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Abstract

Electrical devices based on suspended multi-wall carbon nanotubes were constructed and
studied. The chiral structure of each shell in a particular nanotube was determined using
nanobeam electron diffraction in a transmission electron microscope. The transport properties
of the carbon nanotube were also measured. The nanotube device length was short enough
that the transport was nearly ballistic, and multiple subbands contributed to the conductance.
Thermal excitation of carriers significantly affected nanotube resistance at room temperature.
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1. Introduction

Carbon nanotubes (CNTs) have been studied for more than
two decades [1], especially single-walled carbon nanotubes
(SWNTs) and double-walled carbon nanotubes (DWNTS),
for their unusual physical properties. Each shell in any of
these structures comprises a graphene lattice with C-C
bond length ay wrapped according to chiral indices u and
v. Theoretical models have been developed to characterize
the electrical and mechanical properties of a CNT based on
its atomic structure, i.e. on (u,v). Numerous experimental
studies have been performed on SWNTs and DWNTs [2-5],
not only to verify the theoretical predictions, but also to
investigate their potential as promising candidates for novel
materials. Only a few, however, were able to measure the
electrical properties and to correlate them to the atomic
structure of the CNT [6-8]. Multi-walled carbon nanotubes
(MWNTs) remain less well understood due to the complexity
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of multiple shells as well as interaction between the neigh-
boring shells.

Unlike other approaches to characterize CNTs, such as
optical spectroscopy, atomic force microscopy, etc [9, 10],
nano-beam electron diffraction (NBED) [11-14] is one
of the most accurate and reliable techniques to reveal the
atomic structure of a CNT, since more information can be
interpreted from reciprocal space. In particular the chiral
indices of each shell of a MWNT [15], which otherwise
would be obscured by the outermost shell, can be determined
for at least four shells. NBED is performed in a transmission
electron microscope (TEM) because of the ability to conv-
erge the electron beam onto a small site, which is essential
for a CNT due to its small size. The constraints of TEM,
however, impose strict restrictions on the thickness of the
specimen: the measured CNT has to be suspended from the
substrate over an opening, which can be realized only with
delicate nano-fabrication techniques. To circumvent the dif-
ficulty, in a few similar experiments that have been reported,
CNTs were either randomly deposited on a sample holder
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[16] or transferred to a TEM grid [8], however both of these
were subject to low reproducibility and consequently pro-
duced a low yield.

In this work, we report on a sophisticated technique for
fabrication of a nanoelectromechanical system (NEMS) based
on a suspended CNT. We measure the transport properties and
the chirality of the CNT and we discuss correlations between
the two measurements. We also compare the experimental
results with theoretical predictions for relevant transport
mechanisms.

2. Experimental methods

Long and straight SWNTs, DWNTs, and few-walled carbon
nanotubes (FWNTs) were grown by chemical vapor deposi-
tion using Fe(NOj),, FeSiy, and (NH4)sM070,4/Co(NO3),
catalysts, respectively, on a 500 pm silicon substrate with
Si13N4/Si0; layers of thickness 200 nm/200 nm on the top. The
synthesis was controlled to produce a sparse distribution of
CNTs of approximately 20 CNTs per mm?.

Prior to CNT synthesis, the substrate was prepared by
back-etching most of the Si out of a Imm X 1 mm window
with KOH (15% : H,O) at 70C [17]. After this step, a thin
(~ 100 nm) Si/Si3N4/SiO, membrane or ‘window’ remained.
An additional SiO, layer was then deposited using plasma
enhanced chemical vapor deposition (PECVD) on the top of
the substrate to ensure that the top surface was insulated from
the back contact. The window that remained supported CNTs
during synthesis and subsequent sonication.

Chromium/gold bi-layer electrodes in the scale of
10pm—-1mm were patterned by standard photolithography
on the top SiO; surface near the etched window. Any CNTs
shorting the electrodes were then burned out with a high cur-
rent. Palladium [18] leads of width 200nm were selectively
deposited to connect CNTs with the electrodes using electron
beam lithography. The electrodes were all grounded to remove
static charges throughout all subsequent steps. The CNT were
annealed in flowing Ar:H, gas to improve contact between the
Pd electrodes and CNT [19]. During measurements of the I-V
characteristic of each CNT segment at room temperature elec-
trodes were selectively connected to the measurement system,
while others remained grounded.

To suspend a CNT for TEM imaging and NBED, HNA
(a solution mixed with hydrofluoric acid, nitric acid and
acetic acid), focus ion beam system (FIB) and hydrofluoric
acid were sequentially applied to remove the remaining Si,
Si3Ny4 and SiO, membranes beneath the target CNT [20].
Outside the etched window, both ends of the CNT segment
were securely anchored by the Pd leads to minimize the
mechanical vibration. In many samples, multiple segments
of the same CNT were exposed over windows to allow con-
trol measurements. To avoid potential damage to the CNTs
by high energy electrons, both real space images and NBED
pattern were obtained with JEOL TEM 2010F at a rela-
tively low voltage, 80kV for SWNTs [21] and 120kV for
MWNTs, as a compromise between resolution and knock-
out damage.

3. Results and discussions

Prior to the suspension, the CNTs were all horizontally aligned
on the substrates. Due to their large Young’s modulus of
1 TPa, the anchored CNTs remained straight during the NBED
imaging despite possible small uniaxial strains [22], and the
incident angle of electron beam remained approximately 90°.
Therefore, any alteration due to the uniaxial deformation on
the NBED pattern is negligible [11, 23, 24].

A systematic procedure has been established and prac-
ticed to identify the chirality of a CNT from analysis of the
NBED pattern [12, 25, 26]. In general, real space TEM images
first reveal the shell number of a CNT and the approximate
diameter of each shell [27]. Auxiliary hexagons are drawn on
NBED patterns to distinguish the principal layer lines L;, L,
and L3 of each shell [28]. The ratio of chiral indices can then
be determined as

2D, — D
u 2D,—D,
where D and D, are the spacings of the first and second prin-
cipal layer lines from the equatorial line. Moreover, either
chiral index of an individual shell can be calculated as the
order of the Bessel function from the intensity profile of a
specific principal layer line. In cases of ambiguity for layer
line spacing combined with apparent diameter, the mod-
eled Bessel function was compared directly with the diffrac-
tion intensity along the layer line to determine the particular
choice of chiral indices [27]. The level of detail in the NBED
pattern is subject to the resolution limit of the TEM and to the
background noise, which can result in uncertainty in 5 and
hence in indistinct maxima along the intensity profiles. Hence,
the chirality is confirmed by comparing the diameter of each
shell computed using the chiral indices with the one measured
in TEM images. We should note that, in the case of a MWNT,
the more distal principal layer lines in the NBED pattern do
not necessarily correspond to the larger shell.
Figure 1 shows the NBED pattern and the TEM image of

a quadruple-walled carbon nanotube (QWNT). The ratio %

of each shell was measured as 0.274, 0.711, 0.634 and 1.000
from the outermost set of NBED patterns to the innermost one
with an average uncertainty of 0.009, and the intensity profiles
of each shell indicate the chiral indices v = 16,17, u = 40,41,
u=3535 and v =19,20,21 respectively. Combined with
the diameters measured in the TEM image (inset figure 1,
the most plausible chirality of the QWNT is determined as
(61,17) : (40,28) : (35,22) : (21,21). The chiral structures of
the other CNT samples were identified with the same method.
Details of the procedure to fit the indices are available in the
literature [28, 29].

Figure 2 shows the typical I-V characteristics of both
metallic and semiconducting SWNTs. The linearity at the
low bias indicates a fairly ohmic (i.e. linear) contact between
the CNT and the electrodes, which is expected due to the high
work function of Pd and the low Schottky barrier. Table 1
summarizes the results from the NBED analysis and the
transport experiments on the 17 CNT devices studied in this



Figure 1. (a) NBED pattern of a QWNT consisting of the first and the second order of principal layer lines. (b) Simulated diffraction
pattern of the QWNT with chiral indices for the four shells listed below. Layer lines for the model are marked with different colored
indices. (inset) A real-space image of the QWNT. The diameter of the shells are 5.66 nm (blue), 4.66 nm (red), 4.06 nm (brown), and
3.25nm (purple). These all have uncertainties of +0.1 nm due to the TEM resolution limits.
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Figure 2. Representative source/drain current Isp versus voltage Vsp for 7= 300K in (a) metallic and (b) semiconducting SWNT devices.

project. From table 1, we observe that the transport behavior
of SWNTs agree with the theoretical classification based on
the measured chiral indices |u — v|=3p + ¢, where p is a
integer and ¢ = =+ 1 for semiconducting SWNTs and ¢ = 0
for metallic ones. We also should note that several MWNTs
comprise a metallic inner shell and a semiconducting out-
ermost shell. The total resistances of these MWNTs are
larger than the common resistances of metallic SWNTs,

which indicates that the transport property of a MWNT is
determined by the outermost shell in intimate contact with
electrodes. Transport through a MWNT is expected to be the
same as through a SWNT of the same chirality as the out-
ermost shell, which is consistent with previous experiments
[16, 30] and predictions [31].

It is necessary to determine in which transport regime our
CNTs belong before attempting quantitative analysis of the



Table 1. Summary of physical properties of CNTs, where L and
R are measured CNT conducting length and the corresponding
resistance with low DC bias.

# Wy d(mm) EgeV) SM  L(um) R (kY
1 @46,16) 437 0001 M 090 56
1 40,7) 344 0001 M 057 25
1 (22,13) 240 0006 M 060 30
1 (4424) 468 0147 S 070 86
1 (48,7) 406  0.169 S 0.61 85
1 (3821) 406 0170 S 062 80
1 (85100 7.08 0000 M 058 45
1 (3316) 339 0204 S 0.62 156
2 (27.22) 333 0208 S 063 223
(30,7) 267 0258 S
2 (38,6) 324 0212 S 065 240
(19,19) 258 0005 M
2 (4821) 480 0001 M 0.63 48
(43,15 409  0.168 S
2 (40,12) 369 018 S 062 90
(28,15) 296 0234 S
2 (54,11) 472 0145 S 0.53 60
47,8) 403 0001 M
2 49,18) 471 0146 S 062 76
(36,14) 350  0.197 S
(53,7) 445 0154 S
3 (42,8) 364 0188 S 058 80
28,11) 273 0253 S
(47,13) 428 0160 S
3 (32,200 356 0003 M 0.71 114
(29,22) 347 0199 S
61,17) 557 0012 S
4 (4028) 464 0002 M 059 65
(35,22) 390 0177 S
(22,22) 299 0004 M

Note: # is the number of shells. (#,v) and d are the chiral indices and

the diameter of a CNT as determined from the NBED patterns, E; is the
calculated band gap. S/M indicates whether a SWNT or an individual shell
of a MWNT is semiconducting or metallic.

transport properties. Figure 3 shows a typical dependence of
the measured resistance R of a SWNT on the length L between
the probes. Here we follow methods developed previously
[32]. The intercept suggests that the total contact resistance

is 30 k€2, and the slope indicates a 1D resistivity p = %R of

approximately 4.5 kQ pm~!. From this measurement, the
mean free path of the system is calculated [33] as L,, ~ 2 um.
Similar values were measured in various CNTs, and hence it
is valid to assume that the transport in the CNTs in table 1 was
quasi-ballistic, since the conducting lengths L of CNTs were in
the range of 0.5-0.9 pm, i.e. smaller than the mean free path.

Once the chirality of a CNT is determined, we are able
to construct the band structure in the reduced zone scheme.
Given the diameters of the CNTs we measured were larger
than 2nm, the modification of the graphitic bands due to the
orbital hybridization is not large. The band gap E, can be cal-
culated from [34-36]

E o~ n2ao Vppﬂ|

RNl
o y [1 + (=1)? 7 cos(30)], 2)

100

80

R (kQ)

40+

1 1

n n 1 n 1
0 5 10 15
L (um)

20

Figure 3. Low bias resistance R = (dVsp/dIsp) near zero bias as

a function of conducting length L of the SWNT shown in a SEM
image (inset). This is a metallic SWNT with (u,v) = (22,13). The
scale bar represents 4 pm.

where the chiral angle 6, p =|u — v|mod 3, n = 1 - 1.6ay/d>,
v = 0.40 are parameters arising from the structure of the par-
ticular shell, and V,,,, = —2.24 eV is the tight-binding overlap
integral for 7 orbitals on nearest neighbors [37]. For shells
like ours with larger diameters (d > 2nm), the first term is
sufficient to describe the gap in semiconducting CNTs. Many
theoretical studies have concentrated on small diameter
SWNTs, which have either only one Dirac point or a bandgap
of order 100 meV at the Fermi surface. In that case it is valid
to assume that the transport and the probability of thermal
excitation of a semiconducting SWNT at room temperature
is low. Simple armchair or zig-zag SWNTs are rare in reality.
All of the CNTs we found in this study were chiral except
a small minority of inner shells of a DWNT and a QWNT.
Generally, each metallic SWNT has around 10 Dirac points
in the vicinity of the Fermi surface within the first BZ, which
suggests that around 20 channels are contributing to the con-
ductance, the nearest subbands are separated by 0.4eV. On
the other hand, both the bandgap and the energy difference
between the second nearest subbands in a semiconducting
SWNT are comparable to the thermal energy at room temper-
ature because of the relatively large diameters. Therefore the
thermal excitation and the multiple band conduction must be
taken into account when analyzing the transport properties.
We acknowledge that the values above are approximations,
but invoking them allows us to compare the resistance (or
resistivity) with the band gap.

In the ballistic limit, the low bias resistance of a CNT device
can be derived from Landauer—Biittiker formula as [38],

1 h 1 E,
R=R.+———|1+exp|—1]| 3
T 4e2N[ p(sz)] ©)
where |t is the probability of electron transmission across
the band gap, R. is any excess contact resistance between
the Pd electrodes and the CNT, and kT is the thermal energy.

Figure 4 contains the measured short segment resistances
plotted against the band gap values calculated from the
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Figure 4. Dependence of the measured short-segment resistance
R on the band gap E calculated from the measured u,v indices at
room temperature 7' = 300K.

measured chiral indices. The best fit yields a contact resistance
R. = 30k and the product of the channel count and the the
transmission probability N|¢|*= 3.0. If we invoke the average
value of N = 16 for the whole population of CNT, this leads to
a transmission probablility |¢[>= 0.2, which is consistent with
the results reported in other studies [22, 39]. These values are
again approximate, but the trend of the gap dependence of the
resistance is as expected in spite of the approximations.

4. Conclusion

In this work we have reported a technique to fabricate a sus-
pended CNT, which allows the application of NBED to deter-
mine the chirality of individual shells of MWNT including
the inner shells up to at least four nested shells. With the
measured structural information in hand, we are able to cor-
relate the predicted band structure of a specific CNT with its
measured transport behavior. We concluded that the CNTs in
our experiments behaved quasi-ballistically at room temper-
ature, and that thermal excitation of carriers in large diameter
semiconducting CNTs should be taken into account due to the
small energy gaps. The modified Landauer—Biittiker formula
successfully described the dependence of resistance on energy
gap. This method will allow us to explore the physical and
structural correlations of CNT characterized for chiral struc-
ture, and to investigate the effects of strain, doping, structural
defects, and encapsulation. Measurements of large numbers of
individual CNT samples also allowed direct comparison with
the predicted and measured resistances of nanotubes.
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