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In this work, we performed a detailed study of the Raman spectra of double-wall carbon nanotube (DWNT)
bucky paper samples. The effects of H,SO, doping on the electronic and vibrational properties of the DWNTs
are analyzed and compared to the corresponding effects on single-wall carbon nanotubes (SWNTSs). Analysis of
the radial breathing mode (RBM) Raman spectra indicates that the resonance condition for the outer wall
nanotubes and the SWNTs are almost the same, indicating that the effect of the inner-outer wall interaction on
the transition energies of the outer walls is weak compared to the width of the resonance window for the RBM
peaks. The effect of H,SO, on the RBM frequencies of the outer wall of the DWNTs is stronger for larger
diameter nanotubes. In the case of the inner walls, only the metallic nanotubes were affected by the acid
treatment, while the RBM peaks for the inner semiconducting nanotubes remained almost unchanged in both
frequency and intensity. The G* band was seen to upshift in frequency with H,SO,4 doping for both DWNTSs
and SWNTs. However, the effect of the acid treatment on the G~ band frequency for DWNTs was opposite to
that of SWNTs in the 2.05-2.15 eV range, for which the acid treatment causes a wg- upshift for SWNTs and
a downshift for DWNTs. The G’ band line shape of the DWNTs is explained in terms of four contributions
from different components which are in resonance with the laser excitation. Two of these peaks are more

related to the inner wall nanotube while the other two are more related to the outer wall.
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I. INTRODUCTION

Carbon nanotubes have been the subject of many studies
over the past decade due to their unique mechanical and
electronic properties which allow for an increasing number
of applications. Most of the initial studies on carbon nano-
tubes were performed on multiwall carbon nanotubes
(MWCNTs) and on single-wall carbon nanotubes (SWNTSs).
However, in more recent years, increasing attention is being
given to double-wall carbon nanotubes (DWNTS) since they
can be regarded as the simplest example of MWCNTs, and
thus can be studied quantitatively and systematically. Also,
DWNTs are promising for technological applications due to
their robustness while retaining many of the highly desirable
single-wall nanotube properties.

Recent calculations predicted that the interlayer interac-
tion should have a stronger effect on the electronic structure
of the inner wall, as compared to the effects on the outer
wall.! It is also expected that the metallic character of one or
both components of the DWNT can affect the inner-outer
interlayer interaction. Such effects have not yet been clearly
observed experimentally. Also, it is expected that the inner
wall of the DWNTs will be somewhat protected by its outer
wall from changes to the external environment, making them
ideal samples for studying isolated, noninteracting tubes.

An important step towards the development of several
technological applications of carbon nanotubes is to control
their electronic properties. One possible way of controllably
changing the carbon nanotube’s electronic and vibrational
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properties is by transferring charges (electrons or holes) to
the nanotube by means of intercalation and/or functionaliza-
tion processes.”® However, the process of doping the carbon
nanotubes with the intercalant molecules and the effect of the
intercalant on the nanotube properties are not yet well under-
stood. The situation is complicated even further in the case
of DWNTs, for which the doping process affects the inner
and outer walls in very different ways, and where the metal-
lic character of one (or both) of the walls plays an important
role on the effect of doping on the DWNT electronic
properties.” An increasing amount of work is now being
dedicated to study the doping of carbon nanotubes with elec-
trons and holes as a means to promote their possible techno-
logical applications. The study of both the intrinsic proper-
ties of carbon nanotubes and the interaction that occurs
between the inner and outer walls in double-wall carbon
nanotubes in their pristine and doped configurations is key to
advancing the scientific understanding of the carbon nano-
tube properties and the development of suitable applications.

The recent development of a technique for obtaining high-
purity double-wall nanotubes,®® has opened new opportuni-
ties for research on the detailed interactions between the in-
ner and outer tubes in DWNTs. We take advantage of this
advance in the preparation of pure and H,SO, treated
DWNT bundle samples in the present work.

We report here a detailed study of the double-wall carbon
nanotube Raman scattering properties and the effects of
H,SO, doping on their Raman spectra, which can, in most
cases, be traced to the changes in the electronic and vibra-
tional properties of the nanotubes. With this objective, Ra-
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man scattering experiments were performed on a highly pure
DWNT bucky paper sample using seven different laser exci-
tation energies. To consider the effect of H,SO, doping, part
of the DWNT bucky paper was exposed to 99% sulfuric acid
for 5 s. The short exposure time preserved the structural in-
tegrity of the sample but, nevertheless, produced significant
changes in the experimental spectra to allow for a direct
comparison between the pristine and acid treated samples. To
better contrast the properties of the outer (large diameter)
and inner (small diameter) nanotubes, a sample of highly
pure SWNT bucky paper with a similar diameter distribution
to that of the outer walls of the DWNTSs studied here was
also subjected to the same experimental conditions.

In Sec. II, the experimental setup used for obtaining the
Raman spectra of the SWNT and DWNT samples is de-
scribed. In Sec. III, the Raman spectra of pristine and acid
treated DWNTSs are analyzed and compared to the results for
the SWNTs. This study is focused on the radial breathing
mode (RBM), G band and G’ band features. This paper is
concluded in Sec. IV with a summary of the most important
findings of the present work with comments about future
research directions implied by the present work.

II. EXPERIMENT

Highly purified arc-derived SWNTs purchased from Iljin
Company (Korea) were used without further purification and
highly purified DWNTs were obtained by a chemical vapor
deposition method and an optimized purification process, as
previously described.® The two types of carbon nanotubes
were each homogeneously dispersed in concentrated nitric
acid for 5 h with the help of ultrasonication. It should be
noted that both the SWNT and DWNT samples initially had
large-sized bundles in the range of 20-50 nm. Thus, we
were able to disperse both SWNT and DWNT samples only
by strong nitric acid treatment. We also confirmed that there
was no structural damage through this acid treatment based
on scanning electron microscopy, tunneling electron micros-
copy, and Raman D band characterization.® Then, by filtering
a stable suspension of SWNT and DWNT nanotubes [poly-
tetrafluoroethylene (PTFE) filter, 1 w], rinsing the resulting
material with de-ionized water several times, drying it for
24 h in vacuum, and peeling off the paper from the PTFE
filter, we obtained thin and flexible black-colored papers. Fi-
nally, these black-paper samples were dipped in concentrated
sulfuric acid (97%) for a short time. No large changes in the
D band spectra via chemical doping were observed, strongly
suggesting that sulfuric acid treatment did not induce struc-
tural damage to the SWNT and DWNT samples.

The Raman spectroscopy experiments were performed in
the backscattering geometry using a variety of laser excita-
tion energies (Ej,,) provided by an argon laser (2.41, 2.54,
2.71 eV), a krypton laser (1.916 V), a Ti:sapphire laser
(1.58 eV) pumped by the argon laser, a solid state laser
(2.33 eV), and two dye lasers (with DCM and rhodamine
6 G as dyes) pumped with the argon laser. Four laser lines
obtained using the dye laser were selected to be close enough
to be within the resonance window for a given nanotube,
allowing us to monitor the changes in the Raman spectra
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FIG. 1. (Color online) Kataura plot based on the ETB model
(Ref. 11) in the region of transition energies and RBM frequencies
for the SWNTs and DWNTs in our samples. The horizontal lines
show the laser excitation energies (Ej,,) used in the experiments.
The numbers indicate the 2n+m families. The black and gray solid
lines, respectively, refer to undoped and hole doped nanotubes (0.04
holes/carbon atom) (Ref. 7), as do the closed and open symbols,
respectively.

which follow from the change in the resonance condition.
The remaining laser lines were chosen to be approximately
equally spaced from each other in energy, as well as covering
the largest range of excitation energies available within our
experimental setup. The light was focused on the sample
using a 50X objective. The power irradiated in the sample
was kept lower than 1 mW to avoid heating effects. Different
acquisition times between 5 and 30 s were used for each
sample in an attempt to optimize the signal-to-noise ratio of
the Raman spectra. To avoid problems related to inhomoge-
neities in the sample, all spectra were taken on three to five
different spots for each sample.

III. RESULTS AND DISCUSSION

Figure 1 shows the Kataura plot calculated for nanotubes
within the range of the RBM frequencies expected for the
nanotubes in the sample and with transition energies (E;;)
close to the excitation energies (Ej,,) used in the experi-
ment. In the figure, we show the range of RBM frequencies
expected for the inner and outer walls of the DWNTs within
the samples studied in this work. The diameter distribution
for the SWNTs in these samples is closely the same as the
distribution of diameters for the outer wall of the DWNTs
studied in this work, and thus the spectra for DWNTs and
SWNTs obtained here should show the same range of RBM
frequencies. The Kataura plot shown in Fig. 1 was calculated
using the extended tight-binding (ETB) approach, including
many-body corrections by comparing the calculated results
with those obtained experimentally on isolated SWNTs
wrapped with SDS.!%! A downshift of 100 meV was applied
to all transition energy values to account for the bundling
effects.!? In Fig. 1, wgpy, is related to the tube diameter and
chirality (d, and 6, respectively) by wggy=A/d,+B+(C
+D cos 36)/d?, with wgg), and d, in units of cm™ and nm,
respectively.!” The A, B, C, and D values used for construct-
ing this plot were, respectively, 223 (228), 73 (14), -1.1
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FIG. 2. (Color online) RBM spectra for DWNTS for 1.916,
2.052, 2.105, 2.134, 2.186, 2.330, and 2.540 eV excitation energies.
Solid black (dashed red) lines are for undoped (H,SO, doped)
DWNT samples.

(-2.7), and —0.9 (-2.7) for semiconducting (metallic) nano-
tubes. This Kataura plot can be used as a guide for an evalu-
ation of the resonance condition for each laser excitation
energy and for guidance in interpreting the doping experi-
ments. For this plot, the open symbols in Fig. 1 show the
calculated transition energies when considering the effects of
hole doping.’

A. Radial breathing mode spectra

The RBM Raman spectra for the pristine single-wall and
double-wall nanotube samples are shown as black lines in
Fig. 2. It should be noted that, in this figure, different inten-
sity scales were used for SWNTs and DWNTs and for dif-
ferent laser energies. Therefore, the comparison of intensities
in this figure is only valid within the same samples and laser
excitation energies.

1. Inner-outer tube interaction effect on E;; values

To gain insight into the electronic transition energies of
the measured nanotubes, the experimental RBM peaks are
assigned to the 2n+m families that give rise to most of the
contributions to the RBM intensity, and in the case of the
small diameter nanotubes, (n,m) assignments are tentatively
made. The RBM frequencies and assignments are shown in
Table I.

To understand the effect of the inner-outer tube interaction
on the E; values of the outer wall nanotubes, we compare the
RBM Raman spectra of the lower frequency RBM peaks
(<200 cm™") for DWNTs and SWNTS with the Kataura
plot. In the case of the SWNTs and the outer wall nanotubes
of the DWNTs, agreement with the calculated Kataura plot
could only be reached by considering that the E;; values are
further downshifted by 0.050-0.100 eV, indicating that the
bundling effect in this system is somewhat stronger than pre-
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viously observed.'> Such is the case for the E,
=2.186 eV spectra, where the peak at 178 cm™' for SWNTs
originates from nanotubes in the family 2n+m=32. The in-
tensity maximum of this RBM peak corresponds to the RBM
frequency of nanotube (13,6), for which the calculated tran-
sition energy for SDS wrapped samples is approximately
2.255 eV, which indicates that the energy downshift result-
ing from the bundling effects on this particular tube is larger
than what was observed previously by approximately
0.069 eV.'? In the case of the DWNT samples studied with
the same laser excitation energy (E,=2.186 eV), the Ra-
man spectra show the contribution of many different peaks in
the frequency region. Some of the observed peaks also origi-
nate from the nanotubes in family 32, as for the SWNT
sample, indicating that the resonance condition in the two
samples is similar. The same happens for other laser lines,
where most of the RBM peaks observed for SWNT samples
are also present in the DWNT RBM spectra. This result in-
dicates that in DWNTSs, the effect of the inner wall interac-
tion on the electronic transitions of the outer wall nanotubes
is weak compared to the resonance window of the RBM
peaks for these tubes. It can be also noted that for DWNTSs,
the RBM spectra are much richer even in the region of the
outer walls. There are two main factors contributing to this
result. First of all, the diameter distribution for the outer
walls in the DWNTs seems to be wider than that of the
SWNTs, as is shown by the strong RBM spectral intensity
below 160 cm™! for Ej,.,=2.186 eV, which originates from
nanotubes in families 34 and 37 or can be attributed to E3,
transitions from larger diameter nanotubes. On the other
hand, it is also understood that the interaction of the outer
tubes with the inner wall can change the RBM frequency of
the outer wall nanotubes, and this change will depend on the
(n,m) structure of the inner wall carbon nanotube. Therefore,
what shows up as a single peak for SWNTSs should appear as
a superposition of different peaks for DWNTSs, corresponding
to the same (n,m) outer wall nanotube interacting with dif-
ferent (n',m’) inner wall nanotubes.'>'* This effect is also
related to the consistently larger full width at half maximum
(FWHM) observed for the RBM peaks of the outer walls in
the DWNT samples (see Table I).

It is now interesting to investigate how the inner-outer
tube interaction changes the electronic transitions of the in-
ner wall nanotubes and whether this effect is different for
metallic and semiconducting inner walls. For this, it is useful
to take a closer look at the RBM Raman spectra of the inner
wall nanotubes obtained with the three laser excitation ener-
gies ranging from 2.052 and 2.134 eV, and to see how the
Raman spectra evolve when the laser energy changes from
the highest energy to the lowest one.

For Ej,,=2.134 eV, the Raman spectra in the region of
the RBM frequencies corresponding to the inner walls of
DWNTs is composed of a strong broad band peaked at
237 cm™! corresponding to metallic nanotubes from family
24, a weak feature peaked at 272 cm™! corresponding to me-
tallic nanotubes in family 21, and a broad band peaked at
284 cm™! which can be related to nanotubes from family 20
(semiconducting). There are also two higher frequency peaks
which appear at 308 and 335 cm™!. However, out of these
two, only the former has considerable intensity and corre-
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TABLE I. Tentative assignment of wgp;, for various laser excitation energies to 2n+m families and E;;
transitions for pristine DWNTs. The corresponding peaks for SWNTs are shown in square brackets when
available. Large linewidth peaks are shown labeled with their maxima or by the frequency range within

which they appear.

DWNTs [SWNTs]

Elaser WRrBM FWHM
(eV) (ecm™) (cm™) (n,m) 2n+m
1.916 156 [151] 21 [13] 38 E3;5
M
[174,191] [19, 19] 30 ENy
199,220 17,13 27 EM,
257 16 (11,1) 23 E3,
S
288 20 (7.5) 19 E5,
2.052 160 [160,178] 20 [16,12] 35 ES,
214 14 27 EM
241 16 24 EY,
285 8 20 ES,
309 11 (6,5) 17 ES,
S
337 8 (6.4) 16 E5,
S
2.105 159 [155-171] 28 [13,15] 35 ES,
215 20 27 EY,
238 19 24 EN,
308 12 (6,5) 17 ES,
334 13 (6,4) 16 E5,
2.134 166 [159-172] 26 [12,13] 35 ES,
M
237 21 24 EY,
M
272 7 21 EM,
284 12 20 E5,
308 11 (6,5) 17 E>,
335 11 (6.4) 16 E3,
2.186 153 23 34 E3s
177 [178] 22 32 ES,
241 25 24 EY,
286 21 (11,1) 20 E5,
2.330 <160 [170] -[20] 37 ES,
186 [180] —[14] 29 E3,
258 18 (8,5) 21 E5,
S
270 21 E5,
S
315 15 17 ES,
2.540 <160 E,
162 [160,177] 27 [17,19] 34 ES,
200,224 [16,13] 26 ES,
287 13 (6,6) 18 EM
301 12 (7.4) 18 Efly

sponds to the (6,5) nanotube which belongs to family 17. For
Ejpe;=2.105 and 2.052 eV, the band at 237 cm™! remains
unaltered, while the small shoulder at a lower frequency,
which shows up weakly for Ej,.,=2.134 eV, evolves toward
a strong feature at 215 cm™! for E,,=2.052 eV arising from

metallic nanotubes in family 27 in resonance with the lower
energy E'M, transition. Also note that the contribution from
the higher RBM frequency peaks increases as the laser exci-
tation energy decreases to 2.052 eV. At this laser energy, a
strong contribution is seen for two high frequency peaks at
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approximately 309 and 336 cm~!, which correspond, respec-
tively, to the (6,5) and (6,4) nanotubes. It should be noted in
Fig. 1 that the calculated transition energies for these two
nanotubes (E3,) are 2.112 and 2.105 eV, and thus should be
in better resonance with the 2.105 eV excitation energy. This
fact indicates that the transition energy for these nanotubes is
downshifted from the calculated energies by approximately
0.050 eV due to the inner-outer tube interaction. Since the
calculated energies in Fig. 1 are downshifted by 100 meV
compared to SDS wrapped SWNTs, the 0.150 eV downshift
observed experimentally for these nanotubes characterizes
the different interactions with the different wrapping materi-
als (SDS and nanotube). On the other hand, the experimental
results for the metallic nanotubes in families 24 and 27 are in
good agreement with the calculated Kataura plot, indicating
that, for these metallic nanotubes, the tube wrapping effect is
~50 meV weaker than that observed for the semiconducting
nanotubes.

2. Effect of H,SOy treatment on the RBM spectra

The effect of the H,SO, treatment can be observed by
comparing the intensities of the RBM Raman spectra for the
pristine and H,SO, treated samples (shown as a dashed line
in Fig. 2). It can be noted that, for most laser excitation
energies, the intensities of the RBM modes for the SWNTs
and for the outer walls of the DWNTs are strongly sup-
pressed by the interaction with H,SO,. It is interesting to
point out that this suppression seems to be stronger for the
lower frequency components of the RBM spectra, related to
larger diameter nanotubes. This effect seems to be related to
the fact that larger diameter nanotubes have a smaller band
gap and thus are more easily affected by charge transfer. We
can point out two possible effects that are usually believed to
contribute to this strong intensity suppression: A damping of
the nanotube RBM by the presence of a dopant molecule that
prevents the radial movement of atoms and a change in the
E;; transition energies due to doping effects. In the first case,
such vibrational damping should be accompanied by an in-
crease in the RBM frequencies. However, except in the spec-
tra for Ej,,=1.916 eV, which will be discussed below, no
evidence of a strong RBM upshift was observed after the
acid treatment. A change in E;; energy values seems more
likely to be the cause of such an intensity suppression. How-
ever, it is striking that, for all of the excitation energies stud-
ied here, RBM intensities were all suppressed by the acid
treatment and never showed an increase, which should be
expected as E; values are changed into a better resonance
condition. Therefore, although changes in the electronic tran-
sition energies are expected, there seems to be another pro-
cess responsible for this suppression, which has not yet been
elucidated. This decrease in intensity can originate from a
broadening of the resonance window due to the interaction
with the H,SO, molecule. However, a more detailed study of
the resonance window for doped isolated nanotubes is still
needed in order to confirm or disprove this assumption.

In contrast, the higher frequency Raman peaks, corre-
sponding to small diameter semiconducting nanotubes, re-
main almost unaffected by H,SO, doping, in both frequency
and intensity of the Raman peaks. The peaks in the interme-
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diate frequency range (200-280 cm™') are affected by the
acid treatment, but not as much as the larger diameter nano-
tubes. The reason for this discrepancy seems to be the me-
tallic nature of these inner wall nanotubes. Recent work on
Br, doped double-wall carbon nanotubes showed that the
inner walls are more affected by charge transfer when they
are metallic.” It should also be mentioned that H,SO, doping
caused a small frequency upshift in the peak that shows up at
238 cm™! for the pristine sample. An RBM upshift is usually
expected in the case of strong acceptor doping. However,
since the same feature did not show a strong upshift with
H,SO, for the other laser lines, it is reasonable to assign this
shift to a change in the resonance condition, enhancing the
intensity of higher frequency peaks. This result is consistent
with only a small amount of dopant being added to the sys-
tem in our experiment. The dopant level was chosen to be
small enough to allow the monitoring of these changes in Ej;
and in the resonance condition.

This result can be used to make a better interpretation of
the experiments. For instance, in the case of the 2.330 eV
laser excitation energy, a weak feature is observed at
315 cm™!, which can be tentatively assigned to either metal-
lic nanotubes in family 18 or semiconducting nanotubes in
family 17. However, the matching between the theoretical
and experimental results is very poor, indicating that either
the calculated RBM frequencies for such small nanotubes are
upshifted related to the experimental results or the transition
energies are quite different. To differentiate between these
two interpretations, we observe that after the acid treatment,
the band that is peaked at 270 cm™', and which can be iden-
tified with the metallic nanotubes in family 21, suffered a
significant intensity suppression, while the intensity of the
peak at 315 cm™! remained almost unaltered. The difference
in sensitivity to the acid treatment between the 270 and
315 cm™! RBM peaks indicates that the latter peak originates
from semiconducting nanotubes in family 17 and not from
metallic tubes. That being the case, the RBM frequency cal-
culated for this peak is higher than the experimental value by
approximately 14 cm™'.

3. The RBM spectra for E\;;,=1.916 eV

The RBM spectrum for the DWNT samples obtained with
Elser=1.916 €V for the undoped sample shows five clear
features peaked at 156, 199, 220, 257, and 288 cm™'. The
doping with H,SO, does not suppress the lower frequency
peaks as much as is observed for the remaining laser excita-
tion energies or for the SWNT samples (see Fig. 2). For
instance, the peak at 151 cm™! for the pristine sample also
shows up for the acid treated sample, with its frequency up-
shifted by about 7 cm™' and showing a much larger line-
width. We argue that the high intensity and the frequency
upshift observed for this peak originate mainly from the fact
that nanotubes in family 38 are coming into a better reso-
nance condition as a result of the doping. In this sense, the
expected suppression of the RBM peaks is being balanced by
a change in the transition energy which causes the nanotubes
in family 38 to contribute more to the Raman spectra. It is
also interesting to note that, while the acid treatment causes a
strong intensity suppression for the peak at 200 cm™, the
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FIG. 3. (Color online) (a) G band spectral line shapes for pristine (solid lines) and H,SO, treated DWNTs (dashed lines). The four best
fit Lorentzians for the pristine sample are shown as thin dark lines for Ej,,,=2.540 eV. (b) Best fit frequencies for the G band peaks as a
function of the excitation energy for the pristine DWNT samples. Squares and circles are for the G* and G~ bands in DWNTs, respectively.
For comparison, the stars show the frequencies of these bands obtained for SWNTs. Solid and open symbols are for outer and inner tubes,

respectively.

peak at 220 cm~! did not show a large loss in intensity but
instead showed a frequency upshift of ~5 cm™'. These
changes can be explained by considering that doping affects
a metallic nanotube differently depending on its diameter and
chirality. In this sense, those nanotubes in family 27, which
are closer to the armchair chirality and also have a larger
diameter, are being more affected by the acid treatment and
thus are going out of resonance more strongly, while the
tubes closer to zigzag chirality are less affected, thereby
maintaining their resonance condition better. This result is in
agreement with the fact that zigzag and chiral metallic nano-
tubes are, in fact, tiny band gap semiconductors, for which
the magnitude of the gap decreases as the chiral angle of the
nanotube approaches the armchair chirality, for which the
band gap is zero.'>!® The change in relative contributions
from the different frequency peaks causes the observed fre-
quency upshift.

It can be thus understood that the peak frequency upshifts
observed for E,,=1.916 eV are a consequence of a change
of resonance conditions that results from the doping. This
kind of effect can be more easily observed for Ej,,
=1.916 eV, due to the fact that this lower energy laser line
tends to probe regions of larger diameter nanotubes, for
which there is a large number of different nanotubes with
similar transition energies.

B. G band spectra

In Fig. 3(a), we show the Raman spectra obtained from
pristine (solid lines) and H,SO, doped (dashed lines) double-
wall nanotube samples. Following previous works,® the G
band line shape for the DWNTs was fitted to four contribu-
tions, two corresponding to G* and G~ peaks of the outer
wall nanotube and the other two corresponding to the G* and
G~ peaks of the inner wall nanotube. It is important to note
that, in spite of the large width of the G band due to the
presence of double peak structures, the profile observed for
this band is characteristic of semiconducting nanotubes, hav-

ing a negligible contribution from metallic nanotubes. This is
an interesting result since, at least for the 2.052 and 2.186 eV
excitations, the RBM spectra indicated a strong contribution
from metallic nanotubes in families 21 and 24. The weakness
of the metallic-like G, profile on the Raman spectra of these
nanotubes indicates that the Fermi level of these nanotubes is
shifted away from the K point (where the valence and con-
duction bands cross each other for undoped armchair nano-
tubes). This can happen if there is a charge transfer process
between the inner and the outer tube, as predicted by Zo-
lyomi et al.,'” or it can be a result from the purification
method applied to the double-wall nanotubes which involved
exposure to nitric acid. However, it is important to stress that
the G band Raman spectra obtained for the 2.33 and 2.54 eV
excitation energies, in comparison to the lower Ej,., values,
have a somewhat stronger metallic-like feature which is as-
sociated with the inner metallic nanotubes being in reso-
nance.

In the case of SWNT samples (not shown here),'® the
contribution to the G~ band from metallic nanotubes could
be observed well for Ej,<2.15eV. For this reason, the
SWNT G band spectra obtained for these laser energies were
fitted to three peaks, one corresponding to the G* band (high-
est frequency) and the other two corresponding to the G~
band originating from semiconducting nanotubes (intermedi-
ate frequency) and metallic nanotubes (lowest frequency).
The best fit frequency values obtained for the pristine
SWNTs are shown as stars in Fig. 3.

Comparing the G band Raman spectra for the H,SO,
treated double-wall nanotube samples [shown as dashed lines
in Fig. 3(a)] to those of the undoped samples,'? it can be seen
that, for most of the spectra, the line shape of the G band
remains qualitatively unaltered after the acid treatment.
However, a more quantitative analysis shows that the inten-
sity of the higher frequency component of the G* band in-
creases with the acid treatment. This result can also be un-
derstood in terms of the effects of a charge transfer to the
outer wall nanotubes, which are upshifted in frequency due

045425-6



RAMAN SPECTROSCOPY OF DOUBLE-WALLED CARBON...

to the doping with H,SO,, as also occurs for graphite inter-
calation compounds.’’ The greatest changes in the G band
line shape were observed for Ej,,=2.54 eV, for which the G
band evolved from a two component structure, with a single
sharp peak to a structure showing a strong BWF-like tail
indicative of a highly metallic character. This metallic char-
acter mainly comes from the inner wall nanotubes (see Table
D).

Figure 3(b) shows the frequency of the G band peaks for
pristine DWNTs as a function of laser excitation energy. The
G band profile was fitted to four main contributions, such
that two of them arise from the inner wall (one G* and one
G7) and two from the outer wall (one G* and one G~). Pre-
vious works?! have assigned the lower frequency G* and the
lower frequency G~ peaks to the inner (small diameter)
nanotubes, while the higher frequency G* and G~ peaks are
associated with the outer wall. Both G* peaks show a small
upshift in frequency with increasing laser excitation energy,
although the frequency for the G* band for Ej,,=2.540 eV
shows up at a much lower frequency than expected. This can
be related to a strong contribution from larger diameter nano-
tubes in family 34, for which the resonance occurs with the
Ei4 electronic transition. By monitoring frequency shifts of
the G* band for the outer walls more closely, it can be seen
that for E ., between 2.052 and 2.134 eV, the frequency of
the G* band increases with increasing laser energy, and for
the 2.186 eV laser excitation energy, the G* band frequency
decreases. For comparison, the stars show the frequencies
obtained for the SWNT samples. In the case of SWNTs, the
spectra were fitted to three contributions, two different G~
bands, one for metallic and one for semiconducting nano-
tubes, and one peak for the G* band. It can be noted that the
overall behavior of the G band frequencies for different E,,,
are similar for SWNTs and for the outer wall of the double-
wall nanotubes. However, the frequency of the G* band for
the outer wall in DWNTs is upshifted relative to that of
SWNTs. The magnitude of this upshift is different for each
laser excitation energy and is thus dependent on which (n,m)
nanotubes are in a good resonance condition.

It is interesting to comment on the difference between the
G~ band frequency for the outer (higher frequency) and the
inner (lower frequency) tubes in DWNTs. This frequency
difference is observed to increase with increasing laser exci-
tation energy. Considering that the frequency of the G~ band
is proportional to 1/ df,22’23 and that the separation between
the inner and outer walls in DWNTs is fairly constant, the
frequency difference between the G~ bands for inner and
outer tubes should be proportional to 1/ d‘}, where dr is the
diameter of the outer tube. As seen in the Kataura plot of Fig.
1, increasing the laser excitation energies seems to probe
smaller diameter nanotubes more sensitively, which explains
the increasing difference observed in the G~ band frequency
for the inner and outer walls of DWNTs.

The frequency of the G~ peak for the outer walls shows a
very weak overall downshift with increasing laser energy.
Also, the frequency of the peaks associated with the G~ band
for the outer walls also showed up at a lower frequency than
that observed for the SWNTs. This effect is more pro-
nounced for Ej,,,=2.186 and 2.330 eV and is very weak for
E\er=2.450 eV, whereas a comparison for Ej,,,=1.918 eV
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FIG. 4. (Color online) Frequency shift with H,SO, doping of
the G band components for (top) SWNTs and (bottom) DWNTs for
different laser lines. The dashed lines in each figure are intended to
highlight the behavior of nanotubes in family 35. Circles are for the
Gy peak and squares are for the G§ peak. For DWNTs, solid sym-
bols are for the outer tubes while the open symbols are for the inner
wall nanotubes.

could not be made since, for SWNTSs, the contribution from
metallic nanotubes to the G band Raman spectra dominated
the line shape, while for DWNTs, the contribution to the G
band comes mostly from semiconducting nanotubes, and
thus the comparison between the two peaks is not relevant.

Figure 4 shows the G band frequency shifts due to H,SO,
doping for SWNTSs (top panel) and DWNTs (bottom panel).
For the SWNTs, the acid treatment causes a frequency up-
shift in both wg+ and oG- The magnitude of these shifts,
Awg+ and chg, varied strongly with Ej,.,, showing a de-
pendence on the specific nanotubes which are in resonance.
However, all peaks were shifted toward higher frequencies
for each laser excitation energy, and similar magnitudes were
found for the G5 and Gy frequency shifts for the same Ej,.
For the DWNTs, the G* band showed a small upshift due to
the acid treatment for most laser excitation energies. In
agreement with previous experiments,® a stronger upshift
was observed for the G* band associated with the outer walls
than for the inner tubes. However, both peaks showed a
small shift, indicating that although the outer wall protects
the inner wall from environmental effects, it is still possible
to measure some acid treatment effects from the inner wall
nanotube vibrational properties. The much weaker frequency
upshift observed after the acid treatment for the G* band in
both the inner and outer wall nanotubes (0—5 cm™!) as com-
pared to SWNTs (2—12 cm™!) may be indicative of a com-
petition between the charge transfer effect on the inner and
outer nanotubes and their interaction.

It is interesting to comment on the opposite shifts ob-
served for the SWNTs and the outer wall of DWNTs for
Elr=2.052, 2.105, and 2.134 eV. It is noted from the RBM
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spectra that these excitation energies span the different nano-
tubes in family 35, going from large chiral angle and large
diameter nanotubes for Ej,,,=2.052 eV to small chiral angle
and small diameter nanotubes for E},,=2.134 eV. It can be
noted that, in both cases, the effect of doping is always stron-
ger for the smaller diameter nanotubes. However, the signal
and magnitude of the shifts for the outer walls of the DWNTs
and the SWNTs are opposite to each other. The exact process
responsible for such effects has not yet been clarified. To
better understand these processes, it is necessary to study the
Raman spectra of isolated, single molecule, double-wall car-
bon nanotubes.

An interesting point that needs to be evaluated is the fact
that, for F,,=2.052, 2.105, and 2.134 eV, the RBM spectra
show strong contributions from metallic nanotubes in family
24, while the G band for pristine nanotubes has a line shape
which is characteristic of semiconducting nanotubes. It was
proposed earlier that this effect can originate from an intrin-
sic charge transfer between the inner and outer nanotubes
prior to the H,SO, treatment, causing the Fermi level to be
shifted away from the K point, and thus suppressing the
BWEF line shape of the metallic nanotubes in resonance. If
this is the case, then the downshift observed for the G~ band
originates from a change by the H,SO, doping of the Fermi
level back toward the K point. For Ep.,=2.330 and
2.540 eV, the G~ band shows a weak BWF line shape, cor-
responding to the metallic nanotubes in resonance, indicating
that the Fermi level of the metallic nanotubes in resonance
with these laser excitation energies is close to, but below the
crossing point (K point). This asymmetric peak is somewhat
suppressed by the contribution from semiconducting nano-
tubes and the measured G~ frequency in Fig. 4(b) represents
the mean value between the two contributions. In this case,
hole doping by the H,SO, molecule shifts the Fermi level
away from the crossing point and weakens the observed
BWF line shape, causing the mean G~ band frequency to
upshift (as observed in Fig. 4). If this interpretation is cor-
rect, the charge transfer between the outer and inner nano-
tubes is larger in family 24 than in families 21 and 17.

C. G' band

The G’ band spectrum for DWNTs can be decomposed
into two, three, or four peaks depending on the excitation
energy and on the nanotubes that are in resonance with the
excitation laser. The presence of these different peaks was
recently attributed to the interaction between the inner and
outer tubes, in analogy to double layer graphene.’* This in-
teraction mixes the electronic bands of the two nanotubes,
allowing four different double resonance Raman scattering
conditions to occur. Following the case of double layer
graphite,’* the G’ band profiles obtained for the four differ-
ent excitation energies were fitted to four main contributions,
while the small feature at ~2450 cm™! is fitted to a single
peak. Formally, this latter feature should also be composed
of two to four peaks, for the different double resonance pro-
cesses, but a single peak was used because the components
cannot be resolved well in this experiment. The best fit pa-
rameters for the dispersion of these five peaks with respect to
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TABLE II. Slopes for the linear fit to the frequency dependence
of the G’ band features in DWNTs. Here, w, corresponds to the
frequency at the K point.

w Jw/ IE yger
Peak (cm™) (ecm™'/eV)
0 2473 -15
| 2444 74
2 2434 89
3 2462 87
4 2510 76

the excitation energy are shown in Table II, where w, corre-
sponds to the frequency at the K point. It can be seen that the
slopes for the lowest and highest (wG; and wGi) frequency
peaks of the G’ band are nearly the same
(~75 cm™'/eV), and thus wg —wg: is nearly constant
(~66 cm™"), almost the same value obtained for double layer
graphene by Ferrari et al., using 2.41 eV laser excitation.?*
As for wgr and wg, their slopes are also very close to one
another (87 and 89 cm™!/eV, respectively) and WG~ gy is
also constant and equal to 28 cm™!, nearly half of the fre-
quency difference WG~ 0g! and about 40% larger than the
separation between the corresponding peaks in double layer
graphene (20 cm™! for a 2.41 eV laser excitation energy).’*
The difference between &wGé/ OF jger ™ &wGé/ OE e and
901 IErgser~ 901 Ejser is small (~13 cm!'/eV) com-
pared to the linewidth of the G’ band and can be attributed to
experimental error.

A more detailed comparison between the frequency and
dispersion observed for the G’ band in SWNTs (indicated by
stars in Fig. 5) shows very good agreement with peak 3 of
the G’ band in DWNTs. This follows from the fact that the
mean frequency of the higher frequency peaks is in the same
range as that of SWNTs, which have about the same diam-
eter distribution as the outer walls of the DWNTSs in this
sample. Although this difference in frequency for the inner
and outer tubes of the DWNTs has been previously observed
experimentally,” it is not yet clear if this effect originates
from a different double resonance condition for the inner
walls compared to the outer walls, such as in the double
layer graphene case, or if it is related to a softening of the
phonon frequencies due to the very small diameter of the
inner wall.

To help clarify this point, we extend the analysis to the
peak denoted by 0 in Table II, at ~2450 cm™! for SWNTs
and DWNTs. In DWNTs, this peak has an overall lower fre-
quency (by ~15 cm™) and a slightly weaker negative dis-
persion (=15 cm™!'/eV) when compared to SWNTs
(=21 cm™!/eV). Considering that in DWNTs this peak is a
superposition of the contributions from the inner and outer
walls, which cannot be separated well within the resolution
of this experiment, this ~15 cm~! downshift observed for
the DWNTs indicates that the peak frequency for the inner
wall nanotubes is downshifted by 15-30 cm™' compared to
that of the outer walls. Therefore, both the G’ band (TO
+TO) and the ~2450 cm™' peak (TO+LA) have lower fre-
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FIG. 5. (Color online) (a) G’ band line shape for different laser excitation energies. (b) Frequencies for the different peaks composing the
G’ band and for the ~2450 cm™! peak corresponding to the LA+TO combination mode. The lines show a linear fit to the dependence with
excitation energy. The stars (blue online) show the frequencies obtained for SWNTs. The inset shows the G’ band line shape for Ej,g,

=2.186 eV with the five Lorentzians used to fit it.

quencies for the inner wall tube (smaller diameter) than for
the outer wall nanotubes (larger diameter). This result can be
explained well as a softening of the TO phonon mode caused
by the nanotube curvature.”> On the other hand, a change in
the resonance condition would lead to an opposite result. If
in the case of inner wall nanotubes a different resonant con-
dition were met which selected wave vectors closer to the K
point (in the unrolled graphene sheet), this would, indeed,
cause a downshift in the G’ band frequency with respect to
the outer wall nanotube, as observed in the experiment, but a
frequency upshift would be expected for the LA phonon,
which leads to an upshift of the ~2450 cm™! peak, contrary
to the experimental results. Therefore it can be concluded
that, opposite from the case of n-layer graphene where the
resonance condition is the main factor determining the fre-
quency of the G’ band peaks, in DWNTs, the difference in
phonon softening for the inner and outer walls plays a deter-
mining role for the G’ band line shape.

The H,SO, treatment has a strong effect on the G’ band
line shape. However, the frequencies of the four G’ band
features do not change by a significant amount through
H,SO, doping. Typically the wg change is around
2—4 cm™! (which is small compared to the linewidth of
~40 cm™! observed for the G’ components), and the overall
dispersion is increased by less than 10%. However, the main
effect of the acid treatment is a change in the relative inten-
sities of the peaks. To better analyze the relative intensities of
the G’ band peaks, we separate the spectra into only two
contributions, one at lower frequency (G| and G}), corre-
sponding primarily to the inner wall nanotubes, and one at
higher frequency (G5 and G}), corresponding primarily to the
outer walls. In Fig. 6, the ratio of the integrated intensities of
the lower to the higher frequency contributions
(IG;+G§/IG§+GA;) is shown for each of the laser excitation en-
ergies in the case of pristine (solid line and square symbols)
and H,SO, treated (dashed line and rhombus symbols)
DWNT samples. It can be noted that this ratio tends to de-
crease with increasing laser energy toward a constant value.
Pfeiffer et al.?® attributed this behavior to the different scat-
tering cross sections for the inner and outer nanotubes as a
function of Ej,,. In fact, the scattering cross section of the

inner wall nanotubes was found to have a peak at approxi-
mately 2.3eV, decreasing very fast for higher laser excitation
energies and slowly for lower excitation energies. In con-
trast, the ratio between the intensities for the inner and outer
tubes in the present study does not decrease for the lower
laser excitation energies.?® This discrepancy can be related to
the different diameter distributions of the samples studied
here and those used in previous experiments.?®

However, the decrease in the IG{‘fGé/ IG;+G!‘ ratio with in-
creasing laser excitation energy can be explained considering
that for higher energy excitations, the E; values for small
diameter inner nanotubes are very scattered, and thus not
many different nanotubes will contribute for a specific Ej,q;.
In contrast, the many different large diameter outer nano-
tubes will contribute to the G’ band at approximately the
same frequency, and thus decrease the IG;+G£/IG§+GA ratio.
This interpretation does not take into account the difference
in the electron-phonon coupling for the inner nanotubes,
which should be responsible for the large variation of the
IG{+G£/IG;+GAQ ratio for Ej,, between 2.0 and 2.15 eV.

Comparing the intensity ratio between the lower and
higher frequency contributions (IG{ +G£/IG; +Gi) for the pris-
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FIG. 6. (Color online) (a) Ratio between the lower (G| and G3)
and higher (G} and G}) frequency contributions to the G’ band line
shape in DWNTs as a function of excitation laser energy. Squares
are for pristine samples and rhombuses are for acid treated samples.
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tine and the H,SO, doped samples, it can be seen that the
main effect of doping is to decrease the contribution from the
lower frequency peaks to the G’ spectra. The magnitude of
this decrease varied from 7% to 45% of the original value for
the undoped tubes.

IV. CONCLUSIONS

In summary, a detailed study of the Raman spectra of
DWNTs was performed using seven different laser lines and
the effects of H,SO, doping on the electronic and vibrational
properties were investigated. For comparison, the same set of
laser lines was used to study SWNTs with a similar diameter
distribution as that of the outer wall nanotubes in the DWNT
sample studied here.

The analysis of the RBM spectra for SWNTs and DWNTs
indicated that the electronic energy transitions for the
SWNTs and the outer walls in the DWNTs are downshifted
by 0.100-0.150 eV in comparison to the values obtained for
SDS wrapped SWNT samples, indicating the magnitude of
the change in the electronic transitions of the outer walls
resulting from the inner-outer nanotube interaction. For the
inner walls of DWNTSs, the semiconducting nanotubes
showed a downshift in the transition energies which was
~50 meV stronger than the metallic inner nanotubes. The
H,SO, treatment suppresses the RBM intensities for the
SWNTs and for the outer walls of the DWNTSs, and this
effect is stronger for larger diameter nanotubes. In the case of
the inner wall nanotubes, it is only the metallic nanotubes
that showed a large decrease in RBM intensity after the acid
treatment, while the intensity and line shape of the RBM
feature for semiconducting inner wall tubes remained unal-
tered by H,SO, addition.

The effect of H,SO, doping on the G band spectra of
DWNTs was opposite to that of SWNTs. In the latter, both
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the G* and G~ peaks showed an upshift after the acid treat-
ment, while in the case of DWNTSs, only the G* band showed
an upshift (for which the outer tube is more affected), while
for the spectra obtained with E,.<2.15 eV, the G~ band
for the inner wall nanotubes showed a strong frequency
downshift. This result was tentatively explained as an effect
of metallic nanotubes contributing to the G~ spectra.

The G’ band was fitted to four contributions, as in the
case of double layer graphene. The frequency separation be-
tween the middle frequency G’ peaks was found to be 40%
higher that for the double layer graphene. The difference in
frequency between the contributions from the inner and outer
walls to the G' band is explained in terms of the softening of
the phonon involved in the double resonance process due to
the nanotube curvature. The H,SO, doping was seen to de-
crease the relative contribution from the inner wall nano-
tubes to the G’ band spectra.
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