ELSEVIER

Available online at www.sciencedirect.com

SCIENCE<C£DIRECT®

Nuclear Instruments and Methods in Physics Research B 230 (2005) 129-135

Niv B

Beam Interactions
with Materials & Atoms

www.elsevier.com/locate/nimb

Dependence of damage efficiency of ions in diamond
on electronic stopping

E. Friedland **, H.D. Carstanjen °, G. Myburg ®, M.A. Nasr *¢

& Department of Physics, University of Pretoria, 0002 Pretoria, South Africa
> Max-Planck-Institut fiir Metallforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany
¢ Department of Physics, Misurata University, Libya

Available online 22 January 2005

Abstract

Natural diamond single crystals were irradiated at room temperature with 75 keV carbon and 80 keV argon ions at
fluences exceeding the graphitization dose. The resulting damage depth profiles before and after rapid annealing at
1500 K were obtained by a-particle channeling analysis. Measurements were done both at back- and forward scattering
angles using conventional surface barrier detectors and an electrostatic analyzer system, respectively. Boundary posi-
tions of the graphitic layers were determined and compared with the corresponding depth-dependent elastic and inelas-
tic energy deposition graphs to extract critical damage energy densities. The obtained values increase strongly with
inelastic energy deposition rate, indicating a significant reduction of the ions’ damage efficiency due to irradiation

induced annealing by electronic stopping.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Of the many allotropic forms of carbon, dia-
mond is one of the most intriguing and unique
materials. It is the hardest material known with
the highest atomic density of any solid, possessing
also the highest thermal conductivity, although
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being essentially an insulator. These and other
exceptional physical properties have attracted
much attention in recent years both from funda-
mental science and technology.

At ambient conditions the thermodynamical
stable form of solid carbon is graphite and dia-
mond is therefore in principle unstable, transform-
ing very slowly from its sp> state to the graphitic
sp” state. From thermal graphitization studies [1]
the energy barrier separating these two phases
can be estimated to be of the order of a few eV.
Exposure to energetic particle bombardment
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should therefore lead to the rapid transformation
of diamond to the lower energy state of graphite.
In spite of this expectation, numerous implanta-
tion studies have demonstrated a remarkable radi-
ation hardness of diamond. At room temperature
irreversible phase transition to the graphitic state
is only observed at fluences transferring damage
energy densities above 10 eV/atom to the diamond
lattice at the elastic stopping power maximum [2—
4].

However, a detailed analysis of graphitization
profiles after carbon implantation shows a dra-
matic decrease of the minimum damage energy
density necessary for graphitization near the ions’
end of range, where electronic stopping becomes
negligible [5]. This behaviour of the critical dam-
age energy density, in the following referred to as
graphitization energy, seems to indicate strong
annealing effects due to inelastic energy deposition,
which significantly reduces the damage efficiency
of the elastic collision processes at smaller depths.
To further investigate this suspected dependence,
graphitization energies must be determined for
heavier ions, where the inelastic energy deposition
rate becomes more important. In this work dam-
age profiles for carbon and argon implantations
at fluences exceeding amorphization doses are
compared.

2. Experimental method and data analysis

Natural diamond samples of type Ila were cut
perpendicular to the (111) or (100) directions,
mechanically polished and subsequently annealed
for 10 min at 1700 K in an argon atmosphere be-
fore being implanted at room temperature with
either 75 keV carbon or 80 keV argon ions. To re-
duce channeling as far as possible, targets were
tilted by 7° relative to the surface normal. Dose
rates were kept below 10"° cm2s™! to prevent
non-linear effects during collision cascade evolu-
tion. Fluences of either 6x10"°cm™> C* or
1.5% 10" cm ™2 Ar" were used to create severely
damaged layers in the surface region. After
implantation the targets were subjected to a rapid
heating cycle of 15 min each at a temperature of
approximately 1500 K under a protective argon

atmosphere. The reason for this high-temperature
annealing will be discussed in Section 3.

After each step a-particle channeling spectra
were recorded, employing two different experimen-
tal techniques. For fast analyses of damage pro-
files, a conventional system using a silicon
detector at a backscattering angle of 165° is used
in conjunction with a three-axis goniometer. In
this case channeling is observed along the crystal-
lographic axis near the surface normal and energy
calibration is obtained by comparing spectra for
beam energies of 1.5 and 1.8 MeV. The analyzing
particle beam was collimated to obtain a beam
spot of 1 mm diameter on the target with a diver-
gence of less than 0.04°. Beam current was approx-
imately 15 nA and was measured directly on the
target. To suppress secondary electrons a ring-
shaped electrode in front of the target was kept
at a negative potential of 300 V. The channeling
spectra were normalized to random spectra col-
lected during rotation of the sample about an axis
tilted by approximately 5° relative to the channel-
ing direction. The energies of the backscattered a-
particles are converted to a depth scale by using
the energy loss data of Ziegler [6]. Depth resolu-
tion near the surface is limited by the detector’s en-
ergy resolution of 12 keV to approximately 15 nm.

To obtain higher depth resolution some chan-
neling spectra were also taken at a forward scatter-
ing angle of 75°, employing an electrostatic
analyzer system combined with a position-sensitive
detector [7]. For these measurements samples had
to be tilted to align the a-particle beam with the
(110) orientation. A similar beam spot size as in
the previous set-up was used at a current of
approximately 60 nA, which was measured by a
beam chopper. Relative energy resolution of this
spectrometer is of the order of 0.002 for the posi-
tion-sensitive silicon detector used in this experi-
ment and depth resolution is therefore only
limited by energy straggling within the target.
However, the small energy window of 2.8% to-
gether with an acceptance solid angle of
AQ ~ 0.15 msr made measurements rather time-
consuming. As up to 30 different spectrometer set-
tings had to be used to cover depths exceeding
100 nm, only aligned spectra were measured,
which were then normalized to the random spectra
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from the backscattering analysis. In most of the
measurements He?" ions were observed, although
some spectra for He" ions were also taken. The
collected data were corrected for the energy depen-
dence of the charge state distribution using the
tables of Marion and Young [8]. Energy calibra-
tion was obtained directly from the spectrometer
setting. All spectra were taken using the same inci-
dent beam energy of 1 MeV and then corrected for
the linear dependence of the channel width on
energy.

3. Experimental results

Regarding the analysis of the aligned spectra, it
has to be stressed that reaching the random level
does not necessarily mean graphitization. During
damage accumulation the increasing collisional
disorder seems to change only gradually from the
original sp® to sp® or even sp' bonding. Even in
a totally disordered layer the sp’ state may still
be the dominant phase, allowing restructuring of
the diamond lattice during high-temperature
annealing. Only after reaching a critical concentra-
tion of sp? bonds, annealing will lead to the col-
lapse of the remaining diamond structure into
the graphitic state. This hypothetical process of
transforming crystalline diamond during ion bom-
bardment at first predominantly into disordered
diamond, which after further irradiation changes
gradually into disordered graphite, is strongly sup-
ported by depth-resolved Raman spectroscopy [9]
and atomic force microscopy combined with chan-
neling analysis [2]. High-temperature annealing
after implantation is therefore an essential step
for determining graphitization energies.

An important parameter determining the con-
centration of destroyed sp® bonds will be the dam-
age energy density, defined as the average
accumulated elastic energy transferred to a lattice
atom during irradiation. To calculate this quantity
one has to take into account that besides the pri-
mary ion also a recoiling atom loses an appreciable
amount of its kinetic energy by inelastic collisions,
so that only part of it is available for secondary
elastic collisions. The total elastic energy transfer
to an atom depends only weakly on binding and

displacement energies and is related to the nuclear
stopping power. Due to its strong velocity depen-
dence the energy transfer changes continuously
along the ion’s path and in addition will also be
slightly influenced at larger depths by the dimin-
ishing irradiation dose due to range straggling.
The total elastic energy density 7,(x) transferred
to the lattice by a single ion at depth x can be cal-
culated from TRIM-simulations [10] by combining
the two elastic contributions of phonon excitation
and atomic displacement and then subtracting the
inelastic energy losses of the primary and second-
ary recoils [2]. The damage energy density accumu-
lated during an implantation at a particular depth
is then given by

e(x) = 1,(x)F/p,

where F is the fluence and p the atomic target
density.

Fig. 1 shows an aligned spectrum acquired with
the electrostatic analyzer spectrometer after
implantation of 75 keV carbon ions into diamond
and subsequent rapid annealing at 1500 K. Chan-
neling spectra of the same sample taken for the
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Fig. 1. Scattering spectrum of 1 MeV a-particles aligned along
the (110) direction in diamond after 75 keV carbon implanta-
tion with a fluence of 6 x 10'> cm 2. The data were obtained
with an electrostatic analyzer at a scattering angle of 75° and a
target tilt angle of approximately 40°.
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backscattering geometry show that the aligned
spectrum reaches the random count rate at a re-
gion with the centre at about 100 nm. The energy
of particles scattered from this depth is approxi-
mately 390 keV, which corresponds to the mid-
point of the broad damage peak observed in Fig.
1. By normalizing the data at this energy, the
boundaries of the burried graphitic layer are found
to occur at depths of 58 nm and 132 nm.

An aligned spectrum after implantation of
80 keV argon ions, obtained in a similar way as
discussed above, is displayed in Fig. 2, while the
corresponding spectra for the backscattering
geometry are shown in Fig. 3. Spectra Al and
A2 are taken before and after the final annealing
at about 1500 K and reveal a slight increase of
dechanneling beyond the damage peak after the
thermal treatment due to removal of the remaining
sp’ bonds. The inset in Fig. 3 shows a Raman
spectrum from the surface region after annealing.
It exhibits the shape expected for amorphous
graphite with no trace of the narrow diamond line
at 1332 cm™'. The graphitic layer seems to extend
right from the surface up to a depth of 56 nm.

T T T T
150 -
o
[}
< 100 [ —
o
o}
N
©
£
o
Z
50 | —
80 keV Ar*
14 -2
15x 10" cm o
O
0 1 1 1 1
400 450 500 550 600 650

Energy (keV)

Fig. 2. Scattering spectrum of 1 MeV a-particles aligned along
the (110) direction in diamond after 80 keV argon implantation
with a fluence of 1.5x 10> cm 2. The data were obtained with
an electrostatic analyzer at a scattering angle of 75° and a target
tilt angle of approximately 55°.

6000 —
% L 1586 |
& 4000 - 1371
600 | IS L i
R & 2000 - -
£
©
14
0 2 1 "
0 1000 2000
1] -1
< Wave Number (cm
£ 0o ‘ fem’)
o
© )

i
1" ¥'4|f|;|' *
" 80 keV Ar

\ [15x 10" cm?

*W.

20

s}

'h'rﬂ;wm Ay i Jl
b

0 s 1 s 1 RO et

100 200 300 400

Channel Number

Fig. 3. Random (R) and aligned backscattering spectra for the
(100) direction before (A1) and after (A2) annealing at 1500 K
for diamond implanted with an argon fluence exceeding the
amorphization dose. Data were obtained with a surface barrier
detector at a scattering angle of 165°. Also shown is the aligned
spectrum before implantation (V). The inset shows the Raman
spectrum after annealing.

In this context one should also consider the
results of [11] for a 200 keV argon implant with
a fluence of 7 x 10" cm 2. Significant disorder was
created by this implantation in the surface layer,
leading to a damage peak in the aligned spectrum,
which almost reaches the random level. However,
channeling analysis revealed that the original dia-
mond structure was reconstructed to a large extent
after annealing at 1500 K. This was also confirmed
by Raman spectroscopy, showing the typical sharp
diamond line without any indication of a graphitic
background after thermal annealing. The applied
dose was obviously insufficient to exceed anywhere
along the ions’ range the critical sp® concentration
necessary for graphitization.

4. Discussion and conclusions

To determine the critical damage energy densi-
ties for graphitization, elastic energy deposition
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densities 7, were calculated as discussed above,
assuming a displacement energy of 45eV [12,13]
and a binding energy of 5eV. In a similar way
inelastic energy deposition densities 7, were deter-
mined by adding the electronic energy losses of the
recoils to that of the primary ion. The depth pro-
files of these two quantities for 75 keV carbon
and 80 keV argon ions in diamond are displayed
in the two graphs of Fig. 4. The experimentally ob-
tained boundaries of the graphitized regions are
indicated by arrows. However, it should be noted
that for a direct comparison of the graphs the dif-
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Fig. 4. Energy deposition densities per ion for elastic (z,) and
inelastic (z.) collision processes as obtained from the TRIM-98
code [10]. The arrows indicate the boundaries of the amor-
phized layers obtained for the 80 keV argon and 75 keV carbon
implantations.

ferent carbon and argon fluences must also be ta-
ken into account. For the carbon implant the
boundaries of the burried graphitic layer occur at
positions where energy deposition densities
according to TRIM differ by more than an order
of magnitude. The boundary near the surface cor-
responds to a graphitization energy of 27.3 eV/
atom, while a value of only 0.8 eV/atom is found
for the deeper interface, which agrees quite well
with the results of [5]. If radiation damage would
be mainly a result of elastic atomic collisions one
should expect that the inner and outer interfaces
occur at depths corresponding to similar graphiti-
zation energies. At this stage it is worth mention-
ing that the low value obtained from the
boundary to the bulk is of the order expected from
thermal graphitization experiments.

A similar analysis of the argon implant results
in yet another graphitization energy of 11.9 eV/
atom at a depth of 56 nm. In this case graphitiza-
tion occurs from this interface right up to the sur-
face. This is quite plausible, as the transferred
elastic energy density per ion rises steeply above
300 eV/nm within a few nm from the surface. Sur-
face effects can therefore play a decisive role, pre-
venting the possible restructuring of an extremely
thin diamond layer at the surface. Furthermore,
the negative result obtained from the 200 keV ar-
gon implant [11] must be considered, where depo-
sition of a damage energy density of about 15 eV/
atom at the stopping power maximum is obviously
not enough to destroy the dominantly sp> charac-
ter of the lattice.

From the above results it is quite clear that the
condition for graphitization is not directly corre-
lated to the damage energy density, but that other
factors also play an important role. In view of the
low mobility of point defects at room temperature
it is unlikely that surface effects are causing the
strong reduction of graphitization energy at larger
depths. Taking into account the low dose rates
used for the implants together with the high ther-
mal conductivity of diamond, it is improbable that
the first annealing stage at about 330 K is reached
during the implantations. Furthermore, an even
stronger argument against this explanation is ob-
tained from our experimental results, which yield
graphitization energies for carbon and argon
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implantations differing by a factor of almost three
at practically the same distance from the surface.

A previous study [11] indicated that inelastic en-
ergy deposition might be responsible for the differ-
ent graphitization behaviour observed in diamond
after irradiation with different ions. A comparison
of the elastic and inelastic energy densities at the
boundary positions immediately reveals a direct
correlation between the latter two quantities, sug-
gesting an annealing effect due to inelastic stop-
ping. This would imply that the heated electron
gas, which is formed momentarily along the tracks
of the ions and their recoils, causes a reduction of
damage efficiency of the elastic collision processes
by defect annealing due to electron-phonon cou-
pling. Such an effect would not depend on the
accumulated energy transferred to the lattice by
electronic stopping, but would rather be a function
of the transferred energy density along the track of
each individual ion. The graphitization energies
obtained from our channeling data are therefore
plotted in Fig. 5 as a function of the inelastic en-
ergy deposition densities. Despite of relatively
large experimental uncertainties due to energy
straggling, the graph shows convincing evidence
that electronic stopping is indeed strongly increas-
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Fig. 5. Dependence of graphitization energy of diamond on the
inelastic energy deposition density per ion as obtained from the
TRIM-98 code [10].

ing the graphitization energy, i.e. decreasing the
damage efficiency. The error flags were computed
using experimental data of a-particle straggling
in carbon [14] and correspond to depth resolutions
(FWHM) ranging from 4.0 to 6.2 nm at depths of
56 to 132nm. The intercept with the ordinate
at ey = (1.1 £ 0.8) eV/atom is the graphitization en-
ergy without electronic annealing and should rep-
resent the barrier height between the ground states
of the graphite and diamond phases. Although the
uncertainty is quite large, its range is compatible
with the thermal stability limit of diamond near
the Debye temperature. Finally, the fact that the
200 keV argon implant [11] did not lead to graph-
itization can also be understood. The maximum
damage energy density of 15eV/atom is trans-
ferred at a depth of 87 nm, where the inelastic
energy density per ion for this particular implanta-
tion is 1289 eV/nm. Comparing this with Fig. 5, it
is quite obvious that conditions for graphitization
are not met. For this damage energy density the
formation of a graphitic layer is only expected if
the accompanying inelastic energy density per ion
is less than approximately 400 eV/nm.
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