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The surface-enhanced resonant Raman-scattd®iRRS 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 spe¢8ERS enhancement
due to resonances between optical fields and the electronic excitations in the metallic nanostiiigtares,
“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 R&hhand, which upshifts in the SERRS spectra relative
to the resonant Raman-scatterifl@RS 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.

[. INTRODUCTION ventional Raman experiments are hidden under the inhomo-
geneous broadening coming from ensemble averaging.
Resonance Raman spectroscopy provides a sensitive The dominant contribution to the enhancement of the Ra-
probe of both the vibrational and electronic properties ofman signal comes from strongly enhanced optical fields in
carbon nanotube's:* Furthermore, surface-enhanced Ramarthe vicinity of the metallic nanostructurdglectromagnetic
spectroscopySERS can enhance the Raman scattering of SERS enhancemerit’’ In general, the SERS enhancement
species adsorbed on specially prepared metal surfaces lopan also have a contribution from a so-called “chemical”
many orders of magnitude, thereby providing a means foSERS enhancement mechani¥t. which is based on the
observing Raman spectra for single molecdiBSingle-wall ~ specific interaction between the target molecule and the
carbon nanotube$SWNT’s) can show a strong surface- metal substrate, in our case, the interaction between the
enhanced Raman effect when they are in contact with metahanotube and the “SERS-active” metal, which takes place
lic structures with nanometer sized roughn&%3he strong in the extremely strong optical fields around the metallic
enhancement of the Raman signal by SERS opens up excitanostructure. This enhancement effect is based on changes
ing opportunities for studying the Raman spectrum of a smalbr improvements in the resonant Raman-scattefRRS
number of nanotubes, and, maybe, even a single nanotube, ¢onditions in the “new system” consisting of nanotube,
retrieve the intrinsic properties of SWNT'’s, which in con- metal substrate and photon, compared to the usual “system”
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wall nanotubes under resonance Raman conditions. Resonant
Raman-scatteringRRS spectra are compared with the cor-
responding SERRS spectra for six laser excitation energies
Ejaserfor Au and Ag films and for nanostructured Ag cluster
substrates for several distinct spectral features in the Raman
spectra. A plot of the interband transitions between van Hove
singularities in the 1D density of states in the valence and

K\E;%t‘:-‘ conduction bands for semiconducting and metallic nanotubes

Pl N (Fig. 1) is used to interpret and compare the detailed features
0-00 o : 1"0"1_35" T %0 in the RRS and SERS spectra. The selective enhancement of
: o [nm] . . specific features in the Raman spectra is investigated for both

semiconducting and metallic nanotubes for variByg,,val-

FIG. 1. Calculatior{Refs. 21, 32, and 3For y,=2.9 eV of the ~ U€S, by carrying out detailed line-shape analysis of these
energy separations;;(d;) for all (n,m) nanotube values vs nano- Spectra. Additional understanding of the resonant SERS en-
tube diameter 02 d,< 3.0 nm. Semiconducting and metallic nano- hancement processes is achieved through comparison of the
tubes are indicated by crosses and open circles, respectively. THRRS and SERRS anti-Stokes spectra. To extract information
filled squares denote zigzag tubes. The vertical lines dedpte about the interaction mechanism between the nanotubes and
=1.35+£0.20 nm for our single-wall carbon nanotube sample. Themetal substrates, we have studied the mode frequencies and
cross-hatch pattern denotes the ranggig.,where metallic nano- intensities of theG’ band, which is associated with a reso-
tubes are expected to contribute resonantly to both the Stokes anthnt second-order process for phonons nearkihmoint in
anti-Stokes spectra. the 2D graphene Brillouin zone. From these studies we ob-

consisting of nanotube and photon, which is studied in «nor-tained detailed infprmation about the comparative roles of
mal” RRS 3413 the electromagnetic and charge-transfer SERS enhancement

Previous work has concentrated on the estimate of thQwechanisms for metallic and semiconducting nanotubes.

total SERS enhancement factor when the carbon nanotubes
are adsorbed on silver colloidal clustérén the presen't Il. EXPERIMENTAL DETAILS
work, we focus on the nature of the so-called “chemical
contribution” to the SERS enhancement, which is based on The single-walled carbon nanotubes used in this study
the electronic interaction between the nanotubes and the mewere produced through the arc discharge method and had a
tallic substrate. In particular, the dependence of this interacdiameter distribution ofl;=1.35=0.20 nm. The Raman and
tion on the metal surface, and on the laser excitation energgERS experiments were performed under ambient conditions
is studied in the present work. using a backscattering configuration. For laser excitation ra-
In the case of carbon nanotubes, which show a strongiation we used the 514.5-n2.41-eV) line from an Ar
resonance Raman effect associated with the singularities ilaser; the 632.8-nriL.96-e\} line from an air cooled He-Ne
the one-dimensionallD) electronic density of state'’é, the laser; the 647.1-nm1.92-e\j and 676.4-nn(1.83-e\} lines
sensitivity of the SERS probe can be especially high, sincérom a Kr* laser; the 782.0-nni1.58-e\) line of a solid-
the enhancement effects from both the resonance Raman asthte Al-doped GaAs laser; and the 830-(i#9-e\j line of
SERS effects can be combined multiplicatively for laser ex-a Ti:sapphire laser.
citation wavelengths in the visible/near-infrared spectral re- The SERS substrates were prepared by vacuum evapora-
gion. tion of silver (film thicknesses of 50 and 100) Ar gold (film
Surface-enhanced Raman scattering studies under resthickness of 50 A on to glass slides. The nanotubes were
nance Raman-scattering conditions, denoted here by SERR&eposited on the rough metal surface from a dispersion pre-
when applied to SWNT's, open up very interesting opportu-pared by sonication of the nanotubes suspended in isopro-
nities to study the “chemical” SERS effect, since a nano-panol. SERS experiments were also carried out using silver
tube sample provides “target molecules,” which have well colloidal solutions, prepared according to a previously de-
defined, and even differefsemiconductingS) and metallic ~ scribed proceduré!* A solution of nanotubes in isopropanol
(M)] electronic structures, as illustrated in Fig. 1, where in-at extremely low nanotube concentrations was added to the
terband transitions between van Hove singularities in the 13ilver aqueous colloidal solution. For the measurements, a
density of states of the valence and conduction bands amroplet of this sample solution was evaporated on a glass
shown for semiconductingS) and metallic(M) nanotubes. slide, resulting in the placement of fractal colloidal silver
In our paper we investigate the chemical contribution to thestructures in close contact with some of the single-wall nano-
SERRS effect of SWNT's. We apply different excitation tubes.
wavelengths in order to probe the electronic density of states The extinction (absorbance spectra for the prepared
for metallic and semiconducting nanotubes by measuring th8ERS substrates in the absence of the nanotubes are shown
excitation profile§Raman scattering vs excitation energy  in Fig. 2. For the silver film, the surface plasmon absorption
the tangentialG modes. Moreover, frequency shifts of the gives rise to a broad band between 400 and 900 nm, while
G’ band, which appears at2600 cm ! in the second-order the absorption band for the gold island film starts~&&00
spectra of the nanotubes, provide us with an independemm, and extends to the near-infrared region. The very broad
probe of the nanotube-metal interaction. extinction (absorption bands observed for both the Ag and
In this paper we investigate a number of issues relevant téu substrates are characteristic of the presence of clusters of
surface-enhanced Raman spectroscOBERS of single- metal particles, since the single metal particle absorption for
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@0_6 @ 0.6 (b) ‘ T by Eg"l(dt). Figure 1 indicates that a strong resonant contri-
E 05 bution for the Stokes process also occurs fregmiconduct-
f’ ’ 03 ing nanotubes within the SWNT sample, with diameir
&o04 04 the upper range of thd, distribution, mainly through reso-
;30.3 0.3 nance of the scattered photons with ﬂE@(dt) electronic
S0 0 transition (see Fig. 13.'16'17 [The superscripts M and S in
5 E;i(d;) refer to metallic and semiconducting nanotubes, re-
2 0.1 0.1 :
2 spectively]

00350450 550 650 750 850 U0 350 450 550 650 750 850 ~The dominant feature in the spectra in Fig. 3 is associated

Wavelength (nm) Wavelength (nm) with the first-order tangential band occurring in the phonon

frequency range 1500—1600 ¢ From the line shape of
FIG. 2. Absorbance spectra @) a 50-A gold film and(b) a  this broad Raman baritf,we infer that the dominant contri-
100-A silver film deposited on a glass substrégsver curve, and  bution to the spectrum comes from metallic nanotubes. We
fractal colloidal silver clusters in aqueous soluti@pper curve identify features of lower intensity near 1310 chwith the
) ) ) ) so-calledD band, associated with phonons near ikhpoint
silver and gold is known to give rise to narrower bands atn the 2D graphene Brillouin zor&. The feature in the
about 400 and 520 nm, respectivélyThe differences in the  1730_1740-cm? range is tentatively associated with a com-
spectra between colloidal silver particles and evaporated sihination mod&® between the tangential mode and the radial
ver f|lm s.ubstra.tes. arise from thg different dI'StI’IbutIOH.S Ofbreathing mode phonons(+ wrew), While the feature in
particle sizes within the clusters in the two kinds of silverine 1900-1930-cmt range is tentatively attributed to a
substrates. combination Mod® (wngt 2wrem). A weak feature near
2440 cm ! (only observed at higher magnificatiois iden-

Ill. RESULTS AND DISCUSSION tified with a nonresonant overtone in the second-order spec-
trum of the K-point vibration at about 1220 cnt,® and
¥inally the strong feature in the 2600—2624 chrange is
dH1e to theG’ band which occurs as an overtone of e
Bahd feature at twice tHB-band frequency. Both th band

. . and the G’ band are associated with a strong electron-
3(b)] and on a gold filniFig. 3c)]. These spectra were mea phonon coupling near thK point in the 2D Brillouin zone

sured using 632.8-nm(1.96-e\j excitation and using
L2 : : when the phonon and electron wave vectors are €§dal,
40-Wi/cnt incident laser intensity. The spectra have all been . . e . .
while the other features in the spectrum in Fig. 3 are identi-
corrected for the spectral response of the system.

As shown in Fig. 1, a strong contribution to the Stokes]cIGd with phonons neak=0 (the I point in the Brillouin

Raman scattering process at a laser exciation erkgay ¢ uC 208 IR 12 R VSRR €S
=1.96 eV for nanotube diametetls= 1.35+0.20 nm comes ' y

from resonance with electronic transitions between the high\-N!th elec.tro'nlc transitiongsee Fig. 1 that are in resonance
with the incident and/or scattered photon contribute signifi-

est energy singularity in the 1D density of electronic states mcantly to the tangential band spectrum.

the valence band to the corresponding lowest energy singu- Figure 3 shows that qualitatively similar spectral features

larity in the conduction band fanetallichanotubes, denoted

are observed for the Stokes process for normal resonant Ra-
man scattering and for SERRS, though there are differences
in the detailed line shape, peak frequencies, and relative in-
tensities between the RRS and SERRS spectra for either of
the two metal substrates, as discussed below. The SERRS
spectra for the Ag and Au films are almost identical. Gener-
ally speaking, the features which show little dispersida-
pendence of the Raman frequencyEg,.) in the RRS spec-
tra show very small frequency shifts between features in the
RRS spectra and in the corresponding SERRS spectra. In
contrast, features, such as those associated with thend,
the wingt 20grgy COmbination mode, and th&’ band,
which all show large dispersion in their RRS spectra, also
show large differences between their RRS and SERRS spec-
tra at a fixedE,,e;- These differences in the spectral features
between the RRS and SERRS spectra are a main focus of
this paper, as discussed in more detail in the next section.

Figure 3 shows a comparison, over a broad frequenc
range from 500—3500 cnt, between the norm4Fig. 3a)]
and surface-enhanced resonant Raman spectra observed fr
single wall carbon nanotubéSWNT’s) on a silver film[Fig.

Raman Intensity (arb.units)

500 1000 1500 2000 2500 3000 3500
Raman shift (cm™!)

FIG. 3. Normal resonant Raman-scatter(ﬁg?$_ spectrum(a), A. Tangential Raman band
and surface enhanced resonant Raman-scatt€8BRRS spectra ) ) )
of single-wall nanotube$SWNT'’s) adsorbed or(b) gold and(c) To provide a more detailed comparison between the RRS

silver island films in the 500—3500-chh range using laser excita- and SERRS spectra, we show in Fig. 4 the tangential band in
tion at Ej,ce=632.8 nm(1.96 e\). the Stokes spectra as observed by RRS for five different
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z i i TABLE |. Frequencies @), full width at half maximum inten-
E @ L¥ ®) J)L © sity (I') of the Lorentzian curves, and the intensities of each Lorent-
'§ f\-24LeV 241eV N,/V@ zian component for the tangential bands relative to the 1591%cm
EJ 1.96 peak as a function d ¢, for the Stokes spectra. The symbgtg)
&\JJL 1.96 1.96 and (sc) refer to components associated with metallic and semicon-
32 1.92 J 1.92 jL ducting nanotubes, respectively.
2]
5 JL% “"/b% JB RRS SERS Au  SERS Ag
1.58 A\ 158 1.58 w(m?) T (ecm!) Relint. Relint Rel. int.
1300 1500 1700 19001300 1500 1700 19001300 1500 1700 1900 Ejase=1.83 €V
Raman shift (cm™!) Raman shift (cm™') Raman shift (cm™)
FIG. 4. The spectral region between 1300—1900 tiim more 1515m 53 0.8 19
detail showing the RRS spectrufa), and the SERRS spectra for ~ 1540m 41 2.0 2.8
SWNT’s adsorbed ofib) a 50-A gold film and(c) a 100-A silver 1563%c 24 0.6 0.5
film for several laser excitation energiBgse. 158Im 24 12 1.3
1591sc 15 1.0 1.0
Ejucer Values(a), by SERRS with a 50-A Au film for five ~ 00%¢ 34 0.6 0.7
different E,er Values(b), and by SERRS with a 100-A Ag
film for four differentE s values(c). Regarding the tangen- Elase1.92 €V
tial band between 1500-1630 c#) semiconducting nano-
tubes dominate the Stokes spectraEgt.~=1.58 and 2.41 1515m 53 11 1.9 L7
eV, metallic nanotubes dominate the spectr&gf.~=1.83 1540m 41 2.5 2.9 2.8
and 1.92 eV, while the spectra at 1.96 eV are in an interest- 1563¢ 24 0.7 0.5 0.5
ing regime where both metallic and semiconducting tubes 1581Im 24 12 12 12
contribute strongly. Comparison of the Raman spectra for a 1591sc 15 1.0 1.0 1.0
given E,,.or value shows that the SERRS spectra for the two 1601sc 34 0.6 0.7 0.7
different metal film substrates are more similar to one an-
other, than are the RRS and SERRS spectra at the Eame Elase=1.96 eV
value. To make a comparison between the three spectra more
guantitative, we carried out a Lorentzian line-shape analysis 1515m 53 0.72 1.9 1.8
for the various spectra in Fig. 4. The results of this analysis 1540m 41 1.1 2.7 2.9
are summarized in Table I, and are shown for illustration in  1563%c 24 0.4 0.5 0.5
Fig. 5 for Ejuse=1.96 €V. We now discuss these results in  1581m 24 1.1 1.3 1.2
more detail. 1591sc 15 1.0 1.0 1.0
For the two laser excitation energies where only semicon- 1g01sc 34 0.4 0.6 0.55
ducting nanotubes contribute to the resonant Stokes spectra,
Ejase= 1.58 €V[resonant with theE%z(dt) electronic transi- Epase= 2.41, 1.58 eV
tion for semiconducting nanotubésee Fig. 1] and 2.41 eV
[resonant withE3,(d,)],*52°2?! the tangential phonon mode  15g3¢ 24 0.6 0.6 0.6
region shows Lorentzian components at 1563, 1591, and 1591sc 15 1.0 1.0 1.0
1601 cmi ! (see Table)l which are associated with normal  1g01s¢ 34 0.6 0.6 0.6

resonant Raman spectra from semiconducting nanotlaes,
shown in Fig. 1. The SERRS spectrabi,~ 1.58 and 2.41
eV for both Ag and Au film substrates are closely similar tothe E}}(d,) transition® In this laser excitation energy range,
each other and to the normal Raman spectra, and basicalgjgnificant changes can be seen when comparing the RRS
the same frequencies and relative intensities can be observegectra to the two corresponding SERRS spectra, whereas
for the three constituent Lorentzian components, as indicatethe SERRS spectra for nanotubes on Au and Ag are similar
in Table I. Below we describe SERRS and RRS spectrdo one another. In particular, the line-shape analysis in Fig. 5
taken atE = 1.49 eV under different experimental condi- at Ej;sc=1.96 eV shows that the contributions of certain
tions, and using a fractal colloidal silver substrate, agairLorentzian components for the metallic nanotubes are much
yielding the same Stokes spectra for semiconductingnore pronounced for the SERRS spectra than for the RRS
SWNT's (see Fig. 6, namely that the relative intensities of spectrum, though the peak frequencies for these three metal-
the three dominant Lorentzian components are \&mjilar  lic components appear to be the same. The SERRS enhance-
for the SERRS and RRS Stokes spectragemiconducting ment at E|,,.=1.96 eV is particularly strong for the
SWNT’s. 1540-cm ! metallic component150% increase compared to
For the three values O, in Fig. 4 within the 1.8 the 1540-cm! component in the RRS spectriynand for the
<Ejase<2.0 eV range, the RRS spectra show the appearancks15-cm ! metallic component160% increasg while the
of different Lorentzian components at 1515, 1540, and 1581581-cm ! component shows less differentenly ~15%
cm~1, which can be identifiedsee Fig. 1 with resonantly —increasg between the RRS and SERRS spectra. Egge,
enhanced features from metallic nanotubes in resonance with 1.83 and 1.92 eV, which are both within the metallic win-
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Anti-Stokes

1541,

2600

Resonant Raman M

s remirere ]
1200 1600 2000 2400 2800
Raman shift (cm™)

Raman Intensity (arb.units)

Resonant Raman SERS

Anti-Stokes Anti-Stokes

Raman Intensity (arb.units)

(©) 1400 1500 1600 17001400 1500 1600 1700
(b)  Raman shift (cm™) Raman shift (cm)

FIG. 6. (a) Anti-Stokes resonant Raman and SERS spectra of
SWNT'’s adsorbed on colloidal silver particles taken with laser ex-
citation atE, .= 1.49 eV.(b) Lorentzian line-shape analysis of the
anti-Stokes tangential vibrational band. The Stokes spectra at

B Ej.se=1.49 eV are also shown for comparison.
1400 1500 160 170
Raman shift (cm™) SERRS as compared to RRS, and are also the same for the
g and Au substrates for all values Bf,se, Shown in Table

FIG. 5. Deconvolved spectra of the tangential vibrational ban(f\

obtained with laser excitatiorBas) at 632.8 nm1.96 eVj for (2) Further information is obtained by comparison of &ri-

normal resonant Raman spectroscofly, SERRS on an Au sub- , .
strate,(c) SERRS on an Ag substrate. A Lorentzian analysis of theStOkeSRRS and SERRS spectra of the SWNT's. To obtain

spectra is made into the same Lorentzian oscillators at 1515, 154§,uff|0|ent |ntens_|ty to. observe the SERRS am"Stc’k‘?s Spec-
and 1580-cm? for the metallic nanotubes and at 1563, 1591, andtra', fra}f:tal colloidal S'Ive,r,CIUSters Were,' used for_ the “"SERS-
1601 cnt! for the semiconducting nanotubésee Table)l The  active substrate, exploiting the very high effective enhance-
two dominant components in the metallic nanotube regiaa515 ~ Ment factors(on the order of 1_8) recently reported for
and 1540 cm?) and the strongest component in the semiconduct1@notubes adsorbed on such silver surface when excited at
ing nanotube regiméat 1591 cm?) are labeled. 830 NM Ejase~1.49 €V).” In general, due to Boltzmann
population considerations, the intensity of the anti-Stokes

. ignal of the tangential modes is expected to be very weak.
d(.)W for this sample, the_ SERR.S and RRS spectra can be fIh':'ﬁgnormal RRS s%ectroscopy on SW?\IT'S, an increasz in the
with the same L.orent2|an oscillators as for th.e spectra mperature results in a higher population of these vibra-
Ejaser=1.96 €V, discussed above, and once again the Lorenfing| evels and makes it possible to obtain measurable anti-
zian components at 1540 and 1515 chassociated with the  gigkes spectr® However, in SERRS, the strong thermal
metallic nanotubes are more strongly enhanced in theoupling of the nanotubes to the metal substrate prevents the
SERRS spectra. The experimental intensity ratios are givegccurrence of such an increase in the temperature. But at
explicitly in Table | for various excitation energies and for extremely strong SERRS enhancement levels, the Raman
the relevant Lorentzian oscillators at that value Bf,. Stokes process measurably populates the first excited vibra-
Table | shows that the phonon modes at 1540 and 151&onal level in excess of the Boltzmann population. This re-
cm ! are enhanced in the SERRS spectra relative to the RR&uIts in a strong anti-Stokes SERRS spectrum measured at
spectra, while the intensity of the 1581-chcomponent is  830-nm (1.49-e\) excitation! Figure Gb) shows a line-
almost unchanged. In the spectraBt,.=1.96, 1.92, and shape analysis of RRS and SERRS Stokes and anti-Stokes
1.83 eV, the relative intensities of the weaker components apectra of the tangential band measured at this excitation
1563, 1591, and 1601 cm, that are associated with the wavelength. In contrast to the Stokes spectra at 1.49 eV dis-
semiconducting nanotubes, are almost the same for the RR$Issed above, where RRS and SERRS spectra show similar
and SERRS spectra. At a given valueEBf..,, the SERRS line-shapes characteristic of semiconducting nanotubes,
spectra for the metallic nanotubes are about equally emshanges in relative intensities are seen in the anti-Stokes side
hanced(within experimental errgrfor the silver and gold of the Raman spectra, where so-called preresonance effects
substrates, as shown in Table I. On the other hand, the cofnvolving the scatteredphoton can occut.Although the en-
tributions to the spectra from the semiconducting nanotubesrgy of the incident photoiil.49 e\ is lower than the en-
(at 1563, 1591, and 1601 crh) are essentially the same for ergy of theEQ"l(dt) electronic transition associated with the
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tronic structure of metallic and semiconducting nanotubes
(see Fig. 1. However, if the incident photon may be in weak
resonance with th&4(d;) transitions, while the scattered
photon may be in a much stronger resonance condition, then
RRS enhancement can occur through resonance with the
scattered photon. Since the resonant enhancement factors can
be large &107), it is possible for the scattered photon to
dominate the resonance enhancement process, thereby allow-
ing a givenE s eXcitation to probe either metallic or semi-
conducting nanotubes very selectively, and resulting in very
/ Do SO N different line shapes at the Stokes and anti-Stokes sides.
1.2 1.6 2.0 24 Such effects are clearly seen in Figs. 4 aifl).6
Laser Energy (eV) We can account for this observation in the following way.
o o Each of the 1515-, 1541-, and 1581-chLorentzian com-

FIG. 7. Metallic window for carbon n_ano_tubes with dlgmeters of ponents associated with metallic nanotubes will, in general,
d;=1.350-20 nm for the Stokessolid line) and anti-Stokes ., ragnong to different normal-mode displacements and
(dashed. ling processes, which Cross Bfase=1.80 eV (Ref. 13. symmetries. The equation for the Raman scattering intensity
Also indicated on the figure by vertical dashed lines@gg.values ¢ oa0h of the Lorentzian components of the ensemble of
used in this study. metallic nanotubes that is involved in the resonant Raman

. ) process can be written as
metallic nanotubeghus preventing any resonant Raman en-

hancement for metallic nanotubes in the Stokes spedira —(dy—dg)?

upshiftedscatteredanti-Stokes photon gives rise to a reso-  |,,= >, A exp| t—o} {[EM(d}) — Epaser™ Eph]2

nel\lnnt Raman effect for metallic nanotubes through the Ad%/4

E1i(dy) electronic transition, as shown in Fig. 7, where the 2 -1 =M 2. 2 -1

expected intensities of the 1540-cifeature for the Stokes FIela} HIEL(d) ~ Based ™+ T'ef4} @)

procesgsolid curve and for the anti-Stokes procesfashed iy which 1,,=1,,(Eser,d;) is the scattering intensity for the

curvg are plotted for SWNT's with diameterd,=1.35  Siokes process sign) and for the anti-Stokes process

+0.20 nm-~ _ _ (— sign for each Lorentzian component of the ensemble of
It is very interesting to note Fhat yvh|le the Stokes Sp_ec”ametallic nanotubes in resonance with ﬂﬁﬁ(dt) electronic

at Ejase=1.49 €V show only vibrational modes associatedyansition between the highest lying valence-band van Hove

with the semiconducting nanotubes and no measurable scaliyqyarity and the lowest lying conduction-band singularity

tering intensity from metallic nanotubésee Fig. 1, the anti- i, their 1D electronic density of staté$.The sum in Eq(1)

Stokes spectra in the tangential phonon region, for both th oyer all metallic nanotubes having a diameter distribution

RRS and SERRS spectra can be fitted, using only Lorentziag .« byd,=d,* Ad whered, is the average diameter and
components associated with metallic nanotubes and no meg- is the full width at half maximun{FWHM) of a Gauss-

surable _scattering intensity for_ semiconducting nanot_ubes, 3sn distribution of nanotube diameters. Alig, denotes the
shown in Table- II. The antl-Stoke_s spectra objtamed abhonon frequency for the tangential bad20 eV}, T', is a
Eiaser—1.49 eV (Fig. ) are therefore in a very special 1€S0- 4 hing parameter determined by fitting experimental data
nance condition, allowing discussion of the differences in th 0 Eq. (1), A is a dimensionless factor proportional to the

observed RRS and SERRS line shapes when only metallig,; mann factor exptEyn/kT) for the anti-Stokes process

nanotubes appear to contribute to the anti-Stokes Raman Signd a constant for the Stokes proce8sand the magnitude

nal. This condition is not observed in the Stokes spectra fOBf this factorA depends on the scattering cross section for

our sample, for any of the available laser wavelengths. Th‘ﬁwe normal-mode displacements and symmetry of a given
different spectral RRS profiles between the Stokes and antlinrational mode.

Stokes Raman spectra are discussed in detail in Ref. 13. The Equation(1) applies to each Lorentzian component indi-

fact that, for the same laser wavelength, the Stokes and anﬁ/’ldually. For example, Fig. 7 shows the calculated intensity
for the 1540-cm?! Lorentzian componentthe strongest

Stokes spectra can be in a completely differgnétallic vs
femmor;ductmg nanstubereg#]me cand t:ﬁ understtloodl ml component in the Raman spectra for metallic nanotuags
erms of resonance Raman theory and the exceptional €legy,tion of E|aser fOr the Stokes and anti-Stokes RRS pro-
o N o cesses. Each compondfi615, 1540, and 1581 c¢m) has a
TABLE II. Relative intensities and FWHM linewidthd') for  somewhat different intensity profile, which also differs for
Lorentzian fI'[S to the RRS and SERRS anti-Stokes SpeCtl’a fOI’ quQRS relatlve to SERRS Therefore the COmpOS'te Spectrum
tallic (m) nanotube components Blase=1.49 V. that is observed for the tangential modes after summing over
the contributions from each nanotube in the sample may
show different enhancements for the various Lorentzian

o (cm™ 1) RRS? T (ecm™Y) SERS?* T (ecm™Y)

1515m 0.3 30 05 88 components as a function &g,
1540m 0.6 47 1.2 52 For the metallic nanotubes, which are observed in the
1581m 1.0 34 1.0 43 anti-Stokes Spectrum ﬁlaser: 1.49 eV,7'13 the RRS SpeCtra

and the SERRS spectra, taken with nanotubes adsorbed on
4ntensities relative to 1581 cm. the colloidal Ag particles, are also consistent with the corre-
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TABLE lll. Wave numbers {) and FWHM (') (both givenin  |aser heating of the samples in RRS. Such heating does not,
cm™ 1) for the second-orde®’ Raman band observed at the indi- however, appear for SERRS because of the good thermal
cated wavelengths for resonant Raman and SERS spectra. contact between the nanotubes and the metal substrates. It
should also be mentioned that the optical pumping effect,
which can account for the strong anti-Stokes spectfiisn,
expected to be very weak at the high phonon energy of
RRS 2662 63 2600 68 2604 66 ~2600 cmil. Further study is necessary to understand this
SERS(Au) 2674 56 2624 51 2623 48 effectinmore detail. In summary, the intensities in the SERS
SERS(Ag) 2676 54 2624 49 2622 47 Stokes spectra of th€' band are larger relative to the tan-
gential vibrational band for the metallic single-wall carbon
nanotubes, in contrast to the situation for the semiconducting
sponding results observed B~ 1.96, 1.92, and 1.83 eV nanotubes where the i_ntensity ratios are the same f@& all,
for the Stokes process on Ag and Au film substrates. Thealues that were studied. o
same peak frequencies for the three components for the tan- Th€ (@tng™ @rem) and (@iangt 2wgev) combination
gential modes for metallic nanotubes, 1515, 1541, and 15882nd frequencies at 1730 and 1905 chrespectively, in the
cm™ 1, that give a good fit to the observed Raman band in théXRS spectrum in Fig. 3 are also upshifted to 1740 and 1931
anti-Stokes spectra for both the RRS and SERRS spectra &1 - respectively, for the adsorbed nanotubes in the corre-
1.49 eV, also give a good fit to the Stokes spectra at 1.8$ponding SERRS spectra at 1.96 eV. Itis mterest-lng _to note
1.92, and 1.96 eV for the Stokes RRS and SERRS spectra Htat the larger upshift for theu(angt 2wrgw) combination
Easer bEtween 1.83 and 1.96 eV. mode is cor_1$|stent_ with the larger varlapon of this mode

A more detailed comparison of the relative intensities offféduency withE ..in the RRS spectré. This phenomenon
each of these components associated with metallic nanotub&sunder further investigation. _
in the anti-Stokes spectra at 1.49 eV is given in Fig. 6 and in Since the mechanism responsible for resonant Raman
Table II. Also for the anti-Stokes spectrum at 1.49 eV, forscattering for thed band in the first-order spectrum and for
which the metallic nanotubes dominate, the 1541- andhe G’ band in the second-order spectrum at twice the

1515-cni * components are the ones that are most enhancda-Pand frequency is quite different from that for the tangen-
by SERRS. tial band® a comparison of the behavior of these modes

under normal resonant Raman scattering and under SERRS
yields valuable information about these phenomena. From
the above discussion on the tangential mode spectra, we con-
In addition to changes in the tangential vibrational modesc|yde that the same Lorentzian components appear in the
other features in the Raman spectra for SWNT's are alsine-shape analysis of the RRS and the SERRS spectra for
perturbed by the presence of the metal substis#te Fig. 3 the semiconducting nanotubdat 1563, 1591, and 1601
In this figure, we see that thB-band featurg(1307-1315 c¢m™1) without change in the relative intensities of these
cm™ 1) in the first-order Stokes spectrum at 1.96 eV is up-Lorentzian components. And even in the RRS and SERRS
shifted by 4-8 cm* in the SERRS spectrum relative to the spectra for thenetallicnanotubes, the same Lorentzian com-
RRS spectrum, while the corresponding second-o@ér ponents(1515, 1540, and 1581 cm) appear in both the
band is upshifted by 24 cit upon interaction with the metal RRS and SERRS spectra, though with different relative in-
substrate. The data in Table Ill for th@’ band at three tensities at a given value &g, From these results, we
values OfE e [2.41 €V (514.5 nm), 1.96 eV (632.8 nm,  conclude that the normal-mode vibrations are essentially un-
1.92 eV (647.1 nm] show that the shift in th&’ band is  changed by the interaction between the nanotubes and the
much larger forE s, values wherametallic nanotubes con- metal substrate. But rather the electronic excitations are
tribute strongly to the Raman spectra than for g, value  somewhat perturbed by this interaction, with evidence for
in the semiconducting regime. this interpretation coming from the upshift in tBeband and
Furthermore, aE 5= 1.96 eV (within the metallic win-  the G’-band frequencies in the SERRS spectra for all nano-
dow), the intensity of theG’ band relative to that of the tubes relative to the corresponding RRS spectra, and from
tangential mode, denoted simply bys( /11409, has a value the relative increase in the intensities of these Raman bands
of 0.4 for the normal Raman spectra as compared to a sign the SERRS spectra for the metallic nanotubes. Following
nificantly larger value of 0.6 for the SERS spectra. In con-this line of reasoning, we argue that the interaction between
trast, for Ej.ce=2.41 €V where only semiconducting nano- the nanotubes and the metal substrate perturbs the electronic
tubes are in resonance With,se,, the ratio (g /liang has  structure near th& point of the 2D graphene Brillouin zone,
the same value of 0.2 for both the NRS and SERS spectraso that theD-band and theG’-band vibrational spectra
Figure 6 forEse= 1.49 eV also shows a large upshift in which are resonantly excited by a given laser engegy.,
the frequency of the second-ord8f band for the adsorbed now correspond to a slightly upshiftédpoint relative to the
nanotubegfrom 2600 cm ! for the normal resonant Raman K point in the 2D Brillouin zone. But since tH-band(and
spectrum to 2636 cmt for the SERRS spectrunat theanti-  the G’-band phonon that is resonantly enhanced has the
Stokesside of the Raman spectra. For the anti-Stokes spectsame wave vector as that of the resonant electronic
which is dominated by resonance with metallic nanotubestransition® the upshift in the SERRS spectrum relative to
the relative intensities of th&’ band to the tangential band the RRS spectrum is a measure of the strength of the elec-
seems to be a factor of 2 larger for the RRS spectrum tronic interaction between the nanotube and the metal sub-
relative to the SERS spectrum which can be explained bgtrate. Because of the much larger experimentally observed

514.5 nm 632.8 nm 647.1 nm
Spectra 1) r w r w r

B. Other Raman bands
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upshift of theG’-band frequency for thmetallicnanotubes, isolated particle$>?® Theoretical calculations predict that
we conclude that the interaction of the metallic nanotubedhese SERS-active substrates should exhibit a particularly
with the metal substrate is much stronger than for the semistrong enhancement at longer wavelengtiear-infrareg
conducting nanotubes. This conclusion is also consisterixcitation In general, the electromagnetic enhancement
with the increased intensity of the Lorentzian componentgnechanism is independent of the chemical nature of the spe-
associated with the tangential band of metallic nanotubes inies, and is also expected to be the same for all vibrational
the SERRS spectra relative to the intensity of the samenodes. The existence of such large enhancement levels has
Lorentzian components in the RRS spectra. These argumertteen shown for both semiconducting and metallic
also lead to the conclusion that the electron-phonon interamanotubed. The second enhancement mechanism, the
tion is stronger for the metallic nanotubes than for the semicharge-transfer or chemical effect, strongly depends on the
conducting nanotubes. electronic structure of the nanotubes, and this mechanism
Surface-enhanced resonant Raman spectroscopy predomghould sensitively differentiate between the very different 1D
nantly enhances the symmetric vibrations for the nanotubegjensity of states between the metallic and semiconducting
The large upshift in th&s’ band for metallic nanotubes in  hanotubes.
the SERRS spectréby ~24 cm Y for Elaserzl-g_fs1 ev, For Raman Stokes spectra within the semiconducting re-
and for the semiconducting nanotubtsy ~13 cm ™) at  gine £, —1.58 and 2.41 e) no significant dependence
Ease=2.41 €V s consistent with the b'reath‘llng-m'ode " of the SERRS spectra is observed on the metal spé¢siles
type motion of the carbon atoms for the mixed quasiacousy o o gold, nor on the metal film thickness for a give,.,

tic” optic phonon branch near thi point® Normal reso- . . .
nant Raman and SERS spectral intensities are both larger f%:alue. In the semiconducting nanotube regime, all SERRS
{

the totally symmetric modes, and the very appearance of th ands are enhanced by the same amount, as expected from

G’ band in the Raman spectra relies greatly on the € electromagqetlp enhanc_emen_t mechanlsm. .
“breathing-type” motion of the phonons involved. The For laser excitation energies within the metallic resonance
larger shift in theG’ band in the SERS spectra for the me- window, however, we observe an enhanced contribution to

tallic nanotube regiméwhich includes spectra taken at both the SERRS spectra of selected Lorentzian compongatts
1.96 and 1.92 eVwould also be an indication of a stronger 1540 and 1515 cmt), associated with metallic nanotubes.
interaction of the metallic nanotubes with the metal substrat&Ve explain this effect in terms of a charge-transfer enhance-
reflected in the greater SERS enhancement for the metalli@ent, which is operative for the metallic nanotubes, in addi-
nanotubes, while the smaller shift for the semiconductingion to the strong electromagnetic field effect discussed
nanotubes is consistent with a lesser SERS enhancement daleove. The different behavior between the SERRS spectra of
to a smaller interaction between semiconducting nanotubewmetallic and semiconducting nanotubes arises from the major
and the metal substrate. The frequency upshift observed falifferences in their electronic structures, in their 1D density
the combination bandsw(angt wrem aNd WGt 2wrem) of states near the Fermi level, and from their stronger
also supports the argument that the combination modes cowriectron-phonon coupling in metallic as compared to semi-
tain a totally symmetric mode in the decomposition of theconducting nanotubes.

direct product of the symmetry types contained in the com- |t is well established that the chemical mechanism of en-
bination mode. hancement can be described as a resonant Raman effect in-
volving electronic levels of the substrate and of the adsorbed
molecules as well. The chemical effect therefore depends on

) o the occurrence of a resonance condition between the laser
There are two major contributions to the surface enhanceénergy and the energy separation of the van Hove singulari-

ment of the resonant Raman scattering of carbon nanotubgg,s iy'the 1D peaks of the electronic density of states of the

adsorbeq on metallls surf_ace:,s: the _electromagneuc nanotube adsorbate, as modified by interaction with the
mechanism and the “chemical” mechanism, based on etal substrate

charge transfer between the metallic surface and the nano- Furthermore, the selection rules for the charge-transfer

tubes. The “electromagnetic” mechanism is due to the en-

hanced electromagnetic fields at or near nanometer size mg}_echz_:lnlsm prgdlct_that modes with dn‘fe_rent symmetries and
tallic particles, in our case “rough” silver and gold surfaces.W'th different vibrational normal-mode displacements should

Particularly strong field enhancement up to 10 to 12 order§ehaye differently, just as for the resonant Raman selection

of magnitude can exist for metallic substrates showing fracfU!€s™" = In particular, totally symmetric modes are more
tal cluster structure€2* At the applied excitation wave- likely to be enhanced through the Franck-Condon mecha-
lengths in the reported experiments, the electromagnetic eftiSm in both SERS and resonant Raman spectrosc8bies.
hancement is expected to be based on resonances of tﬁée fitted data in Flg 5 indicate that the different tangential
optical fields with the collective electronic excitations of Lorentzian components identified with the metallic nano-
such cluster structures and not with those of the isolatetlbes are enhanced by different amounts, with a preferential
particles. This “cluster-based” field enhancement does noenhancement of the 1540-crh component. Both the RRS
directly depend on the sizes and shapes of the individuednd SERRS spectra indicate that the strongly enhanced
particles, and therefore is expected to be similar for ourl540-cm! vibrational component is the one that is more
metal island films and colloidal silver surfaces. The fieldslikely to have predominantly;, symmetry, though a con-
that are highly localized in small areas of the cluSteesult  vincing identification awaits definitive  polarization

in much stronger SERRS enhancement for clusters than faneasurement¥.

C. SERS enhancement mechanism
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IV. CONCLUSIONS contribution to SERRS from the tangential mode in the semi-

conducting nanotubes does not prove that there is no elec-

In this paper, we have studied in detail the surface enfronic interaction between these tubes and the metal sub-

hancement of resonance Raman scattering of SWNT's OUirate. Because of the weaker electron-phonon coupling in

silver and gold nanostructures. By looking at small change : : L o
between the RRS and SERRS spectra at various laser exggmlconductmg nanotubes, SERRS is simply not a sensitive

tation energies for selected modes of the metallic nanotubeenOngh tool o look for changes in their electronic states.
9 o “ " %ut, our independent probe of measuring the upshift of the
we have found a small contribution of “chemical” SERRS ~; . S : X
.G’ band in SERS, indicates a stronger interaction of the
enhancement to the very strong total enhancement factor in; . : :
X . S D T . electronic states of the metallic nanotubes with the metal
ferred in previous work. This finding is in agreement with

RRS studies, which also show a stronger eIectron-phonoSUbStrate than for the semiconducting nanotubes. The selec-

. . flve enhancement of modes which can be assigned to a to-
coupling for the metallic nanotubes as compared to the sem

conducting nanotubes. Therefore changes in the eIectronggesémmeglﬁez%iﬁusv?tﬁ SRthé 1:22-?;,%;03(1 esl[zd?gg of
states which appear through interaction between the nano- lecule<® g

tubes and the metal substrate show up as changed SERRY
conditions for observing the related phonon bands. In prin-
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