatively small metal nanoparticles
with sizes normally smaller than the effective SERS diameters
of metal nanoparticles?**° or low density of metal nanoparticles
decorated on SWCNTSs.'® Alternatively, the size and density of
metal nanoparticles decorated via electrochemical deposition
approaches could be well tuned.*>** However, the size and
density of metal nanoparticles strongly depended on the
conductivity of the SWCNTs and the distance from the
electrodes.?®>? It remains a big challenge to realize the uniform
decoration of metal nanoparticles with controlled size and
density on every surface-grown SWCNT with high selectivity
over the whole wafer.

Here, we report a new electroless approach, which is based
on a two-stage deposition process: seed deposition and seeded
growth (Figure 1), to decorate highly SERS-active gold nano-
particles of controlled size and interparticle distance on surface-
grown SWCNTs. Importantly, the seeds deposit with high
selectivity on the sidewalls of SWCNTs via the reduction of
HAuCl, by SWCNTs (Figure 1a), as reported by Choi et al.,*
or the formation of stable complexes between PdCl, and
SWCNTs (Figure 1b). Moreover, the well-controlled seeded
growth ensures the selective decoration of gold nanoparticles
with controlled size and interparticle distance on SWCNTs.
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Besides, the nanoparticles align well along the SWCNTs,
making it easy for alignments with the incident laser polariza-
tion. As a result, our method not only lights up all SWCNTs
using only one excitation laser wavelength, but also enables
the observation of radial breathing mode (RBM) peaks originally
undetectable with RRS.

Experimental Methods

Decorating Gold Nanoparticles onto SWCNTs by Seeded
Growth Based on Gold Seeds. The gold/SWCNT composites were
prepared by an electroless deposition method comprised of a two-
stage process: seed deposition and seeded growth (Figure la).
Horizontally aligned SWCNTs were grown on either quartz or SiO,/
Si substrates as previously reported.*> > The as-grown SWCNT
samples were first immersed into a 5 mM HAuCl, ethanol/water
(1/1, v/v) solution for 5 min to deposit gold seeds, then rinsed with
ethanol and water. This step was repeated once again to increase
the density of gold seeds on SWCNTs. Next, the samples were
immersed into a seeded growth solution containing 0.05 mM
HAuCly; and 0.25 mM hydroxylamine hydrochloride (HA) in
ethanol/water (1/1, v/v) for 1 h, followed by rinsing with ethanol
and water.

Decorating Gold Nanoparticles onto SWCNTs by Seeded
Growth Based on Palladium Seeds. The gold/SWCNT composites
were prepared by an electroless method comprised of a three-stage
process: PdCl, adsoprtion, H, reduction, and seeded growth (Figure
1b). High-density arrays of horizontally aligned SWCNTs were
grown on quartz, as previously reported.***® The as-grown SWCNT
samples were first immersed into a 5 mM Na,PdCl, solution for
several minutes to deposit PdCl, nanoparticles, then rinsed with
water. The samples were then transferred into a quartz tube and
reduced by H, for 10 min at room temperature. Finally, the samples
were immersed into a seeded growth solution containing 0.25 mM
HAuCly and 0.25 mM HA, followed by rinsing with water.

Characterizations. The obtained products were characterized
via SEM (FEI XL30 SEM-FEG), AFM (Seiko SPA400 or Veeco
Nanoscope Illa, at tapping mode), absorption spectrometer (Perkin-
Elmer Lambda 35), Raman spectrometer (Horiba LabRam ARAMIS
or LabRam HR 800), XRD (Rigaku Dmax-2000 with Cu Ka
radiation, 1 = 1.5406 A), and XPS (Kratos Axis Ultra). Raman
spectra were taken after aligning the axis of the SWCNTs along
the laser polarization direction under the optical microscope attached
to the Raman spectrometer. The typical spot size of the laser was
around 1 um under a 100x objective lens, and the laser energy
was carefully controlled to avoid any heat effect (typically about
1.2 mW).

Results and Discussion

1. Selective Electroless Deposition of Gold Nanoparticles
on Surface-Grown SWCNTs Based on Gold Seeds. For the
SWCNT arrays grown on SiO,/Si substrates, we used gold seeds
to grow dense gold nanoparticles (Figure 1a). It was found that
the seeds were selectively deposited on SWCNTSs and the density
could be controlled (Figure S1 in the Supporting Information).
Figure 2a and b shows typical SEM images of SWCNTSs on
Si0./Si before and after gold decoration, respectively. Uniform
gold nanoparticles with the size of 147 £ 23 nm (Figure 2c)
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Figure 2. (a) SEM image of the as-grown SWCNTs on SiO,/Si; the inset
is the magnified image; (b) SEM image after gold decoration via gold seed
mediated growth; the inset is the magnified image; (c) AFM topographical
image of the gold/SWCNT composites obtained after seeded growth in 0.05
mM HAuCl, + 0.25 mM HA; (d) AFM image after seeded growth in 0.25
mM HAuCl, + 0.25 mM HA.

and a density of 3—4 nanoparticles per micrometer of SWCNT
(NPs/um SWCNT) were selectively formed on SWCNTs after
gold seed deposition and subsequent seeded growth. The average
interparticle distance of the adjacent gold nanoparticles was
about 140 nm. Importantly, due to the selective nucleation of
gold seeds on the sidewalls of SWCNTs via the reaction between
HAuCl, and SWCNTs,?”-*? almost all of the gold nanoparticles
were decorated on SWCNTSs. Moreover, both the size and the
density of gold nanoparticles could be tuned. The density of
gold seeds could be tuned from 3 to over 30 NPs/um SWCNT
(Figure S1 in the Supporting Information) by adjusting the
reaction time and repetition times during the seed deposition
stage; the diameter (D) of the final gold particles on SWCNTSs
could easily be altered from several to hundreds of nanometers
(Figure S2 in the Supporting Information) by increasing the
seeded growth time. As a result, the interparticle distance (d)
decreases rapidly from about 500 to 17 nm with the elongation
of seeded growth time (Figure S2 in the Supporting Informa-
tion). Other experimental parameters, such as the ethanol/water
ratio during the seed deposition, and the reactant concentrations
in the seeded growth stage could also help to tune the diameter
and interparticle distance of the final gold nanoparticles on
SWCNTs. For instance, from far separated gold nanoparticles
with interparticle distance over 1 um and a d/D value of about
5 (Figure 2d) to continuous gold nanowires (inset in Figure 2b
and Figure S2c in the Supporting Information) can all be formed
by varying the reaction conditions.

2. Controlled Decoration of Gold Nanoparticles on Surface-
Grown Dense SWCNTs Based on Palladium Seeds. Gold-seeded
growth showed extremely high selectivity on nano-
tubes for SWCNT arrays on SiO,/Si substrates and obtained
high-density nanoparticles deposited only on SWCNTs. It
showed even higher selectivity of nanoparticle deposition on
tubes for the dense SWCNT arrays grown on quartz wafers,
but the density of the deposited particles was found to be
relatively low (Figures 3). One of the reasons may be the relative
low seed formation efficiency of gold on dense SWCNT arrays.
Thus, we exploited another process based on palladium seeds
for the high-density SWCNT arrays (Figure 1b and Figure S3



Detection of Nanotubes by SERS

ARTICLES

Bec ¥ | SodWagn || bt | wilk
1006 100 ooy s

el S

P L L

Figure 3. SEM images of the high-density SWCNT arrays on quartz (a) before and (b) after gold decoration based on gold seeds via repeating both the gold
seed deposition process and the seeded growth process several times. Inset of (b) is the magnified image.
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Figure 4. AFM topographical images of (a) the as-grown high-density SWCNT arrays on quartz and (b) the PACl,/SWCNT composites. (c) AFM topographical
image and (d) SEM image of the gold/SWCNT composites obtained by seeded growth based on palladium seeds. Inset in (d) is the magnified image.

of the Supporting Information). From an organometallic chemi-
cal point of view, it is possible to form rather stable d—x
complexes of PdCI, with the sidewalls of carbon nanotubes
when exposing SWCNTs in the solution of Na,PdCl,.**"** As
shown in Figure 4b, after being immersed in 5 mM Na,PdCl,
solution for 2 min, PdCl, nanoparticles with a uniform size of
6.8 £ 1.8 nm and a high density of over 30 NPs/umSWCNT
were chemically adsorbed on SWCNTSs. The nanoparticles were
then reduced by H, to Pd with a smaller size of 5.7 & 1.8 nm
and a lower density of about 25 NPs/um SWCNT. The Pd
nanoparticles were used as the seeds for further gold deposition,
resulting in gold nanoparticles with a size of 54.7 & 8.5 nm
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73-82.

and a high density of about 12 NPs/um SWCNT (Figure 4c
and d). The average interparticle distance of the adjacent gold
nanoparticles was smaller than 30 nm, which was smaller than
the size of nanoparticles. Here, ~85% of the nanoparticles were
deposited on SWCNTs. It is not as high as that in the gold-
seeded process; however, it is still satisfying. The size and
density of the deposited particles could also be well controlled
(Figures S4, S5, and S6 in the Supporting Information). For
example, when the adsorption time in the seed deposition step
was adjusted from 1 to 3 min, the size of the gold nanoparticles
decreased from 88 + 35 to 32 + 11 nm, while the density of
gold nanoparticles increased from 3 to 13 NPs/um SWCNT,
and thus the average interparticle distance decreased from 245
to 42 nm.

3. In Situ SERS Measurement of Every Individual SWCNT
on Substrates. As shown above, gold nanoparticles with well-
controlled size and small interparticle distance can be decorated
uniformly on all SWCNTSs with our methods. The nanoparticles

J. AM. CHEM. SOC. = VOL. 131, NO. 40, 2009 14313
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Figure 5. SEM image (a), optical image (b), and corresponding Raman
spectra (¢) of 10 SWCNTs grown on SiO,/Si after gold decoration with an
excitation wavelength of 633 nm. Mapping of the Raman intensity of three
SWCNTs (d) and four SWCNTs (e), respectively, in the range of
1450—1650 cm™! with the corresponding SEM image (d) and optical image
(e) shown above. The distance between the left two SWCNTSs in (e) (~1.5
um) is smaller than twice the laser spot diameter (2d ~ 2 um), and hence
these two SWCNTs overlapped in the mapping image.

align well along the SWCNTSs. This kind of structure ensures
the strong SPR absorption, which will result in large SERS
enhancement for SWCNTSs. In addition, all of the SWCNTSs
become visible under optical microscope after gold decoration
(Figure 5a and b). This also facilitates the achievement of strong
Raman signal of SWCNTs attributed to the convenience in
aligning the SWCNTs to the incident laser polarization direc-
tion.?

It was found in our experiments that for the as-grown
SWCNTs on SiO./Si wafers,> 37 only about one-third of the
SWCNTs showed detectable Raman signal using the excitation
wavelength of 633 nm. This indicated that the other two-thirds
of the SWCNTSs were not in resonance with 633 nm laser. We
then measured the Raman spectra of nanotubes in a gold-
decorated sample of about 200 horizontally aligned SWCNTs
grown on a 1 x 1 cm? SiO,/Si wafer. It was gratifying to find
that the G-band (tangential mode) signals of all of the SWCNT's
on the wafer were observed after gold decoration. Figure Sa
and b shows the SEM and the corresponding optical image of
the representative 10 SWCNTSs whose Raman spectra are shown
in Figure 5c. The lighting up of every SWCNT was further
confirmed by the mapping of the intensity from the G-bands of
SWCNTs (Figure 5d and e).

Because of its narrow resonance windows, RBM peaks of
nonresonant SWCNTSs are especially difficult to be obtained
using RRS.” However, the high SERS-active gold nanoparticles
decorated on SWCNTSs not only render the full emerging of
the G-bands of all SWCNTSs, but also enable the observation
of the RBM peaks originally undetectable with RRS. Figure
6a—d shows the typical Raman spectra of the nearly pure

14314 J. AM. CHEM. SOC. = VOL. 131, NO. 40, 2009

semiconducting SWCNT sample on quartz®® before and after
gold decoration. The aligned SWCNTSs have a narrow diameter
distribution of 1.5—1.8 nm with more than 95% nanotubes being
semiconducting,®® which were theoretically not resonant with
785 nm laser energy.” No RBM peak was observed before gold
decoration (Figure 6a), and the G-band was also difficult to
detect. However, nearly all of the SWCNTSs showed obvious
RBM bands and strong G-bands after gold decoration. For
instance, a strong RBM peak with frequency wgpy around 160
cm™ ! appeared after gold decoration (Figure 6a). This peak was
assigned to SWCNTs with a diameter d, of 1.55 nm, by the
relation d, = 248/wggym.” The appearance of the G~ peak around
1575 cm™!, the low intensity ratio of G~ to G*, and the ab-
sence of the Breit—Wigner—Fano (BWF) peak within the G
line (Figure 6b) indicated the SWCNT is semiconducting. The
appearance of RBM peak around 160 cm™! resulted from the
nonresonant SERS of the SWCNTSs decorated with the high
SERS-active gold nanoparticles. The observation of the RBM
peaks originally undetectable with RRS further confirmed the
strong SERS enhancement of the nonresonant SWCNTSs with
the excitation wavelength of 785 nm. The same SWCNT sample
was also investigated by 633 nm laser, with whose energy these
semiconducting SWCNTSs were in resonance. Both the intensity
of the RBM (Figure 6¢) and the G-band (Figure 6d) increased
significantly after gold decoration.

4. Mechanism for Strong Surface Enhancement Effects of
Closely Packed Gold Nanoparticles. Figure 7a and Table S1
compared the apparent SERS enhancement strength for G-band
intensity of SWCNTs with different excitation wavelengths.
More than 10 spectra were taken with each laser wavelength
before and after gold decoration. The average apparent SERS
enhancement factors of G-band intensity after gold decoration
are 6.4, 54, and 97 upon excitation with laser wavelengths of
442, 633, and 785 nm, respectively. Also, the maximum
apparent enhancement factors are 14.8, 186, and 629 upon
excitation with laser wavelengths of 442, 633, and 785 nm,
respectively. From the results, we can find that the enhancement
strength is excitation wavelength dependent. The absorption
spectra of the gold nanoparticle-decorated SWCNTs grown on
quartz were then measured to deduce the origin of this
phenomenon. As shown in the absorption spectrum (Figure 7b),
the as-fabricated gold/SWCNT composites display a narrow
plasmon band at ~500 nm, and a broad and intense plasmon
band in the near-infrared region. These two bands arise from
the SPR of individual gold nanoparticles and the coupled SPR
of the adjacent gold nanoparticles with small gaps, respective-
ly.*** The total SPR absorbance decreases at the sequence of
785 > 633 > 442 nm, which mainly attributes to the decreasing
coupled SPR absorbance.**** This results in the stronger
enhancement of Raman intensity with 633 nm laser and 785
nm laser than that with 442 nm laser (Figure 7b).

Additionally, the enhancement factors were found to be much
larger in areas with adjacent gold nanoparticles (interparticle
distance smaller than 10 nm, d/D value smaller than 0.1) than
in areas with far separated gold nanoparticles (interparticle
distance larger than 1 um, d/D value about 5), as shown in
Figure 8. Previous theoretical and experimental results showed
that the electromagnetic coupling of metal nanoparticles be-
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Figure 6. Raman spectra of nearly pure semiconducting SWCNTSs before (black solid curves) and after (red dotted curves) gold nanoparticles’ decoration
under different laser excitation. (a,b) 785 nm laser, the same nanotube. (c,d) 633 nm laser, another nanotube. All of the spectra were normalized to the quartz
substrate peak at around 464 cm™!. The peaks marked with an asterisk arise from the quartz substrate.

a 442 £33 786

r i
& aoriginal SWNTs
+_decorated sWNTs | || % 54

1 -

i
1 i o]

E

L

Jalla

x6.4
0.01 \
400 500 600 700

Laser wavelength / nm

Wavelenath / nm

Figure 7. (a) Different apparent SERS enhancement factors for intensity of G* peaks of SWCNTs with different excitation wavelength. Iq is the intensity
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Figure 8. The effect of interparticle distance on SERS enhancement factor.
The adjacent gold nanoparticles (interparticle distance <10 nm) increased
the intensity of the G* peak by 108 times, while the far separated gold
nanoparticles (interparticle distance >1 #m) only increased the intensity of
the G* peak by 13 times.

comes effective when the interparticle distance is smaller than
about 2.5 times the particle diameter (d/D < 2.5).*** Also,
the electromagnetic SERS enhancement factor increases ap-
proximately exponentially with decreasing interparticle distance.***
Therefore, it further confirmed that the strong SERS enhance-
ment of SWCNTSs mainly came from the electromagnetic SERS

(46) Su, K. H.; Wei, Q. H.; Zhang, X.; Mock, J. J.; Smith, D. R.; Schultz,
S. Nano Lett. 2003, 3, 1087-1090.

enhancement caused by the coupled SPR absorption of decorated
gold nanoparticles with high density and small interparticle
distance.

Actually, the enhancement factors shown in Figure 7a and
Table S1 do not represent the real enhancement strength for
nonresonant SWCNTs. When we made the statistical analysis,
only the band intensities of resonant SWCNTs before gold
decoration were used because the nonresonant tubes do not give
any Raman signal before gold decoration. The real enhancement
factors for nonresonant tubes should be much higher than those
shown in Figure 7a and Table S1; otherwise, it should be still
infeasible to observe the Raman spectra of the nonresonant
SWCNTs after gold decoration under an enhancement of only
several hundred times. As claimed in the previous report about
the bulk SWCNTs,'* the SERS enhancement factors could be
as large as 10'2. This may be a reference for us to make a rough
prediction about the magnitude of the SERS enhancement factor
of surface-grown SWCNTs.

5. Do the SERS Results Reflect the Intrinsic Properties of
All SWCNTs in a Sample? Another question that arises is
whether the SERS gives a reliable measurement of the intrinsic
properties of all SWCNTs in a sample. From the work of
Collin’s group, the electro-deposited gold nanoparticles tended
to nucleate at defect sites on nanotubes.** However, as already
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Figure 9. Raman spectra of the D- and G-bands of the SWCNTSs grown on quartz substrates (a) before and (b) after decoration of the gold nanoparticles
under the 633 nm laser excitation. All of the spectra were normalized to the G* peaks.

mentioned above, our electroless method ensures the uniform
decoration of high density gold nanoparticles on all SWCNTs.
The density can be higher than 10 NPs/um SWCNT, which is
much higher than the defect density of the surface-grown
SWCNTs produced by chemical vapor deposition method
(typically less than one defect per micrometer of SWCNT).*
This indicates that our electroless method shows no decorating
selectivity on defects, types, and conductivity of the SWCNTs.
Therefore, we can obtain the SERS of each SWCNT in a sample.

It is reported that SERS is not stable in some cases due to
the blinking effect.'*” The origin of the blinking effect is still
unclear. Some people ascribed it to the thermal effect of the
molecules adsorbed on metal nanoparticles.*® In our experi-
ments, the blinking effect was found to be rather weak for SERS
of SWCNTs after gold decoration. Both the signal intensities
and the frequencies did not change much in several minutes
(Figure S8). One of the reasons may be the low laser power
(typically about 1.2 mW) we used for taking the Raman spectra.
The blinking effect did not become obvious until the laser power
was above 3 mW.

Furthermore, the peak intensity ratio of the D-band over that
of the G-band of the SWCNTs, Ip/lg, did not change much
before (Ip/Ig = 0.02—0.08) and after gold decoration (Ip/lg =
0.03—0.07) in our method from the statistics of almost all spectra
we obtained. Some of these spectra are typically shown in Figure
9. This reveals that our electroless method did not generate new
defects during gold decoration of the SWCNTs. Besides, the
oxidation state of the gold was determined by XPS as shown
in Figures S3c and S3d. The XPS spectra of the gold nanopar-
ticles decorated on SWCNTs show the Au 4f;, and Au 4fs,
doublet with the binding energies of 84.2 and 87.9 eV, which
are typical values of Au’.*’ This indicates the charge transfer
between SWCNTs and gold nanoparticles is weak, which has
a small effect on the intrinsic properties of SWCNTs.'® Thus,

(47) Nie, S. M.; Emory, S. R. Science 1997, 275, 1102-1106.

(48) Maruyama, Y.; Ishikawa, M.; Futamata, M. J. Phys. Chem. B 2004,
108, 673-678.

(49) Hu, X. G.; Wang, T.; Qu, X. H.; Dong, S. J. J. Phys. Chem. B 2006,
110, 853-857.
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the SERS achieved in our method reflects the intrinsic properties
of the SWCNTs.

Conclusions

In summary, an electroless deposition method comprised of
seed deposition and seeded growth has been developed to
decorate surface-grown SWCNTs with gold nanoparticles with
controlled size and high density, consequentially of high SERS
activity for lighting up all SWCNTs including those nonresonant
with laser photon energy. The strong SERS enhancement mainly
comes from the electromagnetic SERS attributed to the coupled
SPR absorption in the high density gold nanoparticles aligned
on SWCNTs. This SERS method could potentially be developed
into a metrological tool for in situ characterization of all
SWCNTs with only one laser wavelength. Also, it would be
the third technique after Rayleigh scattering and electron
scattering that can be used for the full detection of each
individual SWCNT in a sample and the only method to in situ
characterize every SWCNT on substrates. Possibly, the aligned
gold nanoparticle/SWCNT composites can find more applica-
tions such as polarizers in optical devices.
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