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Analytical electron microscopy of Al,O,
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Single crystals of a-Al, 0, were implanted with iron ions at room temperature to fluences
ranging from 4 x 10'® Fecm~™2to 1 x 10*7 Fe cm~2. The microstructure and composition in
the implanted region were examined using analytical electron microscopy techniques. Special
emphasis was placed on monitoring the microstructural changes which take place during
post-implantation annealing. Clusters of metallic a-Fe were identified in the specimen after
implantation to a dose of 1 x 10"7 Fe cm™ 2. Analytical electron microscopy of implanted
specimens annealed in oxygen revealed the redistribution of the implanted iron and the
formation of surface precipitates of a-Fe,O5, subsurface precipitates of various forms of spinel,
and, in some cases, subsurface precipitates of iron, depending on the annealing temperature.
Examination of implanted specimens annealed under reducing conditions revealed the

presence of precipitates of «-Fe.

1. Introduction
Over the last several years a great deal of effort has
been expended on improving the surface-related prop-
erties of materials through the alteration of the near-
surface region by ion implantation [1]. Most of the
effort has been expended on developing metals and
semiconductors. In fact, ion-beam modification of
these two classes of materials has reached a point of
successful commercialization. More recently, ion-
implantation techniques have been applied to the
modification of surface properties of ceramic materials
[2-4]. Because of its importance as a technological
material, Al,O; has received most of the attention.
During the ion-implantation process, energetic ions
impinge on the surface of the material and displace
atoms from their normal lattice sites by atomic colli-
sions. In the case of Al,O5, the aluminium and oxygen
are distributed over two distinct sublattices so that
atoms of one type which are displaced are not likely to
come to rest on the lattice sites of the other species. In
addition, the displacement energies of aluminium and
oxygen are substantially different [5]. Depending on
the implantation conditions, the vacancies and inter-
stitials so produced may recombine or partition into
extended defects. Owing to the nature of the ionic
bonding in Al,O,, the defects which are produced
must be in the form of charged point defects or
stoichiometric in nature. Upon losing sufficient en-
ergy, ions implanted at moderate energies (a few hun-
dred keV) come to rest typically within a few tenths of
a micrometre from the surface. Because most of the
ions come to rest in the region where the defect
production is high, a number of considerations must
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be included in analysing the resultant microstructural
changes: alloying effects, defect configurations, im-
planted species-defect interactions, nonequilibrium
lattice positions of the injected ions, and charge imbal-
ance. Whereas the investigation of these defects and
their interactions is important, the effectiveness of the
surface treatment is also strongly dependent on the
microstructural development which takes place dur-
ing post-implantation annealing. This is particularly
important in the case of Al,O; because many of the
potential applications involve high temperatures.

In order to exploit successfully the beneficial effects
of surface modification, it is necessary to understand
the microstructural evolution leading to the property
changes. Transmission electron microscopy (TEM)
and, in particular, analytical electron microscopy
(AEM), has been shown to be a valuable technique for
the study of ion-implantated materials [6, 7]. The
techniques of AEM that are the most useful are X-ray
energy dispersive spectroscopy (EDS), electron energy
loss spectroscopy (EELS), and convergent beam elec-
tron diffraction (CBED), in addition to conventional
imaging and diffraction methods. These techniques
are unique in that they allow direct observation and
characterization of solute concentration profiles,
second-phase formation, lattice damage, crystallinity
of the implanted layer, and the annealing behaviour of
the material. Such analyses allow correlations to be
made with theoretical models, property measure-
ments, and the results of complementary techniques
such as Rutherford backscattering spectroscopy (RBS)
and conversion-electron Mdossbauer spectroscopy
(CEMS).
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The physical and structural changes which take
place in Al,O, implanted with iron ions have been
investigated previously with the use of RBS and
CEMS [8] and also in preliminary TEM investiga-
tions [6, 9-12]. This paper presents the results of an
AEM investigation of similar materials. Special em-
phasis is placed on the microstructural development
which takes place during post-implantation annealing
as a function of both annealing temperature and
environment.

2. Experimental procedure

The material used in this study was high-purity
a-Al,O, in the basal orientation (surface normal
[0001]). All specimens were given an optical grade
surface polish followed by a 5 day anneal at 1400 °C in
flowing oxygen to remove any residual surface dam-
age. Single-crystal specimens were then implanted at
room temperature with 160 keV iron ions to a dose
of 4x10'® or 1x10'7 Fecm™? at a dose rate of
~ 2 pAcm™2 Beam heating was estimated to be less
than 150 °C [4]. The crystals were implanted with the
ion beam ~ 7° off-normal to minimize channelling
effects. A number of specimens were subsequently
annealed for 1 h in the range 700-1500 °C in flowing
oxygen or in a flowing mixture of 96% argon and 4%
hydrogen.

Because the regions of interest are located within
several hundred nanometres of the surface, it has
proved useful to examine both cross-sectional and
backthinned specimens in order to obtain a complete
understanding of the microstructures that develop and
their relationship to the surface. Details of the pre-
paration procedure are reported elsewhere [13, 14]. In
general, information regarding depth dependence is
obtained from the examination of cross-sectioned spe-
cimens, whereas measurements which require larger
areas for analysis are obtained from backthinned spe-
cimens. Microscopy was performed with the use of a
Philips EM400T/FEG operated at 100kV and a
Philips EM430T operated at 300kV. Both instru-
ments were equipped with 6585 STEM and EDAX
9100/70 X-ray EDS systems. Selected specimens were
also examined in a VG HB501 UX scanning transmis-
sion electron microscope (STEM). Double-tilt speci-
men holders with beryllium cups were used for all
EDS measurements in order to minimize the X-ray
systems background [15]. For the same reason, sup-
port rings used to provide mechanical stability for
cross-sectioned specimens were manufactured from
graphite. Liquid-nitrogen-cooled, double-tilt, beryl-
lium specimen holders were used to minimize contam-
ination for those EDS measurements requiring high
current density, small-diameter electron probes.

3. Results and discussion

3.1. As-implanted material

The microstructure observed in the as-implanted ma-
terial is typical of many implanted ceramics, ie. a
tangled array of dislocations extending from the sur-
face over the entire depth of implantation, ~ 170 nm,
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as shown in Fig. 1 for a cross-sectioned specimen
implanted to a dose of 4 x 10*% Fecm ~2. The corres-
ponding clectron microdiffraction pattern confirms
the crystalline nature of the implanted layer. No evid-
ence of a precipitated second phase can be seen in
either the micrograph or the diffraction pattern. Al-
though the fine scale of the damage, together with the
thickness of the specimen, make it difficult to charac-
terize the exact nature of the defects, the dislocation
arrays are similar to those observed in Al,O, follow-
ing neutron irradiation [16, 17], ion implantation
[18-21] and electron irradiations [22-25]. In these
studies of irradiated Al,Oj it has been shown that the
dislocation tangles develop from faulted, interstitial
loops that nucleate on (0001). These loops sub-
sequently unfault, grow, and eventually intersect to
form networks. A smaller number of {1010} loops are
also formed.
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Figure 1 (a) Microstructure of «-Al,O implanted at room temper-
ature with 160 keV Fe ions to a dose of 4 x 10'® Fe cm ™2, cross-
sectioned - specimen; (b) convergent beam electron diffraction
pattern from implanted layer.



Measurements of the iron content of this implanted
region were made by X-ray EDS while operating
in the scanning transmission electron microscopy
(STEM) mode. This technique is sensitive only to
elements with atomic number, Z, > 11. Nonetheless,
the results obtained give a reasonable picture of the
cation distribution in the specimen volume examined.
The FeK, peak, AIK, peak, and respective back-
ground regions were recorded over 30 intervals as the
electron probe moved continuously from a depth of
250 nm toward the surface. The spreading of the
electron beam as it passes through the specimen and
the uncertainty in position of the moving beam as it
scans the specimen combine to limit the spatial resolu-
tion to 10-12 nm. After appropriate background and
hole count subtraction, quantification was carried out
employing integrated peak intensities and the stand-
ardless analysis routines developed by Zaluzec [26].
The results are plotted in Fig. 2 as the ratio of iron to
aluminium versus depth. The iron concentration pro-
file shows a well-defined peak at ~ 60 nm from the
surface and a maximum Fe/Al atom fraction of
~ 9.5%. The Fe/Al ratio drops to a minimal value at
a depth of ~ 180 nm. The area under the curve is
directly proportional to the total iron content of the
specimen.

Examination of a specimen implanted to 1x 107
Fecm ™ ? (a dose 2.5 times greater than the dose con-
sidered above) revealed a dislocation microstructure
similar to that seen in the lower dose case. In addition,
the higher dose material exhibited a region of less
dense material, as shown by the light band located
below the implanted surface in Fig. 3. This region
corresponds approximately to the region of maximum
ion damage and may indicate the initial stages of
amorphization. This observation is confirmed by the
RBS spectra shown in Fig. 4. The aligned spectrum for
the aluminium is nearly coincident with the random
spectrum over a small distance below the implanted
surface which is an indication of amorphous material.
These observations are consistent with suggestions
that damage accumulation would lead to amorphi-
zation in o-Al,O, implanted with 160 keV iron to
fluences only slightly greater than 1x 10'7 Fecm™?2
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Figure 2 Tron concentration profile obtained from X-ray EDS line
scan across the implanted layer of the specimen shown in Fig. 1.
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Figure 3 Microstructure of a-Al,O, implanted at room temper-
ature with 160 keV °°Fe to a dose of 1x10'7 Fecm™2, cross-
sectioned specimen. Arrow indicates region of less-dense material.
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Figure 4 RBS spectra for specimen shown in Fig. 3: (Q) random,
(@) aligned, (——) virgin, aligned.

[2]. It should also be noted that the implanted layer in
this specimen extends slightly deeper into the material,
220-230 nm, than observed in other specimens im-
planted at the same energy. The reason for the dis-
crepancy is not known. Examination of a backthinned
specimen of the material implanted to 1x 107
Fecm ™2 revealed the presence of 1-3 nm diameter
darkly imaging features, Fig. 5. Approximately 50 nm
had been intentionally removed from the implanted
surface of this specimen by ion milling so that the
newly exposed surface corresponds nearly to the loca-
tion of the peak in the iron concentration profile as
measured by EDS line scans. X-ray EDS measure-
ments using a 2-3 nm diameter electron probe showed
that these features are iron rich. The diffuse satellite
spots in the selected-area diffraction (SAD) pattern,
shown in the inset in Fig. 5, are consistent with the
clusters being body centred cubic a-Fe oriented such
that the (111> a-Fe//[0001] a-ALO;.
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Figure 5 Microstructure of a-Al,O; implanted at room temper-
ature with 160 keV *°Fe to a dose of 1 x 10'7 Fe cm ™ 2, backthinned
specimen. Inset is the selected-area diffraction pattern.

In order to confirm the identification of the clusters,
the specimen was examined by STEM Z-contrast
imaging. This technique utilizes electrons scattered
through large angles (~ 5°), where the electron
scattering is strongly sensitive to atomic number, Z
[27]. By placing a high-angle annular detector around
the transmitted beam it is possible to obtain images
which show strong Z-contrast but with minimal dif-
fraction (strain) contrast due to structural features. A
Z-contrast image is complementary to a conventional
diffraction contrast image (e.g. Fig. 5) which is primar-
ily sensitive to structure, but relatively insensitive to
atomic composition. In addition, with the HB501 UX
equipped with a special pole piece, it is possible to
obtain images at high spatial resolution (0.25 nm).
Fig. 6 shows such a Z-contrast image. The fine elec-
tron probe also makes it possible to obtain CBED
patterns from individual clusters. The CBED pattern
shown in the inset is consistent with diffraction from
body-centred cubic a-Fe.

The results presented above suggest that the im-
planted iron ions are present in the expected distribu-
tion within the near-surface implanted region. It is
assumed that due to the relatively low implantation
temperature the iron ions come to rest in non-equilib-
rium lattice sites. The high damage level is responsible
for the presence of high concentrations of point de-
fects, such as vacancies and interstitials, as well as the
high dislocation density seen in the microstructure.
Whereas it is unlikely that any long-range diffusion
processes are operative at the temperatures experi-
enced during implantation (< 200°C), the observa-
tion of a-Fe in the specimen implanted to 1 x 107
Fecm™? suggests that the implanted iron undergoes
short-range clustering processes.

3.2. Annealing in oxygen

Various AEM techniques have also been applied to
the characterization of the microstructural develop-
ment which takes place during annealing in oxygen. In
order to investigate the possible redistribution of iron
during annealing, X-ray EDS line scans were used to
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Figure 6 Z-contrast STEM image of as-implanted microstructure
in a-Al,O, implanted with 1 x 10'7 Fe cm ™2 at room temperature.
Inset is a convergent beam electron diffraction pattern from a single
iron cluster.

obtain iron composition profiles from specimens im-
planted to 1 x 10" Fecm ™2 and annealed for 1 h at
700 or 900 °C. Reliable EDS line scans could not be
obtained from a specimen implanted to 1x 107
Fecm ™ 2. Therefore, the EDS measurements from the
annealed specimens are compared to the results for the
as-implanted (4 x 10'¢ Fecm ™ 2) specimen (Fig. 7). All
three specimens exhibit a peak in the Fe/Al profile
below the implanted surface. As described above, the
maximum Fe/Al atom fraction for the as-implanted
specimen is ~ 9.5%. In comparison, the maximum
Fe/Al for the specimen annealed at 700°C is ~ 26%,
a factor of 2.5 times higher, as might be expected from
the dose. In contrast, the specimen annealed at 900 °C,
although implanted to the higher dose, exhibits a
maximum Fe/Al atom fraction of only 13.5%. This
reduced value for the iron concentration indicates that
approximately one-half of the implanted iron has
diffused away from the as-implanted peak depth dur-
ing the anneal at 900 °C. It is also important to note
that the peak in the iron to aluminium ratio for this
specimen occurs at & 45 nm from the surface and that
the value of the ratio just below the specimen surface is
~ 4%, noticeably higher than measured in either of
the other two specimens. These latter observations are
consistent with significant redistribution of iron to-
ward the surface during the 900 °C anneal. The EDS
results from the specimen annealed at 900°C also
indicated a significant enrichment of iron in a region
on the original specimen surface. Although the actual
values obtained are difficult to present quantitatively
in Fig. 7 because they are so large, it is reasonable to
deduce that these regions are almost 100% iron.
The microstructure observed in a cross-sectioned
specimen implanted with 1x 107 Fecm™2 and an-
nealed in oxygen for 1 h at 700 °C is shown in Fig. 8. A
band of precipitates, 2-4 nm diameter, can be seen
lying in a region corresponding to the maximum in
the as-implanted iron distribution, extending from
50-90 nm from the surface. A few of the precipitates
are as large as 6 nm. The identity of these precipitates
was not determined from TEM. However, CEMS



28 T T T T T T T T
26 e ®
24 | .
22 ® =
20 |
_ 7
= 18 = ® n
§ 16 |- o 1
g 14 |- -
- O @
£ 12 | © Oo |
° 10 © °o
2 e**®e Co ——
IV — ') (2 ’. '®) —
aloCe 0.30 ]
2 %6 ]
0L 1111 et ennte]
0 20 40 60 80 100 120 140 160 180 200
Depth (nm)

Figure 7 Comparison of iron concentration profiles determined by X-ray energy dispersive spectroscopy for specimens implanted with iron at
room temperature and annealed for 1h in oxygen. (#) 4 x 10'¢ Fe cm™2, as-implanted; (®) 1> 10'7 Fe cm 2, at 700°C; (()) 1 x 10*7

Fe cm ™2, at 900 °C.

Figure 8§ Microstructure of «-Al,O; implanted with [x10'7
Fe ¢cm ™2 and annealed for 1 h at 700 °C in oxygen, cross-sectioned
specimen.

suggests that they may be mixed oxides of the type
FeAl,O, [8].

The microstructural development responsible for
the changes produced in the iron concentration pro-
file by annealing at 900°C was investigated by the
examination of specimens implanted to doses of
4% 10 Fecm ™2 or 1 x 107 Fecm ™2 and annealed in
oxygen at 900 °C. The microstructure observed in a
cross-sectioned specimen is composed of several re-
gions as shown in Fig. 9. The first region consists of
ledge-like features on the original specimen surface.
The ledges are relatively uniform in width, 35-40 nm,
and range in lateral dimension from 180-310 nm. A
second region is relatively featureless except for a
small number of faceted cavities. Centred at a depth of

~ 57 nm is a band of precipitates, ~ 5nm diameter.
A few larger precipitates, 10-12 nm diameter, as well

Surface

Figure 9 Microstructure of «-Al,O, implanted with 4 x 10*¢
Fe cm ™2 and annealed for 1 h at 900 °C in oxygen, cross-sectioned
specimen.

as some faceted cavities, are present slightly below the
band. X-ray microanalysis indicated that all of the
precipitates examined were rich in iron. The region
extending from ~ 125 to ~ 200 nm also appears
featureless. However, this may be due in part to the
specimen thickness which may obscure some of the
microstructural detail, such as dislocations. Finally, at
a depth of ~ 200 nm, a dark band which corresponds
to the end-of-range damage characteristic of ion im-
planted specimens is observed. For a more complete
discussion of this type of defect structure see the
review by Bentley [7].

In order to obtain complementary information as to
the nature of the precipitates observed in Fig. 9, for the
specimen annealed at 900 °C, a specimen prepared by
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backthinning was examined. This examination re-
vealed a microstructure characterized by large faceted
precipitates, a distribution of smaller precipitates, a
loose network of dislocations, and a distribution of
cavities. The large precipitates and the small 5 nm
precipitates are shown in Moiré fringe contrast in
Fig. 10a and b, respectively. The size of the large

Figure 10 Microstructure of «-Al,O; implanted with 1x 107
Fecm™2 and annealed for 1h at 900°C in oxygen, backthinned
specimen: (a) Moiré image of Fe,O5 surface precipitates, (b) Moiré
image of subsurface precipitates, (c) selected-area diffraction pattern
from specimen shown in (a) and (b). Intense reflections correspond
to the {000 1) zone axis pattern of 2-Al,O;; reflections labelled H
correspond to {0001> zone axis pattern of Fe,O,; reflections
labelled S correspond to diffraction from subsurface precipitates.
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precipitates is approximately 200 nm which compares
well with the size of the ledges shown in Fig. 9. Fig. 10c
is a selected-area diffraction pattern that includes
reflections from the matrix as well as both types of
precipitates. The most intense reflections in the pat-
tern correspond to the [000 1] zone axis pattern of
the Al,O; matrix. Subsidiary spots are also observed.
Taking double diffraction effects into account, it is
possible to ascribe the spots labelled H to the [000 1]
zone axis of Fe, 05, haematite. The complex pattern of
the Moiré fringe spacings on the large precipitates in
Fig. 10a indicates that the precipitates may contain
defects such as faults or twins. In addition, the bend
contours visible in the image indicate that the speci-
men is buckled. Nevertheless, measurement of the
fringe spacings in areas which appear relatively un-
disturbed yielded values of 4.5 and 2.5 nm. These
values agree well with calculated values of 4.6 nm
determined using the {1120} Al,O; and the {1120}
Fe,0; diffracted beams, and 2.6 nm using the {0330}
Al,05 and the {0330} Fe,O; beams. Analysis of the
Moiré fringe spacing and the diffraction pattern indic-
ates that the precipitates are oriented such that
[0001] a-Fe,O5//[0001] a-Al,O,. The subsidiary
spots labelled S in the diffraction pattern, correspond
to diffraction from the smaller precipitates. Analysis of
the Moiré fringe spacings in Fig. 10b suggest the
presence of two types of precipitate, both with 1.4 nm
spacings. One set of precipitates exhibits three sets of
fringes 60° apart. Analysis of these fringes and the
corresponding diffraction evidence indicate interfer-
ence between {1120} Al,O; and {110} a-Fe and are
consistent with an orientation relationship such that
{111} a-Fe//[0001] a~Al,Oj5. This orientation rela-
tionship was also reported by Ohkubo et al. [28].
Other precipitates are observed which exhibit a single
set of fringes with 1.4 nm spacings. These precipitates
may be identified as FeAl,O, spinel precipitates which
are oriented such that <110} spinel//[0001] o-
Al,0,. The fringes would be produced by interference
between the {1120} Al,05 and the {400} FeAl,O,
diffracted beams. The most common orientation rela-
tionship reported by other investigators for spinel-
sesquioxide systems is (111> spinel //[0001] Al,O,
(e.g. for CoAl,O, and Al,O; [29], NiAl,O, and
Al,0, [30, 317, MnAl,O, and Al,0, [31], and Fe,0,
and NiAl,O, [32]), although some variations have
been seen (e.g. for NiAl,O, in Al,O, [30], FeAl,O, in
Al,O; [32], and (Al, Fe);,0, in (Al, Fe),05 [33]). It
should be noted that a single set of Moiré fringes with
1.4 nm spacing may also be produced by interference
between the {1120} Al,O, and the {400} Fe diffrac-
ted beams, consistent with an orientation relationship
such that (110) Fe//[0001] a-Al,O5. This latter
orientation relationship will be discussed later with
respect to specimens annealed in 96%Ar/4%H,. The
observation of both metallic «-Fe and FeAl,O, pre-
cipitates in this specimen may be related to the diffu-
sion of oxygen into the subsurface region. In the case
of high annealing temperatures or long annealing
times, oxygen may diffuse sufficiently deep to oxidize
all the iron. However, if the temperature is too low or
the annealing time is too short, the oxygen will not



be able to diffuse deep enough to reach all of the im-
planted iron. Such observations have been made in
other investigations [31].

The results of CEMS measurements [8] on similar
specimens suggest the presence of two types of pre-
cipitate, a-Fe,O; and a spinel-like phase (FeAl,O, or
Fe;0,) containing Fe**. The spinel phase must have
a defect structure similar to y-Al,O; [8] because in
this structure the unit cell contains only 3 + cations
and has cation vacancies randomly distributed on the
octahedral sites. The CEMS results also suggest that it
is likely that the precipitates contain small amounts of
AI’*. The results presented by McHargue et al. [8]
show no indication of the presence of metallic iron.
The reason for the discrepancy is not known at pre-
sent, but may be related to minor differences in the
annealing treatment as discussed above.

Annealing at 1100 °C results in the continued evolu-
tion of the microstructure. Fig. 11 illustrates the extent
of the precipitation. The surface precipitates range
from 300-600 nm long and 40-50 nm wide, Fig. 11a.
The nature of the precipitation which takes place
below the surface is also different. Two distinct types
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Figure 11 (a) Microstructure of o-Al,O, implanted with 1 x 107

Fe cm ™2 and annealed for 1 h at 1100 °C in oxygen, cross-section of
two specimens glued face-to-face; (b) higher magnification of speci-
men shown in (a), illustrating small equiaxed precipitates marked
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s” and larger precipitates marked

of subsurface precipitate are observed in a band
centred around the location of the peak in the as-
implanted iron distribution. Equiaxed precipitates,
4-10nm diameter, exist together with larger pre-
cipitates which appear in weak fringe contrast in
Fig. 11b. The latter class of precipitates exists over a
larger range of sizes. Many of these larger precipitates
are approximately equiaxed (40 nm by 40 nm). How-
ever, others appear to have grown parallel to the
surface with aspect ratios as high as 6 to 1 (120 nm by
20 nm). Selected-area diffraction results from a back-
thinned specimen show that the large surface pre-
cipitates are Fe,O; which are oriented epitactically
with the Al, O, substrate. Measurements of the Moiré
fringes and diffraction analyses both indicate that the
larger of the two types of subsurface precipitates are
(Fe, Al);O, precipitates, again probably with the
defect spinel structure. It has not been possible to
identify the smaller subsurface precipitates on the
basis of diffraction analysis.

Transmission electron microscopy was also used to
investigate the microstructure of a specimen im-
planted with 4 x 10'® Fecm ™2 and annealed for 1 h at
1500°C in oxygen [8]. The iron-rich subsurface pre-
cipitates produced at 1500 °C are much larger (15-50
am in diameter) and fewer in number than those
formed at < 1100 °C. In addition, two populations of
faceted cavities were observed, one lying near the
surface and one associated with the precipitates,
Fig. 12. No evidence of surface precipitates was found
on cross-sectioned or backthinned specimens. The
results of RBS and CEMS [8] confirm the TEM
observations and also indicate that more than 50% of
the implanted iron has been lost from the specimen.
Convergent beam electron diffraction was used to
identify precipitates in a backthinned specimen. Ana-
lysis of the patterns gives values of the interplanar
spacings most consistent with diamond cubic Fe,;O,
with the [011] axis of the precipitate nearly parallel
to the [0001] axis of the Al,O,. However, exam-
ination of the Fe-Al-O phase diagram indicates that,
given the temperature and oxygen partial pressure
used, the mixed (Fe, Al);O, spinel or y-Fe, O, (a cubic
defect spinel) are also possible. The CEMS results [8]

f
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Figure 12 Microstructure of a-Al,O; implanted at room temper-
ature with 160 keV *°Fe ions to a dose of 4 x 10'% Fecm ™2 and
annealed for 1 h at 1500°C in oxygen, cross-sectioned specimen.
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indicate that all of the iron is present in the Fe3* state,
once again suggesting that the structure of the pre-
cipitates must be a defect spinel structure similar to
the v-Al,O; type.

The extensive microstructural development which
has been observed in the specimens annealed in oxy-
gen provides some indication of the approach to
equilibrium from the as-implanted state. The appear-
ance of iron oxide phases in subsurface regions of the
specimen, even at relatively low temperatures indic-
ates that implantation-produced defects must provide
mechanisms for enhanced diffusion. In addition, the
observation of subsurface spinel together with surface
Fe,O, precipitates after anneals at 900 or 1100°C
suggests that the diffusion of oxygen into the specimen
is accompanied by the counterflow of iron toward the
surface. It seems reasonable that the iron originally
present as metallic clusters remains relatively immo-
bile in subsurface regions of the specimen and is
oxidized in place. The analysis of CEMS results
indicate that approximately 50% of the iron in as-
implanted, high fluence specimens is present in these
metallic clusters [8]. The remaining iron is apparently
free to diffuse to the surface where it reacts with
oxygen. After annealing at 1500 °C, only 50% of the
implanted iron is present in large, subsurface pre-
cipitates of Fe;O,. The mechanism responsible for the
loss of the remaining iron is not known at present.
However, thermodynamic considerations suggest that
melting followed by volatilization of surface oxides
may occur at 1500 °C.

3.3. Annealing in 96%Ar/4% H,

Annealing as-implanted specimens in a reducing at-
mosphere resulted in behaviour significantly different
from that observed in an oxidizing environment. The
RBS results reported by McHargue et al. [8] indicate
recovery of the damage in the substrate. Although
there is no evidence of the accumulation of iron at the
surface of the specimen, the shape of the iron profile
indicates some migration of the iron in the substrate at
intermediate temperatures and loss of iron from the
samples during the 1500 °C anneal.

Examination by TEM of a specimen implanted to
1x10'7 Fecm ™2 and annealed at 900 °C in the redu-
cing atmosphere revealed the presence of a distribu-
tion of precipitates ranging in size from 2-35 nm. The
larger precipitates exhibit some faceting. The final
60-80 nm of the implanted layer exhibit a much
smaller number of precipitates. An example of the
microstructure is shown in Fig. 13. Selected-area dif-
fraction analysis has been used to identify the pre-
cipitates as body-centred cubic o-Fe. These precip-
itates are oriented so that (110> «o-Fe//[0001]
a-Al,O,. However, both diffraction analysis and ana-
lysis of the Moiré fringe spacing suggest the existence
of a second population of precipitates oriented so that
{111) a-Fe//[0001] a-Al,O4, in agreement with
the results of Ohkubo et al. [28]. Analysis of CEMS
results indicates that the iron is distributed between
small particles ( & 4 nm) and particles large enough to
possess magnetic ordering ( > 10 nm) [34]. Continued
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Figure 13 Microstructure of o-Al,O; implanted with 1x 107
Fe cm ™2 and annealed for 1 h at 900°C in 96% Ar/4% H,, cross-
sectioned specimen.

evolution of the microstructure was observed as a
result of annealing at 1100 °C. Results of CEMS [34]
indicate that most of the iron is present as precipitates
of a-Fe with diameters > 10 nm.

The microstructure observed in a specimen im-
planted to 4 x 10'® Fecm ™2 and annealed in a redu-
cing atmosphere for 1 h at 1500°C appears to be
somewhat similar to that seen in the specimen an-
nealed at 1500 °C in oxygen. As shown in Fig. 14, the
specimen contains bimodal distributions of both pre-
cipitates and cavities. In the case of the precipitates,
the smaller sized population averages about 5 nm
diameter and the larger sized population averages
about 40 nm. There is a clear tendency for the larger
cavities and precipitates to be faceted. In addition,
there is a one-to-one association between the cavities
and the precipitates. Convergent beam electron dif-
fraction analyses were used to identify the precipitates
as a-Fe, with the same orientation relationship as was
reported above for specimens annealed at 900 °C.

In contrast to the TEM observations in specimens
annealed in oxygen, TEM of specimens annealed in a
reducing atmosphere showed no tendency for iron
redistribution toward the surface. In fact the only
microstructural change observed by TEM was the
precipitation and growth of «-Fe. The one-to-one
correspondence between the iron precipitates and
cavities suggests that the redistribution of iron is
correlated with the accumulation of vacancies into
cavities. In addition, the lack of iron migration to the
specimen surface during annealing in a reducing envir-
onment lends support to some of the observations
made on specimens annealed in oxygen, namely the
migration and precipitation of iron at the surface of a
specimen is related to the counterdiffusion of oxygen
into the interior of the specimen.

4. Conclusion
Analytical electron microscopy techniques have been
used to investigate the microstructure of single-crystal
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Figure 14 Microstructure of o-Al,O; implanted with 4x 106
Fecm™? and annealed for 1 h at 1500°C in 96% Ar/4% H,,
backthinned specimen.

a-Al,O; specimens implanted at room temperature
with iron ions. Particular emphasis has been placed on
the microstructural development which takes place
during post-implantation annealing as a function of
annealing temperature and environment.

Implantation produces a heavily damaged, but
crystalline, microstructure for the fluences examined.
In addition, clusters of metallic o-Fe, 1-2 nm dia-
meter, were identified in the specimen implanted to the
highest dose, 1 x 10'7 Fecm ™ 2. Both the microstruc-
ture and the implanted-iron distribution undergo sig-
nificant modification during subsequent anneals in
oxygen. TEM examination of the microstructural
evolution reveals that the changes in the iron distribu-
tion are due to diffusion (mostly towards the surface)
and the formation of precipitates both on the surface
and in the subsurface regions. Surface precipitates
have been identified as «-Fe,O;, whereas subsurface
precipitates have been identified as «-Fe or as various
forms of spinel. This phase development is consistent
with the predictions of phase diagrams and also agrees
with results of previous RBS and CEMS measure-
ments. The results suggest that the iron originally
present as metallic clusters in as-implanted material
remains relatively immobile in subsurface regions of
the specimen and is oxidized in place. The implanted
iron which has other charge states is free to diffuse to
the surface where it may oxidize. At temperatures
~ 1500 °C no surface precipitates are observed, indic-
ating that they are unstable and are lost from the
specimen.

Specimens annealed in a reducing atmosphere show
little tendency for redistribution of iron towards the
surface. The major microstructural change observed
by TEM is the precipitation and growth of a-Fe.
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