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Temperature dependence of the conductivity and kinetics of oxygen intercalation of £5 films
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Electrical conductivity values of 13810 ° to 1.8x 10 ** (Q cm)~? at 30 °C were found in undoped,£
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 cm)~ 1. We demonstrated that the conductivity decay due to oxygen intercalation
follows o (t)=0(0)t™ %, where a<l when 0<t<tl, a=1 whentl<t<t2, and 0.5a<1.0 whent>t2,
corresponding to three processes of oxygen reaction with the[f#6163-18208)01308-3

I. INTRODUCTION rated onto the substrates. The thickness of the polycrystalline
films was 2.14um, and the crystallite sizes were about 40
Both theoretical calculation and experimental investiga-nm measured by x-ray diffractionFor conductivity studies,
tion of the electrical conductivity have shown semiconduct-coplanar Al electrodes with a 6@m gap and 3-mm length
ing behavior in Gy and Gy fullerenest The simplest picture were evaporated onto the top of the film.
is that the highest occupied molecular-orbital electronic state For these fullerene films, the optical absorption edge was
(h,) forms the valence band, and the lowest unoccupied momeasured by photothermal deflection spectrosCagyd the
lecular orbital electronic statety(,) forms the conduction optical gapE, was determined by using the Tauc model of
band. Experimentally, the room-temperature electrical resisa(E)hve (E—E)?, which is based on assumptions of a
tivity was found to be 1®Q cm for oxygen-free g, films>  constant optical matrix element and a parabolic density of
and 164 Q cm for mixed G, and Gy, films after exposure to  states’ For the G, films, we found that the optical gap of
air2 However, contradictory values of the energy levels of1.7—1.8 eV is larger than that of 1.6 eV fogC® In order to
the defect states deduced from the conductivity activatiorverify the value of the optical gap, we measured photolumi-
energy have been reportéd.In oxygen-free single-crystal nescencéPL) spectra in a temperature range of 10—-300
Ceo the conductivity activation energies were found to befor both Gy and Gy films.X® The energy position of the PL
0.26 and 0.15 eV, and was described as an impurity level imain peak was found to be 1.79 eV fosgCand 1.69 eV for
Ref. 4. In a previous work, we found 0.51 eV for undopedCgq films. Again, the optical gap of thegfilm is 0.1 eV
oxygen-free mixtures of & and Gy films® Furthermore, larger than that of the & film. Furthermore, the majority-
reversible oxygen intercalation with solidggCand Gy has  carrier type of the ¢, solid was measured by using the ther-
been found by both electrical conductivity and molecularmoelectric power technique. After heat treatment at 200 °C
structure studie$:® To the best of our knowledge, the kinet- in vacuum, the film was found to be type.
ics of oxygen intercalation in fullerenes has not been studied. The conductivity measurements were carried out in a
In this paper we present interesting experimental results of0~3-Torr vacuum in the temperature range of 300-500 K
the electrical conductivity of & films, their activation en- without causing a change of the polycrystalline structure. A
ergy, and the kinetics of oxygen intercalation, to gain insightprogrammable temperature controller was used. The accu-
into the electrical properties and the electronic structure ofacy of the measurements of temperature and time was
these fullerenes. +0.05 °C and+1 s, respectively. The-V characteristic was
linear in the beginning of the measurements, then became
nonlinear at low field ¢ 10° V/cm) after a few runs, perhaps
due to the formation of a thin AD5 layer at the Al/G,
Polycrystalline Gy powder (99% G, and 1% Gg) was interface. When we evaporated a thin layer of MgO between
preheated in a vacuurfi< 10~ ° Torr) at 250 °C for 8 h to  the Al and the fullerene film, the initial conductivity was
remove toluene and gases from the powder. Thgflins  larger than the case of Al alone, but the/ characteristic
were evaporated onto 7059 glass and quartz substrates foecame nonlinear again in low field-(L0* V/cm) after ex-
electrical and optical measurements, respectively. The sourgmsure of the sample in air. So we believe that the nonlin-
temperature was 450 °C, and the substrate temperature waarity of thel -V curve at low field is an intrinsic problem of
250 °C. The evaporation shutter was opened after 10 min ahe fullerene films in oxygen-intercalated state. Nevertheless,
heating the source to 450 °C in order to get rid of thg C the results were reproducible in the linear region of 1-6
molecules in the source, so that only,@vould be evapo- x10* V/cm.

Il. EXPERIMENT AND RESULTS
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FIG. 2. The room-temperature conductivity as a function of the
10«13

e activation energy from the sameilm as shown in Fig. 1.
1.0 1.5 2.0

line is the calculated curve according to E6), whereo

1000/T (1/K) =0.5Q cm L. Again, the calculated curve agrees with the
experimental results at 30 °C.

We further show the kinetics of both air and oxygen in-
tercalation with the &, film measured by the conductivity as
a function of the exposure time. Figure 3 shows the decrease
of the conductivity upon exposing the film to air and to
99.99% oxygen gas at room temperature, respectively. The
Figure 1 shows five typical curves of the conductivity similarity of the two curves in Fig. 3 implies that oxygen
versus inverse temperature from ong,@im. They are  molecular intercalation is the dominant process in both con-
(curvea) the first run of increasing temperature with a heat-ditions. The different values of the conductivity are due to
ing rate of 1 °C/min;(curveb) after annealing at 200 °C for the different stages of the film history. Figure 4 shows the
15 h, with decreasing temperature at 1 °C/min from 200 tadecrease of the conductivity upon exposing the film to air at
100 °C, then natural coolingicurve c) after annealing at 80 °C, where the & molecule is in the rotation-free
200 °C for 93 h, with decreasing temperature in the samghase'!'*? The data in Figs. 3 and 4 can be described by an
manner agcurveb); (curved) after annealing 15 h at 220 °C  exponential function as
following exposure to air for 193 h at room temperature, at
decreasing temperature with varied rate; dodrve e) at o(t)=o(0)t ™9,
increasing temperature with varied rate after exposure to air
for 25 h at 80 °C. A temperature ramp rate of 1 °C/min was

FIG. 1. Conductivity temperature dependence of g fdm in
vacuum at several stagésee text The dashed lines are calculated
data according tar=oexfd —E,/kT] where =0.5 (Q cm™})
andE,=0.51, 0.55, 0.6, 0.67, and 0.73 eV, respectively.

a<l when Xt<tl

normally used, but with a varied rate from 0.1 to 5 °C/min 2
the thermally activated behavior did not change below about
150 °C. This implies that the annealing effect on electron a=1  whentl<t<t2
transport does not occur below 150 °C in most cases. One
exception is curve, in that the data were taken after expos- 0.5<a<1.0 whent>t2.
ing the film to air at 80 °C; the annealing effect then started
at about 85 °C. Regardless of the temperature increase or 10 Ty
decrease, the conductivity always shows a thermally acti- E o
vated behavior in the £ films: - 100 e R R N
£
E ok
o=ogexd —E,/kT], (1) 2 E 0 © ©ommm oo,
2
% 101 _ A expose to air \
where g, is the pre-exponential factor ar, is the activa- 2 F© expose00,
tion energy. In more than ten runs of heating and cooling S el ‘:'lol w<tl
cycles, 0.51 e¥E,<0.81 eV was observed. The smallest e i
activation energy(0.51 eV} was found in the well-annealed oD ]
state(curvec) while the largest activation enerd9.81 e\j 02 0t 100 100 1 1 1ot
was found in the air-exposed stdsee Fig. 2. Inserting the , )
measured value @&, and usingr,=0.5Q cm 1, the calcu- Exposure time. (min)

lated curves agree well with the experimental results below FG. 3. The conductivity of the & film as a function of the

150 °C as shown in Fig. 1. The deviation of the experimentakxposure time to either air or oxygen gas at 28 °C. The results from
data from the law presented in E@) is due to the annealing both measurements show three time regimes separateddydt2.
effect. The room temperature conductivity as a function ofThe dashed line is calculated according ¢t¢t)=c(0)t"¢. The

the activation energy is summarized in Fig. 2. The dashedymbols for air and gas and the valuewfire noted in the figure.
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the outer surfaces of the;g£molecule. During this surface-
desorption process the molecular structure and the conduc-
tivity are not changed significantly. Following the surface-
] oxygen desorption, the decrease of the oxygen-related-defect
. states by breaking the carbon-oxygen bonds takes place dur-
] ing the major annealing process. Consequently, the conduc-
i tivity increases until it reaches a saturation value. The films
E annealed at 230 and 250 °C showed no activation energy
smaller than 0.51 eV. The minimum density of oxygen-
related-defect states in this study perhaps is limited by the
N . L vacuum of 102 Torr. We have chosen 200 °C, 10 h as stan-
o e e o e e e dard conditions for annealing the film to the oxygen-free
A . . state. At the moment, we do not know whether the defect
ir exposure time (min) . . . .
density and/or the activation energy would be lower in an
FIG. 4. Dependence of the conductivity of thg,@im on ex-  ultrahigh vacuum.
posure time to air at 80 °C. The data show three time regimes sepa-
rated bytl andt2. The dashed line is calculated according to
a(t)=0c(0)t™ ¢, and the values o are noted.
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lIl. SUMMARY AND DISCUSSION

As seen above, we found that unlike the rapid increase of

The three regimes of the conductivity decrease suggest threge conductivity in the first heating run in theyilm, the
processes of molecular oxygen intercalation with thg C conductivity of the G, film is always thermally activated.
film: (a) slow, (b) fast, and(c) intermediate. In this work, it This implies the G, film is more stable than theggfilm in
took a few seconds to switch the sample chamber ffonhtmosphere. This can be explained(aythe higher oxygen
vacuum to ambignt pressure. Hence the slow process can Nptercalation energy barrier of the . than the G,
be due to the time required for the gas to flow into themglecule® and (b) that the annealing effect does not occur
sample chambef™*® until 150 °C. Based on one-electron arguments, the results in

In order to change the film from an oxygen-intercalated torijg. 1 demonstrate that the Fermi lev&! lies belowE, in
an oxygen-free state, desorption of the oxygen from the filmhe defect states. Equatidft) shows that trapped electrons
by annealing at 200 °C in vacuum is needed. We show onfiear the Fermi level are thermally excited to the conduction
typical annealing process in the following. Right after thepand, which results in a thermally activated conductivity,
measurements of cuneein Fig. 1, the temperature was con- gnd the thermal activation enerdy,=E.—Eg. The ob-
tinually increased up to 200 °C. The annealing effect waservedE, value of 0.51-0.81 eV implies that the oxygen-
recorded at 200 °C by the time dependence of the conductig|ated defect state moves the Fermi-level position down to

ity as shown in Fig. 5. One finds three steps in the annealinghe middle of the gap. A pre-exponential factor of the con-
processes: a minor annealing effect in the first ten minutegyyctivity is found to bery=0.5Q cm L. The value ofo in

followed by a major annealing effect, which finally saturatesine G, film is 1-2 orders of magnitude lower than that in

after about 10 h. It is worthwhile to mention here_ that in thenoncrystalline and doped crystalline semiconductdré.
temperature range of these measurements, the film can reachTnhe reversible change of the resistivity in single-crystal

a unifo.rm temperature within 0.1 min. Therefore, the mir.prc60 has been described by oxygen desorption and absorption
annealing step cannot be a thermal delay effect. In additiofects? It has been fourfithat the molecular oxygen inter-
we have recorded the conductivity annealing processes fromy|ates with G, and G, in a similar way, irrespective of

an oxygen-intercalated to an oxygen-free state at tempergneir different molecular structure. This is perhaps due to the
tures of 200, 230, and 250 °C. The same three-step featureg.; that the nonplanasp? bands in both g and G, are a

as in Fig. 5 were found. One possible explanation of thenqre important factor in the initial stages of oxidation than is
minor annealing process is the desorption of the oxygen molpe shape of the fullerene molecule. The conductivity de-

ecule from the large area of the polycrystalline surfaces angyegases as a function of the oxygen reaction timét)

=g(0)t™ ¢, wherea is the decay rate. Furthermore, three
processes of oxygen reaction with the,@Iims were dem-
onstrated(a) When 0<t<t1, the slow process is dominant
by the adsorption of the oxygen molecules on the polycrys-
p talline surfaces and the outer surfaces of thg iBolecules.
E o oo o E One possibility is that the molecular oxygen fills octahedral
i ] voids 1> Thus the fullerene molecular structure has not yet
been modified, and there are no significant changes in the
conductivity. Because of the relatively large area of those
e surfaces, this process takes a time period of the order of
minutes. It is reasonable that this period would be longer at
room temperatur¢about 10 min as shown in Fig.) &nd

FIG. 5. The oxygen desorption processes at 200 °C annealing ighorter at higher temperatu¢& min. at 80 °C in Fig. 4 In
a vacuum of 10° Torr for the G, film after exposure to air at the latter case, the 4 molecule is in the rotation-free
80 °C. phase'!!2 therefore, a short oxygen adsorption process due

10 p—rrrrm v

E 200 °C
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Conductivity (Ohm cm)
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to the increase of the diffusion coefficient is expect@gl. 200 °C in a vacuum for 10 h. For the fullerene films, both the
Whentl<t<t2, the fast decay of the conductivity can be oxygen-adsorption and -desorption processes on the large
explained by oxygen molecules intercalating between the C area surfaces last several minutes before changes occur in the
molecules, which creates acceptor states and moves theolecular and electronic structures. The annealing effect,
Fermi level to the middle of the gap. Interestingly=1 at  which takes the film from an oxygen-intercalated to an
80 °C where the material is in the molecular orientationoxygen-free state, was found to start from 150 °C when the
free-rotation phaseo(t)«t™! can be deduced from a rate oxygen intercalation occurred at room temperature; but the
equation with a single set of a defect states, which impliesinnealing effect started at lower temperature for the film af-
that the oxygen intercalation creates one type of deep state ter oxygen intercalation at 80 °C. It seems that some of the
the Gy film. At room temperature the conductivity decay oxygen-related defect states created at higher temperature are
rate was even faster than at 80 {@=1.3). One possible easier to anneal out. The reason remains unclear.
explanation is that the lowering of the symmetry of thg C In addition, we found that the & film is an n-type semi-
molecules in the orientation-disordered phase enhances tlg@nductor. The majority carrier is therefore the electron, as
intercalation of the oxygen molecules. Whient2, the mild  in the G film.? For the G films the optical gap deduced
decay of the conductivity may be due to creating acceptofrom the optical-absorption edge and from the PL main peak
states energetically or spatially different from those in theis about 0.1 eV larger than the optical gap gh.CThis may
fast decay process, for instance, electronic states related be due to a higher binding energy per C atom g @lative
C,o monoxide and dioxide. No saturation was reached duringo Cgo.*
the measurement time period. We knéwthat the subgap
optical absorption increases with prolonged exposure of the ACKNOWLEDGMENTS
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