
Damage and polymerization of C60 films irradiated by fast
light and heavy ions

A. Yogo, T. Majima, A. Itoh *

Quantum Science and Engineering Center, Kyoto University, Kyoto 606-8501, Japan

Abstract

C60 films have been irradiated with various fast ions (H, Li, C, O and Si) in the energy range from 0.75 to 6.0 MeV.

Structural changes of C60 molecules were studied by a time-of-flight (TOF) mass spectrometry and Raman spectro-

scopy. The TOF yields of secondary fullerene ions can be described fairly well by S3
mod with a modified energy deposition

Smod developed in this work. In the Raman study for 1 MeV Hþ irradiation, it is found that about 40% polymerization is

attained at 6� 1015 cm�2 doses and a damage cross-section of 2:5 � 10�17 cm2 is obtained. � 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The macroscopic availability of fullerene, the
third allotropic form of carbon, has opened broad
application fields of carbonaceous frontier mate-
rials ranging from surface lubricator to non-linear
optical devices [1]. Since the first discovery of
polymerized C60 films [2], there has been a surge
of interest in fullerene polymers, including sev-
eral techniques of polymerization such as photo-
irradiation [3], high-pressure high-temperature
(HPHT) processing [4], alkali-metal doping [1] and
so on. It has been established both experimen-
tally and theoretically that C60 molecules are

bound to each other via one kind of covalent bond
called [2 þ 2] cycloadditional four-membered rings
[2].

However, there are few investigations focusing
on the polymerization of C60 films induced by
ion irradiation. This is because bombardment of
fullerene by energetic particles is accompanied by
the destruction of fullerene-cage structure, which
makes the phenomenon more complicated. For
instance, a Raman study of C60 films irradiated by
a few hundreds keV ions [5] shows that the in-
crease of irradiation doses promotes polymeriza-
tion of C60 molecules and at higher doses, on the
contrary, the polymerization intensity starts to
decrease. Similar results are obtained for swift
heavy ion irradiations at energies above 1.7 MeV/
amu, where the processes are mainly governed
by electronic mechanisms [6]. On the other hand,
little information is available about electronic
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interactions between a solid-state C60 and swift
ions due to the lack of understanding of the energy
transport process inside a solid.

In this paper a comprehensive investigation is
performed of the swift ion irradiation effect on
fullerene C60 films by using a time-of-flight (TOF)
mass spectrometry to investigate secondary clus-
ter ions sputtered electronically from a pristine
C60 surface, and Raman spectroscopy to evaluate
damage and polymerization of bulked C60 mole-
cules.

2. Experimental

The experiment was performed at the 1.7 MeV
tandem Cockcroft–Walton accelerator facility of
Kyoto University. Beams of 1Hþ, 7Liqþ, 12Cqþ,
16Oqþ and 28Siqþ ðq ¼ 1–4Þ are used. C60 thin films
were prepared on a Si(1 1 1) substrate by subli-
mation of 99.98% pure powder at 450 �C in a
vacuum chamber below 8 � 10�7 Torr. The pow-
der was well degassed in vacuum at 300 �C for
more than 10 h in order to remove residual organic
solvents from the powder. Thickness of the C60

films is about 1 lm, which is shorter than the range
of the projectile ions. It is worth noting that the
C60 films prepared in this way have a nanocrys-
talline-fcc structure with a typical grain size of 10–
20 nm [1].

The TOF measurement was performed by a
beam-chopping method described in [7] with a
frequency of 10 kHz and a 50 ns width. Secondary
ions emitted from a C60 film surface were extracted
by an electrostatic field of 16.7 V/mm toward a
channel electron multiplier. A flight time of C60

ions was about 12 ls.
C60 films used for Raman study were irradiated

by 1 MeV Hþ with doses between 6 � 1012 and
6 � 1016 cm�2. The beam current was kept below
200 nA to avoid heating of the samples [8]. The
beam direction was normal to the target surface.
The Raman measurement was carried out with
a microscope-laser-Raman assembly, using an Ar
ion laser (514.5 nm) with a minimum laser power
of 5 mW/mm2 to avoid excitation effects of light
[8].

3. Results and discussion

Fig. 1 shows a typical TOF spectrum obtained
for 2.3 MeV O2þ impacts. It is easily identified that
the peaks corresponds to C60N ðN ¼ 1–3Þ. Similar
results were reported in [9]. It was found that the
relative yields of the fullerene ions have changed
significantly for different incident ions of Li, C, O
and Si.

Yields of the secondary fullerene ions were ana-
lyzed by using the ‘effective energy deposition
model’ developed by Pereira et al. [10,12]. Ac-
cording to this model, the energy density eðrÞ (eV/
�AA3) deposited by the projectile is expressed by the
following Lorentzian function,

eðrÞ ¼
�0

1þðr=riÞ2
for r6 ru;

0 for r > ru;

�
ð1Þ

where r is the distance from the ion trajectory, ru
and ri are radii of ultratrack and infratrack [11],
respectively, given by

ri � 6:7ðE=MÞ1=2 and ru � 830ðE=MÞ=q ð�AAÞ;
ð2Þ

where E the projectile energy (MeV), M the mass
(amu) and q the target density (g/cm3). The elec-
tronic stopping power Se is obtained by integrating
eðrÞ over 06 r6 ru, giving rise to

Fig. 1. A TOF spectrum obtained for 2.3 MeV O2þ impact on

C60 films. It is easily identified that the peaks corresponds to

C60N ðN ¼ 1–3Þ.
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�0 ¼
Se

pr2i ln½1 þ ðru=riÞ2	
: ð3Þ

Assuming that the emission of a secondary ion
requires a certain energy density, �c ¼ eðrcÞ, an
effective energy deposition Seff is described as

Seff ¼
Z rc

0

2preðrÞdr ¼ Se

lnð�0=�cÞ
ln½1 þ ðru=riÞ2	

: ð4Þ

The value of �c is used as a fitting parameter.
Energy density distributions eðrÞ are shown in
Fig. 2 for Oqþ impacts. The ultratrack radii ru are
calculated to be 24 and 122 �AA for 0.80 and 4.0
MeV Oqþ impacts, respectively. One can see a
surprising result that 0.80 MeV impacts deposits
higher energy density near the ion trajectory than
that of 4.0 MeV impacts.

In this model, it is assumed that the low energy
density region does not contribute to the second-
ary ion emission, and Seff is to be calculated within
the critical regions. We improved this model in the
following.

Zawislak et al. [8] reported that the destruc-
tion of C60 molecules by ion irradiation is com-
pleted at a deposited energy density larger than 0.5
eV/�AA3. Therefore, the inner region of the track
with eðrÞP 0:5 eV/�AA3 has no contribution to the

emission of the fullerene ions such as C60 or C120.
Hence, the effective energy deposition Seff for C60

films should be obtained by excluding the inner
region. This new quantity is defined as ‘modified
energy deposition’ Smod by

Smod ¼
Z rc

rup

2preðrÞdr ¼ Se

lnð�up=�cÞ
ln½1 þ ðru=riÞ2	

; ð5Þ

where �up ¼ eðrupÞ ¼ 0:5 eV/�AA3 represents an upper
limit of the energy density contributing to the
emission of fullerene ions. Using this Smod, the
yields of C60 and C120 ions are successfully ex-
pressed in a form of S3

mod as demonstrated in Fig. 3.
It is worth noting that this expression holds inde-
pendently of the projectile velocity.

The critical energy density �c was estimated to
be 0.01 eV/�AA3 for the emission of C60 and C120

ions. Assuming 700 �AA3 as the volume per C60

molecule [8], the energy densities per C60 and
C120 are estimated to be about 7 and 14 eV,

Fig. 2. Energy density distributions eðrÞ obtained for 0.8 and

4.0 MeV Oqþ impact. Smod is calculated by integrating the region

between �c and �up.

Fig. 3. Relative yields of fullerene ions versus modified stop-

ping power Smod (eV/�AA) calculated from Eq. (5). The yields are

well described as Y 
 S3
mod.
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respectively. These values are fairly close to the
following estimation: using the first ionization
potential of C60 (I ¼ 7:58 eV) and the cohesive
energy of C60 films (Ec ¼ 1:6 eV/C60), the energy
necessary for the emission of C60 and C120 ions can
be estimated to be I þ Ec ¼ 9 eV and I þ 2Ec ¼ 11
eV, respectively. The polymerization will need
another few eV of energy per C60. Therefore, it is
concluded that the critical energy density �c is de-
termined appropriately for the emission of the
fullerene ions.

The values of �c and �up provide another im-
portant information about the ion-track structure.
It is possible to estimate the critical radius within
which the emission of fullerene ions, like C60 and
C120, occurs. The emission region of the fullerene
ions estimated in this way is a ‘donuts-shaped’ area
around the projectile trajectory with inner radius
of 1–5.5 �AA and outer radius of 15–35 �AA for Li, C,
O and Si impacts.

The Raman spectra were obtained for non-
irradiated and ion-irradiated films. It was observed
that the intensity of Raman peaks becomes weaker
as the dose increases. Especially, the tangential
‘‘pentagonal pinch’’ mode Agð2Þ is significantly
weakened and broadened after the irradiation. The
Agð2Þ mode has proven to be a particularly reliable
probe of the polymerization state, because the shift
of this mode is very sensitive to the number of
covalent bonds of C60 [13]. Thus, the Agð2Þ mode
was carefully analyzed as described in the follow-
ing.

Fig. 4 shows Raman spectra around the Agð2Þ
mode for irradiation doses of 6 � 1015 and 6 � 1016

cm2. Hgð7Þ in the figure corresponds to another
vibration mode of C60 molecules. The experimen-
tal data were successfully fitted by Voigt functions,
resulting in the resolution of the Agð2Þ mode
into six individual components positioned at 1470,
1466, 1460, 1453, 1444 and 1433 cm�1. It is known
that the Agð2Þ mode shifts in proportion to the
number of intermolecular covalent bonds [14], and
the formation of dimers results in a shift of about
5 cm�1 [13]. Hence, it is concluded that the fitted
components at 1466, 1460, 1444 and 1433 cm�1

obtained in our experiments may certainly corre-
spond to dimers, linear chains, tetragonal plains
and rhombohedral plains [4], respectively. In ad-

dition, we found that the polymer components
occupies about 70% area of the broadened Agð2Þ
peak for the films of 6 � 1016 cm�2 doses.

The damage process of C60 films was investi-
gated by measuring the peak intensities of Ag(2).
Fig. 5 shows survival ratios and polymerized ratios
of the C60 films as a function of the irradiation dose
/. The survival ratio is obtained from the relative
intensity of Ag(2) mode, including the polymer
components mentioned above. Hence, the survival

Fig. 4. The Raman spectra between 1400 and 1500 cm�1 taken

at doses of 6� 1015 and 6 � 1016 cm�2, showing Ag(2) vibration

mode. The dotted curves represent individual fitted components

by Voigt functions.
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ratio represents the fraction of intact C60 molecules
in the films, of either isolated or polymerized. By
fitting the survival ratio to an exponential curve,
I=I0 ¼ expð�r/Þ, the damage cross-section of
r ¼ 2:5 � 10�17cm2 is obtained for the 1 MeV Hþ

irradiation. This value coincides reasonably with
the FT-IR results obtained using MeV energy
heavy ion irradiation [15], where a damage cross-
section is estimated to be about 1 � 10�16 cm2 for
2.5 MeV Heþ impacts.

The polymerization ratio shown in Fig. 5 is
obtained from a summation over the polymer
components. The fraction reaches a maximum at
about 6 � 1015 cm�2 doses. This result means that
the polymerization process is dominant at lower
doses and the damaging effect becomes significant
at higher doses. Hence, the damage cross-section
may be smaller than that of the polymerization. In
other words, the polymerization occurs in rela-
tively broader region around the projectile.
This assumption coincides with previous discus-
sions about Smod, where ions are expected to be
emitted from donuts-shaped regions around the
projectile.

4. Summary

The swift ion irradiation effects on fullerene C60

films are studied by using TOF mass spectrometry
and Raman spectroscopy.

In the TOF study the yields of secondary
fullerene ions, such as C60 and were analyzed by
the modified energy deposition Smod, developed
newly in this work. Yields of the fullerene ions
are expressed fairly well in the form of S3

mod. The
effective region contributing to the emission of
fullerene ions is also estimated to be a donuts-
shaped area around the projectile trajectory with
inner radius of the order of �AA and outer radius of a
few nm for Li, C, O and Si impacts.

In the Raman study the Ag(2) vibration mode
was analyzed extensively, leading to a finding of
fullerene polymers induced by the 1 MeV Hþ

irradiation. It is also found that the intensity
of polymerization reaches a maximum at about
6 � 1015 cm�2, at which about 40% of the film is
polymerized. The damage cross- section is esti-
mated to be r ¼ 2:5 � 10�17cm2, which is quite
smaller than the geometrical cross-section of C60

molecules.
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