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Single-crystal sapphire (o —Al,03) was implanted at room temperature with 200 keV
erbium ions to a fluence of 8 X 10'* cm™. Ion channeling using 1.6 MeV He* shows
that the crystal suffers little damage for this low dose implant. Angular scans through
axial and planar directions in the crystal indicate that 70% of the Er atoms reside on
displaced octahedral sites in the a—Al,O; lattice. As pure Al,O; has a high density

of free octahedral sites, this explains why high concentrations of Er can be dissolved
in this material. Smaller fractions of Er are found on tetrahedral (20%) and random
(10%) sites. The samples exhibit strongly peaked photoluminescence spectra around
1.5 pm, due to intra-4f transitions in Er**, indicating the existence of well-defined sites
for the luminescing Er’* ions. It is concluded that the octahedral site is the dominating

optically active site in the lattice.

. INTRODUCTION

Rare earth doped optical waveguide materials are
experiencing a strong development in the field of in-
tegrated optics because of their application as optical
amplifiers and lasers. In particular, the rare earth ion
Er’* is of interest due to its intra-4f transitions around
1.54 pm, a standard telecommunications wavelength.
Recently, high-quality, low-loss compact Al,O; wave-
guide structures have been fabricated on Si substrates,'?
and doped with Er by ion implantation.” When optically
pumped at 1.48 um, these Al,O; waveguide amplifiers
show net optical amplification of a signal at 1.53 um.*
This result was achieved due to the fact that high
concentrations of optically active Er could be dissolved
in the Al,O3 lattice. The exact lattice location of Er in
Al,Os, however, is still unknown.

Figure 1 shows the crystal structure of a—Al,O;
(sapphire). The O atoms form a hexagonally close-
packed lattice; the Al atoms occupy octahedral sites
between the O planes. As for every three O atoms there
are only two Al atoms, one out of three octahedral
sites is empty. Since the Al atoms themselves form a
regular structure, the octahedral sites occupied by Al are
distinctly different from the free octahedral sites. Also
indicated in the figure (for later reference) is a tetrahedral
site; such sites are all unoccupied in the Al,O; lattice.

The crystal structure of y—Al,0;, the material used
for Er-doped Al,O; waveguide films, is similar to that
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of @—Al,Os, but in this case the O atoms form a face-
centered cubic structure. Er,O; has essentially the same
crystal structure as y—Al,Os, but with Er instead of Al
on octahedral sites.

In this work, the lattice site of Er-implanted sap-
phire (single-crystal a—Al,Os3) is investigated using
ion-channeling techniques. Previously, we have studied
the damage and annealing behavior of Er-implanted
sapphire, and the results are reported in Ref. 5. In the
present work, the Er is found to reside on displaced
octahedral sites in the lattice, which are empty in un-
doped «—Al;Os. It is found that this site is the dominant
optically active site.

Il. EXPERIMENTAL

Single crystal (0001) and (0110) oriented ar—Al,O;
wafers were implanted with 200 keV Er to a fluence of
8 X 10" ions/cm? with the samples held at room tem-
perature. The samples were tilted by 7° with respect to
the ion beam to avoid channeling of the implanted ions.
A (0001)-oriented a—Al,O; sample was implanted with
5 X 10" Er/cm? for photoluminescence spectroscopy
measurements. The samples were not annealed.

Rutherford backscattering spectrometry (RBS)/ion
channeling analysis was performed with 1.6 MeV He*
ions accelerated using a Van de Graaff accelerator. The
backscattered particles were detected by two surface
barrier detectors, which were placed at 160° and close to
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FIG. 1. Schematic of the crystal structure of a—Al,Os3 (sapphire).
The O atoms form a hexagonal close-packed lattice indicated by the
thin solid lines. At each intersection of these lines there is one O atom;
the hexagons indicate the O planes. The Al atoms occupy octahedral
sites; one of these is indicated in the figure. For every O atom there
exists one octahedral site. Also indicated is a tetrahedral site. The
vertical dashed lines indicate how the oxygen planes are stacked with
respect to each other.

180° with respect to the incoming He* beam direction.
The energy resolutions for these detectors were 14 and
18 keV, respectively. The samples were placed on a two-
axis goniometer, enabling alignment of the crystal axes
with the incoming He* beam. In addition, the samples
could be continuously rotated around the sample surface
normal in order to obtain true random spectra. The beam
current was kept below 1 nA in a 0.4 mm® spot in
order to prevent pileup of measurement pulses. Each
measurement was done on a fresh spot. The spectra were
recorded using a multichannel analyzer.
Photoluminescence (PL.) measurements were per-
formed at room temperature using the 488 nm line of
an Ar ion laser as an excitation source. This wavelength
excites Er** into the *H;, energy level, after which
rapid, nonradiative decay to the first excited (*1,3,) state
occurs.’ Subsequently, radiative decay to the ground
state can occur, giving rise to light emission around
1.53 um. The pump power was 250 mW focused in
a 0.1 mm diameter spot, and the beam was mechani-
cally chopped at 15 Hz. Luminescence emitted by the
sample was collected with a lens, and dispersed using a
48 cm single-grating monochromator. The luminescence

was detected with a liquid-nitrogen-cooled germanium
detector, and the signal was amplified using a lock-in
technique.

lil. RESULTS AND DISCUSSION
A. lon channeling

Figure 2 shows the random and channeling RBS
spectra of a (0001)-oriented sapphire sample implanted
at room temperature with 8 X 10'3 Er/cm?. For com-
parison, the channeling spectrum of an unimplanted
sapphire sample is shown. It overlaps with that of the
implanted sample except for the Er part, indicating that
the implant has caused very little damage to the sapphire
lattice. It is known that high implantation fluences are
necessary to cause significant damage to Al,O; crystal
lattice.” Also, the minimum yield for the implanted Er
is low, indicative of a high fraction of Er on regular
positions in the sapphire lattice. Note that the sample
has not been annealed after implantation.

Figure 3 shows normalized angular scans for the Al,
0, and Er ions for three axial directions ((0001), (0110),
and (1120)) and for the corresponding planar directions.
The samples used for these measurements are (0001)-
oriented (for (0001), (1010), and (1120) measurements)
and (0110)-oriented (for (0001), (0110), and (1120) mea-
surement). The dips in the scans are due to alignment of
the incoming He* beam with crystallographic directions
in the lattice. Figure 4 shows the projections of the
Al, O, free octahedral, and tetrahedral sites, for the
six alignment conditions used in our experiment. By
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FIG. 2. RBS spectra of a {0001) oriented sapphire sample implanted
with 8 X 10'* 200 keV Er/cm? at room temperature. A channeling
spectrum (incoming beam in the (0001) direction) as well as a random
spectrum are shown. For comparison, the channeling spectrum of an
unimplanted sapphire sample is shown. It overlaps with that of the
implanted sample, except for the Er part.
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FIG. 3. Normalized angular scans for the Al, O, and Er ions for three
axial directions ({0001}, {0110), and {(1120)) and for the corresponding
planar directions. The samples were implanted with 8 X 10'3 200
KeV Er/cm?. Simulations of the measured data are shown as drawn
lines (Al and O: solid line; Er: dashed line).

comparing the Er yield as a function of angle to the
signals for Al and O for these six conditions, the Er
lattice site can be determined unambiguously.

Figure 3 shows that for the (1010) and the (1120)
planar directions, the Er yield overlaps very well with
that of Al, whereas flux peaking for the Er is seen for the
(0001) plane. In the (0001) axial direction the Er dip is
centered at the same position as the Al dip, but does not
reach the same minimum yield. In the (0110) and (1120)
axial directions, the Er dips are less deep and narrower
than those observed for Al and O. Clearly, the Er resides
on regular sites in the Al O3 lattice, but the differences
in the angular scans show that these cannot be in either
the Al or O sublattice.

Monte Carlo simulations of the angular scan data
were performed in which the a-Al,Osz crystal lattice
was considered with Er atoms on different sites in the
crystal structure. The code used for the simulations is
reported elsewhere,® and was modified to simulate the
a—AlLOs_crystal lattice. Thermal vibration amplitudes
of 0.087 A, 0.067 A, and 0.027 A were taken for 0, Al,
and Er, respectively; these values were obtained using
the Debye model with a Debye temperature of 950 K.
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FIG. 4. Projections of the Al, O, free octahedral, and tetrahedral sites,
in the crystal directions used for the angular scan measurements.

Best agreement with the data was obtained by assuming
that 70% of the Er occupies free octahedral sites (see
Fig. 1), but displaced 0.8 A along the (0001} direction
from the ideal position. 20% of the Er is in tetrahedral
sites (see Fig. 1), and the remaining 10% is randomly
distributed. The results of the simulations for Al, O,
and Er are included as drawn lines in Fig. 3. These
results show that in a—Al, O3, Er mainly occupies free
octahedral sites, which have similar surroundings as Al
and Er have in the & —Al,O5 and Er,0; crystal lattices,
respectively. Note that the free octahedral sites are not
identical to the octahedral sites occupied by Al.°

B. Photoluminescence

Figure 5 shows the room-temperature PL spectrum
of Er-implanted sapphire ((0001)-oriented, 5 X 10'* Er/
cm?). The spectrum is typical for intra- -4f transitions in
Er’*.% and consists of a number of sharp lines, indicating
that the luminescing Er** ions occupy well-defined sites
in the @ —Al,O; crystal. The spectral shape of the sam-
ples implanted at lower fluences is similar; however, the
intensities are lower.

The luminescence intensity measured for the Er-
implanted, @-AlLO; samples was compared to that
of an Er-implanted, y-Al,O; waveguide film with a
known amount of optically active Er. Assuming similar
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FIG. 5. Room temperature photoluminescence spectrum of {(0001)-
oriented & —Al,O3 implanted with 5 X 10" 200 keV Er/cm?. The
excitation source was a 250 mW light beam at 488 nm from an Ar
ion laser. The measurement resolution was 3 nm.

absorption and emission cross sections for Er’* in these
materials, this comparison indicates that on the order
of 100% of the Er is optically active in the sapphire
samples. As the previous section showed that most of
the Er resides on octahedral positions in these samples,
we conclude that Er on this octahedral site is indeed the
luminescing Er. We cannot exclude the possibility that
Er in tetrahedral sites or even on random positions also
show luminescence; however, the octahedral site is the
dominating luminescing site.

The results of this study can be used to explain why
high amounts of optically active Er can be incorporated
in AL Oj3. In order to exhibit the characteristic radiative
transitions around 1.5 wm, Er should be in the trivalent
state. In the Al,O; crystal, the Al atoms, with occupy
octahedral sites, are also trivalent. Here it is found
that Er occupies similar (free octahedral) sites, implying
that it is indeed trivalent in the lattice. Furthermore,
octahedral positions in the Al,O; lattice have a 6-fold
surrounding of O atoms. Such a surrounding for Er has
been found previously to be optically active.!® As one out
of every three octahedral positions in the Al,O; lattice
are unoccupied, the effective solubility of Er in Al,O4
is high, and high amounts of optically active Er can be
incorporated. Note that the above conclusions hold for
both the hexagonal a—Al,O; lattice (sapphire) as well
as the cubic y—AlL;Os lattice (waveguide films), because
the two lattices differ only in the stacking sequence of the
O atoms, and have the same density of empty sites. Note
that due to the implantation of Er in Al,O;, a surplus
of cations is created. As a consequence, Al atoms may
be forced to diffuse away in order to maintain charge
neutrality. RBS data (not shown) indicate that Er itself

does not diffuse during or after implantation at room
temperature.

IV. CONCLUSIONS

In conclusion, the lattice site of Er implanted in
sapphire («a—Al,O;) is measured by ion-channeling;
70% 1is found on octahedral sites displaced by 0.8 A
along the (0001) direction, 20% resides on tetrahedral
sites, the rest is randomly distributed. The samples
exhibit photoluminescence at 1.5 um, due to intra-4f
transitions in Er**. Comparison of the luminescence
intensities to those of Er-implanted, y - Al,O; waveguide
films shows that on the order of 100% of the Er is
optically active in sapphire. As most of the Er resides on
displaced octahedral sites, it is concluded that this site
is the dominating optically active site in the a—Al,03
lattice. The fact that pure Al,O3 has a high density of
free octahedral sites can now explain why high amounts
of optically active Er can be dissolved in the lattice.
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