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Endohedral metallofullerenes have recently attracted broad
interests because of their exotic forms and novel molecular
properties.1 Various kinds of atoms can be encapsulated in a carbon
cage, and in many cases, electrons are transferred from the
encapsulated atoms to the carbon cage. Among them, La2@C80 is
of particular importance2 because of its icosahedral (Ih) symmetry,
which is the same as that of the well-known C60 molecule, where
high-symmetry played a crucial role in a large variety of interesting
properties. Because of this unique molecular structure, much effort
has been made to clarify the properties of La2@C80 molecule.
According to a molecular orbital calculation,3 six electrons in total
are transferred from the two La atoms to the C80 cage, forming a
stable closed-shell configuration described as (La3+)2@C80

6-. The
highest occupied molecular orbital (HOMO) consists of nearly
4-fold degeneratedπ-orbitals of the fullerene cage, while the lowest
unoccupied molecular orbital (LUMO) is mainly derived from an
orbital of the La atom. An X-ray diffraction analysis4 based on
maximum-entropy/Rietveld method has confirmed that the La atoms
are indeed encapsulated in the carbon cage and that the valence
state of the La atoms is trivalent. The magnitude of the HOMO-
LUMO gap of the molecule has been determined to be 0.87 and 1
eV by an electrochemical method5 and optical absorption spectra
on solution,6 respectively. A very recent scanning tunneling
spectroscopy experiment of La2@C80 on a hydrogen-terminated
Si(100)-2× 1 surface provides a bit larger gap of 1.3-1.5 eV.7

These values are considerably smaller than that of C60, possibly
due to the enlarged cage size. Although La2@C80 has been
extensively investigated as an individual molecule, solid-state
properties still remain unknown because of the limited amount of
materials. To overcome this difficulty, fabrication of thin films and
their characterization are of crucial importance, since it does not
require a large amount of source samples. Particularly, recently
emerging techniques of organic transistors8 are quite useful not only
for practical application but also for fundamental characterization
of molecular materials. In this Communication, we report the first
demonstration of La2@C80 thin film field effect transistor and
related properties, based on which discussion is given on the
electronic states and carrier transport in La2@C80 film.

Soot containing La2@C80 dimetallofullerene and other La-based
metallofullerenes was produced in a dc (300-400 A) spark mode
under He flow at 50-80 Torr. La2@C80 was isolated by two-stage
high-performance liquid chromatography (HPLC).1 Laser desorption
mass spectrometry and the HPLC analysis showed that the sample
purity is more than 99.8%. La2@C80 films of 50 nm in thickness

were prepared by vacuum deposition on glass substrate and
subjected to conductivity and optical absorption measurements. The
conductivity measurement was done by a two-probe method in a
vacuum of less than 10-5 Torr from 150 to 450 K. We used a
grating- (Fourier transform-) type spectrometer to measure optical
absorption spectra above (below) 0.6 eV. For comparison, we also
measured absorption spectra of La2@C80 in toluene solution. We
fabricated a La2@C80 thin film transistor with a back gate
configuration, which is schematically shown in the inset of Figure
2. The gate electrode was made of heavily dopedp-type silicon,
on top of which an insulating silicon-dioxide layer with 400 nm in
thickness was grown by a thermal oxidation. Drain and source
electrodes were made of Cr/Au by using a standard photolithog-
raphy technique. The channel length and width were 50µm and 2
mm, respectively. La2@C80 film of 10 nm in thickness was made
by a molecular beam deposition at the base pressure below 10-9

Torr. After deposition, the sample was transferred to a characteriza-
tion chamber without being exposed to air, and subsequently, the
current-voltage characteristics were measured with three probes
equipped with the high vacuum chamber.

We show, in the inset to Figure 1, optical absorption spectra of
La2@C80 thin-film and toluene solution at room temperature.
Absorption threshold for both spectra are about 0.5-0.6 eV, which
is smaller than the value previously reported for the molecule.6 A
notable difference between the two spectra is that the first absorption
band centered at 1.5 eV is stronger in intensity in the thin film
than in the solution. Similar enhancement of absorption intensity
upon the solid formation has long been well-known for C60, where
it is believed that a symmetry-forbidden intramolecular excitation
becomes allowed as a charge-transfer type excitation from one
molecule to the nearest neighbors.9 The same activation of
absorption band seems likely to happen in the present case.

Figure 1 depicts an Arrhenius plot of conductivity data. The value
of σ at room temperature was somewhat sample dependent, ranging
between the order of 10-3 and 10-5 S/cm. This value is comparable
to that of Dy@C82.10 The σ of La2@C80 displayed an activation-
type temperature dependence (σ ) σ0 exp(-∆/kBT)). The activation
energy∆ was determined as∆ ) 0.20 eV from the fit to the data
for the whole temperature range measured. It should be noted that
the gap value 2∆ ) 0.39 eV is close to the absorption edge 0.5
eV, found in the optical absorption spectrum of the film form in
the inset of Figure 1, suggesting that the conductivity is attributed
to the band-like transport of thermally activated carriers across the
band gap 2∆. However, this scenario is excluded by the following
field effect measurement.

Figure 2 shows transistor characteristics, where the drain-source
current (IDS) is plotted against drain-source voltage (VDS) for various
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gate-voltage (VGS) values. Relatively large current flow was
observed even atVGS ) 0 V. Application of positive (negative)
gate bias increases (reduces) the currentIDS. These observations
indicate that the electron-type carriers are already unintentionally
doped in the nominally undoped material and that the transistor
operates in the electron accumulation mode. According to the
theoretical3 and experimental11 studies on individual La2@C80

molecules, LUMO is dominantly formed of encapsulated La ions.
Hence, the present observation of n-type operation of the thin film
transistor indicates that the carrier conduction through encapsulated
metals is occurring in metallofullerene La2@C80 solids. The origin
of carriers that exist without application of the gate voltage remains
to be clarified. They may be ascribed to the unintentionally
introduced carriers, though the measurement of Figure 2 was made
in a very high vacuum in the order of 10-9 Torr.

The mobility (µ) and the threshold voltage of the transistor are
estimated to beµ ) 1.1× 10-4 cm2/V s and-64 V, respectively,

from the standard procedure, namely, (IDS)1/2 vs VGS plot atVDS )
80 V. The low mobility in the order of 10-4 cm2/V s gives a mean-
free-path extremely smaller than the molecular size, indicating that
the band conduction model suggested from Figure 1 is not correct.
A more likely mechanism of carrier transport in the present
La2@C80 film would be hopping between grain boundaries or
between neighboring molecules.

The mobility of electron carriers in La2@C80 is expected to be
intrinsically low, compared to that of C60 (ref 12) and C70 (ref 13),
because of the conduction mechanism through encapsulated metal
ions. Since the LUMO is dominated by the orbital of encapsulated
La, the intermolecular overlap of LUMOs should be very small,
resulting in low mobilities.

The more critical cause of the low mobility is the crystallinity.
We have carried out X-ray and electron diffraction experiments
and found that the film is poorly crystalline displaying amor-
phous features. This indicates that intermolecular hopping is a
more plausible mechanism of conduction and that the activation
energy∆ observed in Figure 1 is regarded as a hopping barrier
between neighboring molecules, which are irregularly stacked. On
the other hand, the present result implies that the mobility of
La2@C80 can be improved by fabrication of films with better
crystallinity.

In summary, we have first demonstrated the n-type field effect
transistor of dimetallofullerene La2@C80 thin film. Taking the nature
of LUMO into account, the n-type behavior of the device indicates
an occurrence of carrier conduction through encapsulated La ions.
The present experiment revealed the advantage of thin film field
effect transistor technique in determining the carrier types and
charge transport mechanisms of various endohedral metallo-
fullerenes, which should be more investigated.
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Figure 1. Arrhenius plot of conductivity. Right inset shows a schematic
picture of La2@C80 molecule. Left inset displays absorption spectra for thin
film and toluene solution of La2@C80.

Figure 2. Drain-source current (IDS) is plotted as a function of drain-source
voltage (VDS) for several values of gate voltage (VGS). Data sets are displayed
for every 15 V from VGS ) -75 to 75 V. Inset shows a schematic diagram
of La2@C80 thin film transistor. S, D, and G denote source, drain, and gate,
respectively.
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