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The surface-enhanced resonant Raman-scattering~SERRS! spectra of single-walled carbon nanotubes
~SWNT’s! adsorbed on silver and gold metal island films and on colloidal silver cluster substrates were
investigated using different laser excitation wavelengths. The observed enhancement in the SERRS signal of
the SWNT’s results from:~i! an ‘‘electromagnetic’’ surface-enhanced Raman spectral~SERS! enhancement
due to resonances between optical fields and the electronic excitations in the metallic nanostructures,~ii ! a
‘‘chemical’’ SERS enhancement due to the interaction between the SWNT’s and the metal surfaces, and
~iii ! a selective resonance Raman effect between the incident and scattered photons and electronic transitions
between the one-dimensional van Hove singularities in the electronic density of states of metallic and
semiconducting nanotubes. We have observed changes in the relative intensities and shifts in the peak
frequencies of several vibrational modes of the SWNT’s upon adsorption on a metal surface, which indicate
a specific interaction of the nanotubes with the metal surface. Changes in the resonant Raman spectra due
to interaction with the silver or gold surfaces are apparent in the second-order Raman bands, especially in
the dispersive features, such as the second-order RamanG8 band, which upshifts in the SERRS spectra relative
to the resonant Raman-scattering~RRS! spectra, providing evidence for a significant perturbation of the
electronic levels for the adsorbed nanotubes. In addition, the SERRS spectra show an additional enhancement
of the Raman signal for specific features in the vibrational spectra of the metallic nanotubes, in contrast to the
case for the semiconducting nanotubes for which the normal RRS and SERRS spectral profiles are very similar.
These results can be explained in terms of a specific charge-transfer enhancement effect for the metallic
nanotubes.
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I. INTRODUCTION

Resonance Raman spectroscopy provides a sens
probe of both the vibrational and electronic properties
carbon nanotubes.1–4 Furthermore, surface-enhanced Ram
spectroscopy~SERS! can enhance the Raman scattering
species adsorbed on specially prepared metal surface
many orders of magnitude, thereby providing a means
observing Raman spectra for single molecules.5,6 Single-wall
carbon nanotubes~SWNT’s! can show a strong surface
enhanced Raman effect when they are in contact with me
lic structures with nanometer sized roughness.7,8 The strong
enhancement of the Raman signal by SERS opens up e
ing opportunities for studying the Raman spectrum of a sm
number of nanotubes, and, maybe, even a single nanotub
retrieve the intrinsic properties of SWNT’s, which in co
PRB 610163-1829/2000/61~19!/13202~10!/$15.00
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ventional Raman experiments are hidden under the inho
geneous broadening coming from ensemble averaging.

The dominant contribution to the enhancement of the R
man signal comes from strongly enhanced optical fields
the vicinity of the metallic nanostructures~electromagnetic
SERS enhancement!.9,10 In general, the SERS enhanceme
can also have a contribution from a so-called ‘‘chemica
SERS enhancement mechanism,9–12 which is based on the
specific interaction between the target molecule and
metal substrate, in our case, the interaction between
nanotube and the ‘‘SERS-active’’ metal, which takes pla
in the extremely strong optical fields around the meta
nanostructure. This enhancement effect is based on cha
or improvements in the resonant Raman-scattering~RRS!
conditions in the ‘‘new system’’ consisting of nanotub
metal substrate and photon, compared to the usual ‘‘syste
13 202 ©2000 The American Physical Society
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consisting of nanotube and photon, which is studied in ‘‘n
mal’’ RRS.3,4,13

Previous work has concentrated on the estimate of
total SERS enhancement factor when the carbon nanot
are adsorbed on silver colloidal clusters.7 In the present
work, we focus on the nature of the so-called ‘‘chemic
contribution’’ to the SERS enhancement, which is based
the electronic interaction between the nanotubes and the
tallic substrate. In particular, the dependence of this inte
tion on the metal surface, and on the laser excitation ene
is studied in the present work.

In the case of carbon nanotubes, which show a str
resonance Raman effect associated with the singularitie
the one-dimensional~1D! electronic density of states,3,4 the
sensitivity of the SERS probe can be especially high, si
the enhancement effects from both the resonance Raman
SERS effects can be combined multiplicatively for laser
citation wavelengths in the visible/near-infrared spectral
gion.

Surface-enhanced Raman scattering studies under
nance Raman-scattering conditions, denoted here by SER
when applied to SWNT’s, open up very interesting oppor
nities to study the ‘‘chemical’’ SERS effect, since a nan
tube sample provides ‘‘target molecules,’’ which have w
defined, and even different@semiconducting~S! and metallic
~M!# electronic structures, as illustrated in Fig. 1, where
terband transitions between van Hove singularities in the
density of states of the valence and conduction bands
shown for semiconducting~S! and metallic~M! nanotubes.
In our paper we investigate the chemical contribution to
SERRS effect of SWNT’s. We apply different excitatio
wavelengths in order to probe the electronic density of sta
for metallic and semiconducting nanotubes by measuring
excitation profiles~Raman scattering vs excitation energy! of
the tangentialG modes. Moreover, frequency shifts of th
G8 band, which appears at'2600 cm21 in the second-orde
spectra of the nanotubes, provide us with an independ
probe of the nanotube-metal interaction.

In this paper we investigate a number of issues relevan
surface-enhanced Raman spectroscopy~SERS! of single-

FIG. 1. Calculation~Refs. 21, 32, and 33! for g052.9 eV of the
energy separationsEii (dt) for all (n,m) nanotube values vs nano
tube diameter 0.7,dt,3.0 nm. Semiconducting and metallic nan
tubes are indicated by crosses and open circles, respectively.
filled squares denote zigzag tubes. The vertical lines denotdt

51.3560.20 nm for our single-wall carbon nanotube sample. T
cross-hatch pattern denotes the range inElaserwhere metallic nano-
tubes are expected to contribute resonantly to both the Stokes
anti-Stokes spectra.
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wall nanotubes under resonance Raman conditions. Reso
Raman-scattering~RRS! spectra are compared with the co
responding SERRS spectra for six laser excitation ener
Elaser for Au and Ag films and for nanostructured Ag clust
substrates for several distinct spectral features in the Ra
spectra. A plot of the interband transitions between van H
singularities in the 1D density of states in the valence a
conduction bands for semiconducting and metallic nanotu
~Fig. 1! is used to interpret and compare the detailed featu
in the RRS and SERS spectra. The selective enhanceme
specific features in the Raman spectra is investigated for b
semiconducting and metallic nanotubes for variousElaserval-
ues, by carrying out detailed line-shape analysis of th
spectra. Additional understanding of the resonant SERS
hancement processes is achieved through comparison o
RRS and SERRS anti-Stokes spectra. To extract informa
about the interaction mechanism between the nanotubes
metal substrates, we have studied the mode frequencies
intensities of theG8 band, which is associated with a res
nant second-order process for phonons near theK point in
the 2D graphene Brillouin zone. From these studies we
tained detailed information about the comparative roles
the electromagnetic and charge-transfer SERS enhance
mechanisms for metallic and semiconducting nanotubes.

II. EXPERIMENTAL DETAILS

The single-walled carbon nanotubes used in this st
were produced through the arc discharge method and h
diameter distribution ofdt51.3560.20 nm. The Raman an
SERS experiments were performed under ambient condit
using a backscattering configuration. For laser excitation
diation we used the 514.5-nm~2.41-eV! line from an Ar1

laser; the 632.8-nm~1.96-eV! line from an air cooled He-Ne
laser; the 647.1-nm~1.92-eV! and 676.4-nm~1.83-eV! lines
from a Kr1 laser; the 782.0-nm~1.58-eV! line of a solid-
state Al-doped GaAs laser; and the 830-nm~1.49-eV! line of
a Ti:sapphire laser.

The SERS substrates were prepared by vacuum evap
tion of silver~film thicknesses of 50 and 100 Å! or gold~film
thickness of 50 Å! on to glass slides. The nanotubes we
deposited on the rough metal surface from a dispersion
pared by sonication of the nanotubes suspended in iso
panol. SERS experiments were also carried out using si
colloidal solutions, prepared according to a previously d
scribed procedure.7,14 A solution of nanotubes in isopropano
at extremely low nanotube concentrations was added to
silver aqueous colloidal solution. For the measurement
droplet of this sample solution was evaporated on a g
slide, resulting in the placement of fractal colloidal silv
structures in close contact with some of the single-wall na
tubes.

The extinction ~absorbance! spectra for the prepare
SERS substrates in the absence of the nanotubes are s
in Fig. 2. For the silver film, the surface plasmon absorpt
gives rise to a broad band between 400 and 900 nm, w
the absorption band for the gold island film starts at;500
nm, and extends to the near-infrared region. The very br
extinction ~absorption! bands observed for both the Ag an
Au substrates are characteristic of the presence of cluste
metal particles, since the single metal particle absorption
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13 204 PRB 61P. CORIOet al.
silver and gold is known to give rise to narrower bands
about 400 and 520 nm, respectively.15 The differences in the
spectra between colloidal silver particles and evaporated
ver film substrates arise from the different distributions
particle sizes within the clusters in the two kinds of silv
substrates.

III. RESULTS AND DISCUSSION

Figure 3 shows a comparison, over a broad freque
range from 500–3500 cm21, between the normal@Fig. 3~a!#
and surface-enhanced resonant Raman spectra observed
single wall carbon nanotubes~SWNT’s! on a silver film@Fig.
3~b!# and on a gold film@Fig. 3~c!#. These spectra were mea
sured using 632.8-nm~1.96-eV! excitation and using
40-W/cm2 incident laser intensity. The spectra have all be
corrected for the spectral response of the system.

As shown in Fig. 1, a strong contribution to the Stok
Raman scattering process at a laser excitation energyElaser
51.96 eV for nanotube diametersdt51.3560.20 nm comes
from resonance with electronic transitions between the h
est energy singularity in the 1D density of electronic state
the valence band to the corresponding lowest energy sin
larity in the conduction band formetallicnanotubes, denote

FIG. 2. Absorbance spectra of~a! a 50-Å gold film and~b! a
100-Å silver film deposited on a glass substrate~lower curve!, and
fractal colloidal silver clusters in aqueous solution~upper curve!.

FIG. 3. Normal resonant Raman-scattering~RRS! spectrum~a!,
and surface enhanced resonant Raman-scattering~SERRS! spectra
of single-wall nanotubes~SWNT’s! adsorbed on~b! gold and~c!
silver island films in the 500–3500-cm21 range using laser excita
tion at Elaser5632.8 nm~1.96 eV!.
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M (dt). Figure 1 indicates that a strong resonant con

bution for the Stokes process also occurs fromsemiconduct-
ing nanotubes within the SWNT sample, with diametersdt in
the upper range of thedt distribution, mainly through reso
nance of the scattered photons with theE33

S (dt) electronic
transition ~see Fig. 1!.3,16,17 @The superscripts M and S in
Eii (dt) refer to metallic and semiconducting nanotubes,
spectively.#

The dominant feature in the spectra in Fig. 3 is associa
with the first-order tangential band occurring in the phon
frequency range 1500–1600 cm21. From the line shape o
this broad Raman band,3,4 we infer that the dominant contri
bution to the spectrum comes from metallic nanotubes.
identify features of lower intensity near 1310 cm21 with the
so-calledD band, associated with phonons near theK point
in the 2D graphene Brillouin zone.18 The feature in the
1730–1740-cm21 range is tentatively associated with a com
bination mode16 between the tangential mode and the rad
breathing mode phonons (v tang1vRBM), while the feature in
the 1900–1930-cm21 range is tentatively attributed to
combination mode16 (v tang12vRBM). A weak feature near
2440 cm21 ~only observed at higher magnification! is iden-
tified with a nonresonant overtone in the second-order sp
trum of the K-point vibration at about 1220 cm21,16 and
finally the strong feature in the 2600–2624 cm21 range is
due to theG8 band which occurs as an overtone of theD-
band feature at twice theD-band frequency. Both theD band
and the G8 band are associated with a strong electro
phonon coupling near theK point in the 2D Brillouin zone
when the phonon and electron wave vectors are equal,18,19

while the other features in the spectrum in Fig. 3 are ide
fied with phonons neark50 ~the G point! in the Brillouin
zone for the nanotubes. At a given value ofElaser, all nano-
tubes contribute to theG8 band, while only those nanotube
with electronic transitions~see Fig. 1! that are in resonance
with the incident and/or scattered photon contribute sign
cantly to the tangential band spectrum.

Figure 3 shows that qualitatively similar spectral featu
are observed for the Stokes process for normal resonant
man scattering and for SERRS, though there are differen
in the detailed line shape, peak frequencies, and relative
tensities between the RRS and SERRS spectra for eithe
the two metal substrates, as discussed below. The SE
spectra for the Ag and Au films are almost identical. Gen
ally speaking, the features which show little dispersion~de-
pendence of the Raman frequency onElaser) in the RRS spec-
tra show very small frequency shifts between features in
RRS spectra and in the corresponding SERRS spectra
contrast, features, such as those associated with theD band,
the v tang12vRBM combination mode, and theG8 band,
which all show large dispersion in their RRS spectra, a
show large differences between their RRS and SERRS s
tra at a fixedElaser. These differences in the spectral featur
between the RRS and SERRS spectra are a main focu
this paper, as discussed in more detail in the next sectio

A. Tangential Raman band

To provide a more detailed comparison between the R
and SERRS spectra, we show in Fig. 4 the tangential ban
the Stokes spectra as observed by RRS for five differ
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Elaser values~a!, by SERRS with a 50-Å Au film for five
different Elaser values~b!, and by SERRS with a 100-Å Ag
film for four differentElaservalues~c!. Regarding the tangen
tial band between 1500–1630 cm21, semiconducting nano
tubes dominate the Stokes spectra atElaser51.58 and 2.41
eV, metallic nanotubes dominate the spectra atElaser51.83
and 1.92 eV, while the spectra at 1.96 eV are in an inter
ing regime where both metallic and semiconducting tu
contribute strongly. Comparison of the Raman spectra fo
given Elaser value shows that the SERRS spectra for the t
different metal film substrates are more similar to one
other, than are the RRS and SERRS spectra at the sameElaser
value. To make a comparison between the three spectra m
quantitative, we carried out a Lorentzian line-shape anal
for the various spectra in Fig. 4. The results of this analy
are summarized in Table I, and are shown for illustration
Fig. 5 for Elaser51.96 eV. We now discuss these results
more detail.

For the two laser excitation energies where only semic
ducting nanotubes contribute to the resonant Stokes spe
Elaser51.58 eV @resonant with theE22

S (dt) electronic transi-
tion for semiconducting nanotubes~see Fig. 1!# and 2.41 eV
@resonant withE33

S (dt)#,
16,20,21 the tangential phonon mod

region shows Lorentzian components at 1563, 1591,
1601 cm21 ~see Table I!, which are associated with norma
resonant Raman spectra from semiconducting nanotubes3 as
shown in Fig. 1. The SERRS spectra atElaser51.58 and 2.41
eV for both Ag and Au film substrates are closely similar
each other and to the normal Raman spectra, and basi
the same frequencies and relative intensities can be obse
for the three constituent Lorentzian components, as indica
in Table I. Below we describe SERRS and RRS spec
taken atElaser51.49 eV under different experimental cond
tions, and using a fractal colloidal silver substrate, ag
yielding the same Stokes spectra for semiconduc
SWNT’s ~see Fig. 6!, namely that the relative intensities o
the three dominant Lorentzian components are verysimilar
for the SERRS and RRS Stokes spectra forsemiconducting
SWNT’s.

For the three values ofElaser in Fig. 4 within the 1.8
,Elaser,2.0 eV range, the RRS spectra show the appeara
of different Lorentzian components at 1515, 1540, and 1
cm21, which can be identified~see Fig. 1! with resonantly
enhanced features from metallic nanotubes in resonance

FIG. 4. The spectral region between 1300–1900 cm21 in more
detail showing the RRS spectrum~a!, and the SERRS spectra fo
SWNT’s adsorbed on~b! a 50-Å gold film and~c! a 100-Å silver
film for several laser excitation energiesElaser.
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the E11
M (dt) transition.3 In this laser excitation energy range

significant changes can be seen when comparing the R
spectra to the two corresponding SERRS spectra, whe
the SERRS spectra for nanotubes on Au and Ag are sim
to one another. In particular, the line-shape analysis in Fig
at Elaser51.96 eV shows that the contributions of certa
Lorentzian components for the metallic nanotubes are m
more pronounced for the SERRS spectra than for the R
spectrum, though the peak frequencies for these three m
lic components appear to be the same. The SERRS enha
ment at Elaser51.96 eV is particularly strong for the
1540-cm21 metallic component~150% increase compared t
the 1540-cm21 component in the RRS spectrum!, and for the
1515-cm21 metallic component~160% increase!, while the
1581-cm21 component shows less difference~only ;15%
increase! between the RRS and SERRS spectra. ForElaser
51.83 and 1.92 eV, which are both within the metallic wi

TABLE I. Frequencies (v), full width at half maximum inten-
sity (G) of the Lorentzian curves, and the intensities of each Lore
zian component for the tangential bands relative to the 1591-cm21

peak as a function ofElaser for the Stokes spectra. The symbols~m!
and (sc) refer to components associated with metallic and semic
ducting nanotubes, respectively.

RRS SERS Au SERS Ag
v (cm21) G (cm21) Rel. int. Rel. int. Rel. int.

Elaser51.83 eV

1515m 53 0.8 1.9
1540m 41 2.0 2.8
1563sc 24 0.6 0.5
1581m 24 1.2 1.3
1591sc 15 1.0 1.0
1601sc 34 0.6 0.7

Elaser51.92 eV

1515m 53 1.1 1.9 1.7
1540m 41 2.5 2.9 2.8
1563sc 24 0.7 0.5 0.5
1581m 24 1.2 1.2 1.2
1591sc 15 1.0 1.0 1.0
1601sc 34 0.6 0.7 0.7

Elaser51.96 eV

1515m 53 0.72 1.9 1.8
1540m 41 1.1 2.7 2.9
1563sc 24 0.4 0.5 0.5
1581m 24 1.1 1.3 1.2
1591sc 15 1.0 1.0 1.0
1601sc 34 0.4 0.6 0.55

Elaser52.41, 1.58 eV

1563sc 24 0.6 0.6 0.6
1591sc 15 1.0 1.0 1.0
1601sc 34 0.6 0.6 0.6
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dow for this sample, the SERRS and RRS spectra can b
with the same Lorentzian oscillators as for the spectra
Elaser51.96 eV, discussed above, and once again the Lor
zian components at 1540 and 1515 cm21 associated with the
metallic nanotubes are more strongly enhanced in
SERRS spectra. The experimental intensity ratios are g
explicitly in Table I for various excitation energies and f
the relevant Lorentzian oscillators at that value ofElaser.
Table I shows that the phonon modes at 1540 and 1
cm21 are enhanced in the SERRS spectra relative to the R
spectra, while the intensity of the 1581-cm21 component is
almost unchanged. In the spectra atElaser51.96, 1.92, and
1.83 eV, the relative intensities of the weaker component
1563, 1591, and 1601 cm21, that are associated with th
semiconducting nanotubes, are almost the same for the
and SERRS spectra. At a given value ofElaser, the SERRS
spectra for the metallic nanotubes are about equally
hanced~within experimental error! for the silver and gold
substrates, as shown in Table I. On the other hand, the
tributions to the spectra from the semiconducting nanotu
~at 1563, 1591, and 1601 cm21! are essentially the same fo

FIG. 5. Deconvolved spectra of the tangential vibrational ba
obtained with laser excitation (Elaser) at 632.8 nm~1.96 eV! for ~a!
normal resonant Raman spectroscopy,~b! SERRS on an Au sub
strate,~c! SERRS on an Ag substrate. A Lorentzian analysis of
spectra is made into the same Lorentzian oscillators at 1515, 1
and 1580-cm21 for the metallic nanotubes and at 1563, 1591, a
1601 cm21 for the semiconducting nanotubes~see Table I!. The
two dominant components in the metallic nanotube regime~at 1515
and 1540 cm21) and the strongest component in the semicondu
ing nanotube regime~at 1591 cm21) are labeled.
fit
at
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e
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SERRS as compared to RRS, and are also the same fo
Ag and Au substrates for all values ofElaser shown in Table
I.

Further information is obtained by comparison of theanti-
StokesRRS and SERRS spectra of the SWNT’s. To obta
sufficient intensity to observe the SERRS anti-Stokes sp
tra, fractal colloidal silver clusters were used for the ‘‘SER
active’’ substrate, exploiting the very high effective enhanc
ment factors~on the order of 1012) recently reported for
nanotubes adsorbed on such silver surface when excite
830 nm (Elaser51.49 eV!.7 In general, due to Boltzmann
population considerations, the intensity of the anti-Stok
signal of the tangential modes is expected to be very we
In normal RRS spectroscopy on SWNT’s, an increase in
temperature results in a higher population of these vib
tional levels and makes it possible to obtain measurable a
Stokes spectra.13 However, in SERRS, the strong therm
coupling of the nanotubes to the metal substrate prevents
occurrence of such an increase in the temperature. Bu
extremely strong SERRS enhancement levels, the Ra
Stokes process measurably populates the first excited v
tional level in excess of the Boltzmann population. This
sults in a strong anti-Stokes SERRS spectrum measure
830-nm ~1.49-eV! excitation.7 Figure 6~b! shows a line-
shape analysis of RRS and SERRS Stokes and anti-St
spectra of the tangential band measured at this excita
wavelength. In contrast to the Stokes spectra at 1.49 eV
cussed above, where RRS and SERRS spectra show si
line-shapes characteristic of semiconducting nanotub
changes in relative intensities are seen in the anti-Stokes
of the Raman spectra, where so-called preresonance ef
involving thescatteredphoton can occur.7 Although the en-
ergy of the incident photon~1.49 eV! is lower than the en-
ergy of theE11

M (dt) electronic transition associated with th

d

e
0,

d

t-

FIG. 6. ~a! Anti-Stokes resonant Raman and SERS spectra
SWNT’s adsorbed on colloidal silver particles taken with laser
citation atElaser51.49 eV.~b! Lorentzian line-shape analysis of th
anti-Stokes tangential vibrational band. The Stokes spectra
Elaser51.49 eV are also shown for comparison.
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metallic nanotubes~thus preventing any resonant Raman e
hancement for metallic nanotubes in the Stokes spectra!, the
upshiftedscatteredanti-Stokes photon gives rise to a res
nant Raman effect for metallic nanotubes through
E11

M (dt) electronic transition, as shown in Fig. 7, where t
expected intensities of the 1540-cm21 feature for the Stokes
process~solid curve! and for the anti-Stokes process~dashed
curve! are plotted for SWNT’s with diametersdt51.35
60.20 nm.13

It is very interesting to note that while the Stokes spec
at Elaser51.49 eV show only vibrational modes associat
with the semiconducting nanotubes and no measurable
tering intensity from metallic nanotubes~see Fig. 1!, the anti-
Stokes spectra in the tangential phonon region, for both
RRS and SERRS spectra can be fitted, using only Lorent
components associated with metallic nanotubes and no m
surable scattering intensity for semiconducting nanotubes
shown in Table II. The anti-Stokes spectra obtained
Elaser51.49 eV~Fig. 6! are therefore in a very special res
nance condition, allowing discussion of the differences in
observed RRS and SERRS line shapes when only met
nanotubes appear to contribute to the anti-Stokes Raman
nal. This condition is not observed in the Stokes spectra
our sample, for any of the available laser wavelengths.
different spectral RRS profiles between the Stokes and a
Stokes Raman spectra are discussed in detail in Ref. 13.
fact that, for the same laser wavelength, the Stokes and
Stokes spectra can be in a completely different~metallic vs
semiconducting nanotube! regime can be understood i
terms of resonance Raman theory and the exceptional e

FIG. 7. Metallic window for carbon nanotubes with diameters
dt51.3560•20 nm for the Stokes~solid line! and anti-Stokes
~dashed line! processes, which cross atElaser51.80 eV ~Ref. 13!.
Also indicated on the figure by vertical dashed lines areElaservalues
used in this study.

TABLE II. Relative intensities and FWHM linewidths (G) for
Lorentzian fits to the RRS and SERRS anti-Stokes spectra for
tallic ~m! nanotube components atElaser51.49 eV.

v (cm21) RRSa G (cm21) SERSa G (cm21)

1515m 0.3 80 0.5 88
1540m 0.6 47 1.2 52
1581m 1.0 34 1.0 43

aIntensities relative to 1581 cm21.
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tronic structure of metallic and semiconducting nanotub
~see Fig. 1!. However, if the incident photon may be in wea
resonance with theE11(dt) transitions, while the scattere
photon may be in a much stronger resonance condition, t
RRS enhancement can occur through resonance with
scattered photon. Since the resonant enhancement factor
be large (.102), it is possible for the scattered photon
dominate the resonance enhancement process, thereby a
ing a givenElaserexcitation to probe either metallic or sem
conducting nanotubes very selectively, and resulting in v
different line shapes at the Stokes and anti-Stokes si
Such effects are clearly seen in Figs. 4 and 6~b!.

We can account for this observation in the following wa
Each of the 1515-, 1541-, and 1581-cm21 Lorentzian com-
ponents associated with metallic nanotubes will, in gene
correspond to different normal-mode displacements
symmetries. The equation for the Raman scattering inten
for each of the Lorentzian components of the ensemble
metallic nanotubes that is involved in the resonant Ram
process can be written as

I M5( A expH 2~dt2d0!2

Dd2/4
J $@E11

M~dt!2Elaser6Eph#
2

1Ge
2/4%21$@E11

M~dt!2Elaser#
21Ge

2/4%21 ~1!

in which I M[I M(Elaser,dt) is the scattering intensity for the
Stokes process (1 sign! and for the anti-Stokes process
(2 sign! for each Lorentzian component of the ensemble
metallic nanotubes in resonance with theE11

M (dt) electronic
transition between the highest lying valence-band van H
singularity and the lowest lying conduction-band singular
in their 1D electronic density of states.1,3 The sum in Eq.~1!
is over all metallic nanotubes having a diameter distribut
given bydt5d06Dd whered0 is the average diameter an
Dd is the full width at half maximum~FWHM! of a Gauss-
ian distribution of nanotube diameters. AlsoEph denotes the
phonon frequency for the tangential band~0.20 eV!, Ge is a
damping parameter determined by fitting experimental d
to Eq. ~1!, A is a dimensionless factor proportional to th
Boltzmann factor exp(2Eph/kT) for the anti-Stokes proces
and a constant for the Stokes process,3,16 and the magnitude
of this factorA depends on the scattering cross section
the normal-mode displacements and symmetry of a gi
vibrational mode.

Equation~1! applies to each Lorentzian component ind
vidually. For example, Fig. 7 shows the calculated intens
for the 1540-cm21 Lorentzian component~the strongest
component in the Raman spectra for metallic nanotubes! as a
function of Elaser for the Stokes and anti-Stokes RRS pr
cesses. Each component~1515, 1540, and 1581 cm21) has a
somewhat different intensity profile, which also differs f
RRS relative to SERRS. Therefore the composite spect
that is observed for the tangential modes after summing o
the contributions from each nanotube in the sample m
show different enhancements for the various Lorentz
components as a function ofElaser.

For the metallic nanotubes, which are observed in
anti-Stokes spectrum atElaser51.49 eV,7,13 the RRS spectra
and the SERRS spectra, taken with nanotubes adsorbe
the colloidal Ag particles, are also consistent with the cor

f
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sponding results observed atElaser51.96, 1.92, and 1.83 eV
for the Stokes process on Ag and Au film substrates. T
same peak frequencies for the three components for the
gential modes for metallic nanotubes, 1515, 1541, and 1
cm21, that give a good fit to the observed Raman band in
anti-Stokes spectra for both the RRS and SERRS spect
1.49 eV, also give a good fit to the Stokes spectra at 1
1.92, and 1.96 eV for the Stokes RRS and SERRS spect
Elaser between 1.83 and 1.96 eV.

A more detailed comparison of the relative intensities
each of these components associated with metallic nanot
in the anti-Stokes spectra at 1.49 eV is given in Fig. 6 and
Table II. Also for the anti-Stokes spectrum at 1.49 eV,
which the metallic nanotubes dominate, the 1541- a
1515-cm21 components are the ones that are most enhan
by SERRS.

B. Other Raman bands

In addition to changes in the tangential vibrational mod
other features in the Raman spectra for SWNT’s are a
perturbed by the presence of the metal substrate~see Fig. 3!.
In this figure, we see that theD-band feature~1307–1315
cm21) in the first-order Stokes spectrum at 1.96 eV is u
shifted by 4–8 cm21 in the SERRS spectrum relative to th
RRS spectrum, while the corresponding second-orderG8
band is upshifted by 24 cm21 upon interaction with the meta
substrate. The data in Table III for theG8 band at three
values ofElaser @2.41 eV ~514.5 nm!, 1.96 eV ~632.8 nm!,
1.92 eV ~647.1 nm!# show that the shift in theG8 band is
much larger forElaser values wheremetallic nanotubes con-
tribute strongly to the Raman spectra than for theElaservalue
in the semiconducting regime.

Furthermore, atElaser51.96 eV~within the metallic win-
dow!, the intensity of theG8 band relative to that of the
tangential mode, denoted simply by (I G8 /I tang), has a value
of 0.4 for the normal Raman spectra as compared to a
nificantly larger value of 0.6 for the SERS spectra. In co
trast, for Elaser52.41 eV where only semiconducting nan
tubes are in resonance withElaser, the ratio (I G8 /I tang) has
the same value of 0.2 for both the NRS and SERS spec

Figure 6 forElaser51.49 eV also shows a large upshift
the frequency of the second-orderG8 band for the adsorbed
nanotubes~from 2600 cm21 for the normal resonant Rama
spectrum to 2636 cm21 for the SERRS spectrum! at theanti-
Stokesside of the Raman spectra. For the anti-Stokes spe
which is dominated by resonance with metallic nanotub
the relative intensities of theG8 band to the tangential ban
seems to be a factor of;2 larger for the RRS spectrum
relative to the SERS spectrum which can be explained

TABLE III. Wave numbers (v) and FWHM (G) ~both given in
cm21) for the second-orderG8 Raman band observed at the ind
cated wavelengths for resonant Raman and SERS spectra.

514.5 nm 632.8 nm 647.1 nm
Spectra v G v G v G

RRS 2662 63 2600 68 2604 66
SERS~Au! 2674 56 2624 51 2623 48
SERS~Ag! 2676 54 2624 49 2622 47
e
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laser heating of the samples in RRS. Such heating does
however, appear for SERRS because of the good ther
contact between the nanotubes and the metal substrate
should also be mentioned that the optical pumping effe
which can account for the strong anti-Stokes spectrum,7 is
expected to be very weak at the high phonon energy
;2600 cm21. Further study is necessary to understand t
effect in more detail. In summary, the intensities in the SE
Stokes spectra of theG8 band are larger relative to the tan
gential vibrational band for the metallic single-wall carbo
nanotubes, in contrast to the situation for the semiconduc
nanotubes where the intensity ratios are the same for allElaser
values that were studied.

The (v tang1vRBM) and (v tang12vRBM) combination
band frequencies at 1730 and 1905 cm21, respectively, in the
RRS spectrum in Fig. 3 are also upshifted to 1740 and 1
cm21, respectively, for the adsorbed nanotubes in the co
sponding SERRS spectra at 1.96 eV. It is interesting to n
that the larger upshift for the (v tang12vRBM) combination
mode is consistent with the larger variation of this mo
frequency withElaser in the RRS spectra.16 This phenomenon
is under further investigation.

Since the mechanism responsible for resonant Ram
scattering for theD band in the first-order spectrum and fo
the G8 band in the second-order spectrum at twice
D-band frequency is quite different from that for the tange
tial band,18 a comparison of the behavior of these mod
under normal resonant Raman scattering and under SE
yields valuable information about these phenomena. Fr
the above discussion on the tangential mode spectra, we
clude that the same Lorentzian components appear in
line-shape analysis of the RRS and the SERRS spectra
the semiconducting nanotubes~at 1563, 1591, and 1601
cm21) without change in the relative intensities of the
Lorentzian components. And even in the RRS and SER
spectra for themetallicnanotubes, the same Lorentzian com
ponents~1515, 1540, and 1581 cm21) appear in both the
RRS and SERRS spectra, though with different relative
tensities at a given value ofElaser. From these results, we
conclude that the normal-mode vibrations are essentially
changed by the interaction between the nanotubes and
metal substrate. But rather the electronic excitations
somewhat perturbed by this interaction, with evidence
this interpretation coming from the upshift in theD-band and
the G8-band frequencies in the SERRS spectra for all na
tubes relative to the corresponding RRS spectra, and f
the relative increase in the intensities of these Raman ba
in the SERRS spectra for the metallic nanotubes. Follow
this line of reasoning, we argue that the interaction betw
the nanotubes and the metal substrate perturbs the elect
structure near theK point of the 2D graphene Brillouin zone
so that theD-band and theG8-band vibrational spectra
which are resonantly excited by a given laser energyElaser
now correspond to a slightly upshiftedk point relative to the
K point in the 2D Brillouin zone. But since theD-band~and
the G8-band! phonon that is resonantly enhanced has
same wave vector as that of the resonant electro
transition,18 the upshift in the SERRS spectrum relative
the RRS spectrum is a measure of the strength of the e
tronic interaction between the nanotube and the metal s
strate. Because of the much larger experimentally obser
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upshift of theG8-band frequency for themetallicnanotubes,
we conclude that the interaction of the metallic nanotu
with the metal substrate is much stronger than for the se
conducting nanotubes. This conclusion is also consis
with the increased intensity of the Lorentzian compone
associated with the tangential band of metallic nanotube
the SERRS spectra relative to the intensity of the sa
Lorentzian components in the RRS spectra. These argum
also lead to the conclusion that the electron-phonon inte
tion is stronger for the metallic nanotubes than for the se
conducting nanotubes.

Surface-enhanced resonant Raman spectroscopy pred
nantly enhances the symmetric vibrations for the nanotu
The large upshift in theG8 band for metallic nanotubes i
the SERRS spectra~by ;24 cm21) for Elaser51.96 eV,
and for the semiconducting nanotubes~by ;13 cm21) at
Elaser52.41 eV is consistent with the ‘‘breathing-mode’
type motion of the carbon atoms for the mixed ‘‘quasiaco
tic’’ optic phonon branch near theK point.18 Normal reso-
nant Raman and SERS spectral intensities are both large
the totally symmetric modes, and the very appearance of
G8 band in the Raman spectra relies greatly on
‘‘breathing-type’’ motion of the phonons involved.18 The
larger shift in theG8 band in the SERS spectra for the m
tallic nanotube regime~which includes spectra taken at bo
1.96 and 1.92 eV! would also be an indication of a strong
interaction of the metallic nanotubes with the metal subst
reflected in the greater SERS enhancement for the met
nanotubes, while the smaller shift for the semiconduct
nanotubes is consistent with a lesser SERS enhancemen
to a smaller interaction between semiconducting nanotu
and the metal substrate. The frequency upshift observed
the combination bands (v tang1vRBM and v tang12vRBM)
also supports the argument that the combination modes
tain a totally symmetric mode in the decomposition of t
direct product of the symmetry types contained in the co
bination mode.

C. SERS enhancement mechanism

There are two major contributions to the surface enhan
ment of the resonant Raman scattering of carbon nanot
adsorbed on metallic surfaces: the ‘‘electromagnet
mechanism and the ‘‘chemical’’ mechanism, based on
charge transfer between the metallic surface and the n
tubes. The ‘‘electromagnetic’’ mechanism is due to the
hanced electromagnetic fields at or near nanometer size
tallic particles, in our case ‘‘rough’’ silver and gold surface
Particularly strong field enhancement up to 10 to 12 ord
of magnitude can exist for metallic substrates showing fr
tal cluster structures.22–24 At the applied excitation wave
lengths in the reported experiments, the electromagnetic
hancement is expected to be based on resonances o
optical fields with the collective electronic excitations
such cluster structures and not with those of the isola
particles. This ‘‘cluster-based’’ field enhancement does
directly depend on the sizes and shapes of the individ
particles, and therefore is expected to be similar for
metal island films and colloidal silver surfaces. The fie
that are highly localized in small areas of the cluster23 result
in much stronger SERRS enhancement for clusters than
s
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isolated particles.25,26 Theoretical calculations predict tha
these SERS-active substrates should exhibit a particul
strong enhancement at longer wavelength~near-infrared!
excitation.24 In general, the electromagnetic enhancem
mechanism is independent of the chemical nature of the
cies, and is also expected to be the same for all vibratio
modes. The existence of such large enhancement levels
been shown for both semiconducting and meta
nanotubes.7 The second enhancement mechanism,
charge-transfer or chemical effect, strongly depends on
electronic structure of the nanotubes, and this mechan
should sensitively differentiate between the very different
density of states between the metallic and semiconduc
nanotubes.

For Raman Stokes spectra within the semiconducting
gime (Elaser51.58 and 2.41 eV!, no significant dependenc
of the SERRS spectra is observed on the metal species~sil-
ver or gold!, nor on the metal film thickness for a givenElaser

value. In the semiconducting nanotube regime, all SER
bands are enhanced by the same amount, as expected
the electromagnetic enhancement mechanism.

For laser excitation energies within the metallic resona
window, however, we observe an enhanced contribution
the SERRS spectra of selected Lorentzian components~at
1540 and 1515 cm21), associated with metallic nanotube
We explain this effect in terms of a charge-transfer enhan
ment, which is operative for the metallic nanotubes, in ad
tion to the strong electromagnetic field effect discuss
above. The different behavior between the SERRS spectr
metallic and semiconducting nanotubes arises from the m
differences in their electronic structures, in their 1D dens
of states near the Fermi level, and from their strong
electron-phonon coupling in metallic as compared to se
conducting nanotubes.

It is well established that the chemical mechanism of
hancement can be described as a resonant Raman effe
volving electronic levels of the substrate and of the adsor
molecules as well. The chemical effect therefore depends
the occurrence of a resonance condition between the l
energy and the energy separation of the van Hove singu
ties in the 1D peaks of the electronic density of states of
nanotube adsorbate, as modified by interaction with
metal substrate.

Furthermore, the selection rules for the charge-trans
mechanism predict that modes with different symmetries
with different vibrational normal-mode displacements sho
behave differently, just as for the resonant Raman selec
rules.27,28 In particular, totally symmetric modes are mo
likely to be enhanced through the Franck-Condon mec
nism in both SERS and resonant Raman spectroscopi29

The fitted data in Fig. 5 indicate that the different tangen
Lorentzian components identified with the metallic nan
tubes are enhanced by different amounts, with a preferen
enhancement of the 1540-cm21 component. Both the RRS
and SERRS spectra indicate that the strongly enhan
1540-cm21 vibrational component is the one that is mo
likely to have predominantlyA1g symmetry, though a con
vincing identification awaits definitive polarizatio
measurements.30
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IV. CONCLUSIONS

In this paper, we have studied in detail the surface
hancement of resonance Raman scattering of SWNT’s
silver and gold nanostructures. By looking at small chan
between the RRS and SERRS spectra at various laser
tation energies for selected modes of the metallic nanotu
we have found a small contribution of ‘‘chemical’’ SERR
enhancement to the very strong total enhancement facto
ferred in previous work.7 This finding is in agreement with
RRS studies, which also show a stronger electron-pho
coupling for the metallic nanotubes as compared to the se
conducting nanotubes. Therefore changes in the electr
states which appear through interaction between the n
tubes and the metal substrate show up as changed SE
conditions for observing the related phonon bands. In p
ciple, the electronic states for semiconducting nanotu
might also be changed by the interaction of the nanotu
with the metal substrate. Wildo¨er et al. have reported31 an
interaction effect~resulting in a shift of the electronic densit
of states! between carbon nanotubes in contact with a smo
gold substrate in their scanning tunneling microsco
spectroscopy~STM/STS! study of the electronic density o
states in carbon nanotubes. However, due to the we
electron-phonon coupling for semiconducting nanotubes,
surface interaction effect is too weak to be monitored in
SERRS spectra of the semiconducting nanotubes, ex
through our observations of a small upshift~13 cm21) in the
G8-band frequency for semiconducting nanotubes, compa
to the larger~24 cm21) upshift for the metallic nanotubes
Therefore, the fact that we did not find a charge-trans
,
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contribution to SERRS from the tangential mode in the se
conducting nanotubes does not prove that there is no e
tronic interaction between these tubes and the metal s
strate. Because of the weaker electron-phonon coupling
semiconducting nanotubes, SERRS is simply not a sens
enough tool to look for changes in their electronic stat
But, our independent probe of measuring the upshift of
G8 band in SERS, indicates a stronger interaction of
electronic states of the metallic nanotubes with the me
substrate than for the semiconducting nanotubes. The se
tive enhancement of modes which can be assigned to a
tally symmetric mode~such as the 1540-cm21 mode in our
case! is in agreement with RRS and SERRS studies
molecules.29
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