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Abstract

We report on the technology of formation of sandwich structures based on fullerite films and on experimental results
in research of optical and conductivity properties of these sandwich samples. Single crystals of sapphire (100) or silicon
were used as substrates. The sandwich specimens were based on the structure M/Ce/M (M=Cr, Pd, Ag, Al, Cu). The
thickness of the fullerite films was about 0.2~1.0 pm. The area of the Cqo film under the top contact was about 1 cm’.
The specimens have been investigated by infrared spectroscopy, spectra-photometry, ellipsometry and X—ray diffraction
analysis. Measurements of the current/voltage characteristics and research on the temperature dependence of conductivity
were performed as well. Tt was shown that metals such as Cr, Pd, Ag, Al, and Cu penetrate easily into the fullerite films.
It appears that these specimens have a large conductivity. For silver/Cq and other sandwich structures the conductivities

show a semiconductor-like behaviour.

Key Words : fullerite film, sandwich structure, conductivity

1. Introduction

The intense research on fullerene, Cg, during the last
years has led to an accumulation of evidence for great
experimental and theoretical results and has obviously
illuminated the necessity to find out the ways for device
applications of fullerenes and films of fullerite (i.e. solid
fullerene). Fullerite films have a great potential appli-
cation as material for light, pressure and chemical sen-
sors. The electrical conductivity, ¢, and its temperature
dependence were measured from 400 to 160K in 1.5
pum thick vapor-deposited films of Cg/Cro. At room
temperature, o is as large as 107 (€2 - cm)™"'l. Since
the pure fullerite films have high values of resistivity!”!,
it was necessary to search for ways to decrease the later.

One way for solving this problem is the creation of
fullerite films intercalated by different elements. The
d.c. conductivity of Cg fullerite films treated by SbF;s
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vapour is three order of magnitude higher than that of
the Cg film and is seen to increase by further eight
orders of magnitude upon heating up to 400 K™\ Also
the conductive properties of fullerene-iodine interca-
lated films had been measured. However, in spite of
intercalation the specific resistivity of fullerene-iodine
films persists still at high values of p, 10’~10° Q- cm,
at room temperature!*), The interaction of fullerene with
such metals as tin, aluminium and palladium had been
examined as well. Tin-doped Cg thin films with differ-
ent Sn contents have been prepared by co-evaporation.

The room temperature conductivity for tin-doped Cgo
films was found to be in the range of o, 107°~107"
(Q.cm)! for different samples. The temperature
dependence of the electrical resistivity of these Sn-
doped films shows a semiconducting behaviour in the
temperature range from 20 to 420 K. Hall effect meas-
urements indicated that the conduction type of theses
Sn-doped films is n-type'.

The interaction of palladium and fullerene was stud-
ied more thoroughly. A new metal-fullerite structure
CeoPd; has been found recently'®. A series of new orga-
nometallic polymers, Pd,Cgq, with varying Pd/Cg, ratios
was prepared and studied using the EXAFS spectros-
copy. It was shown that the Pd atoms act as bridges
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between adjacent Cq4y molecules by coordination to the
m-electrons of their double bonds. There exists another
way to obtain technologically acceptable resistivity val-
ues. This way includes the use of sandwich structures
with thin fullerite films"". Thin-film multilayer structures
up to 20 repeated layers have been growth in a high vac-
uum chamber by sequential deposition of aluminium and
fullerene on substrate at room temperature!®!,

The result of this work demonstrates the charge trans-
fer across planar metal-Cgp interfaces. The resistivity of
such multilayer structures has been reduced to values of
about 100 Ohm. These results suggest that multilayers
may become useful vehicles for forming fullerene inter-
face compounds in two-dimensional structures. The
results of tunneling spectroscopy of fullerene/Ge mul-
tilayer (~10 nm) systems have been shown'™ and first
thin film layers and insulating barriers were made of
that system. Each layer in the sandwich junction was
thermally evaporated at room temperature. A typical
base electrode was Cu (~35 nm), and the counter elec-
trode was typically made of Ag (~200 nm).

There is not yet much information available about the
interaction of fullerenes with different metals and about
the properties of metal-doped fullerite films, but this field
is still good for many surprises. For example, co-deposi-
tion of the Ni and Cg, leads to the stripe self-organization
phenomena of Ni appeared just after deposition, i.e. the
sample was not annealed. The first information about this
phenomena was presented'”. When annealing a co-
deposited Ni-Cg layer structure deposited onto a MgO
(100) substrate, new types of large intercalates from 300
to 600 nm were formed, where cubic Ni crystallites are
embedded within a shell of C¢y molecules.

In this paper we report on the technology of forma-
tion of sandwich structures based on fullerite films and
on experimental results in research of optical and con-
ductivity properties of these sandwich samples. Electron
microscopic and XRD investigations have revealed the
polycrystalline nature of the deposited films. The micro-
structure of the crystallites comprises the disordered
hetero-poly types of hexagonal and cubic forms of ful-
lerite, with a preference of the later form. The size of
the crystallites depends on the deposition conditions and
is significantly decreased in the case of the high vacuum
deposited films. Single crystals of sapphire (100) and
silicon were used as substrates. Onto them, the sand-
wich structures containing a Cg film between different

AA 8B A A 138 A 535, 2004

metallic contacts were deposited. The following sand-
wich structures were studied: Cr/Cgy/Cr; Pd/C¢y/Cr, Pd/
Ceo/Pd, Ag/Cy/Pd, Ag/Cyo/Cr, Al/Cyy/Cr and Cu/Cygy/Cr.

2. Experimental

Fullerite Ce films were obtained by two methods: 1.
The gas-phase-deposition method in a quartz reactor
under low pressure of dry argon; and 2. The high vac-
uum deposition method. The typical thickness of the
films was about 0.2~1.0 um. There were prepared three
types of specimens each, the first one for the purpose
of infrared spectroscopy (IRS), the second one for spec-
tra-photometry (SP), ellipsometry and X-ray diffraction
(XRD) studies, and the third one for the measurement
of the current/voltage (I-V) characteristics and the study
of the temperature dependence of conductivity.

For preparing the IR-spectroscopy specimens, a sili-
con (100) substrate was taken upon which a chromium
mirror was vapor-deposited for z; =20 min. Then fol-
lowed a thin layer of Cg, (between 250 nm and 750 nm
thick), deposited by thermal evaporation at T, =773 K,
P=107 Pa, and for t; =60~120 min. Finally a thin
metallic layer (~40 nm of Cu, Pd, or Ag) was deposited
by electron beam evaporation for t,=15s. The gas-
phase deposition of fullerite was used for preparation of
the second type of samples, with silicon (100) or sap-
phire being the substrate.

For the fullerene evaporation, the temperature was
raised for in total 100 min from 773 K with a constant
rate of 0.5 K/min up to 823 K. This enabled us to get
a constant mass-transfer of fullerene molecules during
the evaporation, resulting in an uniform structure of the
fullerite film. The optimum evaporation temperature for
fullerene was found to be 808~883 K. The thickness of
the fullerite film is then about 500 nm. The film has a
dense structure with a mirror-like surface. The film
structure as examined by SEM and TEM is polycrys-
talline, with the average size of the crystallites being
around 200 to 300 nm. After that the thin metallic top
contact layer was deposited by electron-beam evapora-
tion (P =107 Pa, 1,=40 s).

The third type of specimens was made by the follow
technology. The bottom chromium contact was depos-
ited onto a sapphire substrate, then the fullerite film
(~1.5 pym) was deposited by the gas-phase technology,
and after that a metal (Cu, Pd, Ag, Al, or Cr) was depos-
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Fig. 1. Absorption edge in the visible spectrum; I-
absorption spectrum of Cg film in reflection, 2-
transmission spectrum of Ag/Ce sandwich structure,
3-absorption spectrum of Ag/Ce structure in
reflection, and 4-transmission spectrum of Ce film.

ited by electron-beam evaporation (#;= 20 min) through
the mask onto the fullerite film surface. The area of the
top contact is about 1 cm?.

3. Results and Discussion

The samples were investigated by IRS, ellipsometry,
SP, and XRD, apart from measurements of the current/
voltage characteristics and the temperature dependence
of conductivity. The absorption and transmission spec-
tra have been obtained by the spectra-photometer SP-18
(A =400~750 nm), Fig. 1. In this case, the fullerite film
was deposited through a mask onto monocrystalline
ZrO, (100) as a substrate. The thickness of the fullerite
film was adjusted to be about 0.5 nm, so that the sample
was still optically transparent. After that a silver film of
around 63 nm thickness was deposited by electron-
beam evaporation.

To compare the spectra of the pure fullerite film and
of the Ag/Cg sandwich structure the sample was pre-
pared so that part of the fullerite film on the ZrO, sub-
strate remained uncovered. The forbidden gap of the
pure fullerite film was determined to be 1.7 eV. This
value is in a good agreement with results shown ear-
lier!'”, The fundamental absorption edge for the Ag/Cqo
structure moves to longer wavelengths. As we supposed
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Table 1. Ellipsometric measurements for different structures
refractive index (n), absorption coefficient (k),
and layer thickness ()

Structure N K d, nm
Ceo 2.15 0.02 211.4
Ag 0.17 3.99 63.5

1* Jayer in Ag/Cg structure  0.59 2.15 54.5
2" Jayer Ag/Cq structure  2.04 0.01 147.0

the great interaction of Ag and Cy lead to the formation
of a new semiconductor, which has a smaller forbidden
band gap.

Ellipsometric measurements were made to determine
the refractive index (n), the absorption coefficient (k),
and the thickness (d) of the silver and Cqq layers, either
as isolated films or in the Ag/Cqy sandwich structure.
For this purpose the silver film covered the fullerite
layer only partially, and some part of the silver film
covered the ZrO, substrate directly. A He-Ne laser
(A =633 nm) was used as a light-source. The incidence
angles (@) were varied from 50° to 80° in 5° steps. By
adjusting several polarizations at different angles y and
A, the inverse problem was solved for both the one-
and two-layer film models. This enabled us to deter-
mine the film parameters n, k, and d'?. The results are
shown in Table 1.

The results indicate that silver diffused into the bulk
of the fullerite film without increasing the film thick-
ness. Under the assumption of a homogeneous distribu-
tion of silver atoms within the Ag/Cq structure the
approximate correlation of silver atoms and Cg; mole-
cules was calculated by using the ellipsometric data. It
appears that the approximate composition of such a
structure is CeoAgy, where x = 12.4. The measurement
of the refraction angle of light in the double layer struc-
ture Ag/Ce reveals that the film is quite rough, i.e. that
the silver is distributed irregularly within the film. The
measurement of the specific resistivity in different types
of samples has shown that irregularity of the silver dis-
tribution as well.

The XRD technique was applied for the examination
of the Ag/Cqo and Pd/Cq structures. Here, the thickness
of the fullerite films deposited onto the silicon substrate
by gas-phase deposition is about 1 pm, and the thick-
ness of the metal layer deposited by electron-beam
evaporation is about 1 um as well. The XRD data are
shown in Fig. 2. A decrease of the peak intensities in
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Fig. 2. XRD spectra of fullerite films with different
deposited metals. 1-pure Cgq film; 2-pure palladium
film; 3-Pd/Cg, compound; 4-Ag/Ce, compound.

the bilayer structures in comparison with those of pure
fullerite indicates the partial amorphisation of the metal/
fullerite structure, i.e. the distances between the fuller-
ene molecules become irregular. Since there is not
observed any displacement of the peak positions of the
metal/fullerite structure, hence there is no formation of
any new crystal phase. The peak intensities b and d of
Ceo of the metal/fullerite structure decrease in compar-
ison with those of pure palladium (peaks a and c), in
the same way as the crystalline palladium fraction in the
structure decreased, too.

The IR spectra for medium and long wavelengths are
shown in Figs. 3 and 4, respectively. All the oscillation
frequencies of the pure Cg remain in the absorption
spectra of the M/Cg structures at medium wavelength.
It appears that the peaks at 526 and 576 cm™' broaden.
These peaks correspond to oscillations related with the
deformation of the fullerene molecules. One may
explain them by a reduction of the symmetry of the
fullerene molecules due to intercalation of alien atoms.
There appears a small peak at 635 cm™ which is dis-
tinctive for fullerenes polymerised under high-pressure
conditions and for photo-induced polymers!'*!4, These
results show that polymerisation of fullerene molecules
appears to be one of the consequences of interaction of
metal atoms and fullerene molecules.

For IR studies in the long wave length region spec-
imens of a peculiar structure were made. The top metal
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Fig. 3. IR-spectra of M/Cgg structures (medium wave lengths);
1-Ag/Cqp. 2-Cu/Cg, 3-pure Cg.
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Fig. 4. IR-spectra of M/Cg structures (long wave lenghts);
2-1-Cu/Cgp, 2-Ag/Cqp, 3-pure Cegp.

layer was very thin (3~4 nm) so that IR spectra could
be measured in reflection from the metallic mirror. Such
a sample structure allowed us to obtain high resolution
spectra. The peak at 385 cm™ corresponds to the inter-
action of silver with fullerite, and the peaks at 288 cm™!
and 373.6 cm™' correspond to the interaction of copper
with fullerite. The peak at 124 cm™ may correspond to
the oscillation of the Cg-Cgo bond. The shift of this
peak from wave number of 128 cm™ to 124 cm™ is
explained by the deformation of the Cg-Cgo bond.
The optical characteristics of the fullerite films at
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medium and far infrared wave lengths were measured
with the spectrometer. The IR spectrum of a fullerite
film on a chromium electrode correlates well with the
spectrum of pure solid fullerene. These results have
shown that chromium interacts only weakly with the
fullerite film. Hence chromium can be considered as the
best contact material for pure fullerite films in a planar
configuration of the resistor.

Two types of samples were used for the measurement
of the temperature dependence of the specific resistivity
and the I-V characteristics. The first one is a sandwich
structure. In order to avoid here a short circuit between
top and bottom contacts the area of the fullerite film was
made larger than the area of the bottom contact. The
second one is a planar structure with a ridged configu-

ration of the chromium contact on a sapphire substrate'*!.
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Fig. 5. Specific resistivity versus temperature for Ag/Ceo
sandwich structure.
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Fig. 6. Specific resistivity versus temperature for Ag/Cyo
planar structure.
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The thickness of the fullerite films was about 1.5~2.0
um for both sample types. The results of the specific
resistivity versus the temperature are shown in Figs. 5
and 6. Both curves show a semiconductor-like behav-
iour of their conductivity. The greater value of the spe-
cific resistivity in case of the planar structure shows that
the conductivity is anisotropic in both vertical and hor-
izontal film directions. This is possibly a consequence
of the non-uniform silver distribution in the film. The
I-V characteristics at temperatures ranging from 293 to
373 K deviate only moderately from a linear correlation
and do not depend much on the sign of the bias voltage.
The resistivity of different sandwich structures versus
the temperature for 293~463 K was in the range of
100~200 Ohm. All the structures show a decrease in
resistivity with increasing temperature.

4. Conclusion

In the present study on metal/Cep/metal sandwich
structures we have obtained the following results.
Ellipsometry measurements show that the metal dif-
fuses completely into the bulk of the Cgq film, with the
metal distribution being non-uniform. The interaction
of silver and Cq leads to the appearance of a new com-
pound with good conductivity. IR spectra show that
there emerges chemical bonding between the metal and
the fullerene molecules. The XRD study demonstrates
the partial amorphisation of the Cq crystallites and a
decrease in size of the metal crystallites. It was also
shown that metals such as Cu, Ag, Al, Pd, and Cr pen-
etrate easily into the fullerite film due to the large inter-
molecular distances between the Cg balls, due to the
polycrystalline nature of the used films with an average
crystal size of 200 nm, and probable also due to chem-
ical interaction between the metal atoms and the fuller-
ene molecules. The resistivity of such sandwich
samples was decreased strongly down to typical values
around 100~200 Q. It depends only weakly on the tem-
perature. Though Cr, Cu, Ag, Al and Pd could be con-
sidered as contact materials for planar Cg resistors, it
is necessary to take into account that all of them except
for Cr penetrate readily into the Cy layer. The sandwich
structures based on fullerene films would be considered
as thermo-sensitive resistor with negative temperature
coefficient of resistance. Research in conductive prop-
erties of fullerite films is prospective for sensor elec-
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tronics. The high sensitivity of fullerite to temperature,
light, pressure, humidity and chemical ambient is useful
for creation of small size sensors due to nanometric
dimension of fullerene molecules by itself.
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