PHYSICAL REVIEW B

VOLUME 52, NUMBER 24

15 DECEMBER 1995-11

High-quality epitaxial growth of y-alumina films on «a-alumina sapphire
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We report the formation of epitaxial y-alumina thin films on «-alumina substrates induced by ion-beam
bombardment. Single-crystal (0001) a-alumina was coated with 70-nm amorphous-alumina thin films and then
bombarded with either 360-keV argon ions or 180-keV oxygen ions at 400, 500, and 600 °C. Ion-channeling
measurements showed a consistent minimum yield of 50% for the aluminum in the grown films. Cross-
sectional transmission-electron microscopy revealed the formation of <y-alumina epitaxially grown onto
a-alumina with an orientation relationship [110](111)7/|[[0110](0001) e. The epitaxy of y-alumina was fur-
ther confirmed by x-ray-diffraction ¢ scans. This study indicates that ion-beam bombardment at 400—600 °C
not only induces the amorphous-to-y phase transformation but also effectively eliminates {111} twins of
y-alumina, which are normally observed after thermal annealing at 800-900 °C.

L. INTRODUCTION

Alumina (Al,03) is a technologically important ceramic
for structural, microelectronic, and optical applications. Pre-
vious thermal annealing studies’ have shown that amorphous
alumina transforms through metastable phases into a ther-
mally stable @ phase (hexagonal structure). The dominant
intermediate metastable phase is y-alumina (cubic structure).
For the structure of an amorphous-alumina thin film on a
single-crystal «-alumina (sapphire) substrate, alumina/
sapphire, the amorphous phase first transforms into the 7y
phase and then into the « phase.>> Both transformations
appear to be epitaxially related to underlying sapphire fol-
lowing a layer-by-layer growth habit. The amorphous-to-y
transition occurs at measurable rates in the temperature range
650—-900 °C and is characterized by a thermal activation en-
ergy of 3.6 eV.> The y-to-a transformation occurs above
800 °C with a characteristic activation energy of 5.0 eV, as
measured along the ¢ axis ([0001]).>* The intermediate
y-alumina films always appear to be defective, containing
many twins, while the subsequently grown «-alumina films
have fewer crystallographic defects.>”

The main motivation for this study is to understand the
phase transformations that occur in thin-film amorphous alu-
mina under ion-beam bombardment at temperatures much
lower than those for thermal annealing. The study of Ohkubo
and Seno® suggested that under radiation-damage conditions
using 400-keV gold ions, a reverse transformation sequence
occurred in sapphire, i.e., @ to 7y and then y to amorphous.
Cao et al. also reported the conversion of o to y by rapid
melting and resolidification using a XeCl excimer laser to
irradiate sapphire.” A question arises: Does the observed
phase sequence of amorphous-y-a occur for the alumina/
sapphire under ion-beam bombardment that favors epitaxial
growth? It has been demonstrated that the phase transforma-
tion between amorphous and crystalline Si is reversible by
ion irradiation and that the irradiation conditions determine
the transformation direction.® Only limited studies have been
performed to investigate ion-beam-induced transition phe-
nomena in alumina. Zhou et al.® observed ion-beam-induced
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epitaxial growth (IBIEG) at 400 °C in the alumina/sapphire
system, where the amorphous-alumina layer was formed by
In ion implantation at cryogenic temperatures. A recent
study!® further showed that IBIEG occurred at 400—600 °C
in amorphous-alumina films deposited onto sapphire. How-
ever, the phase-transformation sequence resulting from ion-
beam bombardment was not identified by these studies. In
this work, we demonstrate that ion-beam bombardment at
400-600 °C not only induces the amorphous-to-y phase
transformation, but also eliminates twin boundaries in the
y-alumina, which are always present after thermal annealing
alone at 800-900 °C.>*

II. EXPERIMENT

Single-crystal (0001) sapphire substrates with one side
polished to an optical finish were used for all experiments.
Amorphous-alumina thin films (a-Al,0 ;) were deposited at
room temperature onto the as-received substrates by
electron-beam evaporation from a high-purity alumina
target.’ The amorphous nature of the as-deposited films was
confirmed by transmission electron diffraction.” Two sets of
samples with film thickness of 70 and 200 nm were produced
for this study. The samples with thinner films were used for
ion-beam irradiation studies to ensure the implanted ions
penetrated through the films. To understand radiation effects
on epitaxial growth, both 360-keV Ar?* and 180-keV O *
ion beams were chosen to irradiate the samples at the follow-
ing temperatures: 400, 500, and 600 °C. The sample normal
was tilted to 10° with respect to ion beams during the irra-
diations. The projected ranges of Ar and O ions in sapphire
determined by TRIM (Ref. 11) are 215 and 226 nm, respec-
tively, much greater than the thickness of thin film (70 nm).
The fluxes of Ar and O ion beams were maintained at 1.5
X 10" and 4.6X10'3 atoms/cm? s, respectively. For com-
parison, samples deposited with a 70- or 200-nm alumina
film were annealed at 800 °C for 1 h in flowing oxygen gas.
Rutherford backscattering spectrometry and ion channeling
using a 2-MeV He " ion beam were used to characterize the
crystallinity of the alumina films on the sapphire substrates.
Phase transformations and microstructure were examined by

17 518 © 1995 The American Physical Society



52 HIGH-QUALITY EPITAXIAL GROWTH OF y-ALUMINA FILMS ...

Energy (MeV)

0.6 0.8 1.0 1.2 1.4
8 I I I T T
2 MeV He' — Al,05/Sapphire(0001)
— Unirradiated, Aligned
— —360 keV 2x10'° Ar/cm® 600°C, Aligned
<6 ---360 keV 6x10'° Ar/cm® 600°C, Aligned—
o e 180 keV 2x10' 0/cm® 600°C, Aligned
-
o
()]
g _
=
o
g
3
Z 2 -
Y T T T
200 300 400 500 600
Channel
Energy (MeV)
0.4 0.6 0.8 1.0 1.2
15 T T T T
2 MeV He" — y—-Al,03/Sapphire(0001)
O 800°C 1h O, Aligned
——800°C 1h O, Random
i)
(0]
or=4 —
=
o)
[
N
=
©
E —
~
o
Z
0 I : i i
100 200 300 400 500
Channel

FIG. 1. Aligned backscattering spectra of the alumina/sapphire samples
before and after (a) ion-beam bombardment of 360-keV Ar or 180-keV O at
600 °C; (b) thermal annealing at 800 °C for 1 h in flowing oxygen.

cross-sectional transmission electron microscopy (XTEM).
The nature of the in-plane film alignment was also deter-
mined using x-ray diffraction.

II1. RESULTS

Figure 1(a) shows aligned backscattering spectra of the
alumina/sapphire samples before and after ion-beam bom-
bardment with 360-keV Ar or 180-keV O at 600 °C. Both
the Al and O signals indicate that epitaxial crystallization
proceeded layer by layer in the film following the 360-keV
Ar ion irradiation. The channeling spectra also show that the
epitaxial growth slowed down near the surface as the dose
increased from 2 X 103 to 6X 10" Ar/cm?. An increase in the
dechanneling yield near the film surface (<20 nm) is due to
its polycrystalline nature, as confirmed by TEM. Minimum
yield (Xpin), defined as a ratio of channeling to random
yield, is determined to be about 50% for Al in the epitaxially
grown film. The radiation-induced lattice damage in the sub-
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FIG. 2. (a) XTEM bright field image of the epitaxial y-alumina/
a-alumina interface; (b) SAD pattern of the a-alumina substrate; and (c)
SAD pattern of both the film and substrate after irradiation with 180-keV,
6x10'° O/cm? at 500 °C.

strate region is visible as an increase in dechanneling in Fig.
1(a). Epitaxial growth is also observed in the sample irradi-
ated with 180-keV O ions as shown in Fig. 1(a). However, to
grow a similar thickness epitaxial layer, the required dose
(2%10'® O/cm?) for O ions is three times as high as that
(6X10% Ar/cm?) for Ar ions. TRIM calculations'! indicate
that the ratio of nuclear energy loss in the film for Ar versus
O irradiations is about 3.6, while the corresponding elec-
tronic energy-loss ratio is 1.6. Therefore, it appears that the
higher efficiency observed for epitaxial crystallization in-
duced by Ar ions is due to the higher nuclear energy loss of
Ar ions in the alumina films. This suggests that radiation-
induced defects due to nuclear energy-loss processes drive
the epitaxial crystallization of amorphous alumina. Similar
minimum yields (50%) were obtained from films that were
crystallized under irradiation at lower temperatures, 400 and
500 °C, although the crystallization became slower com-
pared to the films irradiated at 600 °C. In contrast, thermal
annealing alone at a higher temperature (800 °C for 1 h)
resulted in much poorer epitaxy during crystallization, as
shown in Fig. 1(b). An average X, value of 90% is ob-
tained in the thermally annealed film.

Figure 2(a) is a high-resolution micrograph showing the
film/substrate interfacial region after irradiation with 180-
keV oxygen ions to a dose of 6 X 10'® O/cm? at 500 °C. The
selected area electron diffraction (SAD) pattern in Fig. 2(b)
was taken from the substrate area and viewed near the
a-alumina [1210] zone axis. Figure 2(c) is a SAD pattern
for the film and the film/substrate interfacial region, includ-
ing the area shown in Fig. 2(a). Diffracted beams present in
Fig. 2(c) and not present in Fig. 2(b) are due to diffraction
from the film. Most of the additional reflections in Fig. 2(c)
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FIG. 3. XTEM weak beam image of the same specimen shown in Fig. 2;
8film™ [222] and 8subs™ [0006] ’

can be indexed as epitaxial y-alumina, viewed near a [115]
zone axis. The orientation relationship between the epitaxial
y-alumina and «-alumina substrate is [112](111)9]|

[1210](0001)a or [110](111)9{[[0110](0001) @ equivalent.
The electron diffraction measurements also indicate that the
sapphire substrate and the y-alumina film have their bulk
lattice parameters: da(ggo3)o=0.433 nm and a(jq3y,=0.456
nm; thus, the film is incoherent. Several weak reflections
present in Fig. 2(c) (marked by large, white arrows) result
from a small portion of nonepitaxial y-alumina present near
the sample surface, as indicated by the channeling data in
Fig. 1(a). Numerous dislocations are present in both the film
and the substrate following IBIEG. Crystallographic disorder
in the y-alumina is responsible for the mottled contrast vis-
ible in the film region. In addition, a dislocation loop on the
basal plane of the a-alumina substrate is marked by arrows
in the figure.

The weak beam cross-sectional image in Fig. 3 was taken
with a [0006] diffraction vector for the sapphire substrate
and a [222] diffraction vector for the epitaxial y-alumina.
The proximity of the film and substrate diffracted beams
made it difficult to select only a film or substrate reflection
with the TEM’s smallest objective aperture. Figure 3 is a
lower-magnification image than Fig. 2(a) and shows the two
microstructural regions of the y-alumina film: the epitaxial
zone near the substrate (labeled “2” in the image) and the
polycrystalline zone near the surface (labeled “1””). The ep-
itaxial and polycrystalline zones are approximately 60 and
20 nm in thickness, respectively, consistent with the channel-
ing measurements. Several equiaxed crystallites are in con-
trast in the polycrystalline zone, and these appear to span the
entire thickness of this zone. Moiré fringes are clearly visible
in one crystallite that is marked with an arrow. A high density
of short, segmented dislocations are visible under these dif-
fraction conditions in the epitaxial zone in Fig. 3. The orien-
tation of the defects appears random throughout much of the
expitaxial zone; however, several (111) dislocation loops
with a Burgers vector having a component parallel to [111]
are present near the center of the zone. A large number of
basal plane loops are visible in the sapphire substrate (la-
beled “3” in the image). Condensation of interstitials into
both 1 [0001] (0001) and (1010) {1010} four-layer loops is
a common effect of ion irradiation in a-alumina.'? Only the
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FIG. 4. X-ray-diffraction ¢ scans from the {1014} a-alumina and
{200} y-alumina planes, showing the in-plane alignment of the epitaxial
(111)-oriented y-alumina film on the (0001) «-alumina substrate, following
the irradiation with 180-keV, 3 X 10'® O/cm? at 500 °C.

basal plane loop population is visible under the diffraction
conditions used in Fig. 3.

A high density of {111} twins with an average boundary
spacing less than 100 nm along the film/substrate interface
was observed in thermally grown vy-alumina films (not
shown). These twins are not observed in XTEM character-
ization of the ion-irradiated films over a TEM viewing range
greater than 10 wm along the interface.

The same in-plane alignment of the epitaxial y-alumina
film observed in the XTEM studies was also observed in
x-ray-diffraction ¢ scans. Figure 4 shows ¢ scans from a
sample with a 45-nm epitaxial vy-alumina layer in a film of
70 nm total thickness, following the irradiation with 180-
keV, 3x10' O/cm? at 500°C. Three strong {1014}
a-alumina peaks separated by 120° are present in the
¢ scan in Fig. 4. Six weak {200} y-alumina film reflections
were detected with 60° mutual separations. The 30° separa-
tion in ¢ of adjacent {1014} «-alumina and {200}
y-alumina reflections is consistent with a
[110](111){[0110](0001)e orientation relationship. The
presence of six {200} y-alumina reflections in Fig. 4, instead
of three, indicates that two types of twin domains exist
within the epitaxial layer. These domains must be textured
with each other at a 180° rotation angle along the [111] axis
due to the existence of two sets of possible stacking se-
quences on the (0001) sapphire surface. The full width at
half maximum intensity of the {200} v-alumina peaks is
~1.4°, compared to ~1.0° for the {1014) a-alumina peaks.

IV. DISCUSSION

The diffraction data clearly show that the ion beam in-
duces an amorphous-to-y phase transformation. An activa-
tion energy of 0.23+0.05 eV (Ref. 10) was obtained from
this ion-beam-induced transition, which is one order of mag-
nitude lower than that obtained from thermal annealing alone
(3.6 eV).? A large difference in the thermal activation energy
was also observed between IBIEG (0.32 eV) and thermal
annealing (2.7 eV) for Si.® The large difference was attrib-
uted to the point defects, generated from atomic collision
cascades near the amorphous/crystalline interface and con-
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tributing to the epitaxial growth.® The necessity of collision
cascades near the interface to induce epitaxial growth was
also confirmed in this study.!® Therefore, similar to the sili-
con case, the present evidence suggests that nuclear energy
loss plays a dominant role in the epitaxial transformation
from amorphous to y-alumina.

This study demonstrates that IBIEG produces better epi-
taxial quality y-alumina films on sapphire at lower tempera-
tures, as compared to conventional thermal annealing. The
improved quality is indicated by the better channeling
(Xnin=50%) relative to the poorer channeling
(X min=90%) found in the thermally grown vy-alumina (Fig.
1). TEM results further reveal that the improved epitaxial
quality produced by IBIEG is directly associated with the
elimination of {111} twins. The structural disorder associated
with a high density of {111} twin boundaries in the thermally
grown 7y-alumina film is the most probable reason for the
high dechanneling observed in Fig. 1(b). By comparison, no
distinct twin boundaries were observed in the epitaxial
y-alumina layer grown by IBIEG; any twinned boundaries as
indicated by x-ray-diffraction results in Fig. 4 must have a
wide spacing (>10 um) along the interface line. However, a
high density of dislocations is present in the epitaxial zone
(Figs. 2 and 3). These defects are consistent with the dechan-
neling yield of 50% observed in Fig. 1(a). The presence of a
similar level of dechanneling yields, obtained after IBIEG at
400-600 °C using Ar and O beams, suggests that these de-
fects are not removable by IBIEG. This may be due to two
effects: (1) radiation damage and (2) inherent defects in
y-alumina. The TEM results of Cao et al. also indicated that
the y-alumina layer formed by laser irradiation in sapphire
appears to be free of twinned boundaries.” However, further
comparison of epitaxial quality of y-alumina formed by us-
ing these two methods is difficult due to the lack of other
characterization data in Ref. 7.

The underlying mechanism for the elimination of {111}
grain boundaries in y-alumina under ion-beam bombardment
can be attributed to the ion-channeling effects. Such effects
may exist in this study even at a 10° incident angle because
the channeling critical angle in defected crystals is greater
than that in perfect a-alumina crystals (8°). Similar effects
were observed in the in situ ion-beam-assisted deposition
(with 0.2—10-keV Ar ion beams)!*~1 and in the ex situ ion-
beam-induced grain growth and texturing (with 10—600-keV
various ion beams)'®?° of metallic thin films. These previ-
ous studies showed that the in-plane texturing of the films is
significantly improved under ion-beam bombardment either
during or after thin-film deposition. The ion-channeling ef-
fects significantly reduced nuclear energy loss in the grains
that aligned along the ion-beam direction. During thin-film
deposition, the bombarding beam caused preferential sputter-
ing of the nonaligned grains over the aligned grains. There-
fore, only aligned grains with a large channeling spacing are
favorable for growth. Similarly, under ion-beam bombard-
ment after thin-film deposition, the nonaligned grains prefer-
entially experience atomic collisions and energy deposition,
as compared to other aligned grains. The grains which expe-
rience a higher degree of radiation damage can then undergo
a structural reorientation in registry with the aligned grains
during the damage recovery process. Thus, better epitaxial
films can be obtained as a result of eliminating the non-
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aligned grains via ion-beam irradiation.?! This study further
demonstrates that the same mechanism of ion-beam bom-
bardment is also operative for the epitaxial growth of ce-

. ramic thin films.

The orientation relationship, [110](111)y{[0110](0001)
«, resulted from the amorphous-to-7y transition is the same
for both IBIEG and thermal annealing.’ The same orientation
relationship was reported for the thermally induced
amorphous-to-+y transition that occurred in ion-implantation
amorphized alumina on sapphire.? It is of further interest to
note that the a-to-y transformation induced by Au ion
irradiation® or by XeCl laser irradiation’ in sapphire also
produced the same epitaxial relationship. These observations
support the view that the phase transitions in alumina are
epitaxially related."*%’ The small lattice mismatch (<2%)
between - and a-alumina along the close-packed direction
favors the epitaxial phase transformations in the alumina/
sapphire system.

The present study demonstrates that ion-beam irradiation
at 400-600 °C only induces the amorphous-to-y phase
transformation. No «-alumina, epitaxial or otherwise, is ob-
served in the grown films. It was noted that for amorphous Si
on single-crystal Si,® thermally induced epitaxial growth
starts at 450 °C (0.43T,,; with the melting point of Si,
T,=1410°C) and IBIEG starts at 150 °C (0.257T,,). For
thin-film alumina,® the thermal epitaxial growth of the 7y
phase and a phase starts at 650 °C (0.4T,,) and 950 °C
(0.52T,,, with T,,=2072 °C), respectively. Referring to the
Si case, the IBIEG of a-alumina should occur at ~450 °C
(0.37,,). The absence of a-alumina suggests that ion-beam
irradiation kinetically favors the formation of y-alumina, a
thermally metastable phase. Rapid cooling (>10'® °C/sec),
associated with thermal spike of ion irradiation® or pulsed-
laser irradiation,” probably provides an important driving
force to grow and stabilize 7y-alumina. Furthermore, the
study also suggests that the cubic structure may be more
radiation resistant than noncubic polymorphs. This may be
related to the difference in the steady-state defect density in
two different phases; vy-alumina can accommodate more
structural defects than «-alumina. Highly disordered
y-alumina precipitates were observed in oxygen-implanted
AlL% A similar trend was also observed in ion-beam-
irradiated sol-gel zirconia, where epitaxial cubic zirconia was
formed by IBIEG at 300 °C.* Further examination of ion-
beam-irradiation effects in amorphous alumina at higher
temperatures such as 800 °C is in progress, which will pro-
vide more information regarding the phase transition and
phase stability under ion-beam bombardment.

V. CONCLUSIONS

In conclusion, we have observed that ion-beam bombard-
ment at 400—-600 °C induces an amorphous-to-y phase
transformation in the amorphous alumina film deposited onto
sapphire. The +y-alumina film is epitaxially related to the
underlying substrate with an orientation relationship:
[110](111)[0110](0001) . Better epitaxial quality of
y-alumina (X ,;,=50%) is achieved by IBIEG than by ther-
mal annealing alone at 800 °C (X ,;,=90%), as a result of
the elimination of the {111} twin boundaries in ‘y-alumina.
The study also suggests that IBIEG kinetically favors the
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formation of the cubic phase instead of the hexagonal phase
in alumina.
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FIG. 2. (a) XTEM bright ficld image of the epitaxial y-alumina/
a-alumina interface; (b) SAD pattern of the a-alumina substrate; and (¢)
SAD pattern of both the film and substrate after irradiation with 180-keV,
610" O/cm® at 500 °C.



FIG. 3. XTEM weak beam image of the same specimen shown in Fig. 2;
him™= [ 222] and 8subs = [”Unb}



