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Structure determination of individual single-wall carbon nanotubes
by nanoarea electron diffraction
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In this letter, we report an electron diffraction determination of chiral vectors~n,m! of individual
single-wall carbon nanotubes~SWNTs!. Electron diffraction patterns from individual SWNTs were
recorded on imaging plates using a parallel electron beam over a section of tube of;50 nm 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. ©2003 American Institute of Physics.
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Carbon nanotubes~CNTs! represent an important type o
nanostructure. Since Iijima showed the high-resolution tra
mission electron microscopy~HRTEM! image and electron
diffraction of multiwall CNTs,1 CNTs have attracted extrao
dinary attention due to their unique physical properties, fr
atomic structure to mechanical and electronic properties2–4

A single-wall CNT~SWNT! can be regarded as a single lay
of graphite that has been rolled up into a cylindrical stru
ture. In general, the tube is helical with the chiral vec
~n,m! defined byc5na1mb, wherec is the circumference
of the tube, anda andb are the unit vectors of the graphit
sheet~we usea5b52.461 Å andg560°). A striking fea-
ture is tubes withn2m53l ~l is a integer! are metallic,
while others are semiconductive.5,6 This unusual property
plus the apparent stability, has made CNTs an attractive
terial for constructing nanoscale electronic devices.7 As-
grown SWNTs have a dispersion of chirality an
diameters;3,4 the nanotube structural energy is only weak
dependent on chirality.8 Hence, a critical issue in CNT appli
cations and science study is the structure determination
given individual tube.9 This requires a structural probe th
can be applied to individual nanotubes.

The determination of the chiral vector requires the m
surement of both diameter and chiral angle. Since Iijim
initial study, many articles has been published on structu
characterization using electron diffraction,1,10–15 scanning
tunneling microscopy~STM!,16,17 and Raman spectroscopy9

Among these techniques, STM and electron diffraction h
the selectivity that can be used to study individual tub
STM resolves the structure of a part of the outer wall
carbon nanotube to measure the chiral angle, however, S
cannot be used alone to distinguish between different fo
of tubes. Electron diffraction in principle can determine u
ambiguously both the chirality and diameter of tubes. Ho
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ever, with the exception of the recent work on a large dou
wall tube ~6.6 nm!,13 published electron diffraction studie
focus on multiwall CNTs or single wall CNT bundles
HRTEM imaging is used widely to measure tube diamete
but its accuracy is a few angstroms, which greatly depe
on electron defocus and tube size.18 Individual SWNTs are
very difficult to characterize.14,15 Previously published dif-
fraction patterns of individual SWNTs are blurred and fe
tures are difficult to identify.10,11 The reason is that electro
diffraction from a SWNT can be extremely weak and oft
beyond the sensitivity of conventional selected area elec
diffraction ~SAED!. Thus, despite the importance, quantit
tive determination of a SWNT structure by electron diffra
tion so far has not been done.

Here we report the quantitative structure determinat
of SWNTs by nanoarea electron diffraction in a fiel
emission electron microscope and recording with imag
plates. This, coupled with improved electron diffraction p
tern interpretation, allows us to determine both the diame
and chiral angle, thus the chiral vector~n,m!, from an indi-
vidual SWNT. The technique developed here is gene
When used together with transport measurement this
give an unambiguous determination of the structure-prop
relationship of SWNTs.13

The carbon nanotubes studied here were grown
chemical vapor deposition. Catalyst was prepared follow
the approach reported by Cassellet al.19 Transmission elec-
tron microscopy~TEM! observation was carried out in
JEOL2010F TEM with a high voltage of 200 keV. Diffrac
tion patterns were recorded on imaging plates with the ca
era length of 80 cm and exposure time 11 s.

Figure 1 shows a schematic diagram of the principle
parallel-beam nanoarea electron diffraction in a TEM. T
electron beam is focused to the focal plane of the objec
prefield and forms a parallel beam illumination on t
sample. The size of the parallel probe is determined by
condenser aperture. For an aperture of 10mm in diameter,
il:
3 © 2003 American Institute of Physics
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the probe diameter is;50 nm, which is much smaller tha
conventional SAED, and does not suffer from aberration
duced image shift.20 Nanoarea electron diffraction in a FE
microscope also provides higher beam intensity than SA
~the probe current intensity is;105 e/s nm2). Both are im-
portant for the investigation of CNTs because of the sm
scattering cross section of carbon and the requirement
straight tube for electron diffraction. Figure 1~b! shows a real
space image of the incident probe on a CNT. The beam d
age to the CNT is carefully controlled to a minimum, mu
less than that of HRTEM imaging.

Figure 2~a! shows the diffraction pattern from a SWNT
The main features of this pattern are as follows:~1! a rela-
tively strong equatorial oscillation which is perpendicular
the tube direction;~2! some very weak diffraction lines from
the graphite sheet, which are elongated in the direction
mal to the tube direction.1,15 The intensities of diffraction
lines are very weak in this case. In our experimental se
introduced earlier, the strongest intensity of one pixel
(11̄00) diffraction lines is about 10, which corresponds
;12 electrons.

We determine both the diameter and chiral angle fr
the electron diffraction pattern alone. The diameter is de
mined from the equatorial oscillation, while the chiral ang
is determined by measuring the distances from the diffrac
lines to the equatorial line. The details are following. T
diffraction of SWNT is well described by kinematic diffrac
tion theory. The equatorial oscillation in the Fourier transf
mation of a helical structure like SWNT is a Bessel functi
with n50,21 which gives

I 0~X!}J0
2~X!}U E

0

2p

cosX cosV dVU2

. ~1!

Here X52pRr05pRD0 , R is the reciprocal vector which
can be measured from the diffraction pattern andD0 is the
diameter of the SWNT. We use the position ofJ0

2(X)
maxima (Xn , n50,1,2,...) to determine the tube diamet
With the first several maxima saturated and unaccess
Xn /Xn21 can be used to determine the numberN for each
maximum in the equatorial oscillation. Thus, by compari
the experimental equatorial oscillation with values ofXn , the
tube diameter can be uniquely determined.

To measure chirality from the diffraction pattern, Fi
2~d! is considered, which shows the geometry of the SW

FIG. 1. ~a! Schematic ray diagram of nanoarea electron diffraction. A p
allel beam is formed by focusing electron onto the front-focal plane
preobjective lens. The beam size is determined by condenser apertur~b!
An image of the electron probe formed by a 10mm condenser aperture with
a large tube illuminated. The probe current intensity is;105 e/s nm2 with a
Schottky field emission gun.
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diffraction pattern based on the diffraction of the top-botto
graphite sheets. The distancesd1 , d2 , d3 relate to the chiral
anglea by

a5atanS 1

)
"
d22d1

d3
D 5atanS 1

)
"
2d22d3

d3
D . ~2!

These relationships are not affected by the tilting angle of
tube~see later!. Becaused2 andd3 are corresponding to the
diffraction lines having relatively strong intensities and a
further from the equatorial line, they are used in our stu
instead ofd1 to reduce the error. The distances can be m
sured precisely from the digitalized patterns. The errors
estimated to be,1% for the diameter determination an
,0.2° for the chiral angle.

Using the earlier methods, the SWNT giving diffractio
pattern shown in Fig. 2~a! was determined to have a diamet
of 1.40 nm~60.02 nm! and a chiral angle of 16.9°~60.2°!.

-
f

FIG. 2. ~a! A diffraction pattern from an individual SWNT of 1.4 nm in
diameter. The inset is a TEM image. The radial scattering around the s
rated~000! is an artifact from aperture scattering.~b! A simulated diffraction
pattern of a~14,6! tube. The inset is the corresponding structure model.~c!
Profiles of equatorial oscillation alongEE8 from Fig. 2~a! and simulation
for ~14,6!. ~d! A schematic diagram of electron diffraction from an ind
vidual SWNT. The two hexagons represent the first order graphite-
$101̄0% diffraction spots from the top and bottom of the tube.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Among the possible chiral vectors, the best match is~14,6!,
which has a diameter and chiral angle of 1.39 nm and 17
respectively. The closest alternative is~15,6!, having a diam-
eter of 1.47 nm and chiral angle of 16.1° which is well b
yond the experiment error. Figure 2~b! plots the simulated
diffraction pattern of~14,6! SWNT. Figure 2~c! compares the
equatorial intensities of experiment and simulation. Th
results show an excellent agreement.

The measurement accuracy is critical for large tu
structure determination. Figure 3~a! is a pattern from a
SWNT of a relatively large diameter. In this case, the dia
eter and chiral angle were determined to be 3.77 nm~60.04
nm! and 20.99°~60.2°!, respectively. For large tubes, num
ber of tubes within a range of diameters and chiral angle
much larger than that of small tubes. For example, the p
sible chiral vectors for Fig. 3~a! are as follows:~34,20! ~3.70
nm, 21.49°!, ~35,20! ~3.78 nm, 21.05°!, ~36,20! ~3.85 nm,
20.63°!, ~36,21! ~3.91 nm, 21.36°!, ~35,19! ~3.72 nm,
20.29°!, and~35,21! ~3.84 nm, 21.79°!. When both diameter
and angle are considered,~35,20! fits the experimental resul
the best. Differentiation of these possibilities is only possi
with the high measurement accuracy achieved, espec
that of chiral angle. Figure 3~b! shows the simulated electro
diffraction pattern based on~35, 20!. Comparison between
Figs. 3~a! and 3~b!, however, shows two noticeable diffe
ences. First, the absolute distances between the diffrac
lines and the equatorial line in the experimental pattern
;2% larger than those in the simulated pattern. Second,
distances from the diffraction lines especially (1010̄) and
(011̄0) to the tube axis in Fig. 3~a! are much closer than
those of simulation. This discrepancy is due to the tilt of t
tube from the plane normal to the electron beam.15 The dis-
tance from a diffraction line to the equatorial line in the ca
of a tilt of g, dg , is enlarged compared to that forg50, d0 ,
by a factor of 1/cosg. This relationship can be used to ca
culateg. For Fig. 3~a!, g was determined to be 13°61°. It is
also obvious that the tube orientation does not affect the r
of the distances from diffraction lines to the equatorial lin

FIG. 3. ~a! A diffraction pattern from a tube of 3.77 nm in diameter. Th
inset is a TEM image.~b! A simulated diffraction pattern of a~35,20! tube.
The tube was inclined at an angle of 77° to the electron beam. Line ‘‘m’’ is
the extension of (1010̄) diffraction line in the experimental pattern, which
further than that of simulation.
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Thus, the method we proposed to measure the chiral ang
independent of tube orientation.

Single- and multiple-~including double! wall CNTs can
be distinguished from the equatorial oscillation without t
need of HRTEM imaging. The oscillation comes mos
from interference between scattering off the two sides of
tube, thus, each tube can be approximated by two slits in
Young’s interference experiment. Multiple slits from
MWNT’s introduce an oscillatory envelope to the Bess
oscillation,13 which, depending on both the number and d
tances between different walls, can be identified from
intensity profile of the equatorial line.

In conclusion, we present a quantitative technique
measure both the chirality and diameter of the SWNT’s fro
a single electron diffraction pattern. Electron recording w
imaging plates is used to improve both the sensitivity a
accuracy. The equatorial oscillation was used to determ
the diameter of SWNTs and distinguish between differ
forms of NTs. The chiral angle is measured by using
distances between the diffraction lines to the equatorial li
The accuracy of the measurement of diameter and ch
angle, improved considerably over previous publications,
lows an unambiguous determination of the chiral vec
~n,m!. The validity of this technique is proved by kinemat
simulations.

Work on electron microscopy characterization was s
ported by DOE DEFG02-01ER45923 and DEFG0
91ER45439 and uses the TEM facility of Center for M
croanalysis of Materials at FS-MRL. The authors would li
to thank R. Tsui and H. Goronkin~Motorola Labs! for sup-
porting this research work.
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