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Influence of Axial Mechanical Stress on the
Conductivity of Fullerite Powder

A. S. Berdinsky, D. Fink*, Hui-Gon Chun**", and L. T. Chadderton*** -

Abstract

The possibility to use powder consisting of fullerite microcrystallines as a device sensitive to the external axial
mechanical load is considered. We suppose that the change of conductivity of fullerite microcrystalline powder as a
function of external mechanical stress will be useful for the creation of nanoscale devices of sensor electronics. This new
effect based on changing of intermolecular distance between fullerene molecules due to the action of external mechanical
force, which can change the distance between fullerene molecules because of weak van der Waals interaction exists. The
founded effect is quite linear and sensitive to external mechanical stress is better then in well-known pressure transducers

is based on silicon technology.
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1. Introduction

Sensor electronics is one of the rapidly developed
areas of science and technology. The most widespread
material for sensors is silicon, so the development of
sensor electronics takes place in the direction of design
and manufacture of silicon sensors. However, the search
for new materials with novel properties is important for
the creation of sensors with improved measuring and
technological parameters. The possibilities arise both to
study electro-physical properties of the materials and to
obtain new sensors with better characteristics. Recently
discovered fullerenes is novel material whose sensor
properties have not been investigated yet. It is interest-
ing to study the sensor properties of fullerenes because
new effects useful for electronics can be discovered.

Sensor electronics belongs to the areas in which new
nano-structural materials can be used to construct sen-
sors with unique properties for physical and chemical
factors. In spite of the fact that fullerenes were discov-
ered" in 1985, and industrial technology of their pro-

Novosibirsk  State Technical University, K. Marx Ave. 20, 630092,
Novosibirsk, Russia

*Hahn-Meitoer-Institut, Glienicker Str. 100, D-14109, Berlin, Germany
**ReMM, School of Materials Science and Engineering, University of
Ulsan, Korea

***Australian National University, Canberra ACT 0020, Australia

Corresponding author: hgchun@mail.ulsan.ac kr
(Received : August 1, 2003, Accepted : February 4, 2004)

duction was developed™ in 1990, rather large number
of fundamental works aimed at the investigation of their
structure and properties has been carried out but fuller-
ene-based electron devices have not been designed by
present.

The reasons why fullerenes and their films are attrac-
tive for the creation of devices can be summarized as
follows: spherical shape and large size of fullerene mol-
ecule provide a substantial volume of empty intermo-
lecular space in a face-centered cubic lattice of solid
fullerite. As a consequence, this material is easily inter-
calated by different impurities changing its properties.

Pure fullerene is a dielectric but it can change its
properties to superconducting as a result of intercala-
tion® 4, Besides, fullerene in solid fullerite under defi-
nite action, for example high pressure, UV irradiation
and chemical interaction with intercalating substances,
can form structures with linear, flat or voluminous
polymerization. The simplest subject of investigation
can be fullerite film deposited onto a dielectric sub-
strate. A resistor of which the resistance depends on def-
inite external actions can be proposed as a device based
on the fullerite film. Such resistive sensor was
described®®, where have been shown that fullerite films
are sensitive in environmental pressure and humidity.
Fullerene can be incorporated in etched ion tracks of
polymer foil that allows create small-size temperature
sensors’”), Since the size of fullerene molecule is less
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then 1 nm, one can expect that the film structure will
contain pores with the size of about several or tens
nanometers. In this case, the film will be very active
from the point of view of adsorption/desorption cycle of
different substances. It is the way for creation of high-
sensitive humidity or gas sensors. As to pressure
dependence of fullerene films conductivity, the resist-
ance of oxidized fullerene films is strongly dependent
on the pressure maintained by the evacuation system in
the chamber where the sample is placed'.

It is not well known the reasons for pressure depend-
ence of fullerite films. One can suggest a few explana-
tions of sensitivity of fullerite film to pressure. One of
them is the loss of water from the film at reduced pres-
sure, another is connected with fullerene polymeriza-
tion. Partial oxidation of fullerene in solid fullerite is
accompanied by the polymerization of fullerene mole-
cules, which is confirmed by the appearance of broad
bands in IR spectra in the range of stretching vibrations
at 800 and 1000 cm™ characteristic of fullerite polym-
erized at high pressures™.,

Partial polymerization proceeds with the decrease of
the distance between the polymerized fullerene mole-
cules and thus with the increase of the distance between
fullerene molecules bound by van der Waals interaction
which causes the strain in crystallites, as well as
between separate fullerite crystallites comprising the
film (their size being about 200 — 300 nm). As a result
of this process, the film becomes stressed and possesses
a large number of defects in intermolecular bonds and
in the interactions between the crystallites comprising
the film. The number of conducting electrical chains
and their conductivity in these films depends on the iso-
tropic pressure. It is typical that the dependence of
resistance on pressure is observed also at pressures
above the atmospheric pressure.

The main goal of the present study was to search in
action of axial external force in conductivity of powder
consisting of fullerite microcrystallines. If the action of
external mechanical load will be quite effective it means
the opening direction for new type of pressure sensors,
which would be constructed in absolutely other way
then traditional solid-state silicon pressure sensors.

2. Experimental

The cross section of experimental set up for meas-
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Fig. 1. Set up for measurement of electrical resistance of
fullerite powder as function of external pressure
(P): 1-fullerite powder, 2-bottom plane contact
(silver), 3-upper-rod contact (copper), 4-glass pipe,
5-load area, 6-epoxy adhesive, and 7-reinforcing ring.

urement of resistance of fullerite powder as function of
axial external mechanical load is shown in Fig. 1. Two
types of glass pipe were used: glass capillary with a
length of 5 mm, inner diameter (d;,,) of 0.76 mm, the
other is glass pipe: with a length of 50 mm and inner
diameter (d;,») of 1.76 mm.

Repeatedly sublimated mixture of Cy/Cro fullerenes
contained 84% Cg and 16% Cj was poured into bot-
tom end of glass capillary. Diameter of conducting rod
in glass capillary (d,) is 0.75 mm, the height of mixed
fullerite-powder rod is about 2 mm, and diameter of
contact rod for glass pipe (d.2) is 1.5 mm. Mixture of
Ceo/Cro was poured into bottom end of big glass pipe.
The height of Ce/Cyo fullerene-powder rod is about 5
mm. A few droplets of toluene was added in pristine
Ceo/C7o powder to get deposition technology of fuller-
ene quite closed to the same technology of fullerene
deposition in etched ion tracks, which has been
described in Ref.”®). For both glass pipes were measured
the dependencies of electrical resistance as function of
external mechanical load and temperature dependencies
of electrical resistance for different mechanical loads in
temperature range 20 — 100°C.

3. Result and Discussion

The dependence of Cg/Cro powder electrical resist-
ance on mass of external load was shown in inset of Fig.
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Fig. 2. Electrical resistance (R) of Cyg/Cy powder as a
function of external axial pressure (P) for glass
capillary in linear part of R(P) function. In the
inset: Electrical resistance (R) of Ce/Cog powder as
a function of mass of external load in a range of
m =0~ 800 mg.

2.0x10°

2. One can see clearly the two parts of curve: non-linear
part from O to 200 mg and quasi-linear part from 200
mg to 800 mg. There is a significant dispersion of elec-
trical resistance values at m = 0 mg, which decreases for
increasing values of mass (m = 100, 200, 500 mg). We
suppose that non-linear part of R(m) is concerned with
processes in contact system conducting rod-Cey/Crg
powder and decreasing of distance between grains of
Ceo/Cro powder at the action of external force. The large
dispersion of R(m) dependence for small values of mass
could be concerned with small contact area of conduct-
ing rod and small length (~3 mm) of conducting rod
inside of glass pipe. Linear part of R(m) dependence as
function of electrical resistance on pressure is shown in
Fig. 2.

The sensitivity factor in Fig. 2 was calculated by for
R(P)-R(P))
R(Py)-(P\~Py)’
correspond 0 masses mg=200mg and m; =800 mg,
respectively. It has to be emphasize that, in this case,
the sensitivity factor is of much larger than that of
traditional silicon or polysilicon pressure sensors,

where K, =107 - 10~ Pa™!,

The dependence of Cgy/Cyy powder electrical resist-
ance on mass of external load for glass pipe is shown
in inset of Fig. 3. One can see again two parts of
dependence of R(m). The point with mass of m, = 200
g divides clearly R(m) dependence in two parts: non-lin-

mula®; K= where Py, P, are pressure
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Fig. 3. Electrical resistance of Cgy/Cyy powder with few
droplets of toluene in glass pipe in linear part of
R(P) dependence. In the inset: Electrical resistance
(R) of Cg/Cyo powder as a function of mass of
external load m =0~ 1500 g.

ear and linear. This experiment much more stable from
the point of results dispersion, because of the length of
the pipe was long enough. Also the diameter of con-
ducting rod is two times longer that of the first exper-
iment. Due to enough length and contact area of
conducting rod we could apply higher values of external
load mass, see Fig. 3. Linear part of R(m) dependence
as function of electrical resistance on pressure for glass
pipe is shown in Fig. 3.

In this case, the low value of sensitivity factor K=
6.6 x 107 Pa™! is supposed to be with crystallization of
solved fullerenes after toluene drying. We expect that K
will be greater in fullerite powder with small grain size
then with large grain sizes which have been formed
after recrystallisation in toluene drying process. The first
situation was realized in experiment with glass capillary,
where fullerite powder was used as working material of
pressure sensor, and the second case was realized in
experiment with glass pipe. One can see the difference
in 515 times in K values for both experiments, but sen-
sitivity factor for long-length glass pipe looks as the
same for pressure sensor based on monocrystalline sil-
icon resistors.

The non-linear dependence of resistance as function
of pressure for both experiments could be concerned
with change of space between fullerite microcrystallines
owing to action of external force.

Temperature dependencies of electrical resistance of
Ceo/Cro with glass pipe are shown in Fig. 4. All curves
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Fig. 4. Temperature dependencies of electrical resistance
for different masses of external load. In the inset:
Arrhenius plot of R(T) for different masses
(my=200g, my=500g, and m;= 1000 g).

follow semiconductor type of conductivity behavior.
This is typical for fullerite, but the activation energy of
the conductivity appears much smaller than that of pris-
tine fullerite, Cy,. The dependencies R(7) were approx
imated by the Arrhenius equation: R(7T) =R,- exp(%).
The values of activation energy, E,=0.46~0.44 eV, for
different masses of external load are shown in inset
of Fig. 4. The smaller values of E, in compared to
pristine and oxidized fullerite Cg films!® (E,=1.7 -
1.9eV) concerned with non-controlled self-intercala-
tion of Cg/Cy powder by silver or copper atoms
which was originated from electrodes or with organic
chains which were remained between fullerene mole-
cules after toluene evaporation. One can see from
Fig. 4, that pressure sensitive effect of fullerite pow-
der conductivity depends on temperature as well. The
interval between curves at Tp=20°C looks bigger
then for 77=80°C and T,=100°C.

We estimated the temperature coefficient of pressure
sensitivity factor, TCK,, which was shown in Fig. 5.
The value of TCK; was estimated by the formula’®:
K(Ty)-K(T})
Ks(Ty)-To(Ty)

The value of 7CK; is comparable with the value for
silicon monocrystalline piezoresistors, where TCK, =~
0.2 - 0.3%/°C for different levels of concentration.

The pressure sensitive effect in fullerite powder and
films allows design the new types of pressure sensors,
which would have much smaller size and the other prin-

TCKg= -100%|.
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Fig. 5. Temperature dependence of sensitivity factor, K for
experiment with fullerite powder in glass pipe.

ciple of operation then traditional silicon pressure sen-
sors and devices.

4, Conclusion

The evidence of strong action of axial pressure in
conductance of fullerite microcrystallines has been
observed, which appears as microscale fullerite powder.
The effect is quite linear and that is attractive for apphi-
cation. One of the explanation of this effect based on
changing of intermolecular distance between fullerene
molecules due to action of external mechanical force,
which could change the interval between fullerene mol-
ecules because of weak van der Waals interaction exists.
The other explanation of effect could be concerned with
change of space between fullerite microcrystallines
owing to action of external force. What is the main rea-
son from both explanation model of pressure-conduc-
tion effect in fullerite microcrystallines, which were
pointed above, is remained for future discussion.

The pressure sensitive parameters as factor of sensi-
tivity, K,, is much more or comparable with pressure
sensors based on monocrystalline silicon piezoresistors.
This fact depends on preparing technology of fullerite
microcrystalline powder. Temperature coefficient of fac-
tor of pressure sensitivity is comparable with value for
silicon pressure sensors. The usage of fullerite nano-
and microcrystallines as functional material for pressure
sensors is represented expedient in submicron etched
ion tracks in polymer foils as polyethylene-thereftalate
(PET) or polyimide (PI), which allow design pressure
sensors with small size and thickness.
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