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Planar doping of crystalline fullerene with cobalt
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Abstract

A study of 100 keV Co+-implanted C60 films with Rutherford Backscattering and Raman spectroscopy has revealed the pronounced
cobalt translation from the surface layer of amorphous carbon into the deeper crystalline fullerene due to post-implantation annealing at
300 �C. Carbon density gradient along the film depth is discussed as a driving force of this effect. Cobalt deficit in the doped fullerene
layer, detected by means of ion beam analysis, suggests ionization of the C60 molecules under the collisions with 2 MeV He+ ions.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Evaluation of the C60 electronic properties, reported in
recent past [1], reveals doping of this material with metals
as attractive channel of modern material science. The
importance of this procedure has been recognized after
the successful studies of the alkali metal (A)-fullerene com-
pounds. The experiments have revealed electrical conduc-
tivity of the compounds related with filling unoccupied
t1u-derived states [2–4]. Following discovery of AxC60

superconductivity with relatively high critical temperature
(up to 33 K) has improved an importance of the problem,
suspecting many promising metal–C60 combinations [5–8].
However, the conventional doping procedure, exploited
during AC60 creation [4–7], becomes useless for many other
metals due to high sublimation heat of those, requiring
extreme thermal conditions. From this viewpoint, ion
implantation as possible doping method has the evident
advantages, such as: temperature independence and con-
trollability of the process, creation of shallow doped layer
that are important points during device manufacturing
[9]. Concerning to the fullerene doping, moreover, ion
implantation is implied to be especially attractive due to
0009-2614/$ - see front matter � 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2006.03.087

* Corresponding author.
E-mail address: vlavren@mail.ru (V. Lavrentiev).
insensitivity of the resulting structure to oxygen [10]. On
the other hand, testing ion implantation to fullerene has
revealed destroying C60 molecules [10–15] that sufficiently
restricts the interest to this technique. In spite of this prob-
lem, we have applied ion implantation for doping of crys-
talline fullerene with cobalt. Analysis of the previous
results shows the enhanced penetration of potassium dur-
ing K+ implantation into C60 at elevated temperatures
[10]. Suspecting the way for C60 doping, we have tried to
check this phenomenon using post-implantation annealing
of cobalt-implanted fullerene.

2. Experiment

High-pure C60 has been deposited on clean sapphire
substrate at 450 �C Knudsen cell temperature in ultra-high
vacuum. Final thickness of the deposited C60 films was
about 1000 nm. According to our experience, the applied
conditions lead to formation of the nano-crystalline C60

films with fcc crystal lattice. The fullerene films have been
implanted with 100 keV Co+ ions at room temperature
(RT) in ultra-high vacuum. The conventional ion implanta-
tion provided uniform distribution of the dopant along the
5 · 5 mm2 sample surface owing to the beam scanning. The
ion beam current was equal to 1 lA at the beam spot of
about 1 mm. The implantation dose was varied in the inter-
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Fig. 1. Raman spectra of C60 films virgin and implanted by 100 keV Co+

ions with various ion doses.
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val of 1 · 1012 –5 · 1016 Co/cm2. We applied Rutherford
backscattering spectroscopy (RBS) with 2 MeV He+ beam
to analyze the chemical composition of the implanted films.
During the RBS analysis ion beam current was kept at
10 nA. To convert the RBS spectra into cobalt depth pro-
files we have used RUMP code (RBS Universal Master
Package, RUMP) [16,17]. Several etalon-samples have
been used (C, Al, Si, Cu and Au) for accurate energy scale
calibration of the RBS spectra that was important point in
correct determination of the dopant depth position. As
general, the RUMP simulation method has included the
search of much suitable composition in set of the layers,
modeling the doped sample, to fit precisely the experimen-
tal RBS spectrum by theoretical one. Correlation between
ion doses, taken from the experimental setup and from
the simulation of as-implanted sample RBS spectrum,
was a criterion of the correct RUMP application. Addi-
tionally, we have modeled the dopant depth profile in the
as-implanted samples with a TRIM code. As known,
TRIM (Transport of ions in matter) [16,18] is a power tool
for determination of the ion range distribution for given
ion-target combination. A correspondence of the models
and the experimental profiles, taken for the as-implanted
samples, was another criterion during RUMP exploitation.
To elucidate the temperature effect on dopant distribution
we applied annealing of the implanted samples at 300 �C in
vacuum. Potassium ion implantation into fullerene at this
temperature provided deepest penetration of the dopant
[10]. Before the experiments (ion implantation, post-
implantation annealing and ion-beam analysis) the samples
have been kept in the dry atmosphere under normal condi-
tions. Chemical state of carbon before and after ion
implantation was controlled by Raman spectrometry, using
nanobeam of argon laser with 488 nm wavelength and
0.5 mW beam power. To avoid the structure deviation
under the laser beam exposition we used scanning mode
during the Raman measurements, decreasing a probe time
at one point up to 25 ms.

3. Results and discussion

It was reported that ion implantation of potassium into
C60 film with ion energy of several tens keV transforms the
surface layer of fullerene into amorphous carbon [10–12].
Apparently, the dopant was situated mainly within amor-
phous carbon. However, the unusual depth profile of
potassium, implanted in fullerene film under the elevated
temperatures [10], suggests penetration of potassium into
undestroyed C60 layer. We aimed to check the temperature
effect, providing cobalt ion implantation into fullerene. In
order to elucidate an importance of temperature in the
unusual dopant distribution, we have separated the
implantation and thermal effects in time, preparing cobalt
ion implantation and post-implantation annealing of the
samples, consequently.

First of all, we have tried to confirm the destruction of
C60 molecules due to 100 keV Co+ implantation. Fig. 1
shows the Raman spectra of the fullerene films implanted
with various doses. It is seen that Raman spectra of the
implanted samples include a broad peak between 900 and
1800 cm�1, indicating formation of amorphous carbon
(a-C). It was found that a-C peak rises after implantation
with ion dose higher then 1013 Co/cm2. Gradual reduction
of the main C60 peak at 1468 cm�1 with ion dose is referred
to the contribution from the deeper layer of undestroyed
fullerene [10].

In order to confirm the dopant location in as-implanted
fullerene we have prepared the RBS spectra of the samples.
The spectrum of the fullerene film implanted with ion dose
of 3 · 1016 cm�2 is shown in Fig. 2a. The spectrum reveals
carbon edge at lower channels and evident peak at about
415 channel related with implanted cobalt. Small feature
nearby the carbon edge reflects some contamination of
the sample surface with oxygen generally detected in the
implanted fullerene films [10,12]. Fig. 2b depicts the respec-
tive cobalt depth profile simulated with RUMP. The simu-
lation yields a projected range (Rp) of about 64 nm.
Adjusting the cobalt depth profile with that, simulated by
TRIM, gives us the carbon density in the surface layer
along ion range close to 2.45 g/cm3. This value is much
higher than average density of the crystalline fullerene
and little above than that for graphite (1.7 and 2.23 g/
cm3, respectively [1]). Apparently, the evaluated density
should be referred to a-C, creating in the surface layer dur-
ing ion implantation.

The surface layer density has been also estimated from
analysis of Raman data. Fig. 3 shows the Raman spectrum
of the implanted fullerene film, including analysis of a-C
peak as superposition of two Lorentzians (so-called D
and G peaks [19]). Using the semiempirical model of amor-
phization trajectory [19] and ratio of the D and G peak
intensities (ID/IG = 0.7), the implanted layer was defined
as highly disordered carbon, containing about 14% of sp3

phase. Such carbon composition has the average density
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Fig. 2. (a) RBS spectrum of C60 film implanted by 100 keV Co+ ions with
ion dose of 3 · 1016 cm�2. (b) The respective depth profile of cobalt in the
implanted sample simulated by RUMP code and TRIM simulated depth
profile of cobalt after 100 keV Co+ implantation into amorphous carbon
with density of 2.45 g/cm3.
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Fig. 3. Separation of the amorphous carbon peak by D and G Lorentz
peaks in Raman spectrum of C60 film implanted by 100 keV Co+ with ion
dose of 3 · 1016 cm�2.
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of 2.4 g/cm3. It could be seen good correlation of the car-
bon densities taken with the RBS and Raman spectra that
confirms the situation of cobalt in the a-C surface layer.
Therefore, ion implantation of cobalt into fullerene film
results in formation of two carbon layers with different
densities, i.e. the a-C surface layer, containing implanted
cobalt atoms, and deeper layer of virgin C60 crystals. This
difference happened due to the destruction of C60 molecules
during ion implantation and following shrinkage of the
surface layer. Under such conditions any guest atoms,
located in the shrinking layer, should be influenced by driv-
ing force related with the carbon density gradient. It means
that implanted atoms have to move in direction of the gra-
dient, i.e. from more dense amorphous carbon to more spe-
cious fullerene lattice. As a consequence, we found a long
tail in the depth distribution of cobalt even in as-implanted
sample (see Fig. 2b). This conclusion also elucidates elon-
gation of the dopant depth profiles observed after K+

implantation into fullerene at elevated temperatures [10].
To check this idea we have studied the cobalt depth distri-
butions after annealing of the implanted C60 films.

Fig. 4a displays the RBS spectra of the C60 film just after
100 keV Co+implantation and after following annealing at
300 �C for 2 h. It is seen that after annealing cobalt peak
has been shifted to the lower channels, suggesting in-depth
cobalt translation during the thermal treatment. Stable
position of the C edge after annealing emphasizes the ori-
gin of the Co peak shift. Surprising decrease of the peak
height after annealing should be interpreted as cobalt los-
ing during the treatment. This phenomenon was also found
during the analysis of potassium ion implantation at the
elevated temperatures [10], however any explanation has
not been done.

Fig. 4b shows the Co depth profiles in the film just after
implantation and after subsequent annealing prepared by
RUMP simulation of the respective RBS spectra. It is clear
that cobalt after annealing is situated in the deeper layer of
virgin C60 crystals. Evidently, similar doping procedure
could be executed for any other metals chemically inactive
to carbon.

Features of the in-depth cobalt translation could be
understood from the quantitative analysis of the process.
Indeed, one-directional motion of the guest atoms in fuller-
ene, occurring at temperature T under the effect of driving
force F, can be described by Einstein equation [20]

v ¼ D
kT

F ð1Þ

where v is a velocity of the guest atoms; D is a diffusion
coefficient; k is Boltzmann’s constant.

It is convenient to imagine another way for the sample
treatment to characterize driving force of the cobalt trans-
lation. The film modification should be similar, if the sur-
face C60 film layer, somehow doped by cobalt along the
Rp layer, suddenly to subject to the high in-plane compres-
sion up to the molecular crushing. Evidently, the Co atoms,
dissolved initially in the surface C60 layer, should be
squeezing out from the dense layer of disordered carbon
into the deeper specious C60 layer. The main features of
the film, modified in such a way, are the carbon density



Fig. 4. (a) RBS spectra of C60 film after 100 keV Co+ ion implantation
with ion dose of 3 · 1016 cm�2 and after post-implantation annealing at
300 �C for 2 h. (b) The respective depth profiles of cobalt in the analyzed
sample. (c) The schemes of the cobalt-implanted fullerene sample just after
implantation at RT (left) and after following annealing at Ta temperature
(right).
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gradient, directed into the film depth, and strained state,
decreasing gradually the lattice space during out-depth
approaching to the surface layer. These features activate
the in-depth Co motion.

The force, acting on each guest atom in the strained
layer, can be expressed through free energy decrease along
the in-depth atomic jump, i.e.
F ¼ rX
d

ð2Þ

where r is a dilatation stress, arising due to the shrinkage
of the surface carbon layer; X is the change of unit volume
around the jump; d is a jump distance. According to the
Hook’s law r = Ee, and strain e can be estimated roughly
as e � Dq/q0, where Dq = qa � q0, qa and q0 are the densi-
ties of a-C and solid C60, respectively; E is the fullerene
elastic modulus. Taking into account these equations, the
velocity of the cobalt in-depth translation v could be de-
fined as

v ¼ D
kT

Dq
q0

EX
d
; ð3Þ

that permits us to estimate the diffusion coefficient D of
cobalt in crystalline fullerene. From the experiment
v = 2.8 · 10�9 cm/s, T = 573 K, Dq = 0.75 g/cm3, and
assuming that E = 18 · 1010 dyn/cm2 [21], d � 3 ·
10�8 cm, and X � 5 · 10�23 cm3, we have D � 2 · 10�18

cm2/s. This estimation elucidates a dominant role of the
driving force in the cobalt in-depth translation. Minority
of the thermal diffusion in this phenomenon prevents
broadening of the dopant profile during annealing (see
Fig. 4b). Indeed, broadening of the dopant distribution
due to the thermal diffusion can be estimated as

ffiffiffiffiffi

Dt
p

,
where t is the annealing time, that leads to the negligible
value of about 1 nm.

The detected effect of the dopant loss after annealing
should receive some discussion. It is seen that RBS analysis
of the fullerene films just after RT ion implantation reveals
adequate content of the dopant. However, if the analysis
was executed for the thermally treated samples the experi-
ments show the dopant deficit. Same tendency has been
observed after secondary ion mass spectroscopy (SIMS)
profiling of the 30 keV K+-implanted C60 films [10]. As
reported, SIMS analysis of the film after ion implantation
at 300 �C has revealed evident in-depth translation of
potassium with 20% of the dopant loss. In the present
study RBS analysis of the 100 keV Co+-implanted C60 film
after annealing at 300 �C has detected sufficient in-depth
translation of the dopant and more then 60% of the cobalt
loss (see Fig. 4b). It should be noted that the dopant losing
occurs, if the implanted atoms are situated in the deeper
C60 layer. Since SIMS and RBS are the ion beam tech-
niques, it is reasonable to suspect the ion beam effect in
the dopant loss. As known, the collisions of high-energy
(several hundreds keV) hydrogen or helium ions with C60

molecules result in pronounced ionization of the carbon
cages [22,23]. The collisions at higher energy will increase
the probability of the electronic excitations [15]. Hence,
during 2 MeV He+ beam analysis of the implanted and
annealed sample the C60 molecules in a volume of the dee-
per layer, shaded by ion beam spot, will be ionizing under
the collisions with the swift helium ions. The C60 ionization
should be sensitive for cobalt atoms, situated within fuller-
ene lattice, if those are positively charged. Coulomb inter-
action with positive C60 ions of fullerene lattice will push
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cobalt ions out of the analyzing volume. This conclusion
leads to the idea that cobalt, located within C60 crystals
after post-implantation annealing, is also in the ionized
state. The Co ionization could be promoted by Co–C60

bonding feature, requiring electron transfer from Co atom
toward C60 molecule [24,25]. If the molecules in Co–C60

compound lose binding electrons during the collisions with
fast helium ions, the Co–C60 bonds can be easily broken
due to the Coulomb repulsion. The released Co ions will
be removed easily through the specious channels of the ion-
ized C60 lattice to the neighboring region, containing only
virgin C60 molecules. As a result, the detected quantity of
the dopant is occurred much lower than expected one.
Under the done explanation the dopant loss effect claims
that after post-implantation annealing cobalt atoms are sit-
uated within virgin C60 molecules and following 2 MeV
He+ ion beam treatment does not destroy those except ion-
ization. Indeed, the destruction of the carbon cages will
suppress the dopant loss effect owing to damaging the spa-
cious channels and much efficient bonding cobalt with car-
bon cage fragments [26]. Completely disordered carbon
structure will keep cobalt without losing, as it was shown
during RBS analysis of the as-implanted samples (Fig. 2b).

The explanation also suggests that 5.5 keV Oþ2 ions,
used during the SIMS analysis of potassium-implanted ful-
lerene [10], also leads to ionization of the C60 molecules,
adjoining the sputtering layer. However, relatively low
energy of the oxygen ions implies small thickness of the
adjoining C60 layer affected during SIMS sputtering. More-
over, the destruction of the carbon cages due to the colli-
sions with oxygen ions should be expected [27]. As a
result, a quantity of the dopant loss in that report is found
to be much lower compared with the present results, where
the C60 cage ionization dominates within whole thickness
of the fullerene film. Additionally, the difference in the dop-
ant loss is related also with portion of the metal atoms,
penetrating into virgin C60. Thus, during the experiments
with potassium implantation at the temperature of 300 �C
only part of the dopant has penetrated into undestroyed
fullerene [10], whereas after the annealing of cobalt-
implanted samples all Co atoms are in the C60 crystals.

In conclusion, we report on the original method of pla-
nar doping of C60 crystalline film with metals, using a con-
ventional ion implantation and subsequent annealing. It
was shown that cobalt, prior implanted into C60 film,
moves from the surface a-C layer into the deeper layer of
virgin C60 due to the annealing at 300 �C temperature. This
in-depth cobalt motion is coursed by the carbon density
gradient, arising due to ion implantation. Relatively low
thermal diffusion (D = 2 · 10�18 cm2/s) emphasizes the
dominant role of the driving force in this cobalt in-depth
translation. Deficit of the dopant, found during ion beam
analysis of the annealed samples, we refer to the Coulomb
repulsion of positive cobalt ions and C60 molecules ionized
after irradiation by swift helium ions. The presented
method of C60 doping also yields a formation of a-C sur-
face layer that could be used as protection of the deeper
Co–C60 composition from any chemical and mechanical
influences in possible devices.
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