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This paper presents a theoretical model of doping of C60 thin films by the diffusion of ions from metal electrodes under the
action of external electric bias. In the case of Au diffusion, the final nonlinear parabolic partial differential equation for the
concentration of mobile metal ions was solved numerically by the finite difference method for a given electric current
(galvanostatic operation). This yields the time evolution of ionic concentration profiles for different currents. A significant
increase in the rate of Au ion penetration into C60 films with increasing electric current is predicted by these calculations in
agreement with the published experimental observations. [DOI: 10.1143/JJAP.44.2803]
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1. Introduction

Fullerene-based solids have recently been demonstrated to
be prospective semiconductor materials for electronic and
optoelectronic applications and extensive experimental and
theoretical research activities have focused on the under-
standing of the optical and electronic properties of novel
semiconductors.1,2)

At room temperature, solid C60 is a molecular crystal with
all C60 molecules occupying the lattice sites of a face-
centered cubic (FCC) structure with a ¼ 14:17 �A.1) Closely
packed, they leave large holes around four octahedral and
eight tetrahedral interstitial sites of the unit cell. The radii of
voids roctahedral ¼ 3:06 �A and rtetrahedral ¼ 1:12 �A, are such
that the solid C60 can accommodate almost all elements from
the periodic table and even small molecules, conserving the
regular crystal structure.3) Crystals and thin films of pristine
C60 are found to exhibit a semiconductor-like behavior in
their optical and electronic properties by doping these
materials in an appropriate manner, their electronic proper-
ties can be ‘‘tuned’’ to coincide with those of semiconductors
and conductors and superconductivity may result.1)

The most commonly practiced type of doping is inter-
calation whereby dopants are situated between the C60

molecules in the interstitial positions. Intercalation may
occur as a spontaneous process or it can be induced by an
external stimulus, such as the vapor pressure of intercalating
species or an electric field applied to the sample.3) There has
been a considerable research effort to study intercalated
M3C60 (where M is an alkali or alkaline-earth metal) since
the discovery of superconductivity in these compounds.4,5)

C60-metal interactions can be classified according to
whether they form compounds (such as alkali- or alkali-earth
fullerides) with charge transfer from the metal donor to the
C60 electron acceptor, or phase-separated solids.6) For the
latter, no solid solution is formed with metals (other than
alkali or alkaline-earth metals), owing to their usually high
cohesive energy. A limited charge transfer between most
metals and C60 is still possible.7) Recently, metal diffusion
into C60 films under the action of an external electric field
and the corresponding formation of quasi-stable MxC60

compounds (where M is Au, Ag or In) have been
experimentally demonstrated.3,8) Nevertheless, there is a

serious lack of knowledge on physical mechanisms govern-
ing such as an electrodiffusion process. Our research is
focused on the development of an analytical model of the
metal diffusion into C60 films under the action of electric
bias and numerical analysis of the model for the diffusion of
Au.

2. Analytical Model

We have evidenced elsewhere9) that for our electrodiffu-
sional system (Fig. 1) the Debye length is much smaller than
the C60 specimen and it is reasonable to use the local
electroneutrality approximation

~ee ¼ ~ppþ ~PPþ ~NN ð1Þ

Here, ~ee ¼ 1012{1014 cm�3 and ~PP and ~pp are the concen-
trations of free electrons and bound and mobile metal ions in
C60 films, respectively; ~NN ¼ ~ee is the concentration of all
intrinsic fixed positive charges in per unit area (concen-
tration of hole in the valence band is equal to concentration
of electron in the conduction band) in a pristine C60 film.
From mass conservation for the metal ions, the gradient of
the flux ~|| ~xx is given by

~PP~tt þ ~pp~tt ¼ � ~|| ~xx: ð2Þ

Assuming a linear equilibrium relation between ~PP and ~pp,
these variables can be related through the binding coefficient
�2.

~PPð ~xx; ~ttÞ ¼ �2 � ~ppð ~xx; ~ttÞ ð3Þ

Now, the fluxes of metal ions ~||ð ~xxÞ are controlled by diffusion
and drift components:

Fig. 1. Schematic diagram of electrodiffusion system where the C60 film

is situated in between the two metal electrodes.
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~||ð ~xxÞ ¼ � ~DD � ~pp ~xx �
~DD � z � F � ~pp ~xx � ~’’ ~xx

R � T
: ð4Þ

Similarly, mass conservation for electrons implies

~ee~tt ¼ ~DDe ~ee ~xx �
z � F � ~ee � ~’’ ~xx

RT

� �
~xx

; ð5Þ

where ~DDe is the diffusivity of electrons.
When an external electric field is applied, the electric
potential on both metal side of both electrode/C60 interfaces
is

~’’ð0Þ ¼ 0; ~’’ð1Þ ¼ � ~VV ; ð6Þ

where ~VV is the voltage drop between the electrodes.
At equilibrium, the electrochemical potentials of ions and
electrons are continuous across the electrode/C60 interfaces
implying x ¼ 0 and x ¼ 1

ðRT � lnð ~ppkÞ þ zF ~’’kÞ ¼ ðRT � lnð ~ppÞ þ zF ~’’Þ ð12aÞ
ðRT � lnð ~eekÞ � zF ~’’kÞ ¼ ðRT � lnð ~eeÞ � zF ~’’Þ: ð12bÞ

On the other hand, the electric current continuity condition is

~DDm ~pp ~xx þ
z � F � ~pp � ~’’ ~xx

RT

� �
~xx

� ~DDe ~ee ~xx �
z � F � ~ee � ~’’ ~xx

RT

� �
~xx

¼ 0:

ð13Þ
The integration of eq. (13) yields

~DDm ~pp ~xx þ
z � F � ~pp � ~’’ ~xx

RT

� �
� ~DDe ~ee ~xx �

z � F � ~ee � ~’’ ~xx

RT

� �
¼ �

~IIð~ttÞ
F

;

ð14Þ
where the electric current density ~IIð~ttÞ corresponds to the
galvanostatic regime of operation. The mathematical proce-
dure of derivation of the final equation of our analytical
model based on eqs. (1)–(14) is described in detail else-
where.9) Furthermore, the total number of metal ions ~ppð~tt; ~IIÞ
penetrating into the film during the time ~tt is

~ppð~tt; ~IIÞ ¼

0
BBBBBB@ D2 þ

~NN� 1�
~DDe

~DDm

ð1þ �2Þ

 !

~pp 1þ
~DDe

~DDm

ð1þ �2Þ

 !
þ ~NN

~DDe

~DDm

0
BBBB@

1
CCCCA

� ~pp ~xx þ
~NN� ~II

F � ~DDm ~pp 1þ
~DDe

~DDm

ð1þ �2Þ

 !
þ ~NN

~DDe

~DDm

 !
1
CCCCCA

~xx

:

ð15Þ

Here,

~DD2 ¼
1þ �2

~DDm

þ
1

~DDe

and

~NN� ¼
~NN � ~DDm

ð1þ �2Þ 1þ �2 þ
~DDm

~DDe

 ! :

Equation (15) is the final differential equation of our model
to be solved with the initial and boundary conditions:

~ppð ~xx; 0Þ ¼ 0 and ~ppð0; ~tt Þ ¼ ~ppð1; ~tt Þ ¼ ~pp0 ð16Þ

where ~pp0 is the concentration of metal ions on the C60 side of
the electrode/C60 interface.

3. Results and Discussion

Figures 2 and 3 show the results of numerical solution of
eqs. (15) and (16) obtained by an explicit finite difference
method. The dimensionless concentration p is defined as the
ratio of the concentration of metal ions on C60 films at any
given time to the concentration of metal ions on the C60 side
of the electrode/C60 interface. Correspondingly, the dimen-
sionless distance x is defined as the ratio of the distance from
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Fig. 2. Diffusion profiles of metal ions in C60 at 150�C: (a) t ¼ 0:0001

(1), 0.001 (2) and 0.01 (3), without any electric field between the

electrodes; (b) t ¼ 0:01 and the electric currents between the electrodes of

�5mA (1), 23mA (2) and 47mA (3) (c) the electric current of 47mA and

t ¼ 0:0001 (1), 0.001 (2), 0.01 (3) and 0.1 (4).
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the given point in the C60 films to the nearest electrode to the
distance between two electrodes (Fig. 1). Finally, the
dimensionless time t is normalized by the typical time of
diffusion, which is equal to the squared distance between the
electrodes divided by the metal diffusivity value.

Specifically, we demonstrate a symmetric characteristic of
the diffusion concentration profiles without applying an
electric field between the electrodes [Fig. 2(a)]. The appli-
cation of an electric field manifested in the asymmetrical
diffusion profiles. Moreover, an increase in electric current
between the electrodes results in a significant increase in the
rate of metal ion penetration into C60 films [Fig. 2(b)]. A
monotonic increase of metal ion concentration with time at
any position in the C60 films for the constant electric current
[Fig. 2(c)] as well as that of the minimum metal ion
concentration (pmin) in the films (Fig. 3) are also shown. The
rate of the latter is shown to increase with the magnitude of
the electric current (Fig. 3). Our results are consistent with
the experimental findings3,8) and can be considered as lines
of analytical evidence of the metal electrodiffusion in C60

films.
The diffusivity value of O2 in C60 films at 150�C is

reported to be 10�12 cm2/s.10) Since the radius of the Au
atom is nearly equal to that of the O2 molecule, we have
assumed that the diffusivity of these species should be of the
same order of magnitude. In contrast to this assumption, our
calculation revealed that, in order to reproduce the equili-
brium distribution of the Au ions in the C60 film shown by
curve 4 in Fig. 2(c), the Au diffusivity should be of
�10�7 cm2/s. This finding together with the experimental

observation of the Au electrodiffusion into C60 films8)

indicates a certain enhanced diffusion mechanism in the
films. We may suggest that a grain boundary diffusion may
control this phenomenon in the polycrystalline C60 films.
This is consistent with the experimental finding that the rate
of Au electrodiffusion into C60 films increases with the
decrease in the grain size of the C60 films.8)

4. Conclusions

1. An analytical model for doping of fullerene thin films
by the electrodiffusion of ions driven by an electric
current from metal electrodes is proposed. The diffusion
profiles of metal ions are numerically calculated and
traced as a function of time and electric current.

2. A significant increase in the rate of the metal ion
penetration into C60 by the electric current is predicted.

3. Electric-field-induced diffusion can constitute an alter-
native electrochemical method for the doping of full-
erene solids.

4. The possibility of the electrode metal diffusion even at
relatively small applied electric fields should be
considered for the analysis of conductivity measure-
ments of C60 solids.
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Fig. 3. Time dependence of the minimum concentration of metal ions in

C60 films (pmin.) after the diffusion at 150�C and electric currents of

�5mA (1), 23mA (2) and 47mA (3).
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