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Structure determination of individual single-wall carbon nanotubes
by nanoarea electron diffraction

M. Gao, J. M. Zuo,® R. D. Twesten, and I. Petrov
Department of Materials Science and Engineering and Materials Research Laboratory, University of Illinois
at Urbana-Champaign, lllinois 61801

L. A. Nagahara and R. Zhang
Physical Sciences Research Laboratories, Motorola Labs, 7700 South River Parkway, Tempe Arizona 85284

(Received 13 December 2002; accepted 21 February)2003

In this letter, we report an electron diffraction determination of chiral vedtors) of individual
single-wall carbon nanotub€dSWNTS9. Electron diffraction patterns from individual SWNTs were
recorded on imaging plates using a parallel electron beam over a section of tu#® afm long.

Using two tubes of 1.39 and 3.77 nm in diameter, we show that the details of electron diffuse
scattering can be detected for both the small and large tubes. The quality of diffraction patterns
allows the accurate measurement of both the diameters and chiral angles of SWNTs for a direct
determination of chiral vectors. The electron diffraction technique is general and applicable to other
forms of individual nanostructures. @003 American Institute of Physics.
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Carbon nanotubeCNTS) represent an important type of ever, with the exception of the recent work on a large double
nanostructure. Since lijima showed the high-resolution transwall tube (6.6 nm,® published electron diffraction studies
mission electron microscopfHRTEM) image and electron focus on multiwall CNTs or single wall CNT bundles.
diffraction of multiwall CNTs! CNTs have attracted extraor- HRTEM imaging is used widely to measure tube diameters,
dinary attention due to their unique physical properties, frombut its accuracy is a few angstroms, which greatly depends
atomic structure to mechanical and electronic propeftiés. on electron defocus and tube siZendividual SWNTs are
Asingle-wall CNT(SWNT) can be regarded as a single layer very difficult to characteriz&**® Previously published dif-
of graphite that has been rolled up into a cylindrical struc-fraction patterns of individual SWNTs are blurred and fea-
ture. In general, the tube is helical with the chiral vectortures are difficult to identify®! The reason is that electron
(n,m defined byc=na+ mb, wherec is the circumference diffraction from a SWNT can be extremely weak and often
of the tube, andh andb are the unit vectors of the graphite beyond the sensitivity of conventional selected area electron
sheet(we usea=b=2.461 A andy=60°). A striking fea-  diffraction (SAED). Thus, despite the importance, quantita-
ture is tubes withn—m=3l (I is a integey are metallic, tive determination of a SWNT structure by electron diffrac-
while others are semiconducti¥é. This unusual property, tion so far has not been done.
plus the apparent stability, has made CNTs an attractive ma- Here we report the quantitative structure determination
terial for constructing nanoscale electronic devitess-  of SWNTs by nanoarea electron diffraction in a field-
grown SWNTs have a dispersion of chirality and emission electron microscope and recording with imaging
diametersy* the nanotube structural energy is only weakly plates. This, coupled with improved electron diffraction pat-
dependent on chiraliyHence, a critical issue in CNT appli- tern interpretation, allows us to determine both the diameter
cations and science study is the structure determination of and chiral angle, thus the chiral vecter,m), from an indi-
given individual tubé€. This requires a structural probe that vidual SWNT. The technique developed here is general.
can be applied to individual nanotubes. When used together with transport measurement this will

The determination of the chiral vector requires the meagjve an unambiguous determination of the structure-property
surement of both diameter and chiral angle. Since lijima‘srelationship of SWNTS3
initial study, many articles has been published on structural  The carbon nanotubes studied here were grown by
characterization using electron diffractidf)~** scanning  chemical vapor deposition. Catalyst was prepared following
tunneling microscopySTM),'®*” and Raman spectroscopy. the approach reported by Cassetlal® Transmission elec-
Among these techniques, STM and electron diffraction haveron microscopy(TEM) observation was carried out in a
the selectivity that can be used to study individual tubesJEOL2010F TEM with a high voltage of 200 keV. Diffrac-
STM resolves the structure of a part of the outer wall oftion patterns were recorded on imaging plates with the cam-
carbon nanotube to measure the chiral angle, however, STMra length of 80 cm and exposure time 11 s.
cannot be used alone to distinguish between different forms  Figure 1 shows a schematic diagram of the principle of
of tubes. Electron diffraction in principle can determine un-parallel-beam nanoarea electron diffraction in a TEM. The
ambiguously both the chirality and diameter of tubes. How-electron beam is focused to the focal plane of the objective
prefield and forms a parallel beam illumination on the

aAuthor to whom correspondence should be addressed: electronic maif@mple. The size of the parallel probe is de_termined by the
jianzuo@uiuc.edu condenser aperture. For an aperture of dfl in diameter,
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FIG. 1. (a) Schematic ray diagram of nanoarea electron diffraction. A par-
allel beam is formed by focusing electron onto the front-focal plane of
preobjective lens. The beam size is determined by condenser apébjure.
An image of the electron probe formed by a At condenser aperture with

a large tube illuminated. The probe current intensity-i50° e/s nnt with a
Schottky field emission gun.

the probe diameter is-50 nm, which is much smaller than 5

conventional SAED, and does not suffer from aberration in- E

duced image shift’ Nanoarea electron diffraction in a FEG i

microscope also provides higher beam intensity than SAED AP ¥ AW

(the probe current intensity is- 10° e/s nnt). Both are im- I i 3 L RSN
portant for the investigation of CNTs because of the small 4 < R (r(‘)lm'1) 2 ¢

scattering cross section of carbon and the requirement of a
straight tube for electron diffraction. Figuréal shows a real
space image of the incident probe on a CNT. The beam dam-
age to the CNT is carefully controlled to a minimum, much
less than that of HRTEM imaging.
Figure Za) shows the diffraction pattern from a SWNT. d;
The main features of this pattern are as followd: a rela-
tively strong equatorial oscillation which is perpendicular to
the tube direction(2) some very weak diffraction lines from
the graphite sheet, which are elongated in the direction nor-
mal to the tube directioh’® The intensities of diffraction (d)
lines are very weak in this case. In our experimental setup
introduced earlier, the strongest intensity of one pixel for

(1T00) diffraction lines is about 10, which corresponds toF_IG. 2. (@ A d_iffract_ion patterrl from an indiv_idual SWNT of 1.4 nm in
~12 electrons diameter. The inset is a TEM image. The radial scattering around the satu-

. . . rated(000) is an artifact from aperture scatterirn@) A simulated diffraction
We determine both the diameter and chiral angle fro”battern of a(14,6 tube. The inset is the corresponding structure ma@sgl.

the electron diffraction pattern alone. The diameter is deterProfiles of equatorial oscillation alori§E’ from Fig. 2a) and simulation

mined from the equatorial oscillation, while the chiral anglef‘_’c'i (llél’S@\./\l(l\(lj')l'AT?]Ch?matll‘(]: diagram of e'ec”tort‘hd'f?act“o“d"om a”h,'t”d:_'k

. - . . . . vidual . The two hexagons represent the first order graphite-like

I$ determined by megsunng the dIStan_ceS from the ‘_’“ﬁraCt'o?lolo} diffraction spots from the top and bottom of the tube.

lines to the equatorial line. The details are following. The

diffraction of SWNT is well described by kinematic diffrac- ] ] )
tion theory. The equatorial oscillation in the Fourier transfor-diffraction pattern based on the diffraction of the top-bottom

mation of a helical structure like SWNT is a Bessel function9raphite sheets. The distanags d, ds relate to the chiral
with n=0,2* which gives anglea by

2 . L ddi| (1 2d,-ds o
_ =atar] — - =atan —-————|.
@) “ Vi g Vi ds

Here X=2wRro=mRDgy, R is the reciprocal vector which These relationships are not affected by the tilting angle of the
can be measured from the diffraction pattern &ylis the  tube(see later. Becaused, andd; are corresponding to the
diameter of the SWNT. We use the position OS(X) diffraction lines having relatively strong intensities and are
maxima (X,,, n=0,1,2,...) to determine the tube diameter.further from the equatorial line, they are used in our study
With the first several maxima saturated and unaccessiblénstead ofd; to reduce the error. The distances can be mea-
X,/X,_1 can be used to determine the numibefor each  sured precisely from the digitalized patterns. The errors are
maximum in the equatorial oscillation. Thus, by comparingestimated to be<1% for the diameter determination and
the experimental equatorial oscillation with values<@f, the  <0.2° for the chiral angle.
tube diameter can be uniquely determined. Using the earlier methods, the SWNT giving diffraction
To measure chirality from the diffraction pattern, Fig. pattern shown in Fig.(@) was determined to have a diameter

2(d) is considered, which shows the geometry of the SWNTof 1.40 nm(+0.02 nm) and a chiral angle of 16.9%*0.2°).
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Thus, the method we proposed to measure the chiral angle is
independent of tube orientation.
Single- and multiple{including double wall CNTs can
be distinguished from the equatorial oscillation without the
need of HRTEM imaging. The oscillation comes mostly
from interference between scattering off the two sides of the
tube, thus, each tube can be approximated by two slits in the
Young's interference experiment. Multiple slits from
MWNT’s introduce an oscillatory envelope to the Bessel
oscillation®® which, depending on both the number and dis-
tances between different walls, can be identified from the
intensity profile of the equatorial line.
In conclusion, we present a quantitative technique to
measure both the chirality and diameter of the SWNT’s from
a single electron diffraction pattern. Electron recording with
imaging plates is used to improve both the sensitivity and
T orn § whe of 377 nm in diameter. Th accuracy. The equatorial oscillation was used to determine
T o oo of iy e ™ the diameter of SWNTs and distinguish between difrent
The tube was inclined at an angle of 77 to the electron beam. Lings  forms of NTs. The chiral angle is measured by using the
the extension of (100) diffraction line in the experimental pattern, which is distances between the diffraction lines to the equatorial line.
further than that of simulation. The accuracy of the measurement of diameter and chiral
angle, improved considerably over previous publications, al-
lows an unambiguous determination of the chiral vector

00(n,m). The validity of this technique is proved by kinematic
simulations.

Among the possible chiral vectors, the best matctil&6),
which has a diameter and chiral angle of 1.39 nm and 17.
respectively. The closest alternativg1$,6), having a diam-

eter of 1.47 nm and chiral angle of 16.1° which is well be- ok on electron microscopy characterization was sup-
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