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The temperature dependence of the resistivity over the range of 4.2 to 300K
has been measured on the carbon films containing multilayer nanotubes (MLT)
or single layer nanotubes (SLT) oriented perpendicularly to the substrate. The
structure of these films has been examined by high resolution electron microscopy.
At low temperatures, the planar resistivity of all the films is well-fitted by the
expression lnp « [To/T]l/“ with n = 4 and To ~ 10°K for the MLT films, but with
n ~ 2 and To~ 20 K for the films containing the bundles of SLT of 0.71 nm in
diameter. The data obtained are considered in terms of the variable-range hopping
conductivity. The estimations made show a fairly high density of states at the
Fermi level (~ 102" eV—'.cm™?) for the films containing SLT’s.

Since the discovery of carbon nanotubes (buckytubes) [1] their electronic prop-
erties have been of great interest. Most studies are band structure calculations for
single nanotubes (see, for example, review [2]). It follows from these studies that
the type of electronic structure is subject to variation from metallic to semicon-
ducting depending on the tubule diameter and the degree of helical arrangement.
There have been experimental researches devoted to longitudinal conductivity of
nanotube bundles [3, 4]. In Ref. [3], the conductivity of a big multiple bundle
of several tens of microns in diameter has been investigated, while the resistance
of a single carbon nanotube bundle ~ 50 nm in diameter has been successfully
measured using “state-of-the-art” technique by R.Langer and co-workers [4]. In
general terms, both works showed a semimetallic conductivity of buckytubes with
weak localization behavior at low temperatures.

A variety of techniques has been used to demonstrate the possibility of buck-
ytube films producing by electron beam evaporation of graphite [5-9]. Among
them scanning tunneling microscopy (STM) was most often used [5, 6, 8, 9]. In
particular, STM revealed that the surface relief of the films obtained at medium
densities of carbon flow is formed by dome shaped and/or conical tips. In the films
obtained under slightly different conditions, STM showed a surface relief consisting
of rods 1 nm in diameter [6]. High-resolution electron microscope (HREM) imaging
was used to examine the films deposited on different substrates at medium carbon
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flow [7]. Most of them did consist of multilayered nanotubes (MLT). Scanning
electron microscope (SEM) imaging of broken films revealed a fiber structure ori-
ented toward carbon flow [6, 8]. Such a structure is most probably formed by
the aggregates of MLT’s or by the bundles of single layer nanotubes (SLT). The
bundles of SLT’s were first observed by N.Kiselev and others [10] in those films
where STM revealed 1 nm rods. As was mentioned in Ref. [11], the kind of
buckytube structure, besides the carbon flow density, is also affected by the type
of substrate and its temperature as well as vacuum condition and arrangement: of
deposition process.

The purpose of this paper is to provide an experimental study of the struc-
ture and the temperature dependence of the resistivity of the same buckytube
films prepared under different conditions and, hence, having considerably different
structures. Buckytube films were deposited on (111)Si and glass substrates using
electron beam deposition technique described elsewhere [5, 6]. During the deposi-
tion process, the carbon flow was directed normally to the substrate. Hence the
orientation of nanotubes is expected to be normal to the plane of the substrate.
For all investigated films the type of substrate and film thickness (i;) are given
in Table. For sample #4 the deposition process was interrupted, so that in- the
data given below. the considerable difference in its properties is seen.

sample | substrate | t4,nm || D,nm ny p(250K /25K /5K) n To, K T* K
#1 glass 150 0.72 1Y 0.014/0.039/0.11 2 16 - 15
#2 glass 170 || 072 | 1% | 0.0086/0.023/0074 || 2 | 23 25

#3 (111)si 93 <25 11-34 |l 0.26/180/250000 <) || 4 | 1.1.105 165

#4 glass 120 0.72 1 ®» 0.0052/0.011/0.019 || 4 39 48

*) bundles of STL's; ?) separate SLT's; ¢} obtained by extrapolation.

The specimens for HREM were prepared by scrapping the film of the substrate.
Detached fragments were ultrasonificated in acetone. The imaging were taken in
a Philips EM 430ST instrument operated at 200 kV. Computer simulation based
on the multislice method [12] was used for image interpretations.

According to HREM examination of the film deposited on (111)Si (sample #3),
the main component of the film is MLT’s like those observed by Iijima [1]. The
number of layers in these MLT’s ranges from 11 to 32. The length of tubules is
comparable to the film thickness. In many cases, HREM imaging demonstrates the
outer layers of nanotubules being destroyed. In some instances one can observe
an external amorphous layer. An example of MLT from this specimen is shown
in Fig. la.

Another type of structure (Fig. 1b) was observed in the films deposited onto
the glass substrate under those conditions just when STM revealed a rod relief
(samples #1 and #2) [5, 6]. This type can be characterized as a buckytube
bundle with longitudinal striation having a periodicity of 1.06 nm. The maximal
length of the bundles is also comparable with the film thickness. In addition to
this major periodicity, HREM imaging revealed a finer structure which has been
pronounced as additional longitudinal bands of various contrast. In some images
an “oblique” periodicity running at an angle to the bundle axis was observed.

The following assumptions, subsequently tested by computer simulation, have
been made: (1) the observed bundles are formed by 100 - 1000 SLT’s (also, see
Ref. [10]); (2) these nanotubes do not have any intermediate layers and form close,
probably, hexagonal packing; (3) adjacent nanotubes are shifted with respect to
one another in a certain order, i.e. the bundle can be considered as a quasicrystal.
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Fig.l. HREM images
of carbon nanotubes
films: (a) a covered
by an amorphous lay-
er (AL) MLT from
the film on (111)Si
substrate ; (b) a bun-
dle of SLT's from the
film on the glass sub-
strate. Marked by A4,
B, and C are the re-
gions of different con-
trast

For image simulation, one of the possible packing of hexagons, so called “zigzag”,
as well as the chiral angle § =0, were used [2, 13]. Such a zigzag tubule, having
a tubular diameter of 0.71 nm, is formed of the rings of 9 hexagons each.
The choice of parameters for simulation is governed by the observed periodicity
(1.06 nm) and the distance between carbon layers or, more properly, the walls of
the tubules (0.35 nm).

The image simulation has been fulfilled for two versions of mutual orientation
of the closely packed tubes. In the first version, the packing is assumed -to be
a simple translation of the tubes. In this case, a certain similarity with the
experimental images has been obtained, but the oblique peiiodicity cannot be
explained. In the second version, one of the tubes in the unit cell is turned
through 20°, and the other one is shifted along the axis. Just then, the oblique
periodicity is observed at certain defocus Af and specimen thickness . Various
kinds of HREM images as well as the selected image simulations are presented in
Fig. 2.

The analysis of image simulations allows the decision to be made that the
above structure model does not conflict with the experimental data, i.e. the
observed structure can be really considered as the bundles of hexagonally packed
zigzag nanotubes 0.7]1 nm in diameter and the chiral vector (9,0).

In the micrographs, the SLT bundles are set out with a promounced contrast,
so that their images must result from the superposition of a few nanotubes. On
the other hand, the computer simulation images resembling the experimental ones
with oblique periodicity correspond only to small thicknesses (0.8 — 1.3 nm). This
contradiction could be explained by assuming that the bundles are tilted to the
electron beam through § - 15°. In this case, a preliminary image simulation
already shows that the oblique periodicity is revealed at greater thicknesses.

The hexagonal packing and cylindrical shape of the nanotubes is not the only
version of possible tentative design of the bundles. A rectangular packing of
tubules, having hexagonal cross-section, has been also considered. In this case,
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Fig.2. HREM im-
ages of the differ-
ent kinds of SLT
bundles. Shown at
the bottom are sim-
ulated images along
{110): (a) t =24 nm,
Af = -20 nm; (b)
t =13 nm, Af =
~10 nm; (¢) t =

the contrast of the tube walls in the simulated images is increased as well as the
visibility of the inner oblique structure.

The above interpretation of the experimental images as the bundles of SLT’s
seems to be the best one. Nevertheless the striated structure containing moire
fringes could be also obtained within the fibrillar model when the bundle is formed
by carbon ribbons, or within the lamellar model when these fringes originate from
a bent carbon layer [14]. However, in both cases the expected striation periodicity
is much larger that in our experimental micrographs. Besides this, both models
seemingly do not explain STM data [5, 6, 8, 9]. It seems that the final judgment
about the type of observed structure could be made after the analysis of electron
diffraction patterns and plain-view HREM investigations of the films.

It should be noted that the nanotubes comprising the bundles are sensitive to
radiation damage. The effect of electron beam on relatively small bundles and
separate tubules is more pronounced. Along with SLT’s a small amount of fullerite
Cso crystals was revealed. In sample #4 mentioned above (corrupted deposition
process}, the bundles of nanotubes were not observed but, instead, a small quantity
of SLT’s of approximately 0.71 nm in diameter appeared. They were surrounded
by a structureless, perhaps amorphous material. As shown below, the temperature
dependence of the resistivity of this film is principally different from that of the
films containing nanotube bundles.

Measurements of the resistivity p (over the temperature range from 4.2 to 300K)
were carried out on the same samples the structure of which was concurrently
investigated by HREM. There was used standard dc four-probe method. Electrical
contacts with the films which measure ~ 2 x 12 mm, were made by silver. epoxy.
It is apparent that having the nanotube axes normal to the substrate or slightly
tilted to it, the film passed the current across the tube axes.

It turned out that, at temperatures below a certain value (7*), all the films
precisely exhibit the temperature-dependent resistivity p(T) of the form

p(T) = po exp[(To/T)M™) , (1)
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typical of variable-range hopping (VRH) mechanism. However, the various types
of films showed up the radically different p(T) dependencies in magnitudes of n
and Ty in the Eq. (1). .

Thus the films containing multilayered nanotubes are characterized by rather
high values of the resistivity at low temperature, the many-decade temperature
dependence of which is a characteristic of a strongly localized system. At T <
150 - 200K, the p(T) dependence of these films strictly follows Eq. (1) with n
= 4. The value of Ty exceeds 10°K. As an example, the logarithmic resistivity
versus T—/% for sample #3 is shown in Fig. 3 (left scale).
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Fig.3. Logarithmic resistivity versus T='/4 for the film with MLT’s (left scale) and for
the film with separate SLT's (right scale)

On the other hand, the films containing the bundles of SLT’s have significantly
lower resistivity, and theit p(T) dependence at temperatures below 15 - 25K
strictly follows Eq. (1) with n = 2. In Fig. 4, the logarithmic resistivity versus
T-/2 for sample #2'is plotted.

In Table, the main structure parameters of nanotubes comprising the films,
namely, the outer nanotube cage diameter D and the number of carbon layers
ny, as well as the parameters of temperature-dependent resistivity: the measured
values of p (in units of l.cm) at temperatures 5, 25 and 250K, and the values
of n and Tp in Eq. (1), are summarized for ‘the main types of nanotube films
investigated. Also presented is the temperature T*, above which the experimental
o(T) dependence notably deviates from Eq. (I).

Attention is drawn to the properties of sample #4. At room temperature,
the resistivity of this film containing separate SLT’s surrounded by a structureless
material is even below that of the films with the bundles of SLT’s, but its
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Fig.4. Logarithmic resistivity versus T-!/2 for the film with the bundles of SLT's

resistivity p(T) at T < SOK follows Eq. (1) with n = 4 rather than with n =
2 (see Fig. 3, right scale). The value of Ty therewith is naturally far less than
observed in the films containing MLT’s.

Thus the p(T) dependence with n = 4, which is typical of the 3D Mott’s con-
. ductivity, holds for the films containing either MLT’s or separate SLT’s surrounded
by a structureless material.

From the well known formula for 7, [15]

21.2

* B NEDE @

‘follows that at density of states at the Fermi level N(Ep)~ 10'® eV-1. cm~3 (in
accordance with the data for amorphous carbon.[16]), the estimated localization
length { ~ 6 nm for the films with MLT’s (Tp ~ 10°K). This is compatible with
the mean radius of nanotubes in terms of the order of magnitude. As for another
type of films marked by n = 4 in Eq. (1), it is apparent that from a very small
value of Tp ~ 40K for sa,mple #4 with separate SLT’s follows a vastly greater
value of N(Ef) ~6-10*2eV-1. cm~3 at £ ~ 10 nm.

It should be noted that the high temperature values of p of the films with"
MLT’s are compa.table with those of as-prepared activated carbon fibers (ACF)
[17]. ACF’s are a unique class of porous materials consisting almost exclusively
of nanopores of the average sise of 1 nm. However, the p(T) dependence for
as-prepared ACF’s follows Eq. (1) with n = 2 and Tp ~ 500K [17]. After .
heat treatment at ~ 1000 K, a collapse of nanopores occurs that results in a
considerable decrease in p and T;. The temperature dependence p(T) of these
heat-treated ACF’s is similar to that of our films containing the bundles of SLT’s,
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‘the only difference being that, in our instance, the absolute values of p and T,
are less by an order of magnitude. Besides that, deviations from linearity of the
logarithmic resistivity with T-1/2 begin at much lower temperature.

The resistivity of granular metals (see, for example, [18]) and of the VRH
systems with developing the Coulomb gap in the density of states near the Fermi
level [19] is known to follow Eq. (1) with n = 2. In the latter case, the equation
for Tp is given by
Be’

=k3xf ! (

where e is the electronic charge, & dielectric constant, and B a dimensionless
factors of the order of unity. If we take Tp ~ 20K (as determined by our
measurements) and « ~ 100 (that has been estimated for heat-treated ACF [17]),
then £ ~ 8 nm, that is again compatible with the radius of the SLT bundle.

Since N(Efr) has not been directly included in Eq. (3), its estimation can be
made by use of the experimental T value, which can be determined with some
degree of certainty marking the temperature where deviation from the linearity of
Inp with T71/2 begins. For this purpose, it is necessary to equate the energy
interval near the Fermi level

To 3

s

(kBT)3/4
T)= ——— 4
60( ) [N(EF)£3]1/4 ( )
the states of which involve hopping, to the value of the Coulomb gap
eaN(EF)l/z

(see, for example, [15]). From the equation €(T*) = A follows N(Efp) ~ 5.
102%eV-1t.cm™3 for T* ~ 10K and x and ¢ values mentioned above.

In turn, the carrier density n, = 2N(Efr)eo(T), which according to Eq. (4)
is proportional to T%/* at low temperatures, can be estimated at T ~ 25K as
ne ~ 3:10%cm=3 for the films with MLT’s, n, ~ 1.4-101%cm™3 for the films with
separate SLT’s, and n. ~ 2.5-10*® ¢m~3 for the films with the bundles of SLT’s.

In summary it may be said that these simple estimations show that the films
containing SLT’s (separate or assembled in the bundles) and demonstrating the
variable-range hopping conductivity are, in such a situation, the systems with a
fairly high (~ 102! eV-!.cm~3) density of states at the Fermi level. Packing
of the tubes in ordered assemblies, which are oriented perpendicularly to the
substrate, is probably of key importance because it leads to the change of the law
governing VRH conductivity at low temperatures from T-1/4 to T-1/2, This can
be interpreted as the appearance of the Coulomb gap in the density of states, that
in turn can be a consequence of the assembling of the nanotubes in the bundles.
The absence of amorphous substance between the tubules in the bundle, its fairly
high homogeneity and an ordered arrangement make it possible to refer to such a
bundle as a quasicrystal. It is also possible that these ordered nanotube bundles
play a role of metal granules with tunneling between the nearest neighbors. In this
case the conductivity also follows the law —Ino oc T-1/2 [18]. What description
would be more appropriate will be seen from further studies of the properties of
cartbon nanotube films. Among them, the electrical transport in magnetic field
should be studied first.
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