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Confocal optical microscopy was employed to study the effect of surface-enhanced Raman scattering on
individual single-walled carbon nanotubes covered with isolated gold particles. The gold particles with diameters
between 10 and 120 nm were deposited in low densities on the tubes’ sidewalls by an electrochemical method.
In the spectra, Raman peaks associated with the nanotubes were found to be superimposed on a broad
luminescence background originating from the metal particles. With increasing particle size, both the
luminescence intensity as well as the Raman enhancement increased at longer wavelengths. This finding is
consistent with a size-dependent broadening of the gold plasmon frequency and a corresponding extension of
the energetic range for local field enhancement on the particle surface. In addition, wavelength-dependent
experiments revealed a maximum Raman intensity when both nanotube and metal particle were in optical
resonance.

Introduction recombination of electrons from the 6sp-band close to the Fermi
. . " o level with holes in the 5d-bar@.While the photoluminescence

Progress in nanoscience crltlpally depen.ds on the aplllty to quantum yield (PL-QY) is only on the order of 19 for bulk

controllably tune the electronic and optical properties of 444 it increases for small particles if the energy range of the

nanostructures. This task can be achieved through the variationy asmon coincides with the interband recombination. For gold
of size and shape of the respective materials or by combining nanocrystals, the PL-QY can be up to-t@&s a consequence
different nanostructures, from which useful cooperative effects ¢ ihe strond local electric field enhancement caused by the

can evolve. Of particular interest is the combination of single- ¢, t5ce plasmoft22

walled carbon nanotubes (SWNTs) and gold nanoparticles \yhjje the structure property relationships of both isolated
(NPs), which represent two of the most intensively studied g\yNTs and isolated metal NPs have been intensively explored,
nanoscopic systems whose properties are sensitive 10 they cp, jess is known about corresponding hybrids. In the present

chemical environmertt. _ work, we investigated the local spectroscopic properties of
For isolated SWNTs, it has been demonstrated that the jndividual SWNTs decorated with gold nanoparticles. The

electronic properties do not only depend on their struétbu¢  particles were deposited onto the tubes via an electrochemical
can also be modulated by chemical modifications such as approach, whereby an intimate physical contact between the
doping or the attachment of functional grodpsr metal two components is ensured. This renders the SWNT/NP hybrids

nanoparticle$:® Progress along these lines has led to the jnto a suitable test bed for studying surface-enhanced Raman
successful realization of devices such as chemical seﬁsors,scattering (SERS), which mainly arises from enhanced optical
rectifying diodes} and single-electron transistdtsin this fields in the vicinity of the NPs. The near field of metal particles
context, the evaluation of the impaCt of the appended moieties has enabled vibrational Spectroscopy down to the Sing|e_
on the tube’s properties strongly relies upon characterization molecule detection limit3 Such experiments, however, were
methods applicable at the Single nanotube |eVe|, which include often hampered by a p00r|y defined position and orientation of
Raman and fluorescence spectrosctpy,scanning tunneling  the molecules with respect to the metal structure, which might
microscopy;? transmission electron microscopyas well as  even change during investigatidtBy contrast, the present well-
combinations of spectroscopic and microscopic techniéties. defined configuration offers the advantages of high stability even
Similar methods have been used to characterize noble metalynder strong illumination and the possibility to examine the

nanoparticles? which display a distinct, size-dependent optical same nanoscopic objects with different excitation laser wave-
absorption associated with the excitation of surface plasmon3|engths_ Moreover, it allows for a clear assignment of the

Invo.lvmg the collective OSC|!|at|0n of the free electrols. ) .Spectra| features and to evaluate their dependence on the
Besides the plasmon absorption, such nanocrystals also exhibihanoparticle size, representing an important step toward quan-

weak luminescenc¥:**The phenomenon of gold fluorescence tification of the surface-enhanced resonance Raman scattering
was first observed by Mooradittand assigned to the radiative (SERRS) effect.
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Figure 1. AFM (left) and Raman G-line image (right) of a loop-shaped, gold nanoparticle-decorated SWCNT (highlighted by a dashed white line
in the right panel). The emitted photoluminescence in the Raman image is associated with gold nanoparticles in resonance with the excitation
wavelength fexc = 568 nm).
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Figure 2. Selection of different emission spectra obtained from a 90 60 /"' id
nm gold nanoparticle grown on a SWNT. The spectra were acquired ALt eSS SRS
with different excitation wavelengths: 488 nm (a), 514 nm (b), 568
nm (c), and 633 nm (d). The wavelength-dependent Raman modes (G- 500 600 700 800
and G-lines) are superimposed on a broad fluorescence background wavelength [nm]

that can be fitted with three Lorentzian peaks (dashed lines). Figure 3. Fluorescence spectra obtained from a 60 nm gold colloid

nanoparticles as the catalyst and ethanol as the carbon feedstoclg?g'lggrgﬁf%?:ﬁigsa gg“gztéﬁtg dig‘ég?e“c] fgﬁr;;glsvréal\r:%p(artlcles

. . exc
The S_WNTS were contacted with AuPd (_60'40) electrodes (15 488 nm); spectra-bd are vertically shifted for clarity, and their relative
nm thickness) through standard e-beam lithography. Afterward, paselines are indicated. The inset schematically depicts the band
the samples were subjected to thermal annealing af@50r structure of gold: radiative recombinations occur close to the X- and
60 min under an argon atmosphere. Electrodeposition of gold L-symmetry points.
onto the tubes was accomplished inside an electrochemical cell

containing an aqueous solution (pH 2) with 2 mM KAuGS . .
mM poly N-vinyl-2-pyrrolidone (PVP K30, Aldrich) as the to the nanotubes for 280 s generally yielded gold NPs with

stabilizer, and 0.1 mM LiGlas the supporting electrolyte. A sizes between 10 and 120 nm. Most likely, gold NPs nucleate
tungsten needle was used as the Work|ng e|ectrode Wh||eat defect pOSItIOI’lS of the nanotube sidewalls. This observation

platinum wires were used as counter and reference electrodesis supported by the fact that at the end of a CNT, where defects
Electrodeposition performed with a potential-00.8 V applied are more likely, metal nanoparticles have been always observed.
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- 60 nm TABLE 1: Comparison of the Measured Raman G-Line
Diameter Au colloid . Mie- Intensity after Background Correction at Three Different
a: 50 nm - SN theory Positions along the SWNT in Figure 58
b: 65 nm Sl \ ¥ .
c: 90 nm s [T S UV-Vis excitation wavelength (nm)
d:120nm 2 N eerrten position 488 514 568 647
.§ R 1: pristine 16.2 3.3 47.2 1.0
= Luminescence N ] 2: Dnp=35nm 20.5 4.3 90.1 1.0
uminescence 3: Oy =70NM 18.5 2.3 739.5 36.6
450 550 650 aValues are normalized to the silicon substrate peak and related to
wavelength [nm] the G-line intensity at position 1 excited with 647 nm.

image, acquired atexc = 568 nm, clearly exhibits bright spots

at the locations of some NPs. In Figure 2, optical spectra
recorded over a SWNT modified with a NP with a size of 90
nm (as determined from the AFM height profile) are shown for
four different laser wavelengths. Spectrum a in Figure 2,
obtained upon excitation with 488 nm, reveals an intense broad
feature that is well-fitted by three Lorentzian peaks centered at
546, 617, and 678 nm, respectively. Superimposed on this
feature are two narrow peaks at 529.9 nm (G-line) and 562.7
nm (G-line). These peaks shift with the excitation energy, as
can be seen from spectra—t in Figure 2, whereas the
background feature remains unaltered (not shown for clarity).
On the basis of these observations, the background signal is
ascribed to the fluorescence of the gold particle, and the sharp
peaks are attributed to Raman signals originating from the

extinction [a. u.]

T T T T T T T

T T
SWNTSs.
500 600 700 800 The fluorescence of gold, discovered in 198% explained
wavelength [nm] as a three-step process that involves (i) the photoexcitation of

Figure 4. Optical extinction spectra of differently sized gold NPs @n electron from an occupied d-band to an empty sp-band above
calculated by using the Mie theory. Spectradare vertically shifted the Fermi level, (ii) the relaxation of the electron in the sp-
for clarity, and their relative baselines are indicated with corresponding band to the Fermi level with concomitant scattering of the hole
patterns. In the inset, experimental (5Vis absorption and lumines-  in the d-band to a similak-value as the electron, and (iii) the

cence) and ((:jakk:)ulz?]tedrs_l\él_ie tg_eo_ry) sp|>ectra of colloidal 90'?1 particles recompination of the electrerhole pair leading to photon
are compared: both exhibit a distinct plasmon resonance at the energetic, ..~ 1950 25 :
position of the fluorescence transition close to the L-point. emissiort Hence, the energy of the emitted photons equals

the energetic separation between the Fermi surface and the
d-band ak-values where the sp-band crosses the Fermi surface

However, more investigations have to be performed to properly (_see 2|(|;13et In F'gur? 3)- Accordlng to band structure calcula-
address and control the NP densities and nucleation positions.t'ons' these crossing points are located close_to the L- gnd
The optical studies were performed on nanotubes coveredX'Syr.n.me'[ry points of the reciprocal space, with respective
with nonaggregated NPs, using a home-built confocal micro- transition energies of-2.4 eV (”515 nm) for the L-.p'omt and
scope operated under ambient conditihEor imaging and ~2.0 eV (617 nm) for the ijomt. Such transltlor;s have
localization, the sample was scanned through the focus of aalready been rseported for gol_d f|In?|%g_o|d nanopa_rtmlgé,and
high numerical aperture objective (Zeiss Epiplan Apochromat gold.nanorod§. Here, we assign the flrst.Lqrent2|an-f|tted peak
150X, NA = 0.95), while the emitted light was collected with ©f Figure 2 (546 nm~2.3 eV) to radiative electronhole
the same objective and guided through a monochromator to anrecomblnatmn close to the L-p0|r_1t a'."d the second fitted peak
Avalanche photodiode (EG&G, SPCM AQR-14). Raman images (617 nr_n,_~2.0 ev) to'the recombination close to the X-point.
were recorded by detecting the Raman G-line at 1595'cm The origin of the third peak around 700 nm has not been

Optical spectra were acquired by positioning a SWNT/NP- clarified yet. However, a fluorescence band in a S|m|Ia_r
structure within the diffraction-limited laser sp&@ & Aexd2) wavele_ngth range was also observed from other gold species
and utilizing a CCD camera as the detector (PIXIS400B where intraband transitions or surface adsorbates have been put

i 1 7
Princeton Instruments, cooled at75 °C). Laser powers of foré/:var? as ;:ostzlble e.xplgnatmﬁsz.. th lative intensitv of
0.1-1 mW at the entrance of the microscope objective and th gn rary to the em|SS|ontener:g|es, € relative (;n _en3|dy N
integration times between 1 and 300 s were used. By using the € fluorescence components Shows a pronounced size depen-

electrode as markers, the same tube sections could be foun#jence' Figure. s Qi§plays a set of.ﬂuores.cenc.e spectra obtained
back before and after,gold particle decoration rom several individual gold particles with different sizes on

top of different SWNTs upon excitation with 488 nm. For
comparison, the fluorescence spectrum of an individual com-
mercial colloidal gold nanoparticle with a diameter of 60 nm
The effect of gold NP decoration on the spectroscopic was also measured. The latter shows a predominant peak at the
response of SWNTs is exemplified in Figure 1, which displays L-transition energy, while only a weak shoulder occurs at the
an AFM image (left) and a Raman image (right) acquired from X-transition. For the nanotube-supported gold particles (spectra
a loop-shaped SWNT decorated with gold NPs of a relatively a—d in Figure 3), the relative intensity of the X-point transition
high density (average separation of-5ID0 nm). The Raman  is seen to increase with particle size. This finding can be

Results and Discussion



394 J. Phys. Chem. C, Vol. 112, No. 2, 2008 Scolari et al.

100 nm

Figure 5. Confocal Raman (a) and SEM-ldl) images of an individual SWNT decorated with gold nanoparticles. The Raman image (a), obtained
with Zexc = 568 Nm by detecting the G-line at 1595 tindisplays two enhanced regions that are marked by a dashed rectangle. (b) SEM image

of the magnified region shows the presence of isolated gold particles. The circles labele@ asadk the positions where Raman spectra were

taken. Position 1 represents a bare section of the tube, while in positions 2 and 3, the tube is decorated by gold nanoparticles. In positions 2 and
3, the contribution to the Raman enhancement from the neighboring small NPs is negligible. (c and d) SEM images taken at positi@52 (NP

nm) and position 3 (NP-70 nm), respectively.
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Figure 6. (Left) Raman spectra acquired with different wavelengths on a bare tube segment (position 1 in Figure 5). (Right) Raman spectra
collected withiexc = 568 nm on different positions along the tube of Figure 5. All spectra have been normalized to theuBéDate peak at
~1000 cn1.

explained on the basis of fluorescence enhancement impartedherefore strongly enhanced. Since the extinction spectra of the
by resonance between the emission wavelength and the particlenanotube-supported gold particles cannot be directly measured,
plasmon. Theoretical models accounting for the local field we simulated their extinction spectra for sizes similar as shown

enhancement predict that the luminescence intensity is givenin Figure 3 using the electrodynamic Mie thed®yThis method

by the following expressiof?2° generally reproduces the extinction spectra of metal particles
very well, as exemplified for the 60 nm colloidal gold particles
| ~ [EP[L(w; )] (0,018 (1) in the inset of Figure 4. The calculated extinction spectra of
the electrochemically prepared particles are shown in Figure
whereE is the incident electromagnetic field(wi,) is the local- 4a—d and exhibit pronounced broadening toward larger wave-
field factor at the incoming wavelength(woy) is the local- lengths, in agreement with experimental d#tahis effect

field factor at the outgoing wavelength, gfids a proportionality enhances the coupling with long wavelength components of the
constant that includes characteristic bulk gold paraméfers. intrinsic gold fluorescence, whereby the radiative electioole
Therefore, there is a strong correlation between the particle recombination close to the X-point is increased.

plasmon frequency and the intensity of the fluorescence. For The Raman responses obtained from a total >df00
example, from the inset in Figure 4, it can be seen that measurednvestigated gold NPs on different individual SWNTs can be
plasmon energy of the colloidal gold particles coincides with categorized into three different types. The majority of the
the fluorescence energy mainly at the L-transition, which is obtained spectra~(90%) displayed well-defined Raman peaks
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closely resembling those of pristine nanotubes (e.g., with RBM, can already be strong due to the RRS effect. For example, the
D-, G-, or G-lines) but only upon excitation below 600 nm. Raman enhancement factor due to the 70 nm particle is twice
For excitation above 600 nm;50% of those SWNT/NP hybrids  as high at 647 nm~37 000) as for 568 nm~16 000), while
showed pronounced spectral diffusion and/or blinking. These the absolute Raman intensity at 647 nm is on2% of the
phenomena have been frequently encountered in SERS studieftensity upon 568 nm excitation. Second, it has to be considered
on small molecules and are usually attributed to local reorienta- that the local electric field decays very rapidly from the particle
tions of the probed molecul@$Such processes, however, are surface with a decay length of just a few sfriHence, small
rather unlikely to occur in the case of bulky SWNTSs, and the molecules entirely localized within the near field of the particle
signal might originate from residuals of the PVP on the surface experience an increase of the Raman cross-section by many
of the gold NPs. A third type of Raman response has been orders of magnitudé’ By contrast, only a short segment of the
observed from a very small number10%) of SWNT/NP investigated CNT is within the SERS active region close to the
hybrids, which exhibited strongly broadened peaks. Since fast particles surface, the length of which should also depend on
spectral fluctuations on the millisecond time scale could be ruled the detailed particle morphology. In any case, the effective
out as a reason for this broadening, this behavior might be dueenhancement factor for this tube segment is expected to be at
to the presence of amorphous carBéwhich might be produced  least 1 order of magnitude higher than the factor derived from
during the CVD process and could have served as a nucleationthe observed Raman spectra. It is noteworthy that even stronger
site for the NP deposition. local electric field enhancements can occur in nanogaps between
To compare different enhancements of the Raman peaks foradjacent gold particle¥. This effect was also observed on the
different excitation wavelengths, we focused on stable SWNT/ Present SWNTs decorated with gold NP aggregates, which is
NP hybrid spectra that closely resembled the Raman featuresthe subject of a separate stuty.
of pristine tubes, except for the intensity. A typical example is ~ None of the Raman spectra recorded from the SWNT/NP
shown in the Raman image of Figure 5, where a NP-decoratedhybrids displayed sizable shifts (exceedi#t@ cn) in the
SWNT exhibits a uniform Raman spectrum along its entire €nergetic position of the D- and ®ands of the nanotubes. This
length of~20 um. This tube allows investigating the effect of result is in contrast to e_arher investigations of SWNTs deposited
differently sized gold particles on the same nanotube by ©Onto rough silver colloid substratésijn which shifts of up to
comparing the spectral features of a bare tube segment (positior8 and 24 cm® were detected for the D- and'Gands,
1) with two different segments (positions 2 and 3), which are respectively. The absence of such shifts, which have been
covered by isolated particles of different sizes (35 and 70 nm, interpreted as evidence for charge transfer between nanotubes
respectively). A selection of G-line spectra taken with different @nd NPs, indicates that for the present samples, charge transfer
wavelengths at the bare tube segment is shown in the left panePlays only a minor role in the Raman enhancement. The

of Figure 6, where all spectra are normalized to the ,Si0 Predominantly electromagnetic origin of the enhancement is
substrate peak at1000 cnr. further confirmed by the observation that SWNTs decorated by

npreformed gold colloid particles (60 nm) via attachment in

solution did not show any enhanced Raman signals. Obviously,
the direct growth of metal particles onto the carbon framework
of the tubes enables a more intimate physical contact with the

As can be seen from Table 1, the spectra collected at positio
1 exhibit considerably stronger (up to 47-fold) Raman intensity
upon excitation with 568 nm, in comparison to smaller (488
and 514 nm) and larger (647 nm) wavelengths. This intensity
dependence reflects the well-known resonant Raman scatterind\lps'
(RRS) effect occurring when the absorbed or scattered photonConclusion
is in resonance with an optical transition between the van Hove In conclusion, we have demonstrated that the plasmon

smgl_JIantles of the tub#: o resonance of gold nanoparticles electrodeposited onto SWNTs
[Itis furthermore apparent from Table 1 that for excitation effectively enhances both the particles’ fluorescence and the
with 568 nm, which ensures resonance with the optical transition |gca] Raman response of the tubes. A correlation has been
of the nanotube, the presence of both particles leads to agpserved between the measured fluorescence peaks and the
significantly enhanced Raman signal. This additional enhance- simylated plasmon resonances for gold NPs of different sizes.
ment upon particle decoration stems from the SERS effect (i.e., The SERS of different SWNTs exhibited a predominant
the local field effect arising from the excited surface plasnién). electromagnetic enhancement, which has been found to be
The resonant and surface enhancement combine to surfacestrongest when both the optical transition in the nanotube as
enhanced resonance Raman scattering (SERR@)ichis most  yel| as the surface plasmon of the gold particle are in resonance
pronounced for the case of 568 nm excitation over the 70 nm yjith the excitation wavelength (SERRS). Future studies using
particle (see right panel of Figure 6). Under the same conditions, nanotubes decorated by different metal particles are expected
also the particle fluorescence is found to be the most intense.to provide valuable insight into the extent to which additional

Upon excitation with 568 nm, the larger particte0 nm) leads ~  factors such as charge transfer between nanoparticles and
to stronger Raman and luminescence intensities than the smallehanotubes might contribute to the Raman enhancement.

one (~35 nm) because only for larger particles is the plasmon

resonance broadened toward lower enerdfidsstrong Raman Acknowledgment. This work was supported by the Deutsche
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