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Diameter groupin g in bulk sample s of single-walle d carbo n nanotubes
from optica | absorptio n spectroscopy

0. Jost, ¥ A. A. Gorbunov, and W. Pompe
Institut ~fuVérkstoffwissenschaft der TU Dresden, D-01062 Dresden, Germany

T. Pichler, R. Friedlein, M. Knupfer, M. Reibold, H.-D. Bauer, L. Dunsch, M. S. Golden,
and J. Fink
Institut “fuFestkorper- und Werkstofforschung,  D-01171

(Receiva 1 Jure 1999 acceptd for publication 19 Augug 1999

Dresden, Germany

The influene of the synthess parametes on the mean characteristis of single-wal carbon
nanotubs in sod producel by the lase vaporizatim of graphie has been analyze using optical
absorptim spectroscopyThe abundane and mean diamete of the nanotube were found to be most
influencel by the furnae temperatug ard the cobalt/nické catalys mixing ratio. Via an analyss of
the fine structue in the opticd spectrathe existene of preferrel nanotule diametes has been
establishd ard their related fractiond abundane could be determined The resuls are consistent
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with nanotubse locatal mainly arourd the armchai axis. © 199 American
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Currently, single-wal carba nanotubse (SWNT) are the
focus of intense intere$ worldwide becaus of their outstand-
ing properties-? Critical for further understandig of the un-
derlying physicd phenomea and the subsequertechnologi-
cal realization of nanotube-based applications are
characterizatio method which provide information about
mean characteristis of bulk sample of nanotule containing
material In this way, x-ray diffraction, Raman spectroscopy,
and transmissia electra microscoly (TEM) hawe been used
to characterie the diamete distribution in SWNT containing
materials> >

The mea electront properties of bulk sample of
SWNT bundles hawe been first studiel by high-resolution
electrm enery loss spectroscop (EELS) in transmissioff.
The existene of severapeals betwea 0.6 ard 3 eV related
to interbard transitiors betwee the van Hove singularities in
the electronc densiy of states (DOS) of metallic and semi-
conductiry tubes has been observedAnalogots resuls could
be achievel by using opticd absorptim spectroscop on
SWNT-containimg soot’ From bard structue calculationsa
relation betwea the energy of the interbar transition be-
tween DOS singularitis and the nanotule diamete E
(1/d) was predicted ard confirmel by scannimg tunneling
microscopy/spectroscgp measurements® on individual
nanotubes.

In this letter, we study the influene of the synthesis
parametes in the laser-vaporizatiott technige on the mean
characteristis of SWNT-containig sod by the use of opti-
cd absorptim spectroscopyThe depositim systen consisted
of a quark tube (diamete 17 mm) inside a tube furnace A
Q-switchal Nd:YAP lase (wavelengh 1.08 um, pulse dura-
tion 20 ns, pulse repetition frequeny 15 Hz, pulse energy
300 mJ, run duratim 2 min, circula evaporatio area
16 mn?) was usel to ablae the targets Thes consiste of
intimately mixed and pressd >99.9®% purity startirg ma-
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terials (charcoal metd catalys composition Ni,Co,; _, with x
betwea 0 ard 1, totd cataly$ contert 1.2 at %). Freshly
prepare targes were initially cured (1200°C, ~10° Pa ar-
gon) for 4 h. The tube wall temperaturs were varied be-
tween 800 and 1260°C. The vaporization producs were
transported by the argmn gas strean (p=0.66x 10°Pg v
=1.61/h) ard depositél on a water-coole coppe collector.
The maximum nanotule yield in the as-synthesizsod was
estimatel by TEM to be ~40%.

For the characterizatin of the soa with opticd absorp-
tion spectroscopywe applied the procedue propose in Ref.
7. The well-sonicaté soot-methanio mixture (1:100 by
weight was spraye with an airbru$ onto a quartz plate
which was held at ~70°C. The opticd absorptim spectra
were obtainal using a Shimadz MPC-31® scanniiy spec-
trophotometeracros awavelengh range of 200-32@ nm
with a resolution of 5 nm.

Figure 1shows atypicd opticd absorptio spectrum af-
ter backgroun subtraction The raw data are shown in the
inset Three broad SWNT-relatel peals hawe been found at
energis in agreemenwith previousy reportel values®’ The
peals A and B can be relata to transitiors betwee DOS
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FIG. 1. A typicd opticd absorptim spectrun of SWNT-containirg material
after background correction The inse shows the raw data.
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FIG. 2. Opticd absorptio peals A (scalel X 1), B (scala@ X2.5), ard C
(scalel x6) as afunction of the synthess temperatureT, for a catalyst
compositim of NiysCoy 5, displayel both on an enery ard diamete axis.
The dotted lines indicak the groups of nanotule diametes separate by
Ad~0.07 nm.

singularities in semiconductig tubes pe& C to analogous
transitiors in metallic tubes®® The evolution of all peals as
a function of tube wall temperatue T is shown in Fig. 2. In
general we observe ashift to highe energies with decreas-
ing synthess temperatug and with decreasig Ni/Co mixing
ratio. This shift correspond to a diminution of the mean
SWNT diamete as has been reportel previously® In addi-
tion to the variation of the synthess temperaturs and the
catalys composition neary all of the above-mentiongsyn-
thess parametes hawe been varied except the type of carrier
gas ard the lase settings Apart from the tube-wal tempera-
ture and cataly$ composition nore of the othe parameters
varied resultal in a clea and systemat chang of the diam-
ete distribution of the SWNT in the soot.

An importart point to note is tha the opticd data allow
a quantification of the nanotule yield and diamete distribu-
tion as a function of the varied synthess parametersin gen-
eral the relative nanotule abundane has been determined
by the area below pe& A after a normalization at 1.1 €V to
accoun for differert film thicknesse ard after alinear back-
grourd subtraction The temperatue dependere of the
SWNT abundane shown in Figs. 2 ard 3(a) is analogos to
tha reportel using high resolutiod TEM datd in the range
belon 1050 °C. However the totd maximum yield was ob-
servel at highea temperature of arourd 1150-1200°C.
Above 1200°C, a shap drop of the nanotule yield was ob-
served The catalyst-dependémlat is shown in Fig. 3(c) for
T=115°C. The optimd vyield is achievel for x between
0.33 ard 0.5. Interestingly the optimd yield versis x at
950°C is shifted to x~0.25-0.33.

We now tum to the isswe of the diamete distribution.
Due to the above-mentiong relation betwee the transition
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FIG. 3. Relative SWNT abundance obtainel from the opticd spectra(a)

Overal nanotutle abundane as a function of T (x=0.5); (b) fractional
abundane for the diamete groups otherwi as (a); (c) overal nanotube
abundane for differert catalys$ compositiors Ni,Co, _, (T=1150°C); (d)

fractiond abundane for the diamete groups otherwisg as (c). The largest
columrs in (a) ard (c) correspod to an absolue SWNT abundane deter-
mined from TEM measuremestof ~40% ard ~30%, respectively.
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energis of the van Hove singularities and the nanotule di-

ameter we can assign the enery position of ead of the
three peals to a particula diamete after a calibration Help-

ful in this regad are opticd measuremestwe hawe mack of

2 in. furnae SWNT materid from the Houstan group which

has a well-characterizé and relatively narrov diameter
distributior? centerd arourd 1.36+0.05 nm.

The specta of Figs 1 and 2 clearly shav a fine struc-
ture, which could be analyza in terms of a numbe of sub-
peaks We found tha the positiors of the vag majority of the
subpeak (indicated by dotted lines in Fig. 2) remainel con-
start within the resolution limit for all synthess conditions
studied This points to the fact tha the investigatel material
consiss of nanotubs with a discree numbe of diameters
groupeal arourd preferral values independenof variatiors of
the proces parametersThe observd shift of the maximum
of the SWNT diamete distribution with variatiors of the
proces parametes takes place only throuch variation of the
fractiond abundane of the nanotubs with these preferred
diameters Furthermore we found that the positiors of the
subpeak are equidistanty separateé on the diamete scale
with nearl the sane values of Ad for both the semiconduct-
ing ard metallic SWNT. From the nanotule vecta map?
sudr an equidistath spacirg betwea groups of preferred
nanotule diametes comma to both semiconductig and
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metallic SWNT is only derivabk for multiples of Ad
~0.07nm (for m~n in dec\ym?+mn+n? and wrapping
angles close to 30°) and multiples of Ad~0.12nm (for n
~0 and wrappirg angles close to 0°). Togethe with the data
obtainal from the calibration mentionel above only the
spacimg value of Ad~0.07 nm is consistehwith our obser-
vations This strongly indicates the preferral formation of
SWNT with wrappirg angles close to 30° in the vicinity to
the armchai axis. Thisis supporté by the resuls of Raman
investigation$.

In orde to be able to obtain the fractiond abundane of
the different diamete groups mog accurately the pe& B
was fitted'? after a backgroun correction analogos to that
applied to pe&k A. Figures 3(b) and 3(d) illustrate the influ-
ence of the synthess temperatue and the catalys composi-
tion on the fractiond abundane of the SWNT diameter
groups All clearly resolvabé SWNT diamete groups in our
experimend lay within the range of 1.01-1.42 nm which is
very similar to TEM dafta reportal by Ref. 4. In Figs. 3(c)
and 3(d), the catalys dependendaia show for x=0.75 that a
variation of the cataly$ compositim leads to a significant
chang of the SWNT abundancebut not necessanl to a
change of the diamete distribution This indicates the exis-
tene of distind factors responsike for changs of both.

Finally, from the opticd data we did nat find evidence
for changs of the ratio of semiconductig to metallic SWNT
with the applied synthes$ paramete variations.

To conclude we hawe found that the synthess tempera-
ture ard catalys type are the proces parametes tha most
influene the mean diamete of bulk SWNT-containilg ma-
terial. Furthermore the opticd dai prove tha the SWNT
diametes are groupeal arourd preferrel values and are con-
sistert with the formation of nanotube close to the armchair
axis.

The argumers presentd here demonstrat the powe of
opticd spectroscop as an efficiert methal for the simulta-
neots analyss of the totd SWNT yield and diamete distri-
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bution in bulk, macroscop sample of SWNT. This method
shoutl consequenyl be applied as one of the standard
SWNT characterizatio tools.

This work was supporteé in patt by the Saxonia Min-
istry of Sciene ard Art (7531.50-03-823-98J5and the
Deutscle ForschungsgemeinschigP0392/101 and F1439/
8-1). The authos are gratefu to H. Zoller for technica as-
sistane and to R. E. Smalley and A. G. Rinzle for supply-
ing the SWNT materia for calibration.
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