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Ion-beam induced effects in �-Al2O3 of c, a, and r orientations were studied by Rutherford
backscattering spectrometry �RBS� in channeling configuration using 1.4 MeV He ions. 150 keV
Ar, 150 keV K, or 80 keV Na ions were step by step implanted at 15 K followed immediately by
the RBS analysis without changing the sample environment. Defect annealing was observed during
the RBS measurement, which is attributed to the electronic energy loss of the He ions. A similar
effect occurs due to the electronic energy loss of the implanted ions, resulting in a reduced defect
concentration between surface and profile maximum. The electronic energy loss of ions may change
the charge state of defects, thus enhancing their mobility and causing defect annealing. The results
suggest that within the collision cascade of individual ions in perfect sapphire only point defects are
produced, the concentration of which is well reproduced by SRIM calculations taking into account
suggested values of the displacement energies of Ed

Al=20 eV and Ed
O=50 eV for aluminum and

oxygen, respectively. The lower efficiency for point defect production measured in c-oriented
material can be explained by the heavily reduced visibility of Al atoms sitting on vacant octahedral
sites, which are hidden in this direction. Point defect recombination is observed when the collision
cascades start to overlap. Above a critical concentration point defects are altered into clusters which
rapidly grow during further irradiation until a saturation is reached. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2204748�
I. INTRODUCTION

Ion irradiation in sapphire has been much studied during
the last three decades because of its many technical applica-
tions �see reviews in Refs. 1–4 and references therein�. Much
work has been done on damage formation, amorphization,
and annealing behavior of implanted sapphire under various
conditions for a great number of implanted ion species.

It was found that implantation at room temperature leads
to a complex defect structure and needs anomalously high
ion fluences in the order of 1016–1017 cm−2 to render the
material amorphous.5,6 Furthermore, the chemical nature of
the implanted species plays a prominent role in the amor-
phization behavior at this temperature.7,8 At temperatures
well below room temperature it is assumed that implantation
produces the amorphous state by damage accumulation alone
at ion fluences relatively low in comparison to those neces-
sary for amorphization at room temperature.2,9

Differences in the damage-accumulation behavior for
samples of different crystal orientation have been
reported.10–12 For implantation in c-oriented samples, smaller
ion fluences are needed to reach maximum damage than for
a-oriented samples. However, no systematic study and com-
parison of the damage evolution for samples of different
crystal orientations have been reported so far.

This work presents the results of the investigations of
damage formation in �-Al2O3 of three different orientations
under irradiation with three different ion species implanted
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and measured at 15 K. Because at this low temperature ther-
mal effects are widely excluded, the lattice damage observed
by Rutherford backscattering spectrometry �RBS� in chan-
neling configuration is mainly ion-beam induced. The appli-
cation of a sophisticated software enables us to determine the
depth distributions of the damage produced by the implanted
ions. Different from most of the studies mentioned above,
which focus on the implantation of higher ion fluences, the
present paper concentrates on the primary effects of damage
production and accumulation, starting at very low ion flu-
ences.

II. EXPERIMENTAL DETAILS

In the present studies we used high-quality single crys-
tals of �-Al2O3 obtained from Crystec with c, a, and r ori-

entations. These are defined by a �0001�, a �112̄0�, and a

�011̄2� surface plane, respectively. All experiments presented
here were conducted in a double beam target chamber.13 This
allows us to perform a series of subsequent ion implantations
each followed immediately by the RBS measurement with-
out changing the sample environment. The target holder was
cooled down to a temperature of 15 K using a cryogenic
system. The samples were fixed on the target holder with
conductive silver lacquer in order to realize sufficient heat
and charge transfer.

For implantation three different ion species were chosen,
namely, 80 keV Na and 150 keV Ar for all orientations as

well as 150 keV K for the c-oriented samples �for details see
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Table I�. Implantation took place 7° off axis in order to avoid
channeling effects for the implanted ions. The current density
was kept between 0.1 and 0.5 �A cm−2.

The analysis was done with RBS channeling measure-
ments along the crystal axis normal to the surface �corre-
sponding to the sample orientation� using 1.4 MeV He ions
and a backscattering angle of �=170°. The beam current did
not exceed the value of 10 nA while the spot size diameter
was 1 mm. The yields of the aligned spectra for the perfect
�unimplanted� and the damaged crystal, Yal

perf and Yal
dam, re-

spectively, as well as the yield of measurement in random
direction, Yra, were used to calculate the minimum yields of
the perfect crystal, �min

perf=Yal
perf /Yra and the damaged crystal

�min
dam=Yal

dam/Yra. The difference in minimum yield, ��min

=�min
dam−�min

perf, was taken as a measure for the amount of dam-
age produced.

Depth profiles of damage were calculated from the Al
part of the measured minimum yield using the latest version
of the computer code DICADA.14 This program describes axial
dechanneling in compound crystals with point defects based
on a modified master equation. Due to the complex structure
of sapphire a new feature was included. Strings of atoms
�in the channeling direction� with very small distances
��0.4 Å� are summarized to one so-called averaged string
which is not a perfect string but contains displaced atoms.
Using DICADA with this modification the relative concentra-
tion of displaced lattice atoms, ndef, versus depth z was ob-
tained for each crystal orientation. In the following text ndef

is referred to as defect concentration.
For comparison, the depth distributions of primary dis-

TABLE I. Data for the different series of implantations �S0, S1, S2, and P
performed with Ar, K, and Na ions into �-Al2O3 of c, a, and r orientations
A series of implantation starts with a fluence NI

first and then the fluence is
enhanced step by step, each followed immediately by the RBS measure
ment. The final fluence reached is NI

total. The series P is especially used to
investigate the He beam induced annealing in more detail �see Sec. III B�
Ndispl

* stands for the maximum value of the Al displacements per ion and uni
depth as calculated by SRIM2003.

Energy
�keV� ion

Ndispl
*

�107 cm−1�
Sample

type series
NI

first

�1014 cm−2�
NI

total

�1014 cm−2�
numbe
of step

150 Ar 8.30 c S1 0.6 8.0 6
S2 4.0 40 6
P 5.4 10 2

a S1 0.4 28 12
S2 10 90 7
P 5.4 10 2

r S0 0.2 0.7 3
S1 0.5 20 11
S2 4.7 40 7
P 4.0 6.0 2

150 K 8.65 c S1 0.5 14 8
S2 11 35 5

80 Na 4.64 c S1 1.0 40 10
a S1 1.0 20 7

S2 20 130 6
r S1 0.4 50 10
placements were calculated with the computer code SRIM2003
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�Ref. 15� for the three different ion species implanted. The
displacement energies were set to Ed

Al=20 eV and Ed
O

=50 eV for aluminum and oxygen, respectively.3 The result-
ing maximum number of Al displacements per ion and unit
depth, Ndispl

* �see Table I�, was used to convert the ion fluence
NI to displacements per atom by ndpa= �NINdispl

* � /N0 where
N0 denotes the Al particle density �N0=4.712�1022 cm−3�.

III. EXPERIMENTAL RESULTS

A. Depth distribution of defects

As an example for the damage evolution measured as a
function of the ion fluence, Fig. 1 shows the energy spectra
of backscattered He ions measured in channeling configura-
tion for implantation of 80 keV Na into c-, a-, and r-oriented
samples. With increasing ion fluence a buried damaged layer
is produced, the peak of which reaches the random level at
NI�2.5�1015 cm−2, NI�6.0�1015 cm−2, and NI�3.0
�1015 cm−2 for c, a, and r orientations, respectively. Further
implantation leads to the expansion of the damaged region
until, finally, the aligned yield shows random level up to the
surface.

The defect profiles were calculated from the Al part of
the minimum yield �min

dam as described in Sec. II assuming the
atoms to be randomly displaced from their lattice sites. Fig-
ure 2 shows the profiles for c-, a-, and r-oriented samples
implanted with 150 keV Ar ions up to four different ion flu-
ences.

For the two lowest ion fluences �see Fig. 2� the experi-
mental defect distributions are slightly narrower than the
SRIM ones with similar widths for all orientations. Further-
more there is a pronounced dip in the profiles between the
surface and the buried damaged layer, which the SRIM calcu-
lations do not exhibit. A comparison of the profiles of the
two higher ion fluences shows differences in the shape of the
defect distributions for the different crystal orientations. The
c-sample profiles stay narrow and unshifted until the random
level is reached and only then do they start to grow towards
the surface and into greater depth. For the a and the r sample
the peak broadens already before the random level is
reached. This starts at a critical maximum defect concentra-
tion of ndef

a �max��0.6 and ndef
r �max��0.8 for a and r orien-

tations, respectively.
A comparison of the profiles for the different ion species

yields the result that in all cases the depth of the maximum is
only marginally deviating from the SRIM prediction.16,17 In
relation to the calculated profiles, the defect distributions
measured for Ar or K implantation are slightly shifted to
larger depths than the ones for Na implantation. Apart from
that, there is no significant effect of the ion species observ-
able for all orientations.

During the RBS measurement we observed a defect an-
nealing �see Sec. III B�. However, by comparing the profiles
for a given ion fluence resulting from two subsequent RBS
measurements, it was proved that this annealing does not
alter the shape of the distribution and thus does not account
for the dip in the measured profiles. However, its influence
on the absolute value of defect concentration cannot be ne-

glected as will be discussed in the following.
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B. He beam induced annealing

In order to study the effect of the He irradiation during
the RBS measurement on the defect concentration, each RBS
measurement was performed in steps of equal charges, pro-
viding a series of spectra �called subspectra�. Additionally, in
some cases prolonged measurements using up to three times
the total He charge of a normal spectrum were performed
with the same measured He charge for all these subspectra.
Figure 3 shows an example of such a prolonged measure-
ment for each crystal orientation. For better statistics, the
difference in minimum yield, ��min

subspectra�int�, was calculated
after integrating the yields within the depth range of damage.
The results clearly show a decrease in the backscattered yield
of the Al peak with increasing number of subspectra, which
is proportional to the He charge. As can be seen from Fig. 3
the annealing effect is smallest for c orientation and largest
for r orientation.

Since we did subsequently several implantation and RBS
measurement steps on the same sample, this annealing effect
leads to the situation that the fluence dependence of damage
caused by implantation without any RBS measurement �un-
disturbed damage accumulation� cannot be obtained directly
from the experimental data as is illustrated in Fig. 4. Al-

FIG. 1. RBS channeling spectra of 1.4 MeV He ions backscattered on c-A
change of temperature between implantation and measurement�. S1 and S2
though the annealing for each data point itself is small, the
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effect adds up, resulting in a significant deviation of the mea-
sured data from the curve one would observe without anneal-
ing during the measurement.

In order to obtain the undisturbed fluence dependence, a
special simulation procedure has been developed. The main
idea is to describe the undisturbed fluence dependence of
��min by an analytical formula with a set of free parameters.
Further, the effect of the annealing during the RBS measure-
ment is parametrized by a careful analysis of ��min

subspectra ver-
sus the number of subspectra, i.e., versus the He charge �for
details see Ref. 17�. Then the formula of the damage-
accumulation model is used to simulate the defect concentra-
tion, which is to be expected for a given ion fluence, but
without influence of the measurement. In a second step the
resulting defect concentration is reduced according to the He
beam induced annealing during the measurement. This re-
duced defect concentration is then the starting value to simu-
late the effect of the next implantation step with the damage-
accumulation model �see Fig. 4�. The parameters of the
analytical model have to be chosen in such a way that the
calculated reduced defect concentrations do agree with the
experimental values. By this fitting procedure the free pa-
rameters are obtained and the undisturbed curves of damage
accumulation can be calculated using the model without the

�a�, a-Al2O3 �b�, and r-Al2O3 �c� implanted with 80 keV Na at 15 K �no
� denote series measured on different samples.
l2O3

in �b
intermediate annealing steps due to the measurement �see
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Fig. 4�. In the next section it is shown how the damage-
accumulation model is deduced from the analysis of the ex-
perimental data and an example for the fitting procedure de-
scribed above is given.

C. Fluence dependence of damage accumulation

1. Experimental results ��min
exp versus ndpa

For the analysis of the damage-accumulation process the
difference in minimum yield at the maximum of the distri-
bution, ��min

exp, was taken as a measure of the amount of
damage produced during the implantation, because for all
cases investigated here the relative defect concentration ndef

FIG. 2. Relative concentration of displaced lattice atoms, ndef, vs depth z
calculated from the Al part of the RBS spectra for implantation of c-oriented
�a�, a-oriented �b�, and r-oriented �c� Al2O3 with 150 keV Ar at 15 K. The
distributions of primary displaced atoms calculated by SRIM2003 are added in
arbitrary units, each chosen to fit the corresponding maximum value �solid
lines�.

FIG. 3. Difference in minimum yield ��min
subspectra�int� calculated after inte-

grating the yields within the depth range of damage in the RBS channeling
subspectra after implantation of Ar into c-, a-, and r-oriented Al2O3 at 15 K
vs the number of measured subspectra. The solid lines show the best expo-

nential fit.
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is equal to ��min
exp,17 and the He beam induced annealing was

analyzed for ��min. Figure 5 shows the experimental values,
��min

exp, determined from the RBS spectra measured with full
He charge as a function of ion fluence. For comparison of the
results for the various ion species the latter has been con-
verted to ndpa �see Sec. II�. Already from these �uncorrected�
experimental data it can be seen that for all orientations the
results for the different ion species show a uniform depen-
dence on the displacements per atom �dpa�. No significant
chemical effect of the implanted ions is observable.

In the double-logarithmic plot for the c-oriented samples
�Fig. 5�a�� mainly two regions of damage production can be
distinguished. For low ndpa values up to 0.4, ��min

exp increases
almost linearly with the ion fluence up to a value of about
0.03. For ion fluences above 0.4 dpa, a steeper slope of ��min

exp

is found which continues unchanged until the damage level
ranges between 0.95 and unity, indicating that the peak maxi-
mum has reached the random level. This sharp edge can be
seen more clearly in the half-logarithmic plot �Fig. 5�b��.

For the a- and r-oriented samples �Figs. 5�c� and 5�e��
three regions of damage accumulation can be seen. In the
low ndpa region up to 0.5 and 0.4 for the a and r samples,
respectively, the data points show a weak increase �lower
than linear� with ion fluence. At critical values of ��min

exp

�0.10 and ��min
exp �0.06 for a and r orientations, respec-

tively, the increase of the data points changes such that for
ion fluences above 0.5 and 0.4 dpa, respectively, a steeper
slope similar to that of the c samples is observed. However,
a third region is formed where the increase of ��min

exp lessens
once more, slowing down the approach to unity and indicat-
ing another change in the damage-accumulation process.
This leads to a rounded and flattened curve near the random
level, which can be seen more clearly in the half-logarithmic
plot �Figs. 5�d� and 5�f��. This third region corresponds to the
range of peak broadening observed in the defect distributions
of a- and r-oriented samples discussed in Sec. III A �see Fig.
2�.

Because of the low defect concentration of ndef�0.1
within the first region only isolated point defects are to be
expected. The change in the accumulation rate within the
second region is attributed to the occurrence of a second type
of defects that is referred to as clusters. However, their true

FIG. 4. Illustration of the consequence of He irradiation induced annealing
during the RBS measurement on the damage accumulation represented by
��min vs ion fluence �solid line: fitted fluence dependence taking annealing
into account; dashed line: undisturbed curve to be expected from the same
fluence dependence but without annealing�.
nature is not clear.
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2. Analytical model for the simulation

Starting from the discussion of the measured evolution
of ��min

exp with ndpa, the following model �based on the model
by Hecking et al.18� was developed:

dnpd

dndpa
= Ppd exp�− Rpd

2 ndpa
2 ��1 − nc� − Fcf�npd�

− Gcnc
npd

1 − nc
, �1�

dnc

dndpa
= �Fcf�npd� + Gcnc��1 −

nc

nc
sat�p

, �2�

with f�npd� = �1 − exp�npd
crit − npd

0.001
�	−1

, �3�

and npd + nc = ndef � ��min. �4�

It is assumed that two types of defects exist: point defects
with the relative concentration npd and clusters with the rela-
tive concentration nc, both contributing to the difference in
minimum yield, ��min, in the same way �see Eq. �4��. With
this the following model of damage accumulation is as-
sumed. Within a single ion impact, only isolated point de-
fects are produced with an efficiency denoted by Ppd. Re-
combination of point defects, occurring when the collision
cascades start to overlap, is enabled with Rpd being the pa-
rameter for this process �see first term in Eq. �1��. After a
critical concentration of point defects, npd

crit, is exceeded, they
are altered into clusters with a certain efficiency Fc �see sec-
ond term in Eq. �1��. The switching on of this process is
described by the function f�npd� �see Eq. �3��. Further im-
plantation leads to the stimulated growth of these clusters
represented by the parameter Gc. The factor �1−nc /nc

sat� se-
cures that the relative concentration of these clusters does not
exceed a certain saturation value, nc

sat, in particular, that it
does not exceed unity �see Eq. �2��. The fact that ��min

exp�ndpa�
for the a and r samples does not reach unity like a sharp edge
as it was found for the c sample cannot be easily understood.

Possibly a saturation of clusters occurs, which is superim-
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posed by a beginning amorphization. However, our experi-
mental data do not allow to distinguish between these pro-
cesses. Therefore, the slow approach to unity in the cases of
a- and r-oriented samples was modeled simply by using the
factor �1−nc /nc

sat�p with p	1 that realizes the saturation of
nc without introducing a third type of defects �see Eq. �2��.
The way of doing so is not predicted by a physical process
but it was the most reasonable approach to fit the measured
data and finally to obtain the undisturbed damage-
accumulation curves.

With the model presented, three regions of the depen-
dence of ��min on ndpa can be distinguished. Region I is
given by npd�npd

crit and nc�0. This provides a linear depen-
dence of ��min on ndpa followed by a weaker dependence
�like a plateau� in the case of a remarkable recombination. In
region II beginning at npd�npd

crit the difference in minimum
yield increases rapidly mainly by formation and growth of
clusters. Region III is characterized by a continuous decrease
of the slope of ��min until its saturation value of about unity
is reached.

An example for a measured fluence dependence of ��min

fitted with the help of Eqs. �1�–�4� and taking into account
the He beam induced annealing as described in Sec. III B is
shown in Fig. 6. It can be seen that the experimental results

FIG. 5. Difference in minimum yield
��min

exp calculated at the maximum of
the Al peak after implantation of
c-oriented ��a� and �b��, a-oriented ��c�
and �d��, and r-oriented ��e� and �f��
samples vs displacements per atom,
ndpa�Al�. For better visibility the data
are given in double-logarithmic scale
��a�, �c�, and �e�� as well as in half-
logarithmic scale ��b�, �d�, and �f��.
The solid lines are drawn to guide the
eye. The experimental errors are
shown for one data series only in order
to avoid an overload of the graphs. S0,
S1, and S2 denote measurement series
on different samples. A comparison of
the eye guiding lines is given in �g�
and �h�, again for double- and half-
logarithmic plots, respectively.

FIG. 6. Example of the fitting procedure for a series of data points measured
after Ar implantation of a-Al2O3 at 15 K. The maximum values ��min are
plotted vs the ion fluence NI with the crosses denoting the experimental data
points and the hollow circles being the calculated data points. The undis-

turbed fluence dependence thus obtained is shown as dashed line.
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are well represented by the calculated ones and that the an-
nealing effect due to the He irradiation during the RBS mea-
surement must not be left out of consideration. More or less
similarly good fittings are obtained also for the other implan-
tation series �not shown�.

3. Results for the undisturbed ��min
sim versus ndpa

The results of the fitting of all experimental data are
given in Table II �fitting parameters� and in Fig. 7 which
shows the corresponding undisturbed curves ��min

sim versus
the number of displacements per atom, ndpa.

For c orientation no intermediate plateau, corresponding
to the recombination of point defects, is observed in the ex-
perimental data. Therefore, the recombination parameter was
set to Rpd=0. The critical density above which point defects
are altered into clusters was taken from the value at which
the slope of the experimental curves changes �see Fig. 5�a�
and Table II�. The undisturbed curves obtained with these
settings are given in Figs. 7�a� and 7�b� for double- and
half-logarithmic plots, respectively. For all ion species, it can

TABLE II. Values for the set of parameters of the analytical model �see Eqs.
�1� and �2�� used in the simulation procedure as obtained from fitting the
experimental data for the various implantation series.

Type Ion Series Ppd Rpd npd
crit Fc Gc nc

sat p

c Ar S1,S2 0.20 ¯ 0.03 0.11 2.3 0.99 1.0
K S1,S2 0.15 ¯ 0.03 0.11 2.8 0.97 1.0
Na S1 0.17 ¯ 0.03 0.10 3.0 0.97 1.0

Mean 0.17 ¯ 0.03 0.11 2.7 0.98 1.0

a Ar S1 1.1 1.9 0.10 0.51 5.1 0.97 2.0
S2 1.1 9.9 0.10 0.51 5.1 0.97 2.0

Na S1 0.76 2.0 0.10 0.56 5.3 0.98 2.0
S2 0.76 6.5 0.10 0.56 5.3 0.98 2.0

Mean S2 0.97 8.3 0.10 0.54 5.2 0.98 2.0

r Ar S0 0.80 0.0 ¯ ¯ ¯ ¯ ¯

S1 0.74 0.0 0.06 0.17 10 0.96 1.2
S2 0.74 9.7 0.06 0.17 10 0.98 1.2

Na S1 0.81 2.5 0.06 0.15 11 0.98 1.2
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be seen that within the experimental error there is a good
agreement of the undisturbed curves for different implanta-
tion series and for the different ion species. The latter means
that there is no chemical effect of the implanted ion species
and the damage formation is determined by the nuclear en-
ergy deposition.

For the a- and r-oriented samples the behavior is differ-
ent than that for the c-oriented ones. At first, the data points
of the series S1, starting at very low ion fluences, were fitted.
Usually, these data points reach well into the fluence range of
cluster formation. Though there is no recombination plateau
visible in the experimental curves, a value of Rpd	0 is
needed to model the data points. The value of npd

crit was de-
termined as described for c orientation �see above�. With
these assumptions the data points of the series S1 could be
well fitted yielding the parameters Ppd, Rpd, Fc, and Gc. How-
ever, it is not possible to fit the series S2 for the a and r
orientations with the same set of parameters obtained from
the corresponding series S1. A good fit of the calculated
curves to the experimental data for the series S2 is only
possible when either Rpd is enlarged or Fc is reduced. This
means that the He measurement does not only cause a reduc-
tion of the defect concentration but also changes the mecha-
nisms of damage accumulation. Within the depth range of
interest, the He ions mainly lose their energy by electronic
excitation or ionization of target atoms. This may result in
changes of the charge state of the defects which can influ-
ence their mobility. We therefore prefer the assumption that
the He measurement leads to an enhanced point defect re-
combination, corresponding to higher Rpd values in the fitting
procedure. However, it should be pointed out that a similarly
good fit is obtained when leaving Rpd constant and decreas-
ing Fc.

The consequence of the necessary change of one of the
parameters is that for a- and r-oriented samples the undis-
turbed curves ��min

sim vs ndpa �for short called damage-
accumulation curves� are different for the different series of
the same implanted ion �see Figs. 7�c�–7�f��.

When a rather high ion fluence is implanted in the first
step �as done for series S2�, the damage-accumulation curves

FIG. 7. The undisturbed fluence de-
pendence, represented by ��min

sim, for
c-oriented ��a� and �b��, a-oriented ��c�
and �d��, and r-oriented ��e� and �f��
samples plotted vs ndpa�Al�. For better
visibility all graphs are given in
double-��a�, �c�, and �e�� and in half-
logarithmic scale ��b�, �d�, and �f��.
The experimental error is indicated by
arbitrary data points and S0, S1, and
S2 denote measurement series on dif-
ferent samples. A comparison of the
crystal orientations is given in �g� and
�h�, again for double- and half-
logarithmic plots, respectively.
AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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exhibit a clear intermediate plateau in the range of low flu-
ences, where no measurements were performed. This plateau
can be attributed to the balance between point defect produc-
tion and recombination, both occurring due to the effect of
the implanted ions. On the contrary, the situation is different
when implanting many small ion fluences and performing
RBS measurements after each of these implantation steps �as
done in series S1�. In this case the parameter for point defect
recombination needed to fit the experimental data is much
smaller. This means that the defect recombination is already
realized by the analyzing He beam. Hence, it does not �or to
a strongly reduced amount� manifest in the undisturbed
curves that represent the effect of ion implantation alone.
Thus, these damage-accumulation curves do not exhibit an
intermediate plateau. This is in agreement with the results of
the c-oriented samples in so far as there the recombination of
point defects is generally not obvious and consequently, the
undisturbed curves are the same for all implantation series.

For the discussion of the results, those undisturbed
curves have to be used for a and r orientations that follow
from the series S2 since they represent the damage-
accumulation behavior with almost no or at least the lowest
interference of the measurement. However, one must not for-
get that they could be obtained only in combination with the
results of the formerly fitted low-fluence implantation series
S1.

Similar to the results of the c-oriented samples, the in-
fluence of the implanted ion species is well represented by
their energy deposition in nuclear processes and no chemical
effects are detected �see Figs. 7�c� and 7�d� for a orientation;
in the case of r orientation a series S2 exists for Ar only�. In
order to compare the different crystal orientations, an ion-
averaged curve for the c sample, a mean of the curves fol-
lowing from the series S2 for the a sample, and the curve
corresponding to the Ar series S2 of the r sample are plotted
in Figs. 7�g� and 7�h�. As already mentioned above, the crys-
tal orientation has a significant influence on the damage-
accumulation behavior and the same three regions discussed
for the experimental data �see above� can be distinguished
for the undisturbed curves as well.

IV. DISCUSSION

A. Effects of nuclear energy loss

For all orientations the damage formation is determined
by the nuclear energy deposition. A chemical effect, that is to
say a significant influence of the implanted ion species, is not
observed neither for the curves of damage accumulation nor
for the depth profiles of defect concentration at a temperature
of T=15 K and fluences up to NI=1.3�1016 cm−2.

The depth profiles of the defect concentrations obtained
from the RBS data are narrower than the calculated distribu-
tions �SRIM�. This is at least partly due to the dip in the defect
concentration between the surface and the maximum of the
distribution which may be explained by the electronic energy
loss �see Sec. IV B�. The surface itself seems to act as a sink
since it shows an enhanced concentration of defects.

The differences in the undisturbed curves of damage ac-

cumulation, observed between the various crystal orienta-
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tions, can result from two possible situations �or a superpo-
sition of both�. First, the implantation is not independent of
the crystal orientation. In this case the produced state of
damage could be influenced by the crystal axis due to some
kind of channeling effect. Second, the implantation produces
the same defect structures in all orientations, but these struc-
tures have a different visibility when viewed along the vari-
ous crystal axes. Then RBS analysis would detect different
levels of damage though the samples are in a similar state of
disorder. Estimating the critical angle for axial channeling
leads to values of �1°. Since all implantations took place
approximately 7° off axis, this favors the second possibility.
Therefore the implantation itself is assumed to be of random
character with a different visibility of the defects along the
different crystal axes.

From the fluence dependence of the damage accumula-
tion at the maximum of the distribution three different re-
gions of defect formation can be distinguished.

Region I. The low level of damage for small ion fluences
indicates that in direct collisions only isolated point defects
are created. If each displaced lattice atom as calculated by
SRIM led to a point defect, then the efficiency for point defect
production, Ppd, should be 1. This is indeed the case for the
a-oriented samples and within the experimental error also for
the r-oriented samples �see Table II�. This means that the
results presented in this work are consistent with the dis-
placement energies of Ed

Al=20 eV and Ed
O=50 eV for alumi-

num and oxygen3 within the experimental error. Further-
more, the results suggest that in-cascade annealing, that is to
say defect recombination within the lifetime of the collision
cascades of the individual ions, is low at a temperature of
15 K.

However, the efficiency for point defect production mea-
sured in c orientation is by a factor of 5 smaller than the
expected value of 1. This can be explained by considering
the different crystal structures that are seen along the various
axes as shown in Fig. 8. In sapphire, the Al ions occupy 2

3 of
the octahedral cavities in the close-packed array made up by
the O ions. The other octahedral cavities are vacant. It is
somehow intuitive to assume that displaced Al ions come to
rest at these vacant octahedral sites preferably. In c orienta-
tion the vacant cavities are hidden by normally occupied Al
sites as can be seen in Fig. 8�a�. Therefore, a displaced Al ion
that comes to rest at one of the vacant octahedral sites is not
detected by RBS channeling measurement. On the contrary,
the vacant sites are visible in a and r orientations so that all
displaced Al ions are indeed detected �Figs. 8�b� and 8�c��.
Thus the low value of the efficiency for point defect produc-
tion in c orientation can be well explained by a different
visibility of the defects created. The experimental results in-
dicate that only 20% of the displaced Al ions produce ran-
dom interstitials �not occupying preferred lattice sites�
whereas the other 80% provide special interstitials occupying
vacant octahedral sites.

A recombination of point defects due to overlapping of
the collision cascades is observed for a and r orientations but
not for c orientation. In terms of the discussion just pre-
sented, this would mean that the random interstitials do not

recombine during subsequent cascades. It further suggests
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that displaced Al ions sitting on one of the vacant octahedral
sites move to original lattice positions once the cascades start
to overlap.

Region II. Above a critical concentration, the point de-
fects are altered into clusters which show a stimulated
growth with subsequent ion implantation. For r-oriented
samples this occurs at lower ndpa values than for c- and
a-oriented samples. Furthermore, the curves of a and r ori-
entations suggest some kind of saturation for the growth of
the clusters that is not found for c orientation. Again, these
differences in the behavior of the various crystal orientations
could be due to a different visibility of the defect structures
along the different axes. However, a discussion like the one
for point defect production is not possible since the increased

FIG. 8. Crystal structure of �-Al2O3 as viewed along the three different orien
balls represent the oxygen ions. The vacant octahedral sites are indicated by
level of damage does not allow assumptions about the struc-
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tural state of the samples. The situation becomes even more
complicated due to the effect of He beam induced annealing
as will be discussed in Sec. IV B.

Region III. A comparison of the behavior of the different
orientations indicates that in this stage the samples are highly
damaged but not yet structurally amorphous. Probably, the
clusters are slowly transformed to amorphous material, yet
no clear physical mechanisms can be identified from the
present studies. Nevertheless, it can be concluded that the
material is rendered structurally amorphous at very high ndpa

values �ndpa	20 dpa� only. This is in agreement with earlier
studies of McHargue and co-workers, in which the critical
value for amorphization of sapphire was found to be between
55 and 90 dpa �Refs. 7, 10, and 19� at 77 K.

ns c, a, and r. The black balls represent the aluminum ions whereas the gray
les and arrows.
tatio
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B. Effects of electronic energy loss

Ionizing radiation can promote the recovery of displace-
ment damage in many ceramic insulators by enhancing the
mobility of point defects �see Ref. 4 and references therein�.
Several different mechanisms have been proposed in order to
explain this effect. The mechanism referred to as ionization-
induced diffusion assumes that due to the electronic energy
loss the charge state of a point defect is altered, leading to a
significantly lower migration energy. Another explanation is
based on the concept that a high concentration of electron-
hole pairs may alter the bond lengths and thus the migration
energy. A third proposition is that electron-hole pair recom-
bination or deexcitation of electronic states may provide
enough thermal energy to induce point defect migration.

For analyzing He ions the ratio of electronic to nuclear
stopping power is about the critical value for ionization-
induced diffusion reported in Ref. 4. Therefore, we attribute
the He beam induced annealing during the RBS measure-
ment to the electronic energy loss of the He ions. Annealing
of defects was also found during the analysis of ion im-
planted sapphire with electrons at room temperature10 and at
90 K.20 Probably the most striking observation in connection
with the annealing behavior is the huge influence of crystal
orientation �see Fig. 3 in Sec. III B�. As already discussed in
Sec. IV A, there are several possible explanations for such an
effect. One possibility is that the effect of the electronic en-
ergy loss is the same for all orientations. But since the defect
structures have a different visibility along the various axes,
the observed annealing is different as well. Another possibil-
ity is to assume that the incident He beam leads to an align-
ment or other structural changes of the defects. These struc-
tural changes would probably depend on the axis along
which the He ions are incident, thus resulting in a different
response of the defect structures for the different orienta-
tions. Alignment of the defect structures due to the He beam
would also have consequences for the subsequent damage
formation. The initial state of the sample for the next implan-
tation step would depend on the axis of RBS measurement
leading to actual differences in the defect structures for the
various crystal orientations even if the implantation itself is
of random nature. A third explanation is based on the concept
that the implantation itself is not random, yielding different
defect structures for the various axes. These may then show
a different behavior under ionizing radiation.

As already mentioned in Sec. IV A, there are deviations
between the experimental and calculated depth profiles of the
defect concentration. It was checked that the dip near the
surface observed in the DICADA profiles when compared with
the SRIM distributions is not due to the RBS measurement.
This rules out the electronic energy loss of the He ions as
source of the enhanced recombination of defects. However,
sapphire generally seems to be a material where electronic
energy loss leads to damage recovery rather than damage
formation. Therefore, we propose that the reduced defect
concentration near the surface is caused by the electronic
energy loss of the implanted ions. In this case the ratio of
electronic to nuclear stopping power is certainly below the

critical value. The excitation of the electronic system of the
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sample may nevertheless have an influence on the defects
produced. This proposition is supported by the prediction of
Zinkle et al. that ionization produced by the primary ion
beam is much more effective than ionization produced by a
second source.4 However, other effects such as the surface
acting as a sink for defects might contribute to a reduced
defect concentration as well.

V. SUMMARY

In the present work, the damage formation and accumu-
lation in �-Al2O3 of c, a, and r orientations after irradiation
with Na, K, and Ar at 15 K was studied. Analysis was done
by RBS channeling measurement without changing the
sample temperature of 15 K.

Defect annealing was observed during the RBS measure-
ment with 1.4 MeV He ions. It can be understood in terms of
the electronic energy loss of the He ions which may cause
changes in the charge state of the defects, thus enhancing
their mobility. This results in actual damage recovery or in
the alignment of the defect structures. The same mechanism
probably occurs due to the electronic energy loss of the im-
planted ions, leading to a dip in the depth profiles of the
defect concentration between the surface and the maximum
of the distribution.

An existing model was modified to provide an analytical
formula with a set of free parameters which describes the
defect formation as a function of the ion fluence. Taking into
account the He beam induced annealing the experimental
data were fitted using this formula. From the set of param-
eters determined in this way the undisturbed curves of dam-
age accumulation were obtained. The results, exhibiting the
effect of the nuclear energy loss of the implanted ions,
mainly show three different stages of defect formation. At
very low ion fluences only isolated point defects are formed.
The efficiency for that is well reproduced by SRIM calcula-
tions using displacement energies of Ed

Al=20 eV and Ed
O

=50 eV for aluminum and oxygen, respectively. Only for
c-oriented samples is the efficiency for point defect produc-
tion found to be lower, which can be explained by a heavily
reduced visibility of the created defects along this particular
crystal axis. Point defect recombination is observed when the
collision cascades start to overlap with increasing ion flu-
ence. Above a critical concentration of point defects these are
altered into clusters, which grow significantly during further
implantation, thus forming the second stage of damage accu-
mulation. The third stage is formed by a kind of saturation of
the clusters and the gradual transformation to amorphous
material. Structural amorphization is assumed to occur only
after the implantation of high ion fluences corresponding to a
number of displacements per atom larger than 20 dpa. No
influence of the chemical properties of the implanted ion
species was observed.
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