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Abstract—The Young modulus of a thin layer consisting of densely packed carbon nanotubes oriented nor-
mally to a substrate is measured using a scanning probe atomic force microscope. It is found that the adhesion
of the film and the silicon substrate is not very strong, and, at certain conditions, this may lead to an intense
energy dissipation in an oscillatory system loaded by the film. © 2001 MAIK “ Nauka/Interperiodica” .

A great number of papers on the synthesis of carbon
nanotubes and on the investigation of their physical
properties were published after their discovery in 1991
[1, 2]. The interest to these objects is not incidental,
since the prospects of their applications in technology
are quite evident. Carbon nanotubes have unique elec-
tric, elastic, and mechanical properties; their cavities
can be filled by atoms of various elements. For exam-
ple, it was reported that an isolated nanotube can have
aYoung modulus along its axis greater than 1 TPa and
a shear modulus of only 1 GPa simultaneously. The
data reported by different authors strongly vary, which
ismost probably connected with the defects present in
nanotubes. Now, it is possible to manufacture dense
layers of nanotubes oriented normally to a substrate [3,
4]. Such layers proved to be effective cathodes for auto-
electronic emission [5, 6]. At the same time, the inves-
tigation of the elastic and mechanical properties of
dense layers of nanotubesisjust at its starting point and
ismainly of atheoretical character [7, 8]. In this paper,
we report on the experimental studies of the elasticity
of dense nanotube layers and the dissipation of the
energy of elastic vibrations in them. First, we describe
the results of measurements performed with the help of
a scanning probe atomic force microscope and, then,
the results of measurements of the Q factor of a macro-
scopic oscillating system loaded on asamplewith acar-
bon nanotube film.

A nanotube layer with the thickness 142 nm was
obtained by the deposition of carbon atomson asilicon
surface in the process of electron-beam evaporation of
pure graphite in vacuum. The layer was a mixture of
multilayer nanotubeswith the diametersfrom 3to 5 nm
and single-layer tubes with the diameter of 1.1 nm. The
tubes formed afiber texture with the axis normal to the
substrate surface.

A NanoScan measuring device was used in the stud-
ies by scanning probe microscopy. The device is
described in detail in areview [9]. An oscillating sys-
tem (atuning fork) operating at a frequency of 20 kHz
was loaded through a vibrating diamond stylus on var-
ious materials. The stylus pressing upon the substrate
could be smoathly adjusted with the help of a piezo-
electric control system. The displacement of the tuning
fork reed, to which the stylus was fixed, was monitored
with the precision up to 0.1 nm. The device could oper-
ate in two modes. In thefirst case, the shift of the reso-
nance frequency in a self-oscillating system was mea-
sured. Here, the major contribution to the response (the
frequency change) was provided by the elastic proper-
ties of the sample under test. Further, we will refer to
this case as to the mode of “elasticity measurements.”
In the second case, the decrease that occursin thevibra-
tion amplitude due to the contact with the substrate is
measured. The dissipative processes are very important
inthis case, and, hence, it will be conditionally referred
to as the mode of “viscosity measurements.”

A stylus with a large enough curving radius was
selected to measure the macroscopic characteristics of
the sample by averaging over the area of tens of nanom-
eters (thisisimportant while working with nanotubes).
The study of the surface relief showed that the surface
of the nanotube film was smooth. There were single
steps, protrusions, and indents with the height of sev-
eral nanometers (Fig. 1). Small areaswith special prop-
erties can sometimes be observed, which can be identi-
fied as the specks of the graphite phase.

The main results of the measurements are as fol-
lows. The dependences of the parameters of the oscil-
lating system on the deformation (deepening of the sty-
lusinto the sample) were recorded. Generally speaking,
the dependences of this type, which describe the
response of various parameters of the system to the
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change of conditions at contact are usually called the
loading curves. (The most standard case of a loading
curve is the dependence of the sample deformation on
theload.) A diamond styluswas pressed into the sample
under a smoothly varying external load and deformed
it. In the mode of elasticity measurements, a smooth
change of the resonance frequency f relative to the res-
onance frequency f, in air is observed in the process of
stylus pressing. We proceed from the standard Hertz
approximation [10]. We assume that the stylus point
can be treated as a hemisphere with the radius R. We
also assume that its Young modulus is greater than the
corresponding moduli of the materials under test. Inthe
case of a nanotube layer, this assumption is substanti-
ated by [8]. Moreover, the validity of thisassumptionis
substantiated by the results of measurements. Under
these conditions, the frequency shift is equal to

f E
f—f, = 2/R h. 1
0 ko[(l—vz)[ (1)

Here, k; is the elasticity coefficient of the oscillating
system, E isthe Young modulus of the tested sample, v
isthe Poisson ratio of the sample, and h isthe displace-
ment of the tuning fork reed in the process of the stylus
pressing.

Figure 2 presents the dependence of the quantity
(f —f,)? on the displacement of the tuning fork reed for
three different samples. In the plot under consideration,
this dependence for a homogeneous sample must be
linear. In fact a dependence close to a linear one is
observed for a (100)-cut silicon plate and glass. One
has to keep in mind that the stylus point can be treated
as a hemisphere only with a certain reservation. The
relationship between the elastic constants, which is
obtained from Eq. (1) and Fig. 2 for silicon and glass,
agrees well with reference data. This allows one to con-
duct measurements on samples with unknown €elastic
moduli and determine their elastic parameters using
Eqg. (1) from the comparison with reference samples.

The properties of a nanotube layer deposited on sil-
icon are of amajor interest for us. Inthiscase, adifficult
problem that is not yet solved arises, namely, the prob-
lem of the relative contributions to the loading curve
from the film and the substrate in the case of alayered
system. We proceed from the fact that the penetration
depth H of the deformation into a sample is about the
radius of the contact area between the stylus and the
sample in order of magnitude. Then, according to the
Hertz theory, we have

H = ./Rh. )

When H < d, where d isthe film thickness, the behavior
of the system is determined by the properties of the
nanotube layer. When H > d, the system properties are
governed by the substrate elasticity.

We observe this behavior in Fig. 2. The inclination
angle of the loading curve for the layered structure is
constant at small loads, and it is greater than the angle
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Fig. 1. (a) Surfacerelief of acarbon nanotube film observed
by a scanning atomic force microscope. The area is 5 x
7 um?, and the height differenceis about 10 nm. (b) Surface
relief of acarbon nanotube film observed by a scanning tun-
neling microscope with a resolution of 1 nm, which pro-
vides the observation of individual nanotubes.
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Fig. 2. Square of the frequency shift in an atomic force
microscope versus the pressing depth for (1) silicon, (2) sil-
icon with a nanotube layer, and (3) glass.

for glass but smaller than in the case of silicon. Only the
elastic properties of the film are important in this
region. In the case of large values of h, the inclination
of the loading curve becomes the same as for silicon,
and the elastic reaction of silicon becomes decisive.



550
Oscillation amplitude, arb. units

1.00F =

0.95} N * +

0.90 |

0.85F

0.80 |

0.75 |

0.70 + A
0 1 2 3 4 5
Load, N

Fig. 3. Oscillation amplitude of a macroscopic oscillatory
circuit versus the load: (+) silicon, (a) silicon with a nano-
tube layer, and (x) plexiglas.

Using h = 4 nm as an approximate limiting point of the
region where the role of the substrate is not yet signifi-
cant, we can estimate the order of magnitude of the
effective curving radius of our stylus from the condi-
tion H = d: R=5 um, which agrees qualitatively with
our data on the stylus.

The comparison of the loading curve for silicon
and the loading curve for the nanotube layer at small
loads (when the role of the substrate is small) gives
E/(1 — v?) = 140 GPafor the nanotubes. According to
the theoretical calculations [8], the Poisson ratio for a
layer of nanotubes oriented normally to the surface,
when the pressure is also normal to the surface, is
small enough (v < 1). Thismeansthat it is possible to
estimate E = 140 GPa. It is interesting to compare at
least qualitatively thisresult with the theory. TheYoung
modulus was calculated in [8], but it was obtained for a
“crystal” of ideal single-layer nanotubes arranged in a
triangular grid and oriented strictly parallel to each
other. It turned out that, in the case of an experimental
geometry analogous that used by us, the Young modu-
lus along the axes of single-layer tubes 3 nm in diame-
ter is close to 300 GPa, and, when the tube diameter is
equa to 5 nm, the corresponding Young modulus is
approximately 200 GPa. At the same time, the Young
modulus across the tubesis as small as several gigapas-
cals. Such a disagreement with our experiment is natu-
ral. Although the investigated film belongs to the best
samples manufactured up to now, it consists of a mix-
ture of multilayer tubes of different diameters with an
admixture of single-layer tubes. Therefore, the tubes do
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not form an ideal triangular grid. Moreover, the stylus
in the atomic force microscope is inclined to a certain
extent with respect to the substrate plane, which intro-
duces some distortions due to the strong asymmetry of
the Young modulus.

It is necessary to note the excellent mechanical
properties of the nanotube layer. Visible fracture of the
film was observed only in the case of pressing of the
stylus approximately to a depth of 100 nm, which was
comparable with the film thickness.

Measurements of the oscillation amplitude as a
function of the penetration of the stylusinto the sample
were a so conducted. It is difficult here to obtain unam-
biguousinformation on the film properties. Several dis-
sipation mechanisms come into play simultaneously
(the adhesive friction, the water layer at the boundary,
the viscoel asticity, etc.). In certain conditions, the pro-
cesses caused not by the dissipation but by the equip-
ment-related factors can also be partially responsible
for the amplitude decrease in the atomic force micro-
scope[11]. Here, we only note the following important
fact. The amplitude decrease that occurred at the con-
tact with the nanotube film turned out to be comparable
to the decrease observed in the case of pure silicon. This
means that we did not observe any unusually strong loss
mechanisms by the atomic force microscopy.

We measured dissipative losses in a series of mate-
rials by a device that was a macroscopic analog of the
probe of our microscope and that was devel oped much
earlier under the name of a contact impedance meter
[12]. An oscillatory circuit with the Q factor at least one
order of magnitude higher than that of the atomic force
microscope was loaded on atest sample through a steel
ball. It was possible to detect the changes in both fre-
guency and amplitude and to determine the elastic and
dissipative parameters of the material. The region of
deformation was greater than the film thickness
because of the large diameter of the ball that was in
contact with the sample (about 0.5 mm), and our oscil-
latory system was not suitable for the determination of
the dastic constants of the layer. Therefore, the study
was conducted only in the viscosity measurement mode
(the measurement of the oscillation amplitude with the
ball being pressed into the sample). Theresults are pre-
sented in Fig. 3. Theload is plotted along the abscissa
axis, and the oscillation amplitude reduced to the
amplitude of the unloaded oscillatory system is plotted
along the ordinate axis.

We stressthat our device measured thedissipationin
the sample rather than its elastic properties, and this
fact was specially verified in our experiments. Figure 3
gives the data for silicon. However, they coincide
within the precision of measurements with the data for
the materials that are quite different in their elastic
properties, such asglass, aluminum, and brass. It would
be impossible to distinguish them in our plot. We took
al so viscoel astic materialsfor comparison. The datafor
plexiglas are given in Fig. 3 as an example.
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Now let us consider the basic result, i.e., the mea-
surements performed for ananotube layer on silicon. In
the case of a weak pressing, the dissipative losses are
not large, though they are distinctly larger than for pure
silicon. However, when the load increases, a sharp
growth of losses was observed (a sharp decrease in
amplitudeisindicated by the line connecting neighbor-
ing points in the drop region). Regretfully, it was
impossible to use loads greater than 2.5 N without tak-
ing the risk to smash the sample. It was possible only to
use aload of 5 N with the application of a special gad-
get. That is why only a small number of points was
obtained in the most interesting region.

Such a sharp growth of losses can be connected with
the temporary local separation of the nanotube layer
from the silicon substrate because of the insufficiently
strong adhesion. The most probable reason for such sep-
aration isthe presence of the tangential component in the
forces caused by the ball pressure on the sample. Elastic
vibrations of the system lead to a relative motion of the
film and the substrate in the separation region and to
energy lossesdueto thefriction. Since the contact region
is large in our case, the energy losses can be consider-
able. Moreover, the film separation from the substrate
also leads to the displacement of nanotubes with respect
to each other (the lower part of atubeisno morefixed to
the substrate, and the bond between the tubes is fairly
weak). We also cannot exclude the influence of this fac-
tor on the absorption of the elagtic vibrations.

Qualitative estimates show that a sharp growth of
losses occurs in our experiment when the tangential
stresses at the film—substrate interface reach severa
tens of megapascals. In view of the high normal pres-
sure applied at the symmetry axis of the system (up to
severa gigapascals), this result indicates a not very
strong adhesion of the film and the substrate. Neverthe-
less, it is necessary to take into account that the separa-
tion can occur away from the symmetry axis, i.e., out-
side the region of the strongest pressing.

Performing repeated measurements, we obtained
the same results asin the first measurement (for all val-
ues of the pressing force). If the film were unable to
restore its initial bonds with the substrate, the subse-
guent measurements would differ from the initial ones.
A good review of avery complex and interesting prob-
lem of adhesive friction, which may help to understand
the problem, can be found in [13].

Measurements with a separated nanotube film of an
anal ogous composition were also conducted. As expected,
we observed a strong absorption, which far exceeded the
absorption givenin Fig. 3 already at small loads. Thisfact
demonstrates once more that, if the separation were
retained after the first measurement, the absorption in the
repeated measurements would be greater.

It is important to note that, in some regions on the
surface, no noticeable damping of vibrations could be
observed at any applied loads. Thisisthe evidence of a
strong adhesion of the film and the substrate in these

ACOUSTICAL PHYSICS Vol. 47

No. 5 2001

551

regions. Therefore, it is possible to obtain a strong
adhesion of a nanotube film and a substrate with
improved technology. The technique used in this study
can be a good method of monitoring the film adhesion.

As a result of the investigation of a thin film of
densely packed carbon nanotubes, it became possibleto
measure the Young modulus of the film, which is an
important parameter from the point of view of future
applications and which widely differs from the Young
modulus of individual nanotubes and nanotube ropes
[14, 15]. It was demonstrated that the adhesive bond
between a film and a silicon substrate was not very
strong for the major part of our sample. However, in
some regions, this bond is strong enough, which means
that it is possible to create layered structures with high
mechanical stability by introducing the necessary
improvements in the growth technol ogy.
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