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ABSTRACT

lon implantation damage and annealing results are presented for a
number of crystalline oxides. [In Al,0;, the amorphous phase produced by
ion bombardment of the pure material first crystailizes in the {crystal-
line) y phase. This is followed by the transformation of y-Al,0; to
a-A1,0; at a well defined interface. The activation energy for the growth
of o atumina from vy iz 3.6 e¥/atom. In CaT¥iOy, the implantation-induced
amorphous phase transforms to the crystalline phase by solid-phase epitaxy
(SPEY. Zn0 is ohserved to remain crystalline even after high implantation
doses at liquid nitrogen temperatures, The near surface of KTal; 1s trans-
formed to a polycrystalline state after implantation at room temperature or
liguid nitrogen temperature.

INTRODUCTION

Numerous investigations of icn implantation damage and subsequent
annealing have been carried out for doth elemental St and Ge and compound
(e.g., GaAs) semiconductors, but there are retatively few reports of simi-
lar studies of insulating materials and crystalline oxides. lon implan-
tation is being increasingly investigated as a method of altering the near-
surface optical, electrical, or mechanical properties of insulating
materialsl—%: and, for many applications, it will be necessary to anneal
the implanted material. We are investigating the use of ion implantation
to modify the near-surface properties of a number of crystalline oxides.
We find that the response of these materials to ion implantation damage
varies markedly from one material to another, and that the annealing
behavior is also significantly different, In this paper, we compare and
contrast the results obtained for the cases of crystalline A1,0;, CaTil;,
InQ, and KTa0y.

Experimental Details

In the case of Al,0;, a stoichiometric implant {2 parts A}, 3 parts
oxygen with ion energies adjusted to give the same projected range} at
liquid nitrogen temperature was used to produce the amorphous phase of pure
Al,0; on a crystalline a alumina substrate, In this case, a stoichiometric
implant was employed so that the crystallization behavior could be deter-
mined for the pure material. In the case of CaTi0; low doses (~1015/cm?)
of 208Ph were used to turn the near surface amorphous. For Zn0 and KTa0j,
the implanted species was 228Pb at doses up to 1047 /em2, Annealing of the
implanted crystals was carried out for time periods ranging from a few
minutes to many hours. Annealing environments were Ar (for Al,0;) or air
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(for Ca¥i0y, Zn0, and KTa0y). The crystals were examined in the
‘as-implanted” state and after annealing hy using 2 MeV He* Rutherford
backscattering and ion channeling measurements, Selected crystals were
also examined by transmission electron micrascopy (TLM),

Results Obtained in A1, 0,

Our previous work has established that a stoichiometric implant of
AT(4 x 1015 7cm? | 90 keV) and O(6 « 1016 fem? | 55 keV) at liguid nitrogen
temperature can be used to produce an amorphous layer (~1600 A thick) of
pure A1,0; on a crystalline a alumina substrate.S Annezling of the
amorphous material is a relatively complex process that occurs in two
stages® as illustrated schematically in Fig. 1, The first step in the
annealing process is the conversion of the amorphous film to the
crystalline y phase of Al;0;. As demonstrated hy TEM and RES measurements,
the amorphous -+ v transformation cccurs in g matter of minutes at tem-
peratures of 800°C. The second stepf ir the annealing process is the con-
version of y-A1,0; into a-A1,0;. This transformation takes place at a well
defined interface which moves from the original amorphous/crystal inter-
facial region toward the free surface. I[f the crystal is heated for a suf-
ficient length of time, the entire film can he crystatlized epitaxially in
the a phase as illustrated in Fig, 1.
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Fig. 1. Behavicr observed during the annealing of an amorphous film of
pure A3203 on an a suhstrate,

Figure 2 shows TEM cross section results where the Y + a transfor-
mation is only partially complete. In this case, a stoichiometric implant
was used to produce the amorphous layer, The implanted crystal was
annealed at 960°C for 90 minutes. The TEM cross section results ang
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diffraction patterns show that the near surface {region b} is y-Al,0;,
Region ¢ is a-Al,0, formed in the conversion of y to a-Al,0,. Region d is
the underlying a substrate, The interface separating reqions b and ¢ is
planar and relatively sharp, and this represents the interface where the
y » o transformation takes place.

The position of the interface where the y + o transformation occurs in
Fig. 2 can be readily measured by TEM or RBS/ion channeling methods. From
these megsurements, the kinetics® of the y » a transfarmation can be
determined and these results are shown in Fig., 3 in the form of 3 plot of
the interface velocity versus T-!, Assuming that the y » a transformation
is thermally activated and that the velocity can be written as v(T) =
Voe~U/RT the experimental data is consistent with an activation energy
0 = 3.6 eV/atom. This is the activation energy associated only with growth
of the a phase from y since the underlying material provides the nucleation
sites.
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Fig. 2. TEM cross section results showing the y to a phase transition in
Al,0;. The amorphous film was formed by a stoichiometric implant
at liquid nitrogen temperature. After annealing at 960°/30 min,
the near surface (region b) is y-A1,0;. Region ¢ is a-Al,0,
formed by the y + a transformation. Region d is the underlying a
substrate,



The ahove medsurements refer to the kinetics associated with phase
transitions in the pure material, Pretiminary measurements using varioys
implanted species show Lhat the kinetics can be changed significantly by
the presence of impurities., In addition, by comparing these measurements
to some of aur previous results®, it is clear that recovery from jon-
induced damage is facilitated if ane starts from the amorphous rather than
the crystalline but damaged phase,

Results Obtained in CaTi0
—-——=2 vdtdined 1n CaliQ,

In the case of CaTily, a low dose of implanted Pb (< 1015 /cm2) at
liquid nitrogen temperature is sufficient to turn the near surface region
amarphous, Crystallization of the amorphous film occurs by solid-phase
epitaxy, Figure 4 shows R85~channeling results that illustrate this
phenaomenon. The tmplantation of Pb at 250 keV creates an amorphous layer
~1000 A deep in CaTiG;. (There s a partial overlap in the aligned spectra
from the Ti and Ca sublattices in the as-implanted state of Fig., 4,) After
annealing, the amorphous/crystal interface has moved ~500 A toward the sur-
face in both the Ca and Ti sublattices. This regrowth behavior is charac-
teristic of solid-phase epitaxy (SPE), and it has been studied extensively
in elemental semiconductors sych as Si. It is remarkable that SPE can he
observed in a material as complex as CaTi0,,
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Fig. 3. Temperature dependence Fig. 4. Evidence for solid-phase
of the y/a interface epitaxy in Pb-implanted
velocity in Al, 0y, CaTiOy. Annealing was
carried out at 440°C for
one hour,

Cross-section TEM micrographs for CaTi0; in the as-implanted and par-
tially recrystallized state are shown in Fig. 5, In this case, the crystal
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was implanteg by Pb (1 x 1015/cm?, 540 keV) at liquid nitrogen temperature,
This produces an amorphous layer ~1800 & thick on the crystal substrate.
This is illustrated in micrograph {a) and diffraction patterns (d)} and {c)
taken from the near surface and the underlying region of the material,
Quring annealirng, the amorphous/crystal interface moves toward the surface
{see micrograph (b)), but diffraction pattern {d} shows that the surface
region is stiil amorphous. [n micrograph (b) of Fig. 5 a dislocation band
remains at the original amorphous/crystal interface region, the interface
is reasonably planar after annealing, and threading dislocations can be
observed in the crystalliized region,

In CaTi0,, the kinetics associated with the amorphous/crystal trans-
formation along the low symmetry direction have been determined,® and the
kinetics are consistent with activation energy of 1.3 eV for growth in this
direction. The kinetics associated with growth along the high symmetry
direction {i.e,, the pseudocubic axis of CaTi0;) are completely different,
and the results suggest a higher activation energy for growth along this
direction. These results will be reported in detail in a separate
publication,

Fig. 5. TEM cross section results from CaTiO; (high symmetry) implanted by
Pb {540 keV, 1 x 1015/cm?). Micrograph {a) is the as-implanted
state, ODiffraction patterns {d} and {c) were taken from the near
surface {d) and the underlying substrate (c). Results obtained
after annealing at 480°C for eight minutes are shown in the
micrograph (b). Diffraction pattern (f) was taken from the
underlying substrate. Diffraction pattern (e) comes from the
recrystallized region. The near surface has an amorphous diffrac-
tion pattern similar to that shown in (d).

Results Obtained for In0

The near-surface region Al,0; and CaTi0O; can be rendered amorphous by
implantation at liquid nitrogen temperature, but this does not appear to be
possible for the case of crystalline Zn0. Figure 6 shows RBS channeling
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results for Zn0 implanted at liquid nitrogen temperature using Pb at

360 keV and a dose of 3 x 10!8/¢m?. Comparing the aligned spectra taken
from the virgin and the implanted regions shows that implantation intro-
duces substantial disorder, but the near surface remains crystalline since
the aligned yield does not reach the random yield. Other workers? have
reported that IZnd remains crystalline during imptantation, and Fig. 6 shows
that this 1s the case even at liquid nitrogen temperature and when very
high doses of Pb are used. The dose of 3 x 10i6/¢m? is very near the
sputter limit for Pb in Zn0 at this energy. Increasing the dose to

1017 fcm? results in only 10% more Pb being incorporated in the near
surface. The aligned yield from the substrate after the 1017/cm? implan-
tation is indistinguishable from that shown in Fig. & and demonstrates that
even a dose of 10!7/¢m? is not sufficient to amorphize the near-surface
region, These results show that it will be very difficult to amorphize the
near-surface region of Zn0 by ion implantation, at least down to the liquid
nitrogen temperature. Additionally, it may be possible to use other
implanted ions to stabilize the implantation-induced damage chemically.
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Fig. 6. R3S measurements of a Zn0 single crystal implanted by Ph. The
near surface region has not heen fully amorphized as evidenced by
the difference hetween the random and aligred-implanted yield in
the region between ~1.4 to 1.6 MeV,

Results Obtained in KTal,

Of the oxides that we have investigated thus far, the case of KTa0; is
unique because of the unusual micrastructure that develops in the near-
surface region following implantation. This effect is illustrated by the
TEM plan view micrograph in Fig. 7 that was taken from a crystal implanted
by Nb at liguid nitrogen temperature. Following implantation, the diffrac-
tion pattern shows that the near-surface region is polycrystalline. {The
diffraction pattern in the lower righthand corner was obtained from a
thicker region of the specimen that includes more of the underlying
crystalline material). Individual crystallites several hundred A diameter
can be observed in the near surface region. Therefore, in this material,
ion imptantation of the crystalline substrate has produced a polycrystal-
line layer, This effect has been observed for several implanted species
following both room temperature and liquid nitrogen temperature implants,
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The mechanism by which the polycrystallites are formed in ion-
implanted KTal; has not been identified. We are not aware of other reports
of the formation of polycrystalline layers during the implantation of a
crystatline substrate. At present, we are conduct ing experiments using
ceveral implanted species at both higher and much lower implanted doses in

order to gain insight into the mochanism of the formation, The results of
these experiments will be reported in a future publication.
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TEM observations of KTal; implanted by NEoat 30U keV. Electron
diffraction patterns taken with this plan view configuration show
polycrystallinity at the curface and a superimposed polycrystal-
line and singie crystal pattern at greater depth. The ooly-
crystalline grains comprising the near surface region are clearly
visinle in the micrograph,

CONCLUSTONS

The recrystallization behavior of amorphous Al,0; has been studied by
ssing a stoichiometric implant at ltiquid nitrogen temperature to create an
amorphous film of the pure material on a crystalline substrate, Annealing
of the amorphous film takes place in two steps. The first step is the
transformation of amorphous Al,0, to crystalline y-Al,0;. This is followed
hy the transformation of v-Al,05 to a-Al,04 accompanied by the motion of a
planar interface. The activation energy of the growth component of the
vy + a transformation was determined to be 3.6 eV/atom,

In CaTi0y, low doses of implanted Pb are sufficient to turn the rear-
surface region amcrphous, During annealing, crystaltization of the
amorphous film takes place by SPE, and the kinetics of crystallization
depend on crystal grientation,
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In In0, the near surface remains crystalline even after implanting
bigh doses of heavy ions at tiquid nitrogen temperature,

The near-surface region of KTa0, is observed to be polycrystalline
after implantation at room temperature or liquid nitrogen temperature.
Further investigation 15 required to determine the mechanism by which this

occurs,
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