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Abstract

It is known that the conductivity of fullerite depends on the applied pressure. In this paper we compare the variation
of conductivity of three different fullerite structure with pressure. We examined Cg, powder, filled into thin glass capillaries
and also studied fullerite nanotubules produced within etched swift heavy ion tracks in polymer foils. These investigations

are compared with the results of planar Si-Cep-Au structures.
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1. Introduction

The crystalline state of fullerene Cqo, called fullerite,
is a semiconductor with wide band gap E, of about
1.7 - 1.9 eV, Ref."!. The type of bond between Cy, mol-
ecules in fullerite crystal is based on van der Waals
interaction. This means that the compressibility of ful-
lerite under hydrostatic pressure is very high and resist-
ance of fullerite has to change dramatically as result of
applied pressure. As it had been shown recently in
Ref? the conductivity was changed from 107 — 107
Q'.cm™ at normal pressure to 5 Q' -cm™' under pres-
sure from 100 to 200 kbar. The changes in conductivity
are concerned with variation of the crystal volume as a
result of hydrostatic compression. For fcc lattice of ful-
lerite isothermal bulk modulus is Ky=18.1 + 1.8 GPa
and dKy/dP =5.7 +0.6. This means the relative varia-
tion of the crystal volume exceeds 30% at 200 kbar'!
Thus fullerite appears the properties of sensitive mate-
rial to pressure hence it could be considered as prospec-
tive material for pressure sensors.

In principal, fullerene can be used as functional mate-
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rial for electronic device or sensors as individual mol-
ecule” or in solid modification, e.g. crystalline form'®,
polycrystalline film'®® and powder™. Fullerene solids
differ from conventional electronic materials because
the fullerene molecule is the fundamental building
block of the crystalline phase. Unique features about
fullerenes include the structural perfection and repro-
ducibility of these subnanometer building blocks''!. The
application fullerite, for the creation of the sensors of
light, temperature, humidity and pressure has been dis-
cussed®'%12 The first studies have shown, however,
that the technical realization is not that easy, but the
measured properties depend, to some extent, on the
structure of the used fullerite.

The using of fullerite as wide-band gap semiconduc-
tor which performs n-type of conductivity!”! in different
construction of sensors allows to apply axial or isotropic
pressure. Therefore, in this work, the investigations of
pressure dependence of the fullerite conductivity of dif-
ferently assembled Cg structures have been made.

2. Experimental

In the first case, Cgo/Cy9 powder (weight ratio 85:15)
was filled into glass capillaries of 1.5 and 0.75 mm
diameter. The powder with a grain size of typically
30 — 40 wm has been synthezied, as usual, by arc dis-
charge and subsequent chromatographic cleaning. The
powder in the column was compressed by two metals,
which also served as electrical contacts, Fig. la. In the
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Fig. 1. Experimental arrangements used in this work. Set-up for measurement of electrical resistance of fullerite; a)
unidirectional compression of Ce powder [ bottom plane contact (silver); 2upper-rod contact (copper)], b)
unidirectional, ¢) isotropic compression of Cg tubules, d) principle sketch of tubule formation, and e) for
comparison, the experimental arrangement of [2] for the determination of the isotropic compression of evaporated

pristine and ion-irradiated fullerite films.

second case, pure Cgy or Ceo/Crp (85:15) tubules were
formed within etched tracks in PI or PET foils. The nan-
opores were formed by perpendicular irradiation of the
polymer foils with a beam of 300 MeV *Kr'** ions at
a fluence of 10° cm™. Subsequent etching with 3 mol/
1 NaOCl removed a nearly cylindrical zone of about 0.2
to 5 um diameter along the ion track axis. After wash-
ing dried foil samples were put into a saturated Cep/tol-
uene solution, Fig. 1b. During the complete evaporation
of the solvent the over saturated fullerite precipitated
heterogeneously on all available solid walls - i.e. on the
walls of the vessel, foil surface, and on the inner walls
of the etched tracks. This process was repeated several
times to obtain Cgy tubules with different wall thickness.
The latter ones were derived from the differences of the
inner fullerite tubule radii and the original etched track
radius, as determined by the Ion Transmission Spec-
trometry'". The corresponding calibration curve is
shown in Fig. 2. From Fig. 3 one can see also the cross-
sectional area of fullerite tubule. SEM images of the
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obtained structures are presented in Fig. 4. PI foils with
embedded C; tubules with 250 nm wall thickness (cor-
responding to 15 deposition steps, see Fig. 2) were then
exposed to different loads, Fig. 1b.

On the other hand, PET samples with fullerite tubules
of 20 nm thickness (corresponding to the deposition of
one layer only) were exposed to different pressures at
ambient air and dry nitrogen atmospheres, Fig. 1c. A PI
sample was then embedded within 2 glass plates onto
which chromium electrodes had been evaporated
before, Fig. 1b. The PET samples were covered by con-
ducting Ag paste on both sides to establish electrical
contacts, Fig. lc.

These experiments are compared with earlier ones.
Here, we had examined planar 250 nm thick Cg films
evaporated onto a <111> oriented p-Si wafer, onto
which a 5 nm thick Au layer had been vapor-deposited.
After ageing for several years the badly wetting Au
films crack so that intermittent, small metal platelets
emerge on the Ce, base layer, Fig. le. Those samples
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Fig. 2. Wall thickness of the Cg fullerite tubules in
etched ion tracks in correlation with to the number
of deposition steps.
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Fig. 3. Cross-sectional area of Cg tubule in kapton as
function of deposition number.

enable one to measure the surface conductance through
the fullerite film, as the laterally non-conducting Au cov-
erge does not shortcut the currents through Cgo. These
samples had partly been irradiated with 300 MeV *Kr'**
ions to probe additionally the influence of irradiation
damage. The influence of isotropic pressure of the sur-
rounding ambient air was also studied in this case.

3. Results and Discussion

The Fig. 5 shows the principal results of these
measurements. The quantitative estimation of the
results could be made by the factor of pressure sen-
sitivity has been found by the following expression:

R(P)-R(P) , -
5= W, Pa”', where R(Py) and R(P,) are

AXEEA A 139 A 55, 2004

HHl- Bertn
Solarenergie

fimi

HA- Berlin
Solarenergee

Fig. 4. SEM images of Cg tubules in etched ion tracks in
polyimide; a) PI foil covered with 5 Ceg layers.
Please note the extraordinary smoothness of the
overall sample surface if the deposited Cgy films
are kept thin enough. Additionally, some film
fragments and small clusters are seen on the
surfaces and b) PI foil covered with 15 Cq layers.
Though a major part of the foil surface is still
rather smooth, some additional flakes are seen to
cover other surface regions, and pronounced
nanocrystal growth is seen to start within the
etched track walls.

the resistances at initial, Py, and final, P, points of
pressure range; AP = P,— P, is pressure difference.

The main feature of pressure dependences of resist-
ance R(P), see Fig. 5a, b, c, d, e, is appearance of two
different branches with strong and non-linear depend-
ence of R(P), which can be described by the factor of
pressure sensitivity (S)), and weak and quasi-linear
dependence of R(P), which can be described by the fac-
tor of pressure sensitivity (S,), respectively. These parts
of R(P) curves correspond to low pressure branch, (S;),
and high pressure branch, (5,).

We think that in the case of powder composition (Fig.
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Fig. 5. R(P) curves of fullerite in different configurations. a) Ce/Cyg (85:15) powder, unidirectional compression, full curve,
Fig. 1a, b) Cep/Coo (85:15) powder, unidirectional compression, high pressure branch, Fig. la, ¢) Thick Cg, tubules
in polyimid, unidirectional compression, Fig. 1b, d) Thin Cg, tubules, isotropic compression, Fig. Ic, e) Si-Cgo-
Au planar structures, isotropic compression in air, (samples SN2; SN7), Fig. le, f) Si-Ceo-Au planar structures,
isotropic compression in nitrogen, (sample SN6), Fig. le.

S5a) the low pressure branch has to be attributed largely
to the rearrangement of the fullerite grains towards the
geometrically most favorable distribution (i.e. reduction
of the pore volume between the grains, Fig. 6a, whereas
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the high pressure branch appears probably due to the
reduction of the intermolecular distance of the fullerene
molecules, Fig. 6b. Table 1 summarizes all experimen-
tally measured results for different arrangements of sam-
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Fig. 6. Schematic sketch of Cgy powder composition; a) at
low pressure, b) at high pressure, and c) reduction
of intermolecular distance by applied pressure.

ples according to Fig. 1. For the sake of easy comparison,
also the dimensions, pressure range, resistance, resistivity
and pressure sensitivity of the samples are given.

The values of bulk and surface resistivity, Ppux; Psuruces
have been roughly estimated by the ordinary expre-

cont

L
> R:psurface' cont , where

hluyer' cont cont

L. and w,,, are the distance between contacts and
the width of contact, respectively. The corresponding
values of low-pressure-branch sensitivity, S;, and

ssions: R=py,

high-pressure-branch sensitivity, S,, are given in Table

Table 1. The experimental date of pressure dependence of resistance for different arrangements of samples. <S> is of

the average value of sensitivity.

Pressure range

Resistance, Resistivity,

Structural arrangement Dimensions I e
and direction Pressure sensitivity
Fullerite powder 0.75 and ((0+1.5kg)9.8 m/s%)/1.8:107% m? 1.6-10'%:4-10° Q
in glass capillaries, 1.5 mm &, 0+8.2-10° Pa Pout=5.76-10"+1.44-10" Q-cm
Fig. la. ~0.5 mm length 0+3.27-10° Pa $,=1.33-10° pa™
30 nm Cg grains, 1.2:10°8.2:10° Pa S;= 6.6:107 Pa”!
Seon=1.8-10% m? Unidirectional

Fullerite tubules in etched
tracks in polyimide
foils, Fig. 1b.

Fullerite tubules in etched
tracks in polyimide foils,
Fig. lc.

02to 5 um J,
10-25 pum length

~0.5 wm wall thickness
~3-10° tubules/cm?

Seon=25-107 m?

Seon=3.14-107° m?

((0+0.5 kg)-9.8 m/s?H/25-107° m?

0+1.96-10° Pa
3.92-10° +2.74-10* Pa
3.92-10% +1.96-10° Pa

Unidirectional

0=-850 Torr,
0+1.13-10° Pa
0+1.33-10Pa
1.33-10*+1.13-10° Pa
Isotropic

4.3.109+5.10° Q
pbulk=8'1011+9-3'1010 Q-cm
§,=2.2.107° pa™
S,=4.6-107° Pa™

8.2.10°+2.17-10° Q
Pouic=1.85-10":0.5-10"° Q-cm
$,=3.6:10° Pa’
$,=4.9-10 Pa™'

Si-p/C¢o/Au sandwich
structure with intermittent
Au films, Fig. le. Pristine

or ion-irradiated
300 MeV ¥ Kr'*,
0..1-10°..1-10"2 cm™.

Si-p/C¢/Au sandwich
structure with intermittent
Au films, Fig. le.
Pristine or ion-irradiated
300 MeV ¥ Kr'*,
0..3-10° cm™.

ha=30 A
hputerie=2500 A
hg=500 um
Leon =5 mm
Weon=1 mm

“SN2” 5+880 Torr, air
“SN2” 6.66-10%-1.17-10° Pa

“SN2” 6.66:10%-2.13-10* Pa
“SN2” 13:10°+1.17-10° Pa
Isotropic

“SN7” 5+800 Torr, air
“SN7” 6.66:10°+1.07-10° Pa

“SN7” 6.66-10%+2.66-10* Pa
“SN7” 2.66-10*+1.07-10° Pa
Isotropic

830+2300 Torr, N,

1.1-10°+3.06-10° Pa
Isotropic

9.8-10°:9.2.10° Q
Pounc=3-10%+4.1-10° Q-cm
Pauri=1.96-10°+1.84-10° Q

<8;>=3.2-107 Pa’!
<$,>=6.7-107° Pa™

9.4-10°-2.5-10° Q
pbulk:4-8’104+1 31 03 Q-cm
Paur=1.9-10":0.5-10° Q
<S>=1.9-10"° Pa
<§,>=5.7-107° Pa

<9.2:10°+8.8-10°> Q
<pbulk>=4'7' 104—45 10° Q-cm
<Pour>=1.8-10°+1.7-10° Q
<S§>=2.4-10"7 Pa™

AXE3IA] A 138 753, 2004
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1. Similarly, the inter-granular distance of the individ-
ual crystallites of the fullerite films in the arrange-
ments according to Fig. 1b, ¢, and e is expected to
be reduced by the applied pressure, and the naturally
abundant pores will be compressed. These structural
rearrangements should be independent of the way
how the pressure is applied (this may be unidirec-
tional or isotropic) and in fact our experiments show
that in both cases the fullerite resistivity responds
well to the pressure variations.

As in previous work®""! fullerite was also found to
be humidity sensitive than strong dependence R(P) at
low pressure branch for devices were shown by Fig.
lc, le (corresponding views are in Fig. 5d, 5e should
be partly concerned with loss of moisture as a result of
pumping-out process. To check influence of humidity
the experiment with pumping-in of dry nitrogen was
made. We have found remarkable differences in the
pressure dependence of the fullerite resistivity when
comparing dry nitrogen gas and ambient air (see Fig.
5f). Though more detailed examinations are still miss-
ing in this case, we tend to assume that the observed
differences essentially relate to the differences in
humidity. We supposed also that in the case of abun-
dant pressure of nitrogen fullerite microcrystallines had
been compressed enough, i.e. the pressure range cor-
responds to linear part of R(P) dependence. The using
of dry nitrogen allowed estimate factor of pressure sen-
sitivity without any influence of humidity: <S>=24-
1077 Pa™'. Some of the performed experiments show a
hysteresis, but the deviations in resistance for pressure
rise and release were always small and never exceeded
10%. Also the experiments with the Si-Cgp-Au films
(Fig. 5d) which probe essentially the pressure depend-
ence of the surface resistance had been interpreted by
the tendency to form more ordered crystal structures
upon application of low pressure and by the reduction
of the Cg intermolecular distance in the high-pressure
branch. Radiation damage destroys the ordered arrange-
ment, which leads to a shifting of the R(P) curves.

4. Conclusion

Fullerite powder, tubules or thin films can be used as
sensitive material to probe unidirectional mechanical
stress and isotropically applied pressure by the changes
in its resistance. Fullerite can either be deposited by pre-
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cipitation from a saturated solution of fullerene in tol-
uene or it can be evaporated onto the corresponding
surface, or one just can use fullerite powder. The sen-
sitivity factor of fullerite-based pressure-sensors (FPS)
is ~107 = 107 1/Pa, and thus comparable with the sen-
sitivity factor of well-known silicon pressure sensors.
However, the small sizes and simple production tech-
nology of FPS’s opens challenging perspectives for cre-
ating a new family of cheaper sensors, and even of
cheap two-dimensional high-resolution sensor fields. As
good pressure sensitivity was found from pre-vacuum to
at least atmospheric pressure. FPS’s can also be applied
as vacuum manometers.
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