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Abstract

A systematic study was carried out to dope single-walled carbon nanotube (SWNT) bundles with varying amounts of boron

using the pulsed laser vaporization technique. Targets containing boron concentrations ranging from 0.5 to 10at.% boron were pre-

pared by mixing elemental boron with carbon paste and the Co/Ni catalysts. The laser-generated products that were obtained from

these targets were characterized by high resolution transmission electron microscopy, electron energy loss spectroscopy (EELS),

thermoelectric power (TEP) measurements, and Raman scattering experiments. Electron microscopy and Raman studies revealed

that the presence of various levels of boron concentration in the target strongly affected the products that were prepared. SWNTs

were found in the products prepared from targets containing up through 3at.% boron, and high resolution EELS estimated that less

than 0.05–0.1at.% boron is present in the SWNT lattice. The absence of SWNT bundles in the products derived from targets con-

taining more than 3at.% boron implies that the presence of excess boron in the carbon plume severely inhibits the carbon nanotube

growth. The overall effect of the boron incorporation primarily leads to: (i) a systematic increase in intensity of the disorder-induced

band (D-band) upon boron doping, with increasing D-band intensity observed for higher doping levels, (ii) a systematic downshift

in the G 0-band frequency due the relatively weaker C–B bond, and (iii) a non-linear variation in the RBM and G 0-band intensities

which is attributed to shifts in resonance conditions in the doped tubes. Resonant Raman spectroscopy thus provides large changes

in the intensity of prominent features even when the dopant concentration is below the detectable limit of EELS (0.05–0.1at.%).

Thermoelectric power data also provide complementary evidence for the presence of a small boron concentration in the SWNT lat-

tice which transforms the SWNTs into a permanently p-type material.
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1. Introduction

The possibility of substitutional doping in carbon

nanotubes with boron or nitrogen has generated intense
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interest due to the feasibility of tailoring structural and

electronic properties of carbon nanotubes by using

boron and nitrogen dopants [1–7]. Doped nanotubes

offer the opportunity to not only help in understanding

dopant-induced perturbations on physical properties in

one-dimensional materials, but such doping also pro-

vides an opportunity to exploit their unique properties

in the next generation technologies.
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Boron doping in carbon-based materials has been

studied for quite some time starting with boron-doped

graphite [8–14] to boron-doped carbon nanotubes [15–

20]. Straightforward synthesis methods developed for

boron-doped graphite have been used to prepare boron-

doped single wall carbon nanotube (SWNT) bundles
which usually involve heating as-prepared SWNT bun-

dles at high temperatures (1523–1803 �C) with boron-

containing compounds, such as B2O3 [17]. However,

studies aimed at controlled doping and characterization

of boron-doped SWNT bundles is lacking.

Based on research reported in boron-doped graphite,

novel structural and vibrational properties are antici-

pated in boron-doped SWNTs, since carbon nanotubes
can be viewed as rolling up graphene sheets into seam-

less cylinders with diameters in the range 1–2nm.

X-ray diffraction studies on boron-doped graphite

found that the effect of boron substitution in the hexag-

onal lattice of graphite led to an increase in the in-plane

spacing a and a decrease in the inter-planar spacing c [8].

More recent studies, employing scanning tunneling and

atomic force microscopy have confirmed these boron-in-
duced changes in the graphite lattice parameters [9,11].

Interestingly, it was found that the effect of the boron

dopant was highly localized with regard to both the

structural and electronic properties of graphite, approx-

imately extending up to the next-nearest neighboring

carbon atoms in the lattice. Raman studies in boron-

doped graphite have shown that the modes most affected

by the boron substitution are the disorder-induced D-
band at �1300–1360cm�1 and the G 0-band at �2600–

2720cm�1 [9,10]. The D-band intensity increased sys-

tematically as the boron concentration reached

2.2at.% and downshifted by �3cm�1 [9,10]. A small up-

shift of the G-band at 1581cm�1 by �6cm�1 has also

been reported when boron concentration exceeded

2at.% [9,10]. Other carbon materials that have been

doped with boron include carbon fibers and multi-
walled carbon nanotubes (MWNTs) [18–20]. In these

sp2 carbon materials, the Raman spectra show results

similar to those observed in boron-doped graphite.

In this paper, we describe the preparation of a boron

and metal catalyst impregnated carbon target which al-

lowed us to prepare SWNT bundles with nominal target

boron concentrations from 0.5 to 10at.% boron using a

pulsed laser vaporization process. The novelty of our
approach lies in the in situ doping of SWNTs. High res-

olution transmission electron microscopy (HRTEM),

thermopower (TEP), and Raman scattering studies,

employing three different laser excitation energies, were

used to elucidate the structural and vibrational proper-

ties of semiconducting and metallic SWNT bundles pre-

pared from 5 targets, each containing a different boron

concentration in the range 0.5–10at.% boron. In this
way, the effect of boron concentration in the target on

the structure and properties of the products could be
studied systematically. The results showed that the

products were strongly affected by the boron concentra-

tion present in the targets, and that the nanotube con-

stituent of the sample itself was sensitively affected by

boron addition as evidenced through resonant Raman

scattering and TEP measurements. Compared to high
resolution EELS, the Raman and TEP measurements

were found to be much more sensitive to boron

addition.
2. Experimental

Single-walled carbon nanotube samples used in this
study were prepared by the laser vaporization method.

Briefly, a target is placed in a quartz tube and heated to

�1100 �C in an argon atmosphere at a pressure of

�500Torr. A gentle flow of argon is maintained through-

out the process. A Nd:YAG laser (1064nm, 10Hz) is

then used to ablate the target. Five targets were made

using a carbon paste mixed with cobalt:nickel catalyst

(0.5:0.5at.%) and elemental boron. Each boron-doped
target had a different nominalat.% boron concentra-

tion in the range 0.5–10at.%. An undoped target (0at.%

boron) was also prepared as a standard for comparison

in this systematic study. The SWNTs, when present in

the products, had a diameter distribution of 1.3nm ±

0.2nm. The carbon paste containing an appropriate

catalyst/boron mix was heated to �200 �C in air, while

simultaneously the target was held under a pressure of
�2 metric tons. The targets were then annealed at

1000 �C under flowing argon for �4h.

To characterize the SWNT samples used for the

Raman and thermopower studies, HRTEM studies were

done on the samples prepared from pristine and boron-

doped targets, using a novel Tecnai high resolution

HR(S)TEM equipped with a 200kV field emission gun

(FEG) [21]. The objective lens spherical aberration coef-
ficient (Cs) is 0.5mm and the electron wavelength

(k) = 0.0025 nanometers (nm) for the HR(S)TEM

instrument. A double-tilt sample stage is used in the

HRTEM which provides tilting of crystals in the sample

to +24� or �24� and the objective lens of the electron

microscope serves as a Fourier transformer. The elec-

tron diffraction pattern formed at the back focal plane

of the lens is further Fourier transformed to provide
the image. Electron waves undergo phase changes dur-

ing interactions with the sample. The availability of

charge coupled device (CCD) cameras has enabled the

digital recording of images. For characterization of the

boron-doped samples, we combined atomic resolution

imaging with high precision chemical and electron nano-

diffraction analyses as well as nano-electron energy loss

spectroscopy (EELS). Details of the structural proper-
ties of the samples used in the present study are reported

elsewhere [21].
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The thermoelectric power (TEP) was measured, using

two Chromel/Alumel thermocouples and two additional

Cu leads (all 0.003
0 0
dia. bare wires) that were attached

to the edges of the sample which was pressed into a pel-

let (�5mm dia; �1mm thick) with small amounts of sil-

ver epoxy [22]. The TEP data were collected using a heat
pulse technique described previously [23,24].

Raman scattering studies were carried out using three

different laser excitation wavelengths—514.5, 647.1 and

1064nm in two spectrometers, namely a JY-Horiba

TRIAX 550 single grating spectrometer with a liquid

nitrogen cooled CCD detector and a Bruker FT-Raman

spectrometer equipped with a liquid nitrogen cooled Ge

detector. The TRIAX spectrometer slit width was set to
0.2mm and the groove density of the grating is 1200

grooves/mm. The spectral resolution in both spectrome-

ters was found to be �2cm�1. Argon ion (514.5nm),

krypton (647.1nm) and Nd: YAG (1064nm) lasers were

used as excitation sources. The excitation beam was

brought to a strip or spot focus onto the samples at a

power level of 10–20mW with data being collected in

a back scattering geometry. All data were collected from
samples maintained at room temperature under ambient

conditions.
Fig. 1. TEM images of the carbonaceous material produced from targets w

10at.% boron. SWNTs are clearly present in the material generated from th
3. Results and discussion

3.1. High resolution TEM and EELS

Fig. 1 shows the HRTEM images of carbon products

obtained after ablating undoped (a), 2.5at.% (b), and
10.0at.% (c) boron-doped carbon targets. Henceforth,

the boron doping concentrations in the samples (whose

results are described below) are expressed in terms of the

nominal boron content present in the corresponding tar-

get. It can be seen from these images that SWNT bun-

dles are abundant in the products derived from the

low boron content (<3at.%) target material (Fig. 1b).

Products resulting from the ablation of a target with
boron content >3.5at.% contain predominantly graphite

encapsulated boron carbide particles (Fig. 1c) and a

much smaller number of SWNT bundles. Interestingly,

a small fraction of the products prepared from a nomi-

nal 4.5at.% boron-doped target contained double

walled nanotubes [21]. This decline in nanotube yield

with increasing boron content in the target is strongly

correlated with the saturation limit of �3at. % for bor-
on substitution in the graphite lattice [8,13]. In the prod-

ucts generated using the highly doped targets (>nominal
ith nominal boron concentrations of (a) 0at.%, (b) 2.5at.%, and (c)

e undoped and 2.5at.% boron-doped targets.



Fig. 2. Comparison of the thermopower data for the purified, pristine

SWNT material and the SWNTs produced from the nominal 1.5at.%

boron-doped target. In both data sets the sample was held at 500K and

10�6Torr vacuum.
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3at.% boron), the Co/Ni catalyst particles are found to

be saturated by boron, which was interpreted to indicate

that the presence of boron in the catalyst particles sup-

presses SWNT growth [21]. Using in situ diagnostic

spectroscopy, Lange et al. concluded in their study

involving boron-doped fullerenes that the increased
presence of boron (>nominal 3at.%) in the growth envi-

ronment can inhibit the formation of C2 radicals in the

plasma region during growth [25]. These observations

are consistent with the low SWNT content in products

obtained from the highly boron-doped targets used in

this study. Nano-EELS measurements failed to detect

any boron substituted in the nanotube lattice in any of

the samples prepared from the boron enriched target
materials in the present study [21]. However, the detec-

tion limit of the nano-EELS instrument is �0.05–

0.1at.% boron. Thus, if any boron is indeed substituted

in the SWNT lattice, it is below this limit. We therefore

used TEP and Raman measurements to look for the ef-

fect of a low concentration of boron on the electronic

and vibrational properties of SWNT bundles.

3.2. Thermopower measurements

It has been experimentally shown that semiconducting

carbon nanotubes can work as efficient field-effect tran-

sistors (CNTFETs) [26–28]. However, the performance

characteristics of these CNTFETs when compared to

those of analogous silicon devices are inferior from the

standpoint of long term device operation. The current–
voltage (I–V) characteristics of air-exposed CNTFETs

resemble that of a p-type device. Upon annealing under

vacuum, the CNTFETs exhibit n-type characteristics.

Interestingly, this unexpected transformation from to

p- to n-type characteristics is fully reversible, i.e., re-

exposure to oxygen brings back the p-type characteristics

of the CNTFET. A similar trend was also observed in the

temperature-dependent thermopower (TEP) measure-
ments of SWNT bundles and multi-walled carbon nano-

tube (MWNT) films [24,29,32]. The annealed MWNT

film exhibits negative TEP values implying n-type char-

acteristics, which turns to positive TEP values as the sam-

ple ages under ambient conditions of room light and

room air. Research by several groups proved that the

p-character of the CNTFET (or the positive TEP) is

not an intrinsic property of the nanotubes and results so-
lely from the interaction of oxygen with the nanotube or

from the Schottky barriers at the metal electrode/nano-

tube contacts. To enable nanotubes to function as a basic

building block in future nanoelectronic devices, it is cru-

cial that the oxygen-induced reversal of electronic prop-

erties be arrested. One approach is to dope nanotubes

with either nitrogen or boron to render them perma-

nently with n-type or p-type characteristics, respectively.
In Fig. 2 we compare the thermopower data obtained

from purified-pristine SWNTs (crosses) with those of as-
prepared SWNTs generated from the nominal 1.5at.%

boron-doped target (open circles). The TEP data of both

samples were collected as a function of time as they were

degassed in 10�6Torr vacuum at 500K. It is clearly seen

that, as adsorbed oxygen is removed from the pristine
SWNT sample, the thermopower changes sign from

approximately +20lV/K (p-type) to �20lV/K (n-type),

which is expected and similar results have been reported

in previous publications [30–32]. Contributions from

other impurities present in the as-prepared nanotubes

do not affect the TEP sign reversal [30–32]. The sign

of the TEP can be used to determine the charge of the

dominant carriers in the SWNTs. If the TEP is positive
(negative), then the charge carriers are primarily holes

(electrons). In the case of the SWNT samples derived

from the as-prepared nominal 1.5at.% boron-doped tar-

gets, the TEP remains constant at �60lV/K, implying a

greater stability of the doped nanotubes with respect to

the degassing procedure. This result seems to suggest

that a small percentage of the boron is present in the

SWNT lattice in concentrations below the detection lim-
it of the electron microscope studies, which is �0.05–

0.1at.% boron. Substituted boron would be expected

to donate holes to the SWNT lattice making it a perma-

nently p-type material, resulting in no change in the TEP

as the sample is degassed. The low concentration level of

boron in the SWNT lattice is an interesting result since

the saturation limit of boron in graphite can be as high

as 3 at.% [8]. These results indicate that the solubility of
boron in the SWNT lattice is much lower than in planar

graphite, possibly due to curvature effects of the

nanotubes.

It has been shown experimentally and theoretically

that boron doping in nanotubes gives rise to a promi-

nent acceptor band near the Fermi level, and as a result,

the nanotubes are rich in holes [33]. Therefore, as the

hole concentration is depleted during the degassing step,
the presence of the acceptor band ensures that the boron-
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doped tubes exhibit permanent p-type character. Finally,

it should be mentioned that pressed pellets could not be

prepared for TEP measurements using products gener-

ated from higher boron-containing targets, due to the

brittleness of the material grown from targets where

the boron content was greater than a nominal 3.5at.%.

3.3. Raman scattering

Raman scattering has been shown to serve as an

excellent probe for investigating the electronic and pho-

non structure in pristine and doped SWNT materials

due to the resonant coupling of the laser excitation en-

ergy to the transition energies between the van Hove sin-
gularities (vHSs) in the electronic density of states

(DOS) [34–39]. Since the energies of the vHSs in the

DOS differ from tube to tube based on the tube diameter

and chiral angle, specific (n,m) tubes can be studied

using this technique. Fig. 3 shows a Kataura plot

(c0 = 2.90eV), which is a plot of vHSs transitions ener-

gies vs. the tube diameter [40]. This plot has been very

useful in predicting whether semiconducting (crosses)
or metallic SWNTs (open circles) will be seen in the Ra-

man spectra for a given laser excitation wavelength. The

notation, Ey
xx, is used to identify a particular transition

energy (x = 1,2,3, . . .) in a semiconducting (y = S) or

metallic (y = M) SWNT. The two dashed vertical lines

in Fig. 3 give the variance r from the center of a Gaus-

sian distribution of tube diameters around the mean

diameter (1.3 ± 0.2nm) while the horizontal lines indi-
cate the laser energies (2.41, 1.96, and 1.17eV) used

for exciting the Raman spectra (514.5nm, 647.1nm,

and 1064nm). Using the known diameter distribution

of the sample and the excitation energies of the sources,

it is illustrated (Fig. 3) that the 514.5nm/1064nm and

the 647.1nm laser excitations will couple resonantly with

semiconducting and metallic SWNTs, respectively.
Fig. 3. A Kataura plot of the interband transition energies Eii vs.

nanotube diameter in which the range between the two dashed vertical

lines represent the SWNT diameter distribution (1.3 ± 0.2 nm)

investigated in this study. The horizontal lines help identify the

particular Ey
xx energy transitions to which the 514.5, 647.1 and 1064nm

excitations couple resonantly. See text for definition of Ey
xx.
In Fig. 4, room temperature Raman spectra for sem-

iconducting SWNTs excited with 514.5nm excitation are

shown. Fig. 4a focuses on the spectral region from 100–

1850cm�1, which contains the first-order features of the

SWNT Raman spectrum, while Fig. 4b depicts the sec-

ond-order Raman spectra for the same set of samples.
For products derived from targets with boron concen-

tration 6 nominal 3at.%, the presence of the radial

breathing mode (RBM) in their Raman spectra (Fig.

4a) signifies the presence of SWNT bundles in the sam-

ple, consistent with the HRTEM study described above

(see Fig. 1). Based on a Lorentzian line fit to the data,

the RBM at �186cm�1 and the tangential mode (G-

band) at �1590cm�1 do not show significant shifts or
line broadening due to the low boron doping. This is a

clear indication that the nanotube structure, as a whole,

remains intact in products obtained from targets con-

taining up to nominal 3at.% boron, which is consistent

with the results of the TEM study [21]. However, the dis-

order-induced D-band at �1340cm�1 does show a sys-

tematic increase in intensity which suggests that the

increasing presence of boron in the target is, in fact,
bringing about a noticeable change in the degree of

ordering in the hexagonal lattice. This increase in the

D-band intensity is attributed to the activation of

off-zone-center phonons due to relaxation of the strict

selection rules for Raman scattering due to a double res-

onance process [33]. The increasing intensity of the D-

band is not surprising, since it is well known that boron

doping in highly oriented graphite (HOPG) films leads
to increased disorder in the hexagonal lattice as reported

by Hishiyama et al. [10] Graphite films with 0.4 and

2.2at.% boron were examined in their study using the

514.5nm excitation wavelength [10]. In the 0.4at.%

boron-doped films, the D- and G 0-band frequencies sof-

tened by �5cm�1 while the G-band frequency remained

pinned at �1585cm�1 [10]. When the boron concentra-

tion further increased from 0.4at.% and reached
2.2at.%, the D-band frequency upshifted by �2cm�1

while the G-band frequency upshifted by �6cm�1 and

the G 0-band further softened by 12cm�1. The net result

was an overall downshift of 3 and 17cm�1 respectively,

for D and G 0-band frequencies, and an upshift of 6cm�1

for the G-band frequency as the boron concentration in-

creased from 0 to 2.2at.% [10]. It is interesting to note

that the G 0-band frequency was most sensitive to the
boron concentration present in their films. Further, the

Hall coefficient measured at 3K for each of their bor-

on-doped films was positive, implying the presence of

holes in the sample, which results in an upshift in the

G-band frequency for boron concentration exceeding

�2at.%. This upshift in the G-band frequency is not ex-

pected in the samples used in this study, since nano-

EELS measurements indicated that the presence of
boron in SWNT bundles obtained from ablating 3at.%

boron-doped targets was less than 0.05–0.1at.%. It



Fig. 4. (a) First-order and (b) second-order room temperature Raman spectra of products generated from targets with indicated boron

concentrations. All Raman spectra were excited using the 514.5nm excitation energy. Each spectrum in the figure was normalized to the tangential

G+ band intensity.

Fig. 5. (a) First-order and (b) second-order room temperature Raman spectra of products generated from targets with indicated boron

concentrations. All Raman spectra were excited using the 647.1nm excitation energy. Each spectrum in the figure was normalized to the tangential

G+ band intensity.
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Fig. 6. First-order and second-order room temperature Raman

spectra of products generated from targets with indicated boron

concentrations. All Raman spectra were excited using the 1064nm

excitation energy. Each spectrum in the figure was normalized to the

tangential G+ band intensity.

Fig. 7. Expanded plot of the RBM intensity enhancements (discussed

in Fig. 5a) plotted as a function of the boron concentration present in

the target. The data were collected using the 1.96eV excitation energy

(647.1nm).
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should be noted that, consistent with the work of
Hishiyama et al., the G-band frequency at 1591cm�1

can be seen in the Raman spectrum of the products gen-

erated from the 10at.% boron target which did not con-

tain nanotubes. Also, the D-band frequency is

downshifted by �7cm�1 as the boron concentration in

the target was increased from 0 to 3at.% (Fig. 4a).

The disappearance of the RBM and the accompany-

ing broadening of the G- and D-bands in the Raman
spectrum observed at three different excitation wave-

lengths (Figs. 4–6) of products produced from targets

with boron concentrations above the nominal 3at.% sig-

nifies that no SWNTs are formed. In other words, the

Raman spectra for samples from targets with more than

the nominal 3at.% boron resemble that of disordered

sp2 carbon materials. Interestingly, this finding strongly

correlates with the maximum boron solubility of
�3at.% that is known in the graphite literature [8]. In

addition, the HRTEM/nano-EELS studies show that

in samples grown from targets containing more than

the nominal 3at.% boron, the increased boron concen-

tration present in the catalyst particles diminishes the

efficiency of these particles for catalyzing the growth

of SWNTs [21]. However, Fig. 4b shows that the G 0-

band at 2677cm�1 in the pristine SWNT bundles sys-
tematically downshifts with increasing B concentrations,
reaching a value of 2670cm�1 in the nominal 3at.%
boron-doped sample, without a detectable increase in

its linewidth. Revisiting the study of Hishiyama et al.,

the G 0-band downshifts from 2725cm�1 in a HOPG film

to 2720cm�1 in 0.4at.% boron-doped HOPG film [10].

This band further downshift to 2708cm�1 in the

2.2at.% boron-doped film. The G 0-band downshifts pre-

sumably as a result of the weaker C–B bond compared

to the C–C bond energies.
It is known that the G 0-band exhibits a chirality and

diameter dependence based on previously reported work

on hole doped SWNTs [39]. However, one observation

that can be made suggests that this is not the cause of

the shift in the G 0 peak position in Fig. 4b. The RBM

frequency remains the same for all boron-doping levels

(Fig. 4a) and this observation is consistent with a highly

localized acceptor band observed in STS studies of
boron-doped MWNTs [33].

Raman data were also collected frommetallic SWNTs

in the sample using the 647.1nm (1.96eV) laser excita-

tion. The results are presented in Fig. 5 in the same fash-

ion as for the semiconducting tubes in the boron-doped
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SWNT bundles. In these spectra, similar trends are also

observed in the frequencies of the RBM, G-, D-, and G 0-

modes with the exception that the G 0-band is down-

shifted in frequency to a greater extent (by �15cm�1)

in SWNTs grown from the nominal 3at.% boron-doped

target.
Motivated by this observation of a greater downshift

in the G 0-band frequency for metallic SWNTs, we exam-

ined the Raman spectra of the same set of samples using

the 1064nm laser excitation (Fig. 6). The results in Fig. 6

show Raman spectra for semiconducting tubes with the

radial breathing modes appearing at 165 and 179cm�1.

Again, similar trends are seen in these spectra (lack of

significant frequency shifts for the RBM and G-band,
an increased D-band intensity, and a �5cm�1 downshift

of G 0-band position) with the exception that the D-band

frequency is found slightly upshifted by �2cm�1.

The huge intensity for the G 0-band in Fig. 6 is cer-

tainly noteworthy, and is attributed to boron-induced

changes in the electronic properties of SWNTs as is dis-

cussed next. A more careful examination of the spectra in

Figs. 4a and 5a shows that the intensities of the RBM
vary non-linearly with the at.% boron present in the tar-

get. For example, the intensity for the RBM in Fig. 4a is

largest when the boron concentration in the target

reaches 2.5at.%. Likewise, the intensity for the RBM in

Fig. 5a is also largest at 2.5at.% boron concentration

as depicted in Fig. 7 for clarity. These observations are

attributed to a shift in the resonance conditions induced

by the presence of boron in the SWNT lattice which
shifts the Exx by a few meV, thereby bringing nanotubes

further into resonance with the incident or scattered pho-

ton. A detailed scanning tunneling spectroscopy/micros-

copy (STM/STS) study is needed to fully understand

these resonance effects. Tentatively, we conclude that

the resonance is achieved for laser excitation energy of

Elaser = 1.17eV (1064nm) with the scattered photon,

since changes in the G 0-band intensity with the boron
doping of the target material is dominant over the

changes in the RBM intensities (Fig. 6). In contrast,

for excitation energies at 1.96eV (647.1nm) and 2.41eV

(514.5nm), we conclude that resonance is achieved with

the incident photon, since the dominant changes are ob-

served for intensities associated with the RBM.
4. Conclusions

The data from the high resolution EELS, thermoelec-

tric power measurements, and Raman scattering experi-

ments, when considered together, suggest the presence

of small concentrations of boron in the SWNT lattice

and that this boron concentration is extremely small

compared to the amount of boron introduced into the
synthesis environment. The SWNT growth ceases when

a large amount of boron (>nominal 3at.% boron) is pre-
sent in the starting target material. This reduction in

SWNT growth may be due to the poisoning of the cat-

alyst particle which seeds the growth of the nanotubes.

While no clear evidence for boron is seen in the SWNT

lattice using electron microscopy measurements (within

the instrument detection limit of 0.05–0.1at.% boron),
the sign reversal of the TEP and large changes in the

Raman spectra do indicate that changes to the electronic

and structural properties of the sample are taking place

due to the presence of boron. The amount of boron in

the nanotubes is estimated to be below the electron

microscope detection limit. The results of the Raman

scattering experiments show that the effect of the boron

in the synthesis of SWNTs primarily causes: (i) a system-
atic increase in the D-band intensity, (ii) a systematic

softening of the G 0-band without significant changes in

the RBM and G-band frequencies, (iii) changes in the

electronic properties of doped SWNT bundles as evi-

denced by intensity enhancement in the RBM observed

at laser excitation wavelengths for the incident photon

(Figs. 4a, 5a, 7), and (iv) large changes in the G 0-band

intensities at 1064nm excitation associated with the scat-
tered photon (Fig. 6).
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