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Metal-sapphire (2-Al,O3) interfaces have been the
focus of basic studies in the investigation of metal-
ceramic interfaces [1-8]. The surface energy of low
index planes in sapphire was extensively studied in the
last decade, by analyzing the equilibrium shape (Wulff
shape) of cavities equilibrated at relatively high tem-
peratures [9, 10]. It was found that the low energy
planes (facets) at 1,600 and 1,800 °C in air and vacuum
are: the C-plane {0001}, the R-plane {1012}, the
A-plane {1210}, the P-plane {1123} and the S-plane
{1011} [11, 12]. The prismatic (M-plane) {1010} was not
experimentally observed [13], although it was theo-
retically predicted to be a low energy plane [14].

The tendency of the sapphire M-plane to break-up
and form a hill-and-valley surface morphology was
reported for both the free surface, and the sapphire—
anorthite glass interface [15, 16]. The facets composing
the hill-and-valley surface morphology of the decom-
posed M-plane were identified as {1102} and {1011}
intersecting along a < 1120> direction [15-22]. In
addition, facet junctions were identified, defining
regions of curved surfaces [21, 23]. While the details of
the equilibration of the unique hill-and-valley mor-
phology which forms on the M-plane are often ignored,
the rather unique geometry of this surface is often used
for controlled nucleation and growth during gas phase
deposition [15, 24-27]. In the present study, the
microstructure and morphology of the interface
between faceted M-plane sapphire and equilibrated
Au particles was examined.
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(1010)-oriented sapphire (2-Al,Os3) substrates of
99.99% purity (Gavish Industrial Technologies &
Materials) were ultrasonically cleaned in acetone and
ethanol, and annealed for 2 h at 1,200 °C in air. At this
stage, a regular array of facets was formed instead of
the less thermodynamically stable prismatic surface. A
~20 nm thick Au film was deposited on the substrates
using a Polaron sputter coater. The specimens were
annealed in air at 1,100 °C for 30 min. Since at this
temperature Au is liquid (7, = 1,064 °C), dewetting of
the film occurred due to the finite contact angle of
liquid Au with sapphire [28]. This resulted in an
extremely large number of sub-micron droplets
[29, 30]. Specimens were then cooled to 1,000 °C
(0.95 T,,) and annealed in air for various durations of
time (0.5, 5, 10, 20, 50 and 100 h) in order to reach
equilibrium. This process resulted in faceted particles
with diameters varying from 100 to 900 nm (see Fig. 1).

Initial examination of the specimens was conducted
using high resolution scanning electron microscopy
(HRSEM) on a LEO 982 Gemini microscope equipped
with a field emission gun (FEG-SEM). Pronounced
unidirectional faceting of the substrate was observed,
containing a relatively large density of junctions and
discontinuities. Morphological examination of the
equilibrated particles was conducted to identify any
preferred orientation, which would indicate a low-
energy configuration corresponding to a minimum in
interfacial energy versus particle orienation [31-33]. It
was observed that ~50% of the particles had a similar
equilibrium shape. In addition, it was found that these
particles were aligned approximately +27° with respect
to the facets on the substrate, which indicates that
there is an orientation relationship between Au and
M-plane sapphire (see Fig. 2).
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Fig. 1 Secondary electron SEM micrograph of Au particles
equilibrated on a ( 1010) sapphire substrate at 1,000 °C for 100 h.
The micrograph was acquired at a 52° tilt with respect to the
substrate normal

To determine the preferred orientation of the
particles identified in Fig. 2, electron backscattered
diffraction (EBSD) patterns were acquired and indexed
using a Link Opal EBSD System (Oxford Instruments,
UK) [34], mounted on the HRSEM. EBSD measure-
ments were conducted at 20 kV with a ~3 nA electron-
probe current, at a 20 mm working distance. EBSD
measurements were acquired from 20 different particles
from each sample (equilibrated at different times at
1,000 °C). The time required for equilibrium was esti-
mated as the time after which no significant change was
detected in the particle orientation relative to the sub-
strate. The results are presented in Fig. 3.

The results show the existence of a preferred ori-
entation of 58% of all examined particles. The fact that
no significant change in the orientation of the particles

Facetted
Sapphire
Substrate

Fig. 2 Secondary electron SEM micrograph of three Au parti-
cles with a similar morphology, equilibrated on the facetted
sapphire substrate at 1,000°C for 100 h. All of the particles are
rotated approximately 27° with respect to the facets
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Fig. 3 Inverse pole figure from Au particles, dewetted on the
sapphire substrates at 1000°C as a function of time (data from
EBSD-SEM). Twenty particles were characterized for each
annealing time, except for the sample equilibrated for 20 h, for
which three particles were characterized

was detected as a function of annealing time indicates
that the orientation was determined at the nucleation
stage of the particle. It should be noted that the
information regarding the orientation of the particle,
acquired by EBSD, provides information from no
more than 40 nm below the surface of the particle [35].
This information can be used to determine the particle
orientation providing grain boundaries do not delimit
the top facet from the interface. A small deviation in
the normal of the particles from the [234] direction can
be observed in Fig. 3. The estimated accuracy of the
measurement is +2°, including the systematic error in
alignment of the SEM stage after exchanging each
specimen, which accounts for this deviation. All of the
following will focus only on the particles with
the morphology identified in Fig. 2, which correlates to
the particles oriented with the [234] normal to the
sapphire surface (58% of the total number of investi-
gated particles).

Focused ion beam (FIB - FEI Strata 400s) cross-
sections were made in several particles (identified to
have the [234] direction normal to the sapphire sur-
face) to examine the interface morphology and search
for grain boundaries. All of the cross-sections revealed
at least one of the two grain boundaries seen in Fig. 4,
even after 100 h at 1,000 °C. In addition, it was con-
firmed that the equilibrium shape of the particles did
not contain any facet, which is parallel to the original
(1010) sapphire surface. A combination of the orien-
tation of the particles determined by EBSD and geo-
metrical analysis of the cross-sections revealed that all
three surface facets of the large grain indicated in
Fig. 4 are {111} planes. In addition, it was found that



J Mater Sci (2006) 41:5371-5375

5373

Pt coating

sapphire substrate 500 nm

Fig. 4 Secondary electron SEM micrograph of a particle cross-
sectioned using the FIB. Two grain boundaries (GB’s) are visible

20Jnm)

Fig. 5 Bright field TEM micrographs (a, ¢) and SAD patterns

(b, d) of Au particles on the sapphire substrate. The samples
were prepared from particles with the morphology shown in

both grain boundaries are parallel to {111} planes with
respect to the large central grain.

While EBSD was used to determine the preferred
orientation of the Au particles with respect to the
substrate, selected area electron diffraction (SAD) and
transmission electron microscopy (TEM-JEOL 3010
UHR, operated at 300 kV and with a point resolution
better than 0.16 nm) was used to examine the orien-
tation relationship and the morphology of the inter-
face. TEM specimens were prepared from the center of
particles with the morphologies shown in Fig. 2, using
the “lift out” technique in the FIB [36, 37]. Bright field
diffraction contrast TEM micrographs and SAD
patterns of two particles with the morphology seen in
Fig. 2 are presented in Fig. 5.

Au Z.A. [121]
sapphire Z.A. [2110]
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Fig. 2. Kikuchi electron diffraction was used to orient the
substrate in the [ 2110] zone-axis, prior to acquiring the SAD
patterns
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Although the two particles in Fig. 5 have the same
orientation relationship (Au[ 121]llsapphire[ 2110] and
Au(111)llsapphire( 0222)), a variance was found in the
interface planes. In both specimens, one interface facet
was parallel to Au {111} and sapphire {0111}. Since in
Fig. 5a both facets are parallel to the incident electron
beam (edge-on), the second facet plane could be easily
determined, and was found to be composed of sapphire
{0111} planes. In Fig. 5c one of the facets is not edge-
on. Under the assumption that this is a flat facet, trace
analysis was used to identify it as the A-plane {1120}.
Due to the hill-and-valley morphology, at least two
different interface planes are formed. It is assumed that
the nucleation of the solid Au particle occurred on the
{0111} sapphire surface, since this interface orientation
was present in both of the examined particles.
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Fig. 6 Bright field TEM micrograph and SAD pattern of a
sapphire free surface. Prior to FIB specimen preparation, the
surface was protected with a thin layer of Pt by electron beam
deposition in the FIB [37]. Kikuchi electron diffraction was used

Fig. 7 Orientation
relationship and interface/
surface facets: (a) determined
from EBSD and determined
from electron diffraction for
the interface (b, ¢) and
sapphire free surface (c).
Note that one of the interface
facets in (b) is not ‘edge-on’

(@)

Electron diffraction was also used to investigate the
facets on the sapphire free-surface (see Fig. 6). It was
found that two of the sapphire surface facets are the
S-plane ( 0111) and the R-plane ( 0112). The nature of
the facets at the free surface of the sapphire are the
same as reported in previous works, regarding both the
sapphire free surface and the sapphire-anorthite glass
interface [15-22]. Figure 7 illustrates the preferred
orientation of the particles as determined by EBSD,
the orientation relationship and interface/surface
planes as determined by TEM.

In summary, an equilibrated orientation relationship
between Au and (1010) sapphire was determined to be
Au(111)llsapphire(0111) and Au[121]llsapphire[2110].
It was found that the interface contains more than two
facets, probably due to the presence of facet junctions.

. (0114)

sapphire Z.A. [2110]
to orient the substrate in the [ 2110] zone-axis, prior to acquiring

the SAD pattern. The sapphire surface is composed of ( 0111)
and ( 0112) planes
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Two different planes were identified as the second
sapphire interface facet: ( 0111) and ( 1120). These
planes were not observed in previous investigations of
the surface of the M-plane. Furthermore, the {0111}
plane does not appear in the Wulff shape of sapphire,
and is probably stabilized by the interface with Au. It
should be noted that while EBSD provides better sta-
tistics than TEM, EBSD does not provide complete
information on the orientation relationship and the
details of the (presumably low energy) interface
planes.
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