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The damage microstructure and optical properties of sapphire implanted with boron, nitrogen and iron
were examined by RBS-C, TEM, and optical absorption. Implantations were conducted at RT and
1000 �C at 150 keV and fluences of 3 � 1016–1 � 1017 ions/cm2. Optical absorption measurements indi-
cate that the boron-implanted samples contained the highest number of F-type centers and the nitro-
gen-implanted samples the fewest. The microstructure of the boron-implanted samples shows only
‘black-spot’ defect clusters, as did the iron-implanted samples at the lower fluences. At higher fluences,
the iron implanted samples revealed the presence of nanometer-sized precipitates of single crystal bcc
iron that contributed to additional optical scattering. Bubbles formed in samples implanted with low flu-
ences of nitrogen. A second damage region is apparent in the RBS-C patterns for higher fluences of
nitrogen.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Studies of the defects produced in sapphire (single crystalline
Al2O3) date from the in-reactor irradiations of Levy and Dienes re-
ported in 1954 [1]. Arnold et al. subsequently demonstrated that
the optical absorption band at 204 nm was due to displacements
produced by energetic (50–200 keV) light ions (H+, D+, He+) [2].
This absorption band has been shown to be due to F� and F+-type
centers (oxygen vacancies containing two or one trapped elec-
trons) [3].

In subsequent years, there have been numerous studies of ion-
implanted sapphire, and a general understanding of the defect
structure and properties has been achieved. Nevertheless, there
are details concerning the formation and retention of defects that
are still unclear.

In additional to the interest in sapphire for potential applica-
tions in nuclear environments, its response to particle bombard-
ment is of fundamental interest. While sapphire is generally
classified as ionic bonded, there is a significant covalent nature
in the crystal. Its crystal structure is strongly anisotropic. These
factors make modeling by MD simulations difficult and there do
not appear to be any such studies reported. Existing damage sim-
ulations have relied on the Monte Carlo method of TRIM and its
derivatives, i.e., only ballistic displacements [4]. Sapphire exhibits
essentially no deviation from stoichiometry and the solubility of
ll rights reserved.

: +1 865 974 4995.
impurity is below the limits of detection. The nonequilibrium
introduction of implanted species requires the formation of second
phases and/or defect–impurity complexes that compensate for
unbalanced charges. These factors also influence the nature of
the residual state of displaced Al and O ions.

The role (chemical, physical) of defects formed during irradia-
tion and the defect structures retained after ‘cool-down’ are diffi-
cult to predict a priori. Biersack noted that the range (and defect)
distributions calculated by TRIM change with the mass ratio of
bombarding ion to target ion(s). For low mass ratios, there is a neg-
ative skewness with a tail of scattered ions extending toward the
surface; whereas, for high ratios, the skewness is positive and the
scattered ions extend into the target [5]. Fig. 1 contains the TRIM
distributions for boron and iron implantations that illustrate this
asymmetry.

This study compares the residual defect structure studied by
several experimental techniques previously reported by this group
as separate studies [6–11] with additional experimental observa-
tions. The ions selected for study include a light, non-gaseous ele-
ment (boron), a light, gaseous element (nitrogen) and a moderately
heavy cation (iron). Rutherford backscattering – ion channeling
(RBS-C) is commonly used to determine the disorder in the alumi-
num sublattice and is often cited as a measure of ‘damage’. Optical
absorption is sensitive to oxygen vacancies with trapped electrons
and may also exhibit scattering from nanometer-sized second
phases. Electron microscopy provides details about the microstruc-
ture on the nanometer scale. The studies reported here employed
all three techniques.
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Fig. 1. TRIM calculated range and vacancy distributions for (a) boron and (b) iron
implanted into sapphire at 150 keV.

Fig. 2. Random and c-axis aligned RBS-C spectra obtained with 2.65 MeV He+ for
sample implanted with 1 � 1017 B/cm2 (150 keV) at room temperature.
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2. Experimental details

High purity single crystals of a-Al2O3 (Crystal Systems, Inc.,
Bedford, MA) with optically polished surfaces parallel to {0001}
planes were annealed at 1500 �C in flowing oxygen to remove
any surface damage due to processing. Samples were implanted
at 150 keV with 1 � 1017 B/cm2 (RT, 500, 1000 �C), 3 and
10 � 1016 N/cm2 (RT, 1000 �C) and 2–10 � 1016 Fe/cm2 (RT,
1000 �C). The beam was tilted 7� from the c-axis to prevent chan-
neling. RBS-C measurements were performed with 2.0 or 2.65 MeV
He+ beams and silicon barrier detectors placed at 140� and 180� in
the standard IBM geometry. Optical absorption measurements
were made with a Varian Cary 5G IR–VIS–UV spectrometer.
Cross-sectional TEM specimens were prepared by mechanical pol-
ishing and focused ion beam (FIB) thinning. The specimens were
examined at 200 kV with HF-2000 and HD-2000 STEM.
3. Results

3.1. Boron implantation

The RBS-C spectra from the c-axis direction of samples show
that the un-implanted crystals contain very little disorder, Fig. 2.
The spectra taken with the <0001> axis aligned with the He+ beam
for the sample implanted at room temperature show increasing
de-channeling from a depth of about 50 nm to almost random val-
ues at depths of 200–300 nm, Fig. 2. The spectra taken with other
crystallographic directions aligned with the He+ beam exhibited
similar de-channeling effects suggesting a random distribution of
the disorder in the Al-sublatice (or defects oriented parallel to
the surface). The projected range (Rp) and straggling (DRp) for
150 keV B is about 360 nm. The almost random values appear to
lie in the region of maximum Al and O displacements, i.e., vacan-
cies produced. Such high values of de-channeling could indicate
the presence of a buried amorphous layer or a high density of
defects without the complete loss of crystallinity.

The cross-sectional TEM photographs and SAD electron diffrac-
tion patterns of the RT-implanted samples (e.g., Fig. 3) contain no
indication of an amorphous structure in the implanted region,
but a rather uniform distribution of unidentified ‘black-spot’ de-
fects. The ‘damage’ or implanted-induced defect structure extends
to about 400 nm or equal to about Rp + 2DRp (ca. 420 nm) as calcu-
lated using SRIM 2004. There is no indication of damage beyond
the end of the boron distribution, although there is the suggestion
of a higher density of defects at the end-of-range. The simulations
indicate the presence of relatively few knock-ons beyond the range
of the implanted boron ions.

The electron microscopy examination shows a rather uniform
distribution of an unidentified defect throughout the implanted
regions with some greater amounts near the end-of-range. In con-
trast, the RBS-C spectra indicate little de-channeling from the
Al-sublattice in the region from the surface to a depth of about
50 nm.

The optical absorption at wavelengths near 200 nm in the RT-
implanted sample, Fig. 4, is very high. This peak has been ascribed
to F� and/or F+-centers [3]. There is a second distinct peak near
270 nm that may be from F+-centers, although it could be caused
by scattering from clusters of defects or Mie scattering from nano-
meter-sized particles. There is a small peak near 355 nm that has
been ascribed to Fþ2 clusters [3]. These optical data suggest a high
concentration of oxygen vacancies that contain one or two trapped
electrons. These observations are consistent with those of Agnew
who used optical absorption measurements to study the damage
efficiency, defined as the ratio of defects retained compared to
the calculated number produced [12]. He found the number of F-
centers retained in B-implanted sapphire to be significantly higher
than for implantation of H, D, He, N, Ne, Ar, or Kr.



Fig. 3. Cross-sectional TEM and SAD photograph for sample implanted with
1 � 1017 B/cm2 at room temperature.

Fig. 4. Optical absorption of sapphire implanted with boron as indicated.
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RT-implanted samples were annealed for 1 h at 1000 �C in a
reducing atmosphere (Ar/4% H). The optical absorption was re-
duced to values similar to those obtained for samples implanted
at 1000 �C shown in Fig. 4. The electron micrographs contained
slightly fewer defect clusters [11]. The defect structure, thus, ap-
pears to be very stable.

De-channeling in the RBS-C spectra for the sample implanted at
1000 �C is less than for the RT sample at all depths, Fig. 5. However,
significant de-channeling is observed at depths of 250–350 nm
Fig. 5. Random and c-axis aligned RBS-C spectra obtained with 2.0 MeV He+ for
sapphire implanted with 1 � 1017 B/cm2 (150 keV) at 1000 �C.
from the surface. This is the region of very high de-channeling in
the RT-implanted samples.

The TEM micrograph (not shown) contains fewer defect clusters
than the RT-implanted sample. The damage region of those micro-
graphs extends to 500 nm indicating some in-diffusion of the de-
fects or implanted boron. There is no evidence for a second phase
and the SAD pattern is similar to Fig. 3.

The optical absorption in the range 200–400 nm is less than the
RT samples, indicating fewer F-type centers and, thus, oxygen
vacancies, Fig. 4. The intensity of the peak at 270 nm is also much
reduced. The intensity of the peak near 200 nm is rather high, com-
parable to that for 1 � 1017 Fe/cm2 implanted at the same temper-
ature. A sample implanted at 500 �C exhibited only slightly lower
optical absorption than RT-implanted samples over the range of
wavelengths measured.

The amount of retained damage is surprisingly high, particu-
larly for the RT implantation, when compared to that produced
by implantation of heavier cations to higher amounts of deposited
damage energy. De-channeling in the RBS-C spectra appears to
originate from the ‘black-spot’ damage, thought to be interstitial
clusters. The damage peak observed in the channeling spectrum
from the 1000 �C sample is near to the depth of SRIM-predicted
B range (Rp). This together with the high de-channeling observed
in the same region for the RT-implanted samples suggests that
some interaction between the boron and defects may occur and
stabilizes some particular type of defect structure. Simulation
using SRIM predicts about three times as many aluminum ions
as oxygen ions are displaced due the large difference in displace-
ment energies. The excess of aluminum displaced ions could lead
to formation of aluminum interstitial clusters. Some ‘black-spot’
damage may be interstitial clusters of Al2O3. This could explain
the thermal stability of damage during implantation or annealing
at high temperatures.

3.2. Nitrogen implantation

It is commonly assumed that gases are inert when implanted
into sapphire. It has been reported that high fluences can produce
blistering and exfoliation of the surface [13,14]. Hioki et al. noted
that implantation of nitrogen into sapphire resulted in blisters
and nitrogen loss for fluences greater than 2 � 1017 N/cm2 [15].
Soumoy et al. detected a buried amorphous layer in samples im-
planted with 7 � 1015 N/cm2 (50 keV) at 25 �C [16].

The RBS-C spectra of Fig. 6 show the evolution of disorder with
increasing nitrogen ion fluence at RT. Disorder (de-channeling) is
low from the surface to a depth of �75 nm. The de-channeling in-
creases to a peak at about 250 nm in the sample implanted with
3 � 1016 N/cm2. Calculations using the SRIM 2003 code give the
range for 150 keV nitrogen ions of 247 nm with a straggling of
Fig. 6. Random and c-axis aligned RBS-C spectra for samples implanted with
3 � 1016 and 1 � 1017 N/cm2 (150 keV) at room temperature.



Fig. 8. Optical absorption of sapphire implanted with nitrogen (flu-
ence = 3 � 1016 N/cm2).

Fig. 9. Random and c-axis aligned RBS-C spectra for samples implanted with
3 � 1016 N/cm2 (150 keV) at 1000 �C.
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57 nm. The observed de-channeling range closely corresponds to
the calculated nitrogen distribution.

The dark field TEM photograph of Fig. 7 clearly shows the pres-
ence of a band of bubbles in the region of 100– 300 nm from the
surface. These features are in the size range of 1–10 nm, although
there may be smaller ones not imaged. The TEM examinations did
not detect other defects for 3 � 1016 N/cm2.

The RBS-C spectra and the TEM examination suggests that the
formation of nitrogen bubbles displace Al ions from normal lattice
sites which leads to de-channeling in the Al spectrum.

For the lower fluence, the optical absorption spectra of the RT-
and 1000 �C-implanted samples (Fig. 8) are indistinguishable and
the absorption is much lower than for the B-implanted sample
shown in Fig. 4. The data suggest a low residual concentration of
oxygen vacancies containing trapped electrons.

A second de-channeling feature is present in the spectra of sam-
ples implanted to the higher fluence of 1 � 1017 N/cm2. This defect
band lies closer to the surface and is centered at about 150 nm. The
displacement profiles calculated using SRIM03 show the Al and O
recoils lie closer to the surface than the implanted nitrogen (similar
to the profile for boron shown in Fig. 1). This damage region then
may be due to interstitial clusters of Al or Al2O3.

For samples implanted with nitrogen at 1000 �C, the de-chan-
neling in the Al-sublattice is higher than in the RT-implanted sam-
ples at all depths greater than �25 nm from the surface. Fig. 9. The
de-channeling ({Al) reaches a value of �0.45 at 230 nm, close to
the calculated Rp for 150 keV nitrogen.

The cross-section electron micrograph of Fig. 10 confirms the
presence of many more defects than in the RT samples. There ap-
pear to be both bubbles (or voids) and point defect clusters. Some
of the defects exhibit a planar character.

The optical absorption spectrum of the 1000 �C sample was
indistinguishable from that for the lower fluence sample; hence,
the defects produced at 1000 �C have relatively little effect on
the F-type center concentration.

3.3. Iron implantation

Our earlier study that used conversion electron Mössbauer
spectroscopy, RBS-C, and TEM detected the presence of metallic
iron (Fe0) in sapphire implanted with fluences of 2 � 1016 Fe/cm2

and higher [7]. The relative amount of metallic iron increased from
�5% at 2 � 1016 Fe/cm2 to �36% at 1 � 1017 Fe/cm2. As shown in
Fig. 10. Cross-sectional TEM photograph of sapphire implanted with 3 � 1016 N/
cm2 at 1000 �C.

Fig. 7. Cross-sectional dark field TEM photograph of sapphire implanted with
3 � 1016 N/cm2 at room temperature. Note the band of ‘bubbles’ lying 100–300 nm
from surface.



Fig. 11. Cross-sectional TEM and SAD photograph for sapphire implanted with
1 � 1017 Fe/cm2 at room temperature. The precipitates are single crystalline body-
centered cubic iron.

Fig. 13. Optical absorption of sapphire implanted with iron.

Fig. 14. Random and c-axis aligned RBS-C spectra for samples implanted with
1 � 1017 Fe/cm2 (150 keV) at. 1000 �C.
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Fig. 11, SAD confirmed that the sample implanted with 1 � 1017 Fe/
cm2 contained 1–3 nm particles that are single crystalline a-Fe.
The rest of the iron was present in the 2+ state for fluences below
5 � 1016 Fe/cm2. At higher fluences, the iron was distributed be-
tween the metallic state and the 2+ and 4+ states. The latter charge
state has been attributed to covalent Fe(IV)–O bonds wherein the
Fe(IV) resides in highly distorted octahedral sites with the presence
of large concentrations of oxygen vacancies [17].

The microstructure (TEM) for samples implanted with 1–
4 � 1016 Fe/cm2 is characterized by a tangled dislocation array
extending to approximately the depth of maximum energy
deposition [7]. Most of the network dislocations lie in the basal
plane.

The RBS-C spectra indicate increasing de-channeling in the
Al-sublattice with increasing fluence, reaching a maximum of
{Al � 0.67 at 145 nm for 1 � 1017 Fe/cm2, Fig. 12. This disorder
extends well beyond the position of peak displacement energy
deposition (35 nm) or the range plus straggling (89 nm) for
150 keV iron. This observation is consistent with the often reported
occurrence of damage that extends to 2–3 time the ‘end-of-range’.
The iron spectra for aligned and random are coincident, indicating
the iron to be incoherent with the matrix.

The optical absorption for samples implanted with iron at RT is
shown in Fig. 13. The peak near 200 nm increases with increased
fluence, but is significantly lower than that for boron-implanted
samples. The broad band in the region of 250–400 nm may be arise
from Mie scattering from the metallic precipitates. Luminescence
measurements on these samples confirmed the presence of both
F� and F+-centers [18].
Fig. 12. Random and c-axis aligned RBS-C spectra for samples implanted with
1 � 1017 Fe/cm2 (150 keV) at room temperature.
The RBS-C spectra of Fig. 14 indicate very little residual disorder
in the Al-sublattice in samples implanted at 1000 �C. The iron peak
is asymmetrical with a tail extending into the crystal, indicating
that iron has diffused from the implanted region into the sample.
Only about 90% of the implanted fluence has been retained in the
sample.
Fig. 15. Cross-sectional TEM photograph for sample implanted with 1 � 1017 Fe/
cm2 at 1000 �C. The particles are iron precipitates and are associated with voids.
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The cross-section TEM of Fig. 15 shows the presence of two size
distributions of second phase particles: 1–3 and 30–50 nm. X-ray
diffraction and SAD identified these particles as a-Fe. Many of
the particles are faceted and most are associated with a void or
bubble. We have proposed that the Fe in the 2+ state is accompa-
nied by oxygen vacancies according to the model of Catlow et al.
[19] for charge compensation, and that the complex migrates as
a unit. When the iron precipitates as a metal the associated vacan-
cies precipitate as voids.
4. Summary

Implantation of boron, nitrogen and iron at room temperature
and at 1000 �C produce distinctly different microstructures. Sam-
ples implanted with boron contain a very high concentration of
F-type centers even in the absence of dense damage structures im-
aged by transmission electron microscopy. Implanted nitrogen col-
lects into bubbles at a fluence of 3 � 1016 N/cm2 and appears as
bubbles plus an additional defect zone at 1 � 1017 N/cm2. Optical
absorption measurements indicate the presence of relatively few
F-type centers. At low fluences, implanted iron is present as Fe2+,
accompanied by oxygen vacancies and a tangled dislocation struc-
ture. At higher fluences, much of the iron precipitates as metallic,
single crystalline a-Fe and the balance is in the 2+ or 4+ state,
probably accompanied by oxygen vacancies.

The de-channeling in RBS-C spectra arises from different micro-
structural features in these three instances, indicating the need to
use multiple characterization techniques in studying implantation
effects.
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