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Temperature dependence of the conductivity and kinetics of oxygen intercalation of C70 films
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Electrical conductivity values of 1.831029 to 1.8310213 (V cm)21 at 30 °C were found in undoped C70

films, and the conductivity is thermally activated with an activation energy of 0.51–0.81 eV and a pre-
exponential factor of 0.5 (V cm)21. We demonstrated that the conductivity decay due to oxygen intercalation
follows s(t)5s(0)t2a, where a!1 when 0,t,t1, a>1 when t1,t,t2, and 0.5<a,1.0 when t.t2,
corresponding to three processes of oxygen reaction with the film.@S0163-1829~98!01308-3#
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I. INTRODUCTION

Both theoretical calculation and experimental investig
tion of the electrical conductivity have shown semicondu
ing behavior in C60 and C70 fullerenes.1 The simplest picture
is that the highest occupied molecular-orbital electronic s
(hu) forms the valence band, and the lowest unoccupied
lecular orbital electronic state (t1u) forms the conduction
band. Experimentally, the room-temperature electrical re
tivity was found to be 108 V cm for oxygen-free C60 films,2

and 1014 V cm for mixed C60 and C70 films after exposure to
air.3 However, contradictory values of the energy levels
the defect states deduced from the conductivity activa
energy have been reported.4,5 In oxygen-free single-crysta
C60, the conductivity activation energies were found to
0.26 and 0.15 eV, and was described as an impurity leve
Ref. 4. In a previous work, we found 0.51 eV for undop
oxygen-free mixtures of C60 and C70 films.5 Furthermore,
reversible oxygen intercalation with solid C60 and C70 has
been found by both electrical conductivity and molecu
structure studies.2–6 To the best of our knowledge, the kine
ics of oxygen intercalation in fullerenes has not been stud
In this paper we present interesting experimental result
the electrical conductivity of C70 films, their activation en-
ergy, and the kinetics of oxygen intercalation, to gain insi
into the electrical properties and the electronic structure
these fullerenes.

II. EXPERIMENT AND RESULTS

Polycrystalline C70 powder ~99% C70 and 1% C60! was
preheated in a vacuum~,1025 Torr! at 250 °C for 8 h to
remove toluene and gases from the powder. The C70 films
were evaporated onto 7059 glass and quartz substrate
electrical and optical measurements, respectively. The so
temperature was 450 °C, and the substrate temperature
250 °C. The evaporation shutter was opened after 10 mi
heating the source to 450 °C in order to get rid of the C60
molecules in the source, so that only C70 would be evapo-
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rated onto the substrates. The thickness of the polycrysta
films was 2.14mm, and the crystallite sizes were about 4
nm measured by x-ray diffraction.7 For conductivity studies,
coplanar Al electrodes with a 60-mm gap and 3-mm length
were evaporated onto the top of the film.

For these fullerene films, the optical absorption edge w
measured by photothermal deflection spectroscopy;8 and the
optical gapE0 was determined by using the Tauc model
a(E)hn}(E2E0)2, which is based on assumptions of
constant optical matrix element and a parabolic density
states.9 For the C70 films, we found that the optical gap o
1.7–1.8 eV is larger than that of 1.6 eV for C60.

1,8 In order to
verify the value of the optical gap, we measured photolum
nescence~PL! spectra in a temperature range of 10–300K
for both C60 and C70 films.10 The energy position of the PL
main peak was found to be 1.79 eV for C70, and 1.69 eV for
C60 films. Again, the optical gap of the C70 film is 0.1 eV
larger than that of the C60 film. Furthermore, the majority-
carrier type of the C70 solid was measured by using the the
moelectric power technique. After heat treatment at 200
in vacuum, the film was found to ben type.

The conductivity measurements were carried out in
1023-Torr vacuum in the temperature range of 300–500
without causing a change of the polycrystalline structure
programmable temperature controller was used. The a
racy of the measurements of temperature and time
60.05 °C and61 s, respectively. TheI -V characteristic was
linear in the beginning of the measurements, then beca
nonlinear at low field (;103 V/cm) after a few runs, perhap
due to the formation of a thin Al2O3 layer at the Al/C70
interface. When we evaporated a thin layer of MgO betwe
the Al and the fullerene film, the initial conductivity wa
larger than the case of Al alone, but theI -V characteristic
became nonlinear again in low field (;103 V/cm) after ex-
posure of the sample in air. So we believe that the non
earity of theI -V curve at low field is an intrinsic problem o
the fullerene films in oxygen-intercalated state. Neverthele
the results were reproducible in the linear region of 1
3104 V/cm.
3773 © 1998 The American Physical Society
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Figure 1 shows five typical curves of the conductiv
versus inverse temperature from one C70 film. They are
~curvea! the first run of increasing temperature with a he
ing rate of 1 °C/min;~curveb! after annealing at 200 °C fo
15 h, with decreasing temperature at 1 °C/min from 200
100 °C, then natural cooling;~curve c! after annealing at
200 °C for 93 h, with decreasing temperature in the sa
manner as~curveb!; ~curved! after annealing 15 h at 220 °C
following exposure to air for 193 h at room temperature,
decreasing temperature with varied rate; and~curve e! at
increasing temperature with varied rate after exposure to
for 25 h at 80 °C. A temperature ramp rate of 1 °C/min w
normally used, but with a varied rate from 0.1 to 5 °C/m
the thermally activated behavior did not change below ab
150 °C. This implies that the annealing effect on electr
transport does not occur below 150 °C in most cases.
exception is curvee, in that the data were taken after expo
ing the film to air at 80 °C; the annealing effect then star
at about 85 °C. Regardless of the temperature increas
decrease, the conductivity always shows a thermally a
vated behavior in the C70 films:

s5s0exp@2Ea /kT#, ~1!

wheres0 is the pre-exponential factor andEa is the activa-
tion energy. In more than ten runs of heating and cool
cycles, 0.51 eV,Ea,0.81 eV was observed. The smalle
activation energy~0.51 eV! was found in the well-anneale
state~curvec! while the largest activation energy~0.81 eV!
was found in the air-exposed state~see Fig. 2!. Inserting the
measured value ofEa and usings050.5V cm21, the calcu-
lated curves agree well with the experimental results be
150 °C as shown in Fig. 1. The deviation of the experimen
data from the law presented in Eq.~1! is due to the annealing
effect. The room temperature conductivity as a function
the activation energy is summarized in Fig. 2. The das

FIG. 1. Conductivity temperature dependence of a C70 film in
vacuum at several stages~see text!. The dashed lines are calculate
data according tos5s0exp@2Ea /kT# where s050.5 (V cm21!
andEa50.51, 0.55, 0.6, 0.67, and 0.73 eV, respectively.
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line is the calculated curve according to Eq.~1!, wheres0
50.5V cm21. Again, the calculated curve agrees with t
experimental results at 30 °C.

We further show the kinetics of both air and oxygen i
tercalation with the C70 film measured by the conductivity a
a function of the exposure time. Figure 3 shows the decre
of the conductivity upon exposing the film to air and
99.99% oxygen gas at room temperature, respectively.
similarity of the two curves in Fig. 3 implies that oxyge
molecular intercalation is the dominant process in both c
ditions. The different values of the conductivity are due
the different stages of the film history. Figure 4 shows t
decrease of the conductivity upon exposing the film to air
80 °C, where the C70 molecule is in the rotation-free
phase.11,12 The data in Figs. 3 and 4 can be described by
exponential function as

s~ t !5s~0!t2a,

a!1 when 0,t,t1
~2!

a>1 when t1,t,t2

0.5<a,1.0 when t.t2.

FIG. 2. The room-temperature conductivity as a function of
activation energy from the same C70 film as shown in Fig. 1.

FIG. 3. The conductivity of the C70 film as a function of the
exposure time to either air or oxygen gas at 28 °C. The results f
both measurements show three time regimes separated byt1 andt2.
The dashed line is calculated according tos(t)5s(0)t2a. The
symbols for air and gas and the value ofa are noted in the figure.



hr
C

om
n
he

t
lm

on
he
-
a

cti
lin
te
e
he
e
o
tio
ro
er
u
th
o

an

-
duc-
e-
fect
dur-

duc-
ms
rgy
n-
the
n-
ee
ect
an

of

.

ur
ts in

s
ion
ty,

n-
to

n-

in

tal
tion
-

the

is
e-

e

t
ys-

ral
yet
the
se

r of
r at

ue

ep
to

g
t

57 3775BRIEF REPORTS
The three regimes of the conductivity decrease suggest t
processes of molecular oxygen intercalation with the70
film: ~a! slow, ~b! fast, and~c! intermediate. In this work, it
took a few seconds to switch the sample chamber fr
vacuum to ambient pressure. Hence the slow process ca
be due to the time required for the gas to flow into t
sample chamber.16–18

In order to change the film from an oxygen-intercalated
an oxygen-free state, desorption of the oxygen from the fi
by annealing at 200 °C in vacuum is needed. We show
typical annealing process in the following. Right after t
measurements of curvee in Fig. 1, the temperature was con
tinually increased up to 200 °C. The annealing effect w
recorded at 200 °C by the time dependence of the condu
ity as shown in Fig. 5. One finds three steps in the annea
processes: a minor annealing effect in the first ten minu
followed by a major annealing effect, which finally saturat
after about 10 h. It is worthwhile to mention here that in t
temperature range of these measurements, the film can r
a uniform temperature within 0.1 min. Therefore, the min
annealing step cannot be a thermal delay effect. In addi
we have recorded the conductivity annealing processes f
an oxygen-intercalated to an oxygen-free state at temp
tures of 200, 230, and 250 °C. The same three-step feat
as in Fig. 5 were found. One possible explanation of
minor annealing process is the desorption of the oxygen m
ecule from the large area of the polycrystalline surfaces

FIG. 4. Dependence of the conductivity of the C70 film on ex-
posure time to air at 80 °C. The data show three time regimes s
rated by t1 and t2. The dashed line is calculated according
s(t)5s(0)t2a, and the values ofa are noted.

FIG. 5. The oxygen desorption processes at 200 °C annealin
a vacuum of 1023 Torr for the C70 film after exposure to air a
80 °C.
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the outer surfaces of the C70 molecule. During this surface
desorption process the molecular structure and the con
tivity are not changed significantly. Following the surfac
oxygen desorption, the decrease of the oxygen-related-de
states by breaking the carbon-oxygen bonds takes place
ing the major annealing process. Consequently, the con
tivity increases until it reaches a saturation value. The fil
annealed at 230 and 250 °C showed no activation ene
smaller than 0.51 eV. The minimum density of oxyge
related-defect states in this study perhaps is limited by
vacuum of 1023 Torr. We have chosen 200 °C, 10 h as sta
dard conditions for annealing the film to the oxygen-fr
state. At the moment, we do not know whether the def
density and/or the activation energy would be lower in
ultrahigh vacuum.

III. SUMMARY AND DISCUSSION

As seen above, we found that unlike the rapid increase
the conductivity in the first heating run in the C60 film,4 the
conductivity of the C70 film is always thermally activated
This implies the C70 film is more stable than the C60 film in
atmosphere. This can be explained by~a! the higher oxygen
intercalation energy barrier of the C70 than the C60
molecule,6 and ~b! that the annealing effect does not occ
until 150 °C. Based on one-electron arguments, the resul
Fig. 1 demonstrate that the Fermi levelEF lies belowEc in
the defect states. Equation~1! shows that trapped electron
near the Fermi level are thermally excited to the conduct
band, which results in a thermally activated conductivi
and the thermal activation energyEa5Ec2EF . The ob-
servedEa value of 0.51–0.81 eV implies that the oxyge
related defect state moves the Fermi-level position down
the middle of the gap. A pre-exponential factor of the co
ductivity is found to bes050.5V cm21. The value ofs0 in
the C70 film is 1–2 orders of magnitude lower than that
noncrystalline and doped crystalline semiconductors.13,14

The reversible change of the resistivity in single-crys
C60 has been described by oxygen desorption and absorp
effects.4 It has been found6 that the molecular oxygen inter
calates with C60 and C70 in a similar way, irrespective of
their different molecular structure. This is perhaps due to
fact that the nonplanarsp2 bands in both C60 and C70 are a
more important factor in the initial stages of oxidation than
the shape of the fullerene molecule. The conductivity d
creases as a function of the oxygen reaction time,s(t)
5s(0)t2a, wherea is the decay rate. Furthermore, thre
processes of oxygen reaction with the C70 films were dem-
onstrated:~a! When 0,t,t1, the slow process is dominan
by the adsorption of the oxygen molecules on the polycr
talline surfaces and the outer surfaces of the C70 molecules.
One possibility is that the molecular oxygen fills octahed
voids.15,16 Thus the fullerene molecular structure has not
been modified, and there are no significant changes in
conductivity. Because of the relatively large area of tho
surfaces, this process takes a time period of the orde
minutes. It is reasonable that this period would be longe
room temperature~about 10 min as shown in Fig. 3! and
shorter at higher temperature~1 min. at 80 °C in Fig. 4!. In
the latter case, the C70 molecule is in the rotation-free
phase,11,12 therefore, a short oxygen adsorption process d
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to the increase of the diffusion coefficient is expected.~b!
When t1,t,t2, the fast decay of the conductivity can b
explained by oxygen molecules intercalating between the70
molecules, which creates acceptor states and moves
Fermi level to the middle of the gap. Interestingly,a51 at
80 °C where the material is in the molecular orientati
free-rotation phase.s(t)}t21 can be deduced from a rat
equation with a single set of a defect states, which imp
that the oxygen intercalation creates one type of deep sta
the C70 film. At room temperature the conductivity deca
rate was even faster than at 80 °C~a51.3!. One possible
explanation is that the lowering of the symmetry of the C70
molecules in the orientation-disordered phase enhances
intercalation of the oxygen molecules. Whent.t2, the mild
decay of the conductivity may be due to creating accep
states energetically or spatially different from those in
fast decay process, for instance, electronic states relate
C70 monoxide and dioxide. No saturation was reached dur
the measurement time period. We knew15 that the subgap
optical absorption increases with prolonged exposure of
film to air, and thus the decrease of the conductivity is m
likely due to an increase of an oxygen-related defect wh
acts as an acceptor and moves the Fermi-level position d
to the middle of the gap. The intrinsic electronic band h
not been affected by the oxygen effect.6,15

A reversible change from an oxygen-intercalated state
an oxygen-free state can be done by annealing the film
,
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200 °C in a vacuum for 10 h. For the fullerene films, both t
oxygen-adsorption and -desorption processes on the l
area surfaces last several minutes before changes occur i
molecular and electronic structures. The annealing eff
which takes the film from an oxygen-intercalated to
oxygen-free state, was found to start from 150 °C when
oxygen intercalation occurred at room temperature; but
annealing effect started at lower temperature for the film
ter oxygen intercalation at 80 °C. It seems that some of
oxygen-related defect states created at higher temperatur
easier to anneal out. The reason remains unclear.

In addition, we found that the C70 film is an n-type semi-
conductor. The majority carrier is therefore the electron,
in the C60 film.1 For the C70 films the optical gap deduce
from the optical-absorption edge and from the PL main pe
is about 0.1 eV larger than the optical gap of C60. This may
be due to a higher binding energy per C atom in C70 relative
to C60.
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