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High temperature heat treatment of single wall carbon nanotube bundles in flowing H2

was used to produce a significant fraction (,40%) of diameter-doubled, or coalesced
tubes with a mean diameter corresponding to that of,(20, 20) tubes. At three laser
excitation wavelengths (514.5, 647, and 1064 nm), a reduction in the Raman scattering
intensity of the strong radial and tangential modes was observed in the H2-treated sample,
consistent with the reduced fraction of tubes in the sample after coalescence. However,
using 488 nm excitation, little or no change is observed in the Raman spectrum after
the H2 treatment, suggesting that this excitation wavelength couples only to chiral
symmetry tubes. Using the 647 nm excitation, the effect of H2 treatment on the tangential
band is quite unique, and a significant change in the shape of the tangential band was
observed. Our lineshape analysis, and other results reported in this issue, suggest that
unique change of shape is due to lost scattering intensity from metallic tubes partially
compensated by tangential mode scattering from the coalesced tubes. The normally
prominent radial breathing mode band, which would be expected at,90 cm21 for
,(20, 20) tubes was not observed, indicating that these larger diameter tubes do not
exhibit strong resonant scattering, at least at any of the wavelengths used in this study.
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I. INTRODUCTION

Synthesis of single-walled carbon nanotub
(SWNT’s) in bulk quantities has become possible aft
the discovery of the pulsed laser vaporization (PLV1

and the electric arc growth methods2 at Rice and
Montpellier Universities, respectively. Some of th
physical properties of these one-dimensional (1
materials have been determined from studies on
PLV-derived SWNT material.1,3–11The large aspect ratio
(length-to-diameter> 103) of the SWNT’s confines the
electron motion to the nanotube axis, and depend
on the tube diameter and chirality, either metallic
semiconducting tubes are obtained.3 Single-molecule
transistor behavior has been demonstrated by Tanset al.5

and Bockrathet al.4 in carbon nanotube-based device
that were fabricated using photolithographic techniqu
Raman scattering from small diameter SWNT’s h
also provided important information about the diamete
dependent electronic and vibrational properties.6,12

A resonant Raman scattering process was observ
and this resonance was assigned to the 1D quan
confinement of the electrons in the nanotube.6,13

a)Address correspondence to this author.
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Nikolaev et al.14 have reported that SWNT bundles
rich (as much as 60 vol %) in,(20, 20) tubes can be
obtained by annealing the as-prepared,(10, 10) bundles
at 1500±C in a flowing hydrogen atmosphere. Analysis
of TEM contrast images of annealed bundles also ind
cated the presence of few,(30, 30) tubes (,2 vol %).14

This experimental observation of diameter doubled (an
tripled) SWNT’s in the annealed bundles was inter
preted in terms of a “coalescence” between neighborin
,(10, 10) SWNT’s within the bundle.14 It was further
suggested that (i) the coalescence of smaller diamet
tubes is thermodynamically favored since the resultin
larger diameter tubes effectively reduce the strain energ
and (ii) since only nanotubes with equal helical pitch an
chirality can coalesce seamlessly without major atomi
C-atom rearrangement within the wall, the high con
version rate to,(20, 20) SWNT’s corroborates earlier
conclusions from electron nanodiffraction work that the
PLV growth technique, to a large extent, favors strongl
the growth of metallic armchair tubes.15 However, it
must be noted that atomically resolved scanning tun
neling microscopy (STM) images of isolated SWNT’s
and bundles have found an apparent contradiction of th
view that the (10, 10) tubes are predominantly prese
in PLV-derived samples.10,11 Similar conclusions were
 1998 Materials Research Society 2405
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made from an earlier Raman scattering study on PLV
derived SWNT bundles.6,12

In the present study, we investigate the changes
the Raman spectrum of SWNT bundles, before an
after coalescence, to further elucidate the diamete
dependence of the vibrational mode frequencies a
intensities. In interpreting our results, we are making
tacit assumption that the adjacent chiral tubes cann
coalesce under the present experimental condition
This view has been argued at length in a previou
publication.14

II. EXPERIMENTAL DETAILS

The SWNT’s used in this study were produced i
a PLV apparatus similar to one described previously1

A composite graphite target containing 1 : 1 at. % o
Co : Ni catalyst was maintained at 1200±C inside a flow
tube furnace. Ablation pulses were provided by tw
Q-switched Nd : YAG lasers which delivered 480 mJy
pulse and 560 mJypulse of 532 nm (9 ns, 30 Hz, 6.4 mm
diameter spot) and 1064 nm radiation, respectively. Th
latter was co-axial and delayed by 42 ns with respe
to the former pulse.1 Electron microscopy studies of the
resulting carbon material revealed that bundles of align
SWNT’s were present as the majority fraction (yield
70% to 90%), together with othersp2-bonded carbon
nanospheres, metal nanoparticles, and fullerenes.1,16

Measurements of SWNT diameters were made fro
transmission electron microscope (TEM) images ob
tained with a JEOL 2010 TEM. Imaging was restricted t
cases in which a rope curved through the focal plane
the microscope affording essentially a “cross-sectiona
view of the tubes comprising the rope. To enhance th
number of such cases, the sample to be imaged w
prepared by tearing out a strand of the SWNT materi
from the felt, laying it on a holey carbon TEM grid
supported on blotting paper, and wetting with a drop o
methanol to adhere the strand to the grid. This approa
differs from the more standard technique of dispersin
the sample by sonication in methanol and placing
drop of the material on the grid. The accuracy in th
measured tube diameters is estimated to be60.15 nm.
In the high resolution TEM images, it was observe
that typical bundles consisted of 100–500 SWNT’s he
together by weak van der Waals bonding to form a 2
triangular lattice with a lattice constant of 17̊A.1 From
such TEM images, a very narrow diameter distributio
(1.0 to 1.6 nm) centered near 1.3 nm was obtaine
In the standard notation,3 this mean value corresponds
approximately to that of,(10, 10) nanotube.

For the samples used in this study, the SWN
bundles rich in,(20, 20) tubes were prepared in the
same way as described in Ref. 14. About 10 mg of a
prepared SWNT felt was placed in an alumina boa
2406 J. Mater. Res., Vol. 13
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within an alumina flow tube furnace. The flow tube wa
evacuated with a turbo-pump and the furnace tempe
ture was ramped to 1000±C. After 5.5 h the pressure
stabilized at4 3 1025 Torr, at which time the turbo-
pump was throttled back and 99.999% hydrogen wa
introduced at a flow rate of 2 sccm. The furnace wa
then ramped at 10±Cymin to 1500±C at which tem-
perature the material was held in the flowing hydroge
background at a pressure of2.6 3 1023 Torr for 4 h.

Raman scattering measurements were carried o
with (i) 488 nm, 514.5 nm (Ar ion laser), and 647 nm
(Kr ion laser) excitations and a Jobin Yvon HR460 singl
grating spectrometer equipped with a liquid-nitrogen
cooled, charge-coupled array detector and a holograp
notch filter (Kaiser Optical); and (ii) with 1064 nm exci-
tation (Nd : YAG) in a Fourier transform interferometric
spectrometer (Bomem DA31) equipped with a liquid-
nitrogen-cooled GaInAs detector. The spectral slitwidth
for the Jobin Yvon HR460 and the Bomem DA31 were
,2 cm21 and ,4 cm21, respectively. Raman data for
the SWNT bundles before, and after the H2 treatment
were collected under identical experimental condition
(i.e., same laser power and alignment conditions). Th
was accomplished by translating first the pristine, an
then the H2-treated sample, into the laser beam an
successively collecting the respective Raman spect
In effect, successive Raman spectra were therefore c
lected by exact substitution of the two samples to b
compared.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show, respectively, a repr
sentative cross-sectional view of the bundles before a
after the coalescence reaction. Clearly, the triangul
packing of the SWNT’s which forms the rope lattice ca
be observed in the figure; the tube diameter distributio
in our sample was determined from these images, such
shown in Figs. 1(a) and 1(b). In Fig. 1(b), the diamete
doubled SWNT’s appear somewhat “oval” in cross
sectional view as they bend through the focal plan
of the microscope, and hence average diameters w
determined for these wider nanotubes. Occasionally,
indicated by the arrow in Fig. 1(b), adjacent wider tube
exhibit deformations which increase their contact area
Typical diameter histograms determined from image
such as shown in Fig. 1 on the same material, b
fore and after the coalescence reaction, are shown
Figs. 2(a) and 2(b). The total number of tubes sample
in Figs. 2(a) and 2(b) are obviously different, sinc
the same area of the sample cannot be imaged bef
and after the high temperature treatment in hydroge
Neglecting the small fraction of diameter-tripled and
diameter-quadrupled tubes in the analysis, the fractio
( f) of tubes that have coalesced into double-diamet
, No. 9, Sep 1998
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tubes can be estimated from Fig. 2(b) using

f ­ 2N2dysNd 1 2N2dd , (1)

whereNd and N2d refer, respectively, to the number of
tubes with diameterd and2d. From a total of 160 diame-
ter measurements, the fractionf of the tubes that are
diameter-doubled tubes is estimated using Eq. (1) to
,42%. This is somewhat less than reported previous
under similar conditions (,60%14).

The distinctive features in the Raman spectra fo
SWNT bundles prepared by arc and PLV methods in
clude two strong first-order bands at,180 cm21 and
,1590 cm21.2,6 The former band has been identified
with the A1g symmetry radial breathing modes (RBM)
which exhibit a strong dependence of mode frequen
on nanotube diameter. The latter band has been assig
on an unresolved Raman triplet (A1g, E1g, and E2g)
identified with tangential carbon displacement modes6

These three, nearly degenerate, nanotube phonons
related to the graphiteE2g symmetry intralayer mode at
1582 cm21 and exhibit a relatively weak dependence o
frequency on tube diameter. Besides the strong Rama
active radial and tangential modes in the as-prepar
SWNT bundle,,8 weak peaks have also been observe
for PLV-derived material in the range 300–1400 cm21.6

Because the SWNT vibrational mode frequencie
depend on diameter,6 the Raman peaks of SWNT’s
are inhomogeneously broadened due to the inhere
tube diameter distribution present in the material.6,12 All
the first-order, low frequency (v , 400 cm21) modes
have been shown theoretically13,17 to exhibit a strong
frequency dependence on diameter. In particular, t
frequency of theA1g symmetry RBM, in which all of
the carbon atoms undergo an equal radial displaceme
is strongly diameter-dependent, and therefore the rad
mode frequency can, in principle, be used to measure t
tube diameter.6,12 An empirical expression for the RBM
frequency (vr) is given by the formula

vrsdd ­ 223.75 scm21 2 nmdyd , (2)

where vr is measured in wave numbers, andd is
measured in nanometers. This result is found to b
independent of chirality; i.e., it applies to all tube type
(armchair, zigzag and chiral).13,17 This inverse relation
betweenvr andd was obtained by two research group
using an empirical force constant model employin
the C–C force constants that were used to fit th
two-dimensional, experimental phonon dispersion of
single graphene sheet.13,17 The results of Saitoet al.17

were fit to the functionvrsdd ­ ad2n, and they find
a ­ 224.02 (cm212 nm) andn ­ 1.0017; whereas our
approach was to carry out a least squares fit of th
calculated frequencies to the functionayd (i.e., n ­ 1).
J. Mater. Res., Vol. 1
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FIG. 1. TEM cross-sectional view of the bundles before (a) and aft
(b) the coalescence reaction (see text). Adjacent wider tubes exh
deformations which increase their contact areas [indicated by t
arrow in Fig. 1(b)].

In Figs. 3(a) and 3(b), respectively, we show Rama
bands from the low and high frequency regions contai
ing resonant scattering from the radial and tangent
3, No. 9, Sep 1998 2407
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FIG. 2. Typical diameter histograms determined from TEM cro
sectional images (such as shown in Fig. 1), before (a) and afte
the coalescence reaction.

modes. Data for the pristine and H2-treated tubes are
shown, respectively, as the dashed and solid tra
When appropriate, we also plot for comparison a sca
version of the pristine spectrum; i.e., a new spectrum
created by multiplying the pristine spectrum by a wa
number-independent, constant scale factor (a). Values
for a and the laser excitation wavelength appear
the left and right of each spectrum, respectively. Fo
excitation wavelengths have been used to study
effect of the coalescence. Each of these wavelength
expected to excite resonant scattering from four differ
populations of tubes within the sample (i.e., differe
diameter and symmetry tubes).6 The average value we
find for a via analysis of the Raman data, i.e.,aavg ­
s0 1 0.588 1 0.556 1 0.714dy4 ­ 0.46, is in reason-
able agreement with the TEM-derived value (a , 0.42)
for the fraction of pristine tubes that have coalesced
2408 J. Mater. Res., Vol.
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We consider first the results for the radial mode
[Fig. 3(a)]. For the case of 514.5 nm and 647 nm exc
tation, it can be seen that the radial band of the H2-treated
sample is well fit by that of a Raman spectrum whic
is simply a scaled replica of the Raman spectrum
the pristine material. This successful scaling indicat
that all the tube symmetries in the population sampl
with the particular wavelength has suffered a unifor
reduction in their number as a result of the coalescen
reaction. That is, because,(10, 10) tubes coalesce to
become,(20, 20) tubes, their scattering intensity is los
from the radial band in the figure, and is anticipated
appear at a much lower frequency because of the inve
diameter dependence of the RBM frequency [Eq. (2
However, no new feature near,90 cm21 was observed
in the Raman spectrum of coalesced SWNT’s for all fo
excitation wavelengths. This observation is consiste
with calculated intensities for the resonantly enhanc
SWNT modes, which indicate that for a fixed excitatio
frequency, the calculated Raman cross section decrea
strongly with increasing tube diameter.13 Furthermore, it
was also noted in Ref. 13 that, in the limit of infinite
diameter (graphene sheet), the Raman cross section
this resonance should vanish. Our data indicate that
Raman cross section for the radial breathing mode o
,(20, 20) tube with diameterd , 2.7 nm is too weak
to observe with visible and Nd : YAG (1064 nm) lase
excitations.

For the case of 1064 nm excitation, scaling th
pristine spectrum produces a reasonable fit to the hi
but not the low, frequency component in the radi
doublet, indicating that the larger diameter tubes
this population were selectively destroyed or coalesce
Interestingly, using 488 nm excitation, the shape of th
radial band and its Raman scattering intensity obtain
remains unchanged upon H2 treatment. This indicates
that the population of tubes excited to resonantly scat
with 488 nm radiation is unaffected by the H2 treatment
and the coalescence of certain nanotubes. As discus
in the introductory remarks, adjacent chiral tubes a
not expected to coalesce because they cannot exh
a commensurate seam along their length, contrary
the situation with adjacent armchair or zigzag tube
Therefore, the independence of the 488 nm Raman d
to H2 treatment, taken together with the fact that,40%
of the,(10, 10) tubes are lost from the initial populatio
due to coalescence, suggests that the population
pristine tubes sensitive to 488 nm excitation can b
characterized as primarily chiral. Thus, 488 nm may b
a good excitation wavelength to probe the chiral tub
population within a sample.

We next consider the effect of the H2 treatment
and resulting coalescence on the high frequency ta
gential band with its largest component centered
,1590 cm21. The results for the four laser excitation
13, No. 9, Sep 1998
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a wave

FIG. 3. Resonant Raman scattering bands from the radial (a) and tangential (b) SWNT modes. Data for the pristine and H2-treated tubes
are shown, respectively, as the dashed and solid traces. The dotted traces were obtained by multiplying the pristine spectrum by
number-independent, constant scale factora. The dash-dotted trace is computed asI,s20, 20d ­ IH2 treated 2 0.556IPristine and is assigned to
Raman scattering intensity from coalesced tubes (see text).
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wavelengths are shown in Fig. 3(b), and the dash
solid, and dotted lines have the same meaning as
scribed above for Fig. 3(a). For 514.5 nm and 1064
excitations, it can be seen that the same, or nea
the same, values fora that were used to interpre
the reduction in intensity of the radial band upon H2

treatment [Fig. 3(a)] can be also used to explain
reduced intensity of the tangential band after H2 treat-
ment. In fact, we expecta to be slightly higher for
the tangential band analysis than for the radial ba
In this case, the larger diameter coalesced tubes can
make a contribution to the 1590 cm21 band since the
diameter-dependence of the tangential mode freque
is relatively weak. This is not the case for the rad
band, as the coalesced tubes exhibit a much lower ra
band frequency due to the diameter doubling, and
contribution from the diameter-doubled tubes shifts o
of the band assigned to the pristine material. In oth
words, some of the tangential mode scattering inten
lost by the coalescence of the smaller, pristine tub
is compensated by the tangential mode scattering fr
the ,(20, 20) tubes. The scattering from the,(20, 20)
tubes is probably not strongly resonant because of
much larger tube diameter; i.e., for such a large diam
ter (d , 27 Å) the system is attaining the scatterin
characteristics of a planar graphene sheet,13 which is
not expected to exhibit resonant Raman scattering
these excitation frequencies. We note thata is about the
same for the tangential and radial bands for 1064
excitation, consistent with the view that this excitatio
J. Mater. Res., Vol. 1
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energy is very far from resonance in a,(20, 20) tube.
For 488 nm excitation of the tangential mode scatterin
similar to that found for the radial band, no chang
in intensity is observed upon H2 treatment. Consistent
with the interpretation given above for the effect of H2

treatment or coalescence on the radial band, we interp
the observedindependenceof the tangential band to H2
treatment as further experimental evidence that 488 n
excitation favors scattering from chiral tubes.

Using 647 nm excitation, the effect of the H2 treat-
ment on the tangential band is unique compared to t
other three excitation wavelengths and is discussed s
arately [see Fig. 3(b)]. As observed previously,6 and
also discussed in another paper in this issue,18 Raman
excitation of pristine nanotubes in the red (,2 eV)
produces a broadened and downshifted tangential ba
[Fig. 3(b)], altogether different in shape from the tangen
tial bands observed with other excitation wavelength
This difference has been attributed recently18 to scat-
tering from metallic tubes. Briefly, this assignment is
based on results from electronic density of states (DO
calculations19 for a variety of carbon nanotubes within
the tube diameter range found for the pristine samp
The calculated DOS show thatmetallic chiral, zigzag,
and armchair tubes exhibit a,2 eV energy separation
between mirror imageE21/2 singularities in the valence
and conduction bands, and therefore these metallic tub
should exhibit an enhanced Raman cross section
,2 eV incident photons (647 nm­ 1.92 eV). Consis-
tent with this view is the experimental observation of
3, No. 9, Sep 1998 2409
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broadening and downshifting of the Raman lines in t
tangential band, which is consistent with a metal
system exhibiting an enhanced electron-phonon c
tribution to the Raman-active phonon linewidth. A
shown on an expanded frequency scale in Fig. 4,
647 nm-excited tangential band is clearly downshift
and broadened. Our Lorentzian lineshape analysis sh
that the broadened tangential band (upper spectrum
reasonably fit using a rigid downshift of all componen
in the band (Dv ­ 18 cm21) and with an enhanced
broadening of the full-width at half-maximum inten
sity (FWHM) DG ­ 30 cm21 relative to the linewidth
obtained with the 514.5 nm excitation (lower spectru
in Fig. 4). The upper and lower spectrum in Fig. 4
therefore identified, respectively, with metallic and sem
conducting nanotube ropes.18 After H2 treatment, this
tangential band shape changes [Fig. 3(b)], and we
tempt to explain this change by the dash-dotted spectr
plotted under the 647 nm data. The dash-dotted spect
is assigned to coalesced tubes and computed as

I,s20, 20d ­ IH2 treated 2 0.556IPristine , (3)

where I represents the Raman scattering intensity a
the coefficient 0.556 is obtained from the analysis of t
reduction in the intensity of the radial band after the H2

treatment [Fig. 3(a)]. Equation (3) is written to reflec
our assumption throughout this paper, that the sp
trum of the H2-treated nanotube sample is the sum
two primary contributions: (i) reduced contribution from
pristine tubes whose numbers have been reduced by2

treatment, and (ii) the contribution from,(20, 20), or
coalesced tubes. We note from Fig. 3(b) (dash-dot
spectrum; 647 nm excitation) that theI,s20, 20d tangential
band calculated in this way resembles that of the typi
tangential band obtained with excitations sufficient
removed from 2 eV.

IV. CONCLUSIONS

Comparison of the Raman spectrum before and a
,40% coalescence of pristine tubes to produce diame
doubled tubes reveals interesting excitation wavelen
dependent results. Consistent with the view that coal
cence favors adjacent armchair and zigzag tubes (
not chiral tubes), the present study shows that 488
excitation favors scattering from chiral tubes, where
514.5, 647, and 1064 nm primarily excite scatterin
from armchair and zigzag tubes. We were unable
observe the scattering from the radial band of,(20, 20)
tubes expected at 90 cm21. This may indicate that the
doubled,(20, 20) tubes are approaching the behav
of a graphene sheet with regard to resonant Ram
scattering.
2410 J. Mater. Res., Vol. 1
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FIG. 4. Dotted spectra represent the tangential bands for the pristin
SWNT sample obtained using 647 (upper spectrum) and 514.5 (low
spectrum) nm excitations. The Lorentzian lineshape analysis show
that the broadened tangential band (upper spectrum) is reasona
fit using a rigid downshift (Dv ­ 18 cm21) of all components in
the band and with an enhanced broadening (DG ­ 30 cm21) of
the full-width at half-maximum intensity (FWHM) relative to the
linewidth obtained with the 514.5 nm excitation.
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