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Formation and thermal stability of aluminium
nanoparticles synthesized via yttrium ion
implantation into sapphire
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Yttrium ion implantation of 1123 alumina resulted in the formation of metallic
aluminium-yttrium, face centred cubic (a, = 0.41 nm) spherical nanocrystals (~12 nm in
diameter) embedded in an amorphous matrix. A fluence of 5x10' Y */cm? implanted at
ambient temperature and accelerating energies of 150 or 170 keV yielded this result.
Crystalline nanoparticles were not present in the amorphous matrix for implantations done
with identical conditions but lower energy (100 keV). Substrates implanted at 150 keV were
annealed in laboratory air for times ranging from 20 to 90 min and temperatures ranging
from 1000 to 1400°C. A clear progression of morphologies resulted from these annealing
treatments. A 1000 °C, 90 min anneal produced ~13% recrystallization of the amorphous
region and induced the formation of crystallites of a metastable Y-AIl alloy. An 1100°C,
90 min anneal demonstrated ~40% recrystallization of the amorphous region, accompanied
by the formation of partially aligned internal grains of Y,O;. Electron diffraction shows that
the Y-AI alloy crystallites which formed in the 1000 °C anneal are also present at 1100 °C.
A highest temperature anneal of 1400 °C, 60 min induced essentially complete recrystal-
lization of the amorphous phase, the dissolution of the metastable Y—Al alloy, the retention
of the internal yttria grains, and the formation of partially oriented external grains of yttria

resulting from the segregation of yttrium to the substrate surface.

1. Introduction
It is well established that ion implantation can alter
the electrical, mechanical and optical properties of
a material. For example, the refractive index of a crys-
talline insulator may be modified as a result of ion
implantation-induced amorphization. More complex
alterations in the optical response of insulators
involve affecting the susceptibility and dielectric con-
stant of the material through the formation of collo-
idal particles. It has been demonstrated that particles
on the order of 10 nm and smaller dispersed in a di-
electric solid exhibit novel optical properties [1-4].
The small size induces electronic conditions which
cause the electrons to behave in a non-linear fashion
in response to applied electromagnetic fields. These
non-linear properties show promise for application in
integrated optical device technology and other areas
concerned with unconventional optical responses.
The formation of colloidal particles may be
achieved using ion implantation and, in many cases,
the size and distribution of the particles can be con-
trolled by careful post-implantation annealing treat-
ments [1, 2, 5-8]. The purpose of the present work is
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to establish and characterize the colloidal microstruc-
ture which results from yttrium ion implantation into
single crystal alumina, and also to examine the effects
of post-implantation annealing on this microstruc-
ture. Of particular interest is the formation of alumi-
nium-rich nano-sized particles in the as-implanted
state, which has not been previously reported. In sim-
ilar research (ion implantation into alumina), the im-
plantation-induced formation of particles, comprised
predominantly of the implanted species, has been ob-
served [1, 2, 5-8], but the formation of metallic alumi-
nium-rich particles in Al,O3; has not been reported
even when aluminium is the implanted ion species.
Implantation results in a chemically modified layer
which is limited in extent by the range/depth of the
implanted ion. In these experiments, the yttrium ions
come to rest within approximately the first 100 nm of
the substrate (for the 150 keV implant), with the peak
of the Gaussian profile at approximately 50 nm
[9]. The dimension of the affected layer thus necessi-
tates careful preservation of the implanted surface
during sample preparation and testing, and also the
use of specialized characterization techniques [10],

3393



including analytical electron microscopy, energy fil-
tered transmission electron microscopy and Ruthe-
rford backscattering spectrometry.

2. Experimental details
The 1123 single crystal alumina substrates (99.99%
purity) used in this study were obtained with an
optical grade surface polish from Saphikon Inc. The
0.7 mm thick substrates were cut into 10 mm x 10 mm
samples and annealed at 1500 °C for 80 h to remove
residual polishing damage and ensure a crystalline
structure throughout the substrate. The crystallinity
of the substrate surface was demonstrated by electron
channelling in a scanning electron microscope using
a backscattered electron detector and 10keV elec-
trons. Implantation with singly charged yttrium
ions (Y*) was performed using an ion implanter
coupled with a high vacuum end station, with the
pressure during implantation maintained below
~5x107%Pa. The accelerating potential was se-
lected to be either 100, 150 or 170 kV and yielded Y*
ions at the corresponding energies. Each substrate
received a fluence of 5 x 1016 yttrium ions per square
centimetre measured with a Farady cup, and was
implanted on one side only. In order to minimize
beam heating, substrates were attached to water-
cooled copper heat sinks. Post-implantation anneal-
ing treatments were carried out in flowing laboratory
air at 1000, 1100, 1250 and 1400 °C for times ranging
from 20 to 90 min. The samples were placed, im-
planted surface up, onto a high purity polycrystalline
alumina support plate and put in the furnace after it
had stabilized at the appropriate temperature.
Rutherford backscattering spectroscopy (RBS)
and ion channelling (RBS-C) with a 1.5 MeV beam of
“He* was used to examine the laterally averaged
chemical profile of yttrium versus energy (depth below
the implanted surface) and the implantation-induced
damage to the crystalline lattice. These experiments
were carried out at the Oak Ridge National Labora-
tory Surface Modification and Characterization Facil-
ity (SMaC Facility). The extent of this damage was
further investigated through Knoop microhardness
measurements which were carried out in accordance
with the ASTM standard for microhardness testing
(E 384-89), employing a Lecco DM-400 hardness
tester. Scanning electron microscopy was also used to
examine the implanted surfaces. The implanted sur-
face microstructures and chemical compositions of
selected samples were examined with 200 keV elec-
trons in a field emission gun transmission electron
microscope (TEM) equipped with an energy dispersive
X-ray spectrometer (EDX). The metallic nature of the
as-implanted microstructural features was established
with energy filtered transmission electron microscopy
(EFTEM) by using a 5eV energy window to isolate
the aluminium metal plasmon loss peak at ~15¢V.
This analysis was carried out at Oak Ridge National
Laboratory through the Shared Equipment Research
(SHaRE) programme.
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3. Results and discussion

3.1. As-implanted condition

Yttrium ions implanted into (112 3) alumina at ener-
gies of 100, 150 and 170 keV to a fluence of 5 x 10'¢
Y * /em? produced alumina surfaces which were light
bronze in colour. Typical RBS spectra are presented in
Fig. 1, obtained from alumina implanted with yttrium
at 150 keV. The spectrum labelled “aligned” was col-
lected from a sample which was oriented to allow
channelling, seen by the lower yield at low energies. At
the aluminium edge, however, the aligned spectrum
is dechannelled, indicating the presence of heavily
damaged material in the surface region. The thickness
of the damaged layer is ~ 120 nm, calculated using
a depth calibration based on the stopping power of
alumina. To determine the extent of this damage,
Knoop microhardness values were recorded for the
three implanted surfaces as well as the unimplanted
back-surfaces of the same samples. These values are
presented in Fig. 2 as a plot of load versus normalized
hardness (unimplanted hardness/implanted hardness).
The as-implanted surface hardnesses for all three sam-
ples are lower than that of unimplanted substrate
material, as indicated by the near surface (low load)
normalized hardness values being much less than
unity. This corresponds to “absolute softening”, which
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Figure 1 The aligned and unaligned RBS spectra for sapphire

implanted with 5x 10'® Y*/cm? at ambient temperature and an
energy of 150 keV.
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is described in detail by Burnett and Page [11-13],
and which, when taken in conjunction with the de-
channelled region seen in Fig. 1, indicates the pres-
ence of an amorphous region which extends to the
sample’s surface. This result is in contrast with most of
the research done using relatively heavy ions im-
planted into alumina [6, 14, 15], in which either no
amorphous layer is reported for similar and slightly
larger ion doses administered at ambient temperature,
or the implantations cause the formation of buried
amorphous layers.

Transmission electron microscopy of as-implanted
plan view samples prepared by polishing and ion
milling through the sample’s back side to the im-
planted surface confirmed the presence of amorphous
material at the sample surface (see Fig. 3). In addition
to the amorphous phase, the existence of lightly dif-
fracting nano-sized crystals (=~ 12—13 nm) in plan view
samples of the two higher energy implants (150 and
170 keV) was also revealed. The nanocrystals are
finely distributed and exhibit a face-centred cubic

Figure 3 TEM bright field image of particles in the 150 keV as-
implanted sample.

Figure 4 EFTEM image formed using a 5eV energy window
centred on the 15eV plasmon loss peak associated with metallic
aluminium.

structure with a lattice parameter of a, = 0.412 +

0.002 nm [16]. Chemical analysis (EDS) shows quali-
tatively that these nanocrystals are rich in aluminium
and yttrium and poor in oxygen relative to the sur-
rounding amorphous matrix. These are composed of
predominantly metallic aluminium, as shown via en-
ergy filtered TEM (EFTEM) [17]. A typical image
formed using this technique is presented in Fig. 4. Two
energy-loss distributions are shown in the inset to
Fig. 4; in (a) the spectrum is from an area containing
nanocrystals and in (b) the spectrum is from alumina
only. The image in Fig. 4 was formed using a 5eV
window centred on the plasmon peak of metallic alu-
minium (arrowed in the inset of Fig. 4) and appropri-
ate background subtraction [18]. The illuminated
particles thus contain metallic aluminium. Further
analysis by EFTEM, presented elsewhere [17], con-
firms that the particles are oxygen deficient in com-
parison with the matrix material, and that the
particles are not yttria. Any measurement of the par-
ticle size from Fig. 4 would be imprecise due to the loss
of resolution caused by the use of the relatively large
5eV energy window.

The similarity between the crystallography of the
nanocrystals (fcc, ay = 0.412 + 0.002 nm) and that of
pure aluminium (fcc, a, = 0.40497 nm), coupled with
the qualitative EDS and EFTEM results, indicate that
the nanocrystals are predominantly metallic alumi-
nium with a slightly dilated lattice parameter, due to
the presence of yttrium. The equilibrium phase dia-
gram predicts negligible solubility of yttrium in
aluminium at room temperature [19]. However, ion
implantation is a non-equilibrium process and non-
equilibrium phases are commonly reported [207]. The
mechanism by which the particles form is under fur-
ther investigation. It appears that the yttrium remains
in solid solution, perhaps due to the limited diffusion
of yttrium in aluminium at room temperature. Thus,
the amount of yttrium in solid solution with alumi-
nium may be estimated using a Vegard’s law approach
[21]. Such an analysis yields a yttrium concentration
of ~7at%.

The formation of metallic particles due to ion im-
plantation into alumina has been reported by other
research groups for implantation which takes place at
elevated temperatures. Sklad et al. [6] report the
formation of 1-3 nm alpha-iron particles after im-
plantation with 1x10'7 Fe*/cm? at an energy of
160 keV and temperatures ranging from 700-1500 °C.
Ohkubo and Suzuki [22] report the formation of Au
particles (<60 nm) after implantation of 6.8 x 10'¢
Au*/cm? at an energy of 400 keV and temperature of
1200°C. The high implantation temperature allows
dynamic annealing and diffusion to take place during
implantation. Note that in these cases the particles
formed were reported to be composed of the im-
planted ion exclusively. These results contrast with the
present research in which the particles are an alloy
containing aluminium and yttrium, which were for-
med by ambient temperature implantation of yttrium.
The formation of plate-like metallic aluminium par-
ticles has been reported as a result of ion implantation
into magnesium spinel at high energy however;
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e.g. Ga' (ambient temperature, 2.3 MeV) and Al"
(650°C, 2.3 MeV) [23].

TEM performed on the 100 keV implanted samples
did not reveal the crystalline particles which were
present in the higher energy implants, although the
amorphous phase was evident from electron diffrac-
tion. In order to verify this finding, absorbance spectra
of all three implanted samples and an unimplanted
alumina standard were recorded, Fig. 5. The absorp-
tion feature noted at approximately 24 nm in the
spectra from the two particle-bearing samples does
not appear in the unimplanted and 100 keV implanted
spectra. Since TEM showed the 100 keV sample to
contain no crystalline nanoparticles, although it did
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Figure 5 Absorption as a function of incident wavelength for the
substrates implanted with Y* ions with energies of 100, 150 and
170 keV and a sapphire standard. The discontinuity apparent in the
absorption curves at approximately 300 nm is due to an intermit-
tent problem with the spectrophotometer involving an illumination

contain the amorphous phase and an equal amount of
yttrium, the absorption appears to be a result of the
presence of crystalline AI-Y particles.

3.2. Evolution of microstructure due to
annealing
All annealing treatments result in the loss of the
bronze coloration due to implantation (substrates re-
vert to transparency). A gradual recrystallization of
the damage caused by the implantation was shown by
RBS and ion chanelling, as seen in Fig. 6 which con-
tains the aligned aluminium-edge portions of the RBS
spectra for the annealed samples. For comparative
purposes, the two spectra from Fig. 1 are also present
in Fig. 6. The chanelling results are roughly divided
into three major groups by similarity in the degree of
recrystallization. The approximate average thickness
of the dechannelled regions (amorphous regions) for
groups 1, 2 and 3 are 100, 45 and 5 nm (essentially
totally recrystallized), respectively. Accompanying this
gradual recrystallization, there is an evolution in the
microstructure of these samples which will be de-
scribed below. One sample from each recrystallization
grouping was chosen to be examined with TEM.
The microstructure of the first sample (implanted at
150 keV, and annealed 90 min at 1000 °C), shown in
Fig. 7, contains nano-sized crystals in an amorphous
matrix. There are, however, a number of differences
relative to the as-implanted case. The annealed crys-
tals are larger than the crystals in the as-implanted
case, with an average size of 22 + 4 nm versus an
average as-implanted particle size of 12.5 + 0.8 nm.
The diffraction pattern resulting from an area contain-
ing these particles shows a polycrystalline ring pat-
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Figure 6 RBS spectra: 150 keV, aligned and unaligned as-implanted and aligned annealed samples.
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Figure 7 TEM bright and dark field images of the 1000 °C, 90 min
annealed sample, and associated diffraction pattern. Dark field
image was formed using the indicated portion of the diffraction
rings.

pattern found in the as-implanted state (Fig. 3). Using
the matrix spots also present in the pattern as an
internal standard with which to calibrate the camera
length, the d-spacings for this new phase were cal-
culated, see Table 1. The resulting list of d-spacings
identify the new material as Y;Al, a metastable phase
with a primitive cubic crystal structure and a lattice
parameter of 0.4818 nm, which matches the experi-
mental lattice parameter of 0.481 £+ 0.003 nm very
well. It should be noted that the fcc implanted
particles and the ordered simple cubic metastable
particles have an approximately constant amount of
aluminium. Assuming ~ 7% yttrium is present in the
as-implanted particles as found by Vegard’s analysis
the growth of the particles can be accounted for by the
increase in yttrium content, presumably by coarse-
ning. There is also the possibility that these crystals
could be AlsY;0,,. This type of phase (usually
MAL,O, or MAIQO;) is known to form as a result of
implantation of Ga, Mn, Ni, Cu, Zn [16], Co [24] and
Fe [6] into alumina, followed by annealing. However,
the experimental diffraction data support the identi-
fication of the metastable Y;Al phase.

TABLE I Comparison of experimental pattern, Y;Al and
Al5Y;30,, d-spacings (in nm)

Experimental YAl AlsY304,
d-spacings d-spacings d-spacings
0.4905
0.482
0.4247
0.341
0.321
0.3002
0.278 0.2781
0.2687
0.2561
0.241 0.02409 0.2452
0.2355
0.2192
0.207 0.2155 0.2122
0.1917 0.1967 0.1947
0.1899
0.1853
0.177
0.1733
0.168 0.1703 0.1698
0.1665
0.162 0.1606 0.1633
0.1604
0.152 0.1524 0.1524
0.15
0.1478
0.148 0.1453 0.1456
0.1435
0.1414
0.139 0.1391 0.1396

Figure 8 TEM bright field image of the 1100 °C, 90 min annealed
sample, and associated diffraction pattern.

The sample from group two which was examined
(implanted at 150keV and annealed 90min at
1100 °C), represents a large step in the recrystallization
process in that the amorphous layer in this sample has
been reduced to approximately 40% of its original
thickness. There are three separate microstructural
elements which comprise this sample, see Fig. 8. Each
aspect can be identified through analysis of the asso-
ciated diffraction pattern, see the inset of Fig. 8. The
strong regularly occurring spots represent the recrys-
tallized matrix material. This pattern matches that of
the unimplanted substrate material. There are faint,
nearly complete rings of spots discernible in this pat-
tern as well. They match the rings of the Y;Al pattern
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seen in Fig. 7. Although the particles are not as evident
in the bright field images of this sample, their presence
is confirmed by dark field imaging (not shown).
Measurements taken from dark field images indicate
that these particles range from 8 to 13 nm in diameter.
This represents a decrease in particle diameter of ap-
proximately 50% relative to the group 1 sample. The
arcs adjacent to the matrix spots in the diffraction
pattern of Fig. 8 are a result of the formation of
irregularly shaped, but oriented Y,O; precipitates,
indexed in diffraction as {100}. The experimental
pattern of arcs is the superposition of two {100}
Y,O; patterns rotated by 90° with respect to each
other. The pattern “spots” appear as arcs (not as
discrete spots) due to imperfect coherence between the
precipitate grains themselves and between the grains
and the matrix material. This slight misalignment also
causes the Moir¢ fringes evident in the microstructure.

The group 3 sample which was examined (im-
planted at 150 keV and annealed 60 min at 1400 °C)
has a microstructure and diffraction pattern very sim-
ilar to those discussed for the previous sample, with
two significant differences, see Fig. 9. First, the poly-
crystalline rings indicating the presence of the ran-
domly oriented Y 3;Al precipitates are now absent from
the diffraction pattern, inset Fig. 9a. Second, TEM
examination reveals the presence of two new forms of
precipitate; one large and relatively square, the other
elongated. The elongated grains have aspect ratios
ranging from 1:1.5 to 1:5. Both precipitate types are
faceted and appear to be highly oriented with respect
to the surrounding grains. Dark field imaging of this
sample shows that the surface precipitates grow with
their facets parallel to one of the two unique [400]
directions. High resolution imaging was possible on
the elongated surface precipitates and shows that they
are highly oriented with respect to the matrix, see
Fig. 10. EDS on similar precipitates indicates that
they are chemically virtually identical to the Y,O;
grains seen in the substrate interior (those which show
Moiré contrast). The diffraction pattern for this
sample shows no additional features which could be
caused by a new phase. The chemical and diffrac-
tion evidence, therefore, indicate that these surface
precipitates are also Y,O3. These precipitates can also
be seen with scanning electron microscopy (SEM),
demonstrating that they have formed on the surface of
the substrate. Fig. 9b shows a typical region of this
sample in which surface precipitates of both types are
evident.

The gradual recrystallization of the annealed sam-
ples, with higher temperature and longer time, along
with the formation of surface precipitates in the final
stages of recrystallization are both expected results.
The formation of oriented internal grains of yttria
is not entirely expected, however, In* implanted
alumina has been reported as forming a dual phase
Al,03/M,03 microstructure as a result of annealing
in oxygen [14]. In that study the grains that formed
were not oriented and resulted only from a very
high temperature anneal (1500 °C). A larger portion of
the implantation and annealing studies conducted
with alumina substrates report aluminate formation
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Figure 9 (a) TEM of the 1400°C, 60 min annealed sample.
(b) SEM image of the surface of the 1400°C, 60 min annealed
sample. Note the alignment of both forms of surface precipitates.

(MAL,O, or MAIO;) and either total or partial sur-
face segregation of the implanted material. For
example, Ga™,Zn™ and Zr™ are entirely segregated to
the surface of the recrystallized substrate where they
form GaAlO;, ZnAl,O, and ZrO,, respectively [16].
Mn*, Ni* and Fe* on the other hand, form both
internal grains of their respective aluminates
(MnAl,O,, NiAl,O,, FeAl,0,) and surface precipi-
tates of either the same aluminate or, in the case of
iron, Fe, O3 [6, 14].

4. Summary

This research has demonstrated that implantation of
150 and 170 keV yttrium ions into a single crystalline
alumina substrate to a fluence of 5 x 10'%ions/cm?
induces the formation of an amorphous surface layer
containing finely distributed, fcc, aluminium-rich
particles with an average diameter of 12—13 nm. Post
implantation annealing treatments gradually recrys-
tallize the substrate with increasing time and temper-
ature. There is, in addition, an evolution in the
microstructure of the annealed samples which is sum-
marized in Fig. 11. A small amount of recrystallization
(1000 °C, 90 min) is accompanied by the formation of
~25nm precipitates of metastable Y;Al in the im-
planted region. Annealing at 1100°C for the same



Figure 10 TEM high resolution image of the 1400 °C, 60 min an-
nealed sample, showing coherence of particle with matrix.

Amorphous  fcc SC Y,Al Y,0; Y20,
pattern  3-0.413 nm a=0.481nm internal external

As-implanted

90 min, 1000 °C

90 min, 1100 °C

60 min, 1400 °C

AN

Figure 11 Summary of the microstructures resulting from implanta-
tion and annealing.

amount of time results in a microstructure of partially
aligned yttria grains embedded in the alumina sub-
strate and the continued existence of the Y3Al precipi-
tates. Upon total recrystallization of the amorphous
layer, the microstructure consists of partially oriented
internal grains of yttria as well as larger, faceted rect-
angular surface grains with aspect ratios ranging from
1:5to 1:1.5. Both internal and external grains exhibit
an orientational relationship with respect to the matrix.
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