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Latent tracks in sapphire induced by 20-MeV fullerene beams
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Single crystals ofa-Al2O3 were irradiated with 20-MeV fullerene beams in a fluence range from 1.0
31010 to 2.231011 C60

1 cm22. The cluster electronic stopping power (dE/dx)e was approximately
62 keV nm21. Two complementary techniques were employed to assess the modifications induced by these
irradiations: Rutherford-backscattering spectrometry in channeling geometry~RBS-C! and transmission elec-
tron microscopy~TEM!. The disorder induced by electronic processes is clearly determined by the RBS-C
analysis. A damage cross sectionAe of about 2.2310212 cm2 has been extracted from the disorder kinetics,
which corresponds to a track radius of'8.5 nm. From lattice-disorder profiling, a maximal decorrelation
length of the C60 clusters in the crystal was estimated to be'150 nm. TEM micrographs exhibit cylindrical
latent tracks formed around the projectile trajectory, while the high-resolution observations evidence the
amorphization of sapphire in the core of these tracks. The present results have been interpretated within a
model of high locally deposited energy densities in the cluster irradiation regime.@S0163-1829~98!01701-9#
ng
ct
ra

lec
i

e

e
s
,
h

r-
ct

er
s

p-

o

rs
n

st

in
V
o
?
h

om-
-

nd
sh-

k in
this
ere

de
1.0

V
dent
ses
ble
ent
the-

en-
s,

2.0
ce
Ion
ned

d

I. INTRODUCTION

It is now well established that the electronic stoppi
power (dE/dx)e of fast heavy ions can induce stable defe
in a large variety of radiolysis resistant insulators. Seve
studies of the damage morphology induced by high e
tronic deposition in refractory oxides are at present found
the literature.1–8 In particular, in the last few years we hav
investigated the damage induced by GeV ion irradiations
two oxides: lithium niobate (LiNbO3) and sapphire
(a-Al2O3).

4–7 Our previous results show that in LiNbO3
single crystals extended defects are created abov
(dE/dx)e of 6.0 keV nm21, while the amorphization occur
above 10 keV nm21 with latent track formation. However
the same effects were not observed in sapphire. In suc
oxide, for (dE/dx)e values up to 42.7 keV nm21 ~maximum
value reached in this material with238U ions of 2.8 MeV/u
incident energy!, neither amorphization nor latent track fo
mation were found. However, extended defects are dete
above 20 keV nm21. The only route to overcome the GANIL
monoatomic beam limitation is to use energetic clust
(C60) as incident projectiles. For such irradiation condition
taking into account the additivity rule of the individual sto
ping powers recently evidenced by Baudinet al.,9 a higher
(dE/dx)e can be reached. For example, a value
62.4 keV nm21 may be obtained with 20-MeV C60 clusters in
a-Al2O3. In addition, the very low velocity of these cluste
compared to GANIL ions, enhances the deposited electro
energy density. This confinement effect can lead to dra
structural modifications as reported by Dammaket al.10 for
metallic targets bombarded with MeV C60 clusters.

In this work we investigate the damage induced
a-Al2O3 single crystals by fullerene irradiations in the Me
energy range. One question is open: Is it possible to am
phize sapphire targets by such huge electronic excitations
order to answer this question, the damage morphology
570163-1829/98/57~1!/189~5!/$15.00
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been characterized by Rutherford-backscattering spectr
etry in channeling geometry~RBS-C! analysis and transmis
sion electron microscopy~TEM! observations.

II. EXPERIMENTAL PROCEDURE

High purity a-Al2O3 single crystals having an̂0001& axis
oriented normal to the surface were optically polished a
annealed for 120 h at 1723 K to remove the residual poli
ing surface damage. The minimum yieldxv52.5% mea-
sured at the low-energy side of the aluminum surface pea
the RBS-C spectrum of a pristine sample indicates that
thermal treatment was quite satisfactory. The samples w
then irradiated at room temperature with a 20-MeV C60

1 clus-
ter beam provided by the tandem accelerator at Institut
Physique Nucleaire d’Orsay. The fluences ranged from
31010 to 2.231011 C60

1 cm22 and the flux was about 1.3
3107 cluster cm22 s21 on a 7-mm2 irradiated surface. The
main irradiation parameters, deduced fromTRIM code11 in
conjunction with the relative velocitiesb5v/c ~wherev is
the velocity of the ions andc is the light velocity! are listed
in Table I. In these calculations, performed with 333-ke
monoatomic carbon, it has been assumed that the inci
energy loss of the projectile is the sum of the energy los
of the individual carbon ions. In order to check the possi
contribution of elastic displacements induced per incid
cluster to the damage created at the sample surface, the
oretical nuclear damage cross sectionAn has been added in
Table I. It has been calculated assuming a displacement
ergy of 75 and 16 eV per oxygen and aluminum atom
respectively.12

RBS-C analyses were performed using a beam of
MeV He1 at near-normal incidence to the sample surfa
and scattered into a surface-barrier detector set at 150°.
channeling measurements were made with the beam alig
along the^0001& axis. In order to minimize the charge buil
189 © 1998 The American Physical Society
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TABLE I. Main features of the cluster irradiations ina-Al2O3 single crystals: incident energy (E),
incident electronic@(dE/dx)e# and nuclear@(dE/dx)n# stopping powers, projected range (Rp), relative
velocity (b5v/c) and the maximum energy (Em52 mv2) transferred tod electrons. In the last columnAn is
the theoretical nuclear damage cross section.

Projectile E ~MeV!
(dE/dx)e

(keV nm21)
(dE/dx)n

(keV nm21) Rp ~nm! b5v/c ~%! Em ~eV! An (310215 cm2)

C60 20 62.4 2.1 428 0.77 59.8 3.8
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t that
mi-
up at the surface of these insulating crystals during ba
scattering analysis, the beam current was limited to aro
10 nA and the irradiated surface area of samples never
ceeded 1 mm2.

Before irradiation some ofa-Al2O3 single crystals were
preliminary prepared for TEM observations in plane vie
configuration. These specimens were mechanically thin
down to about 50mm and then ion milled using 5 keV argo
bombardment of 1.0 mA and a milling angle of 15°. T
samples were then irradiated at a fixed fluence of
31010 C60

1 cm22 and the observations were performed us
TOP CON 002B equipment, operating at 200 KV and off
ing a resolution of 0.18 nm.

III. RESULTS AND DISCUSSION

Typical RBS-C results are shown in Fig. 1 which prese
random~a! and aligned~b! spectra obtained ina-Al2O3 ir-
radiated with a fluence of 2.231011 C60

1 cm22. For compari-
son the aligned spectrum of the pristine crystal is also p
sented~c!. Whatever the energy, curve~b! lies distinctly
above curve~c!. This is evidently related to the damage cr
ated in both oxygen and aluminum sublattices. However,
to the poor RBS sensitivity for detecting low atomic mass
such as oxygen, the disorder calculations have been ca
out only from the aluminum signal by first measuring t
dechanneling yieldx at the low-energy edge of the alum
num surface peak. By taking into account the minimum yi
corresponding to the pristine crystalxv the relative disorder
a at the sapphire surface will be given by

FIG. 1. RBS-C spectra fora-Al2O3 single crystal irradiated
with 2.231011 C60

1 cm22 at 20 MeV incident energy~a! and ~b!
random and channeled spectra, respectively;~c! channeled spectrum
of a virgin sample. Analysis conditions: 2 MeV4He1 beam; detec-
tion angle 150°.
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. ~1!

From the fluence evolution of the disorder ratio, a dama
cross sectionAe was determined using the Poisson’s la
This kinetic is based on a direct impact model and assum
saturation value of 100% for disorder:13

a512exp~2fAe!, ~2!

wheref is the irradiated fluence. The value obtained forAe
in our experiments is 2.2310212 cm2, which is almost two
orders of magnitude higher than the nuclear contributionAn
for defect creation~Table I!. So, the disorder measured b
RBS-C experiments is necessarily due to the high rate
electronic energy deposited by the clusters in the near
face target. From a comparison between the present re
and those previously obtained with swift heavy ions
GANIL two main features can be pointed out.

~i! An extrapolation of GANIL results on sapphire to
same (dE/dx)e range obtained with the cluster beam, giv
Ae'3.5310213 cm2, which is at least six times lower tha
the Ae value obtained in this study. The higher efficiency
cluster beams to create damage via electronic process
clearly confirmed in our targets. This effect has been
cribed to the very low values of relative velocities (b
,1%) of C60

1 projectiles which limit both the maximum ki
netic energyEm and the maximum radial range (r d,1 nm)
of d electrons emitted during the ionization process~Table I!.
In these conditions, the deposited energy density (W) is
highly confined around the projectile trajectory and
reaches much larger values (W'hundred eV/atom) than
those obtained with GANIL irradiations by monoatom
beam in the same range of (dE/dx)e .

~ii ! Previous studies performed with GeV ions in refra
tory oxides of different ionicities such as LiNbO3 and
a-Al2O3 have shown that for similar values of (dE/dx)e and
velocities, the damage cross section varies conversely
the oxide ionicity @e.g., Ae51.3310213 cm2 in sapphire4

andAe51.2310212 cm2 in LiNbO3 ~Ref. 14!#. Note that the
same hierarchy in the damage sensitivity is also system
cally observed in the elastic collisions regime.15–18 This dif-
ference between theAe values in the GANIL regime is
strongly reduced for the fullerene irradiation conditions. R
cently Bonardiet al.19 measured a damage cross section
3.4310212 cm2, in LiNbO3 under 30 MeV C60

1 irradiations
@(dE/dx)e'65 keV nm21). This value is only 50% higher
than the above mentioned damage cross section in sapp
Such nearly equal damage cross section values sugges
the role played in the damage process by the physicoche
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cal properties of each of these oxides is minimized when
irradiation conditions induce the drastic structural change

Another striking feature observed on the spectrum~b! in
Fig. 1 is the quick decrease of the relative disorder which
agreement with previous studies,20 can be attributed mainly
to the scattering of the individual carbon atoms after
cluster fragmentation on the target surface. The dam
depth profile determined by using a method describ
elsewhere,21 is displayed in Fig. 2. From the experiment
profile the depth at which the initial disorder drops to zero
'150 nm. Taking into account both theTRIM calculations11

and the additivity of the individual stopping powers of ca
bon ions, the electronic stopping power of the Cn projectiles
at this depth is approximately 44 keV nm21 for n560 ~Fig.
3!. This value is significantly higher than the threshold
electronic energy loss ('20 keV nm21) for defect~point or
extended! creation in this oxide. The absence of any sign
cant disorder beyond the referred depth indicates that
cluster projectile has lost about 50% of its components al
its path @e.g., for n530, the cluster (dE/dx)e would be
'22 keV nm21#. Consequently, the damage layer thickne
may be regarded as a reasonable estimate for the max
decorrelation lengthLM , of the incident clusters. In order t
compare the experimental profile with theoretical pred
tions, we have calculated the average distance between
neighbor carbon atoms as a function of the depth. Two
ferent processes contribute to increase the distance bet

FIG. 2. Relative disordera determined from the RBS-C spec
trum given in Fig. 1@curve ~a!#, the average distance between tw
carbons in the cluster@curve ~b!# and the Coulomb repulsion be
tween two carbon ions at the equilibrium charge state@curve ~c!#.

FIG. 3. Electronic stopping power evolution with depth.
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the cluster components along the projectile path:~i! the an-
gular straggling, due to nuclear collisions at small impa
parameter between carbon and host atoms.~ii ! The Coulomb
repulsion between the individual carbon ions, due to th
effective charge at equilibrium charge state. The followi
procedure was adopted to take into account these effect

~i! By simulating~with the TRIM code! a carbon implan-
tation into sapphire at 333 keV incident energy, we ha
calculated the depth dependence of the transverse strag
(DRt) characteristic of the incident particles scattering
suming a Gaussian radial distribution.

~ii ! We have assumed that the sixty carbon atoms fr
fullerene are evenly distributed in a circular area of a 2DRt
radius.

~iii ! The mean distance between two carbon atoms in
area is then calculated from

^D&5Ap~2DRt!
2

60
. ~3!

~iv! In order to evaluate the Coulomb repulsion contrib
tion we have calculated as function of the depth the inter
clear distancê dc& between two carbon atoms22 from the
following expression:

^dc&5A4pr 2

60
. ~4!

In our calculations we have assumed that the cluster com
nents are evenly distributed on a homogeneous cha
spherical surface having an initial radiusr 0 equal to the ra-
dius of a free C60 cluster (r 050.35 nm). Assuming also tha
the effective charge of the ions~calculated at the inciden
energy! remains constant,23,24 we have calculated as a func
tion of the depth the radiusr of the spherical charge distri
bution. These values were inserted in relation~4! to deter-
mine ^dc&. The results of these calculations are presente
curve ~b! and ~c! of Fig. 2. A correlation between the dept
profile and the depth evolution of botĥD& and ^dc& is
clearly observed. In the first'60 nm, where the averag
distance between two carbon atoms is maximally'1.0 nm,
these two contributions are of the same order of magnitu
However, the balance between the two contributions is mo
fied at larger depth values. At a depth of'150 nm, where
the relative disorder vanishes, the projectile scattering p
cess necessary to separate the cluster fragments is a
twice the Coulomb repulsion contribution, i.e., in agreem
with previous studies performed with small clusters~Cn ,
n52, 4, 6, and 8! in LiNbO3.

20 Note that at this depth the
mean distance between two carbon atoms deduced f
curve~b! is '7.0 nm. This value exceeds the radial range
d electrons (,1.0 nm) by one order of magnitude. In ord
to relate the mean distance between two clusters compon
at given a depth and the corresponding lattice disorder,
oretical calculations based on a probabilistic approach
presently carried out.

Electron microscopy observations were performed o
prethinned sapphire irradiated with 1.031010 C60

1 cm22.
TEM micrographs displayed in Fig. 4 show a distribution
spherical defects. The surface density of these defects
agreement with the irradiation fluence, indicating that ea
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defect corresponds to one projectile impact. By tilting t
sample during the observations, cylindrical tracks extend
along the projectile paths are clearly visualized@Fig. 4~b!#.
Assuming that the sample thickness is sufficient to inclu
the entire track, a track length of 145615 nm was deter-
mined from twenty individual track measurements. Th
value, in good agreement with the decorrelation length
termined in Fig. 2 from RBS-C results, gives a reasona
estimate of the spatial correlation of the cluster projec
during the slowing down process in the solid. From a TE
picture @Fig. 5~a!# obtained at higher magnification, a radiu
of 5.561.0 nm was directly measured. This value is nea
one time and half smaller than the track radius deduced f
damage cross section measurements~Ad5pr 2, r'8.5 nm!
by RBS-C analysis. This difference can be understood c
sidering that the radius determined by TEM images conce
only the core tracks, while the disorder measured by RBS
takes into account both the core track and the shell
stressed material surrounding the core. In order to get m
information on these defects, high-resolution electron
croscopy~HREM! was used. In the HREM image@Fig. 5~b!#
the contrast of the bright zone reveals the amorphization
sapphire inside the latent tracks. This amorphization
been confirmed by a numerical Fourier transform of the
rect image. At the start of our observations, a quick decre
of the amorphous radius with time is detected, indicating t
a solid phase epitaxy induced by the electron beam occ
However, after approximately five minutes the movemen
the atomic planes is reduced and the images become stab
shown in Fig. 5~b!. In this picture the amorphous zone
partially restored and an amorphous core radius of'3.3 nm
is observed. It is surrounded by a darker contrast proba
due to the strain around the amorphous region. The h
resistance of sapphire to amorphization and a mean dist
between two tracks close to 100 nm might also contribute
the metastability of the amorphous phase. A detailed stud

FIG. 4. Plane view micrographs of sapphire irradiated with
31010 C60

1 cm22. The images were taken in two different config
rations:~a! with the electron direction parallel to the ion beam;~b!
with the sample tilted 42° in the microscope.
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the amorphous phase stability in sapphire is now underw
using fullerene beams of higher energy.

Another striking feature deduced from the TEM observ
tions concerns the threshold in electronic energy loss for
tent track formation ina-Al2O3. The present results show
that in the low velocity regime (b'1%) this threshold is
below 63 keV nm21. It is worth noticing that in the medium
velocity regime (b'10%), previously investigated a
GANIL, no latent tracks were observed in sapphire up
(dE/dx)e'43 keV nm21.

IV. CONCLUSION

In this work we have investigated the fullerene irradiati
effects in sapphire. Our results exhibit two main features

~i! The significant disorder measured at the crystal surf
by RBS-C analysis implies a damage cross section of
310212 cm2, which exceeds at a given (dE/dx)e the Ae
values for monoatomic beams. This difference has been
tributed to the higher density of deposited energy in the cl
ter regime. From the lattice disorder evolution versus dep
a maximal decorrelation lengthLM'150 nm of the C60 clus-
ters was estimated. At larger depth the cluster fragments
not interact and no significant disorder can thus be creat

~ii ! For the first time, to our knowledge, the amorphiz
tion of sapphire by electronic collective excitations is e
denced. This effect is ascribable to the very high ene
density deposited in the tracks. It results from the confi
ment of all carbon atoms of the cluster which propagate
the same track in a region close to the sample surface.

FIG. 5. Same sample as in Fig. 4.~a! TEM observation of the
track cross sections.~b! HREM images of the latent tracks. Th
difference between the amorphous region and the crystalline ar
clearly evidenced.
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