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Quantifying carbon-nanotube species with resonance Raman scattering
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The method for quantifying the amount of each carbon nanotube specie, as defined by its diameter and chiral
angle, as well as the semiconducting-to-metallic ratio in any type of carbon nanotube sample is discussed.
Single-wall carbon nanotubes grown by the cobalt-molybdenum catalyst based (CoMoCAT) process are char-
acterized. The semiconducting-to-metallic ratio is found to be 11:1. A single semiconducting specie, named the
(6,5) nanotube represents 2/5 of the sample, while the most abundant metallic nanotube is the (7,4), which

exhibits a diameter similar to the (6,5).
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I. INTRODUCTION

Carbon nanotube samples generally exhibit many nano-
tube species, each specie being characterized by its diameter
and chiral angle (d,,6), or equivalently by its (n,m)
indices.' Large efforts are being directed to the controlled
synthesis of single-wall carbon nanotube (SWNT) samples
with well defined (n,m) species.? Particularly important is
the separation of semiconducting and metallic SWNTs in a
sample [SWNTs are metallic if (2n+m) is a multiple of 3,
and semiconducting otherwise!=3]. To be able to reach this
goal, however, the development of methods able to quantify
the species, i.e. to characterize the (n,m) sample population
and to measure the semiconducting-to-metallic ratio are nec-
essary. In this work, such a method is presented, based on the
resonance Raman scattering process* with a quasicontinuous
set of excitation laser lines. The method is used to character-
ize a SWNT sample grown by the cobalt-molybdenum
catalyst-based (so-called CoMoCAT) process,” which exhib-
its evidence for being one of the most effective catalyst-
based processes for highly selective SWNT growth.°

The method to quantify the (n,m) population by using the
resonance Raman scattering method is based on the assump-
tion that the intensity for the fully resonant Raman signal
depends on the scattering efficiency (or Raman cross section)
of the specific nanotube and on the number of scatterers, i.e.,
on the population of this specific tube in the sample. There-
fore, by measuring the fully resonant Raman intensity for
each specific nanotube in the sample, and correcting for the
(n,m) dependent Raman cross section, the amount of each
specie in the sample is obtained. To understand the method it
is important to know how to measure and how to identify
this “fully resonant Raman signal” for each specie. These
procedures will be discussed here.

II. EXPERIMENTAL DETAILS

CoMoCAT SWNTs are synthesized at 750 °C using a
silica-supported cobalt molybdenum catalyst and purified to
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remove the silica from the mixture, as described in Ref. 6.
SWNT dispersions were prepared by adding the CoMoCAT
tubes (0.6 mg/ml) to an aqueous solution containing the
surfactant sodium dodecyl sulfate [SDS, (CH;(CH,)11-
OSO3Na)] at 0.4 wt. %. The mixture was homogenized
using a magnetic stirrer and adjusted to a pH of 10 using a
concentrated NaOH solution. Sonication was carried out for
15 min in an ultrasonic bath at a power level of 40 W. This
suspension was then centrifuged in an Eppendorf 5417C cen-
trifuge for 15 min at 20600 g to separate larger particles or
bundled tubes from the lower density surfactant-suspended
individual nanotubes. Finally, samples of as-grown purified
material and the supernatant liquid enriched in debundled
surfactant-suspended SWNTs, as well as a solid SWNT
+SDS sample after precipitation and another sample after
drying the solution, were withdrawn for Raman studies.

The spectra were obtained at room temperature with a
Dilor XY triple-monochromator equipped with a microscope
and a CCD detector. The sample was excited using Ar-Kr
and dye lasers. The Raman spectrum of CCl,; was measured
after each RBM measurement and is used for intensity and
frequency calibration.

III. RESULTS AND DISCUSSIONS

Figures 1(A)—1(C) show resonance Raman intensity maps
for the nanotube radial breathing modes (RBM) obtained (A)
from the as-grown purified sample, (B) from the SWNT
+SDS solution, and (C) from the SWNT+SDS precipitate,
as a function of the excitation laser energy (Ej,,). The RBM
frequency (wgpy) depends on the specific nanotube
structure,'™* and the wgpy to (n,m) relation is established
within experimental precision (1 cm™' accuracy) for HiPco
SWNTs in solution.” The RBM intensities also depend on the
specific nanotube, since the Raman cross section increases
by about three orders of magnitude when full resonance is
achieved, i.e., when E|,., matches the optical transition en-
ergy of a specific nanotube.!~* Each nanotube has a different
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FIG. 1. (Color online) RBM spectra vs Ej,g; for CoOMoCAT SWNT samples. A, B, and C stand for the as-grown purified sample, the
SWNT+SDS solution sample, and the SWNT+SDS precipitate sample, respectively. The Raman intensity is given by different colors, as
shown in the intensity bars on the right (arb. units). The horizontal traces on the right-hand side of the 2D maps give the excitation laser
energies that have been used to produce these maps. The union of spectral profiles is made within the MatLab interpolation process.

optical transition energy (E;, where i=1,2,... numbers the
Ist, 2nd,... optical transition energies), so that fully resonant
Raman scattering for each (n,m) tube occurs for different
E\or values. Such an effect is clearly seen in Figs.
1(A)-1(C), where each RBM peak increases and decreases in
intensity with increasing laser energy as the related (n,m)
SWNT enters and leaves resonance with the excitation laser
line. Theoretical models describing the relation between E;
and (n,m) within experimental precision (10 meV accu-
racy) have already been developed for HiPco SWNTs in
solution.”” Therefore, by identifying the RBM intensity for
each specific (n,m) nanotube in Fig. 1 and correcting for the
(n,m) dependent Raman cross section, the amount of each
nanotube in the sample can be obtained.

For the (n,m) assignment of the RBM Raman signals in
Fig. 1, we consider Fig. 2(A), which plots the electronic
transition energies (E;) as a function of the RBM frequencies
(wrgy) for each (n,m) SWNT,? in the wrpy and Ejger
ranges where the experiments were performed. Note the for-
mation of family patterns (lines connecting data points) for
SWNTs with 2n+m=constant that drives the (n,m)
assignments.!%-12 By comparing the geometrical patterns in
Fig. 2(B) with Fig. 2(A), the resonances with E3,, EV, E3,
(S and M superscript stand for semiconducting and metallic
SWNTs, respectively) can be identified [see white ellipses in
Fig. 2(B)], and even the Ej, optical transitions can be as-
signed. The Ei4 RBM peaks are not clear in Figs. 1 and 2(B)
but they are observable in the raw data.

The general results are consistent for the SWNT samples
in solution and in solid form (as-grown, precipitate, and after
drying the solution), although some differences in relative
intensities are observed. The greatest intensity difference is
observed when comparing the 2D Raman plot in solid
samples versus solution. In the solution sample, the Raman
signal from RBMs below 250 cm™!, ie., from SWNTs with
d, above ~0.94 nm [see Ref. 7 for the wgpy dependence on
(d,, 0)] are much weaker than the Raman signals for RBMs
above 250 cm™! (d,<0.94 nm), while in the solid samples
the intensities are more homogeneous [compare Figs. 1(A)
and 1(C) with 1(B)]. Figure 2(B) shows the same plot as in
Fig. 1(B), but now using a logarithmic intensity scale to
clearly show the presence of very weak RBM peaks for
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FIG. 2. (Color online) (A) E; vs wrpm plot based on an ex-
tended tight binding model (Ref. 9) and corrections to account for
many-body effects (Ref. 7). Solid, open, and crossed symbols stand
for (n,m) SWNTs with (2n+m) mod 3=0 (metallic), 1 or 2 (semi-
conducting) SWNTS, respectively. The gray lines connect SWNTSs
within the same (2n+m) family. The (2n+m) numbers are dis-
played close to each family. (B) A plot similar to Fig. 1(B), but now
with a color pattern that follows a log scale (see change in the
intensity bar) to clearly show the low intensity RBM peaks. The
white ellipses define the ranges where E3,, Ei, and E§3 optical
transitions are observed.
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larger diameter tubes. These intensity differences between
the solid and solution samples can be due either to the de-
crease of the population of larger diameter tubes in the solu-
tion sample, or due to the decrease of the population of small
diameter tubes in the solid samples. The first process was
seen on DNA wrapped samples,'? and ascribed to a diameter
selective wrapping process. The second process can be iden-
tified here since the intensity ratio for large to small diameter
tubes increases with increasing laser power in an irreversible
way, in all solid samples (as-grown, precipitate, and after
drying the solution), suggesting the burning of the more re-
active small diameter tubes in the solid samples. This effect
does not happen in the solution where the heat exchange
with the solvent is efficient, and high power (up to 20 mW
on a 50X objective) can be applied with no change in the
spectral profile. More systematic work is needed for clarify-
ing the effect of laser power and manipulation processes on
the (n,m) population, and such a study can be performed
with the method presented here.

The spectral linewidths (FWHM) for the RBM features
(vrem) and for the resonance energy windows (7,) in the
solid samples are broadened with respect to the solution,
with average values of yggy=7 cm™! and y,=100 meV for
the purified sample, and yggy=5 cm™' and y,=40 meV for
the sample in solution. The 7y, and yggy for the precipitate
and dried SWNT+SDS samples are in between the values
for the as-grown and solution samples. Note that the reso-
nance linewidths are in the same order of magnitude (tens of
meV) as the changes in E; values due to environmental
effects.!l!3-15 Therefore, the determination of the (n,m)
population through resonance Raman intensity analysis using
a single excitation laser line is not accurate, unless the effect
of the environment and the position of E;; is known precisely.
This problem does not happen when using a quasicontinuous
set of excitation laser lines, since full resonance can always
be achieved. The experimental procedure presented here can
also be used to characterize the environmental effects on the
E;; energies.!l1315

By comparing the intensity profiles in Figs. 1(A), 1(C),
and 2(B) with Fig. 2(A), the metallic SWNTs can be as-
signed. Metallic tubes belonging to the families (2n+m)
=18, 21, 24, 27, and 30 can be observed, as shown by the
five sets of peaks inside the Ejlw1 energy region in Fig. 2(B),
around 2.6, 2.4, 2.2, 2.05 (relatively weak) and 1.95 eV, re-
spectively. Although two E’K are predicted by theory [see
filled circles in Fig. 2(A)], only the low energy E}i compo-
nent is observed for the CoMoCAT SWNT samples, consis-
tent with measurements in HiPco samples.!!

The analysis of the resonance profiles, i.e., the RBM Ra-
man intensities (Ixgy) as a function of Ej,,, gives the maxi-
mum resonance Raman RBM integrated intensity (Igpyy) for
each (n,m) SWNT under full resonance conditions. Within
the energy and diameter range measured here, 24 metallic
and 42 semiconducting SWNTs are expected to be in reso-
nance, with the semiconducting to metallic population ratio
of S:M=1.75 [if the (n,m) population is homogeneous], that
is close to 2, the value that would be obtained if all the
possible (n,m) SWNTs were present homogeneously. Raman
signals from only 17 metallic and 27 semiconducting
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TABLE 1. The (_n,m), 2n+m family number, diameter d,
=0.142\n?+m?+nm3/ 1 (nm), chiral angle 6 (deg), E; (V) (Ref.
7), wpgm (cm™'), measured RBM intensity Ignn; (normalized),
calculated intensity Iggl'\jlc (arb. unit) (Ref. 16, '7), and population
P=IEX2 /ISAEC (normalized), for semiconducting and metallic Co-
MoCAT SWNTs in solution. The results are obtained by fitting all
the spectra with a sum of Lorentzians. The Igﬁf,[ and P values are

normalized to give 100 to the largest values.

(n,m) 2n+m d, 0 B, opsm g e P

(6,4) 16 0.68 234 211 337 219 094 79
(6,5) 17 075 27.0 2.18 309 425 0.14 100.0
(7,5) 19 082 245 192 284 857 057 512
(7,6) 20 0.88 275 192 266 70 0.08 28.9
(8,3) 19 077 153 1.86 299 100.0 1.32 25.7
(9,2) 20 079 98 224 291 43 034 42
(10,3) 23 092 127 195 254 60 022 94
(11,1 23 090 43 203 259 63 050 43

(n,m) 2n+m d, 0 Efl orem Igpw e P

(6,6) 18 0.81 30.0 2.69 288 565 283 0.7
(7,4) 18 075 21.1 2.61 308 31.75 193 56
(7,7) 21 095 30.0 243 250 432 174 08
(8,2) 18 0.72 109 243 318 10.86 2.99 1.2
(8.5) 21 089 224 243 265 9.68 124 26
(9.3) 21 0.85 139 235 274 1298 219 20
(9,6) 24 1.02 234 224 233 114 084 05
(9,9) 27 1.22 30.0 203 198 041 077 0.2
(10,1) 21 0.82 47 227 280 21.62 276 26
(104) 24 098 16.1 222 242 279 154 0.6
(10,7) 27 1.19 242 207 204 041 0.60 0.2
(11,2) 24095 82 219 245 854 213 1.4
(11,5) 27 1.11 17.8 206 215 057 1.10 02
(12,00 24 094 0 216 247 343 236 05
(12,3) 27 1.08 109 204 220 092 162 02
(13,1) 27 1.06 37 202 224 108 193 02
(14,2) 30 1.18 6.6 192 202 343 154 08

SWNTs were observable here. By summing up the maximum
RBM intensities from all the metallic and semiconducting
SWNTs in the solution and in the as-grown purified samples,
the semiconducting to metal signal ratios S:M(solution)
=2.4 and S:M(as grown)=1.2 are obtained. The differences
are due to the predominance of Raman signal from small
diameter semiconducting SWNTSs in the solution. Before de-
riving any conclusion about the S:M population ratio in the
samples, however, the S:M signal ratio data obtained above
need to be corrected by the (n,m)-dependent Raman cross-
section values.'®!” The analysis developed further for the
(n,m) dependent Raman intensities and populations will be
based on the experimental results from the solution, first be-
cause the sample is homogeneous and easier to control ther-
mal effects, and second because the Raman results for semi-
conducting SWNTs can be directly compared with published
photoluminescence results.°
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The maximum RBM intensities (Ikayy) can now be ana-
lyzed as a function of (n,m). The results are displayed in
Table I for the méght signals for semiconducting SWNTs in
resonance with Ezz, and for the 17 metallic SWNT features
clearly observed in solution. Raman signals from semicon-
ducting SWNTs in resonance with E§3and E;, were consid-
ered for determining the S:M signal ratio, but they are not
included in Table . It is hard to assign (1,m) values for E3,
and E3, resonant tubes because the Raman signals from dif-
ferent (n,m) are too close in Raman frequency and resonance
energy (they all together account for less than 10% of the
RBM Raman signal anyway). The results in Table I are nor-
malized so that Iz, =100 for the highest intensity RBM
peak. Since the electron-phonon coupling exhibits a strong
(n,m) dependence,'®'® in order to characterize the popula-
tion of specific (n,m) SWNTs in each sample, the RBM
resonance intensities have to be analyzed considering the
(n,m) dependence of the RBM Raman cross section. This
(n,m) dependent RBM intensity is given by I5pre in Table 1.
The Iggy was calculated here by using the procedure dis-
cussed in Refs. 16,7, and making use of the recently devel-
oped models that describe the nanotube physics, taking into
account the curvature effects.” We expect the ratio P
=IEXP /ISAEC given in Table I to reflect the population of
each specific (n,m) SWNT within the samples. The popula-
tions (intensity ratios) were also normalized to give 100 for
the highest P value, i.e., for the (6,5) SWNT. By summing
up all the population results, the P value can be seen as the
number of each specific (n,m) nanotube in an ensemble of
250 nanotubes.

By analyzing the P given in Table I, it is clear that the
semiconducting (6,5) SWNT is the most abundant. It repre-
sents about 2/5 of the sample. The P are also large for the
(7,5), (7,6), and (8,3) tubes. These results are in agreement
with photoluminescence experiments in the CoMoCAT
sample after dispersion and sonication of the SWNTs in
aqueous solution with SDS.® The photoluminescence tech-
nique is limited to semiconducting tubes and, even for semi-
conducting tubes, they are not luminescent in their usually
as-grown bundled form. Nevertheless the photoluminescence
results can be used here to validate the Raman results for
semiconducting SWNTs+SDS in solution. From P obtained
by RRS, we can estimate that ~60% of the sample is com-
posed of the (6,5) and (7,5) tubes, which is in good agree-
ment with photoluminescence results.® Note that while the
largest P=100 value was obtained for the (6,5) SWNT in all
three samples in Fig. 1, the largest observed RBM intensity
values (1§§§4_ 100) occur for the (8,3) SWNTs (see Table I).
The consistency between the corrected population values P
and the photoluminescence results® for semiconducting
nanotubes in solution confirms the validity of the I§ALC cal-
culation and the importance of correcting the Iy for the
(n,m) dependent Raman cross section.

All RBM intensity ratios (P) in Table I are plotted in Fig.
3 as a function of diameter and chiral angle. The P for me-
tallic tubes are multiplied by 10 to be clearly observed in
Fig. 3. By summing up all the P for semiconducting and
metallic tubes a S:M ratio of 11:1 is obtained.

The left panel in Fig. 3 shows a sharp diameter selectivity
for the CoMoCAT process (sharper than for SWNT tubes
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FIG. 3. The (n,m) dependent populations (P) vs diameter (left)
and chiral angle (right) for various CoOMoCAT SWNTs. Filled and
open circles stand for metallic and semiconducting SWNTSs, respec-
tively. The P values for metallic SWNTs are multiplied by 10 to
more clearly relate their d, and 6 behavior to that for semiconduct-
ing SWNTs. The (n,m) for the most intense P values are given.

grown by the HiPco process”!'?), being applicable to both
semiconducting (solid circles) and metallic (open circles)
SWNTs. The right panel in Fig. 3 shows the selectivity for
large chiral angle SWNTSs in this synthesis process [consis-
tent with results for small diameter HiPco SWNTs (Ref. 7)].
Particularly interesting is the largest P value observed for the
(7,4) metallic SWNTs in solution—see bright spot at E}!
=2.61 eV and wgpy=308 cm™! in Fig. 1(B). Thus, the most
abundant metallic tube, the (7,4) has almost the same wggy
value, i.e., the same diameter as the most abundant semicon-
ducting SWNT, the (6,5) tube.

IV. SUMMARY AND FINAL DISCUSSION

The experimental procedure for the characterization of the
semiconducting to metallic ratio and the (n,m) population is
here established. This procedure has the advantage over pho-
toluminescence experiment for being applicable to SWNTs
in bundles, and for measuring metallic tubes as well. The
experimental precision of this method is given by the experi-
mental precision for determining the resonance Raman inten-
sity for each RBM signal. This precision depends on the
signal-to-noise level and on the spacing between excitation
laser lines, and these precision parameters are different for
different (n,m) SWNTSs. In our case, the overall experimental
precision on population determination varies from 1% to
20% of the specified result.

While determination of the most abundant tube, namely
the (6,5) tube, is in agreement with photoluminescence ex-
periments, the precise population characterization obtained
here depends on the calculated results for the (n,m) depen-
dence of the Raman intensity. The accuracy for the intensity
calculation depends on the accuracy of the matrix element
calculation. The present matrix elements have explicitly con-
sidered curvature effect,”” they agree well with the matrix
elements obtained by other methods,'”!® and the accuracy is
larger than the numbers we give in Table 1. Of course the
very precise value depends on the physical assumptions,
since we must know all the physics behind the scattering
event. For the moment we believe that what we present is a
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combination of the best results that can be prepared with the
present knowledge. Since there is no available sample with a
well known (n,m) population to validate the theoretical cal-
culations for the resonance Raman (and photoluminescence)
efficiency, comparison between resonance Raman spectros-
copy and photoluminescence performed on the same sample
provide a self-consistent way to check the theories. Such a
comparison is not possible for metallic tubes, but in principle
there is no reason why the Raman scattering effect should be
different in metallic and semiconducting SWNTs, unless
conduction electrons play some role.

The experimental procedure presented here is capable,
therefore, of accurately characterizing the different synthesis
and manipulation processes, such as wrapping and bundling.
For example, two RBM features spaced by 2.3 cm™ can be
clearly observed in Raman experiments with high dispersion
setukp for the (6,5) SWNT.! Small changes in the electronic
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transition energies (below 0.1 eV) and populations are
clearly observed when comparing different samples. These
details will be published elsewhere with more systematic
analysis.
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