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Abstract

Copper particles have been grown on sapphire (0 0 0 1) substrates by dewetting a copper film either in the solid or the liquid state.
After equilibration the particles adopt different orientation relationships (ORs). Solid state dewetting produces a single OR:
Cu(1 1 1)[110]||AI;05(0 00 1)[1010]. In contrast, dewetting in the liquid state (followed by solid state equilibration) produces four addi-
tional ORs, Cu(l111) [110]|ALO5000 1)[2110], Cu(110)[110]]]A1,05000 1)[2110], Cu(31 1)[011]]ALO5000 1)[2110] and
Cu(2 1 0)[0 0 1]JA1,05(0 0 0 1) [2110], which have been found to have a similar interfacial energy. All of the ORs observed in this study
are consistent with the Fecht and Gleiter lock-in model, from which one would expect that densely packed directions in the interface
plane of the metal crystals will tend to align with relatively dense directions in the substrate surface. The 30° change in alignment direc-
tion on the c-sapphire side of the interface, from Al,O3 [1010] for solid state dewetted samples to Al,O3 [2110] for samples dewetted in
the liquid state, appears to be related to a reconstruction of the copper—c-sapphire interface that occurs at a temperature between those at

which the two types of samples are processed.

© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The interfacial properties of metal-oxide systems have
been of considerable interest over the past several years
in applications such as integrated circuits and metal-cera-
mic joining. The stability of the bond between the metal
and the oxide depends in large part on the metal-oxide
interfacial energy, which is in turn related to the orienta-
tion relationships (ORs) at the interface, as well as the
microscopic interfacial structure and chemistry.

In this work copper on sapphire (a-Al,Os) was selected as
a model system for the study of metal-oxide interfaces, and
for the investigation of the ORs of metals on oxide sub-
strates. Much of the previous work on the copper—sapphire
system has focused on the OR of solid copper films deposited
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(usually from the vapor phase) on (0 0 0 1) oriented (i.e. c-
sapphire) substrates [1-6]. The most frequent OR identified
in these studies was Cu(1 1 1) [110]]JA1LO3000 1) [1010],
which we shall refer to in this paper as OR1, although Bialas
and Knoll [4], Scheu et al. [5]and Oh et al. [6] also observed
another OR: Cu(1 1 1) [110]||A1,05000 1) [2110], which
we shall refer to as OR2.

In addition to thin film studies of ORs, Fecht and
Gleiter [7] investigated the ORs that develop between par-
ticles of gold or copper deposited on the surfaces of a num-
ber of ionic substrates of various orientations. This
approach was an extension of the seminal work of Herr-
mann et al. [8], in which copper particles were deposited
on copper single crystal substrates in order to study the rel-
ative energies of grain boundaries in copper. The concept
behind these experiments is that a particle deposited in
an initially random orientation on the substrate would tend
to rotate into an OR that represents a low energy cusp in
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the orientation dependence of interfacial energy. The Fecht
and Gleiter method thus provides a means of locating the
ORs that correspond to local minima in interfacial energy.
The approach developed here also aims to identify energy
cusps in OR space. However, rather than depositing ran-
domly oriented particles on the substrate, copper crystals
have been prepared by thin film deposition, followed by
conversion of the thin film into particles, by two different
approaches. In the first approach the copper film was dew-
etted in the solid state, whereas in the second approach the
film was dewetted in the liquid state by raising the temper-
ature above the melting point of copper and then freezing
the resulting copper droplets.

Beyond growing copper particles by two different meth-
ods, particular attention has been paid to several details of
the sample preparation procedure. Sapphire substrates were
carefully prepared under well-defined conditions, and the
impurities that segregated to the copper and sapphire sur-
faces were monitored by surface analytical techniques. This
paper reports on new ORs that develop between copper and
the c-plane of sapphire, gives estimates of the relative inter-
facial energies associated with the various ORs, and provides
a discussion of their possible origins.

2. Experimental procedures

Copper films were deposited on sapphire (000 1) sub-
strates and subsequently dewetted to form isolated copper
crystals. The substrates consisted of single side epi-polished
sapphire wafers, 5.08cm in diameter, purchased from
Gavish Industrial Technologies & Materials (Omer, Israel).
These crystals have a maximum miscut of 0.1°, and the
maximum impurity concentrations: 20 p.p.m. Mg,
15 p.p.m. Si, 10 p.p.m. Na, 7 p.p.m. Ca and 0.5 p.p.m. K.
After ultrasonic cleaning in ethanol for a few minutes the
surface chemistry of the wafers was investigated by Auger
electron spectroscopy (AES), and found to consist of Al
and O species with traces of C contamination.

The sapphire substrates were first annealed for several
tens of hours at 1253 K under an Ar-20% O, atmosphere
in a furnace fitted with a sapphire tube as described in
Curiotto and Chatain [9]. After annealing and cooling to
room temperature the sapphire surfaces were reanalyzed
by AES to identify species which may have segregated to
the surface, or were deposited from the environment, dur-
ing annealing. The three cleanest substrates were selected
for copper deposition, subsequently referred to as TC20,
TC22 and TC25. Table 1 summarizes the main features
of these samples. Ca was detected on all the samples,
together with traces of Mo on TC22 and TC25. C contam-
ination was acquired during sample transfer through air.
Taking into account the size of the Auger peaks and the
coverage calculated for Ca [9], the total coverage of metal-
lic impurities is estimated to be about 0.3 monolayers. The
surface morphologies were investigated by atomic force
microscopy (AFM) using a Park model XE-100 instru-
ment. They are shown in Fig. 1. Because surface impurities

accelerate diffusion [9], TC22 and TC25 have fully formed
steps, whereas on TC20 the steps have reached the same
height (0.2 nm) but still display rough edges. The width
of the terraces on all substrates is about 500 nm.

After substrate preparation the copper films were depos-
ited by physical vapor deposition (PVD) in a UHV cham-
ber fitted with capabilities for AES analysis. Copper was
evaporated from a tungsten basket heated above the melt-
ing point of copper. The basket was located in a cylinder at
a distance of 5 cm from the sample, with the copper flux
exiting through a 8 mm orifice almost in contact with the
substrate. After deposition the film surface was analyzed
by AES, and traces of S and Cl were detected. These species
were removed during subsequent annealing of the film
under Ar-H, [10]. The film thickness ranged from 50 to
100 nm, as measured by AFM.

The last stage of preparation is formation of the copper
crystals by dewetting of the copper films under an Ar-20%
H, atmosphere. For this step the sapphire—copper samples
were once again transferred to the sapphire furnace. Dur-
ing experimental runs the oxygen partial pressure, p(O,),
of the flowing gas was controlled downstream from the
sample at about 102! atm by means of an external electro-
chemical oxygen sensor, as described in Chatain et al. [11].
After a stable p(O,) was established the copper films were
dewetted either in the solid state at 1253 K (TC25) or in
the liquid state (TC20 and TC22). The diameter of the
resulting copper particles was about 1 um or less. Samples
dewetted in the solid state were heated to a temperature of
1253 K for 78 h. For dewetting in the liquid state the tem-
perature was set slightly above the copper melting point
(1357 K) for 5min. The samples were cooled to 1000 K
over a period of 40 min to overcome possible undercooling
of the liquid and solidify the droplets. Then the tempera-
ture was reset to the annealing temperature of 1253 K for
several hours for equilibration of the copper—sapphire
interface without excessive evaporation of the copper
particles.

A dual beam focused ion beam (FIB) (Strata 400, FEI)
was used to prepare transmission electron microscopy
(TEM) specimens from the center of particles with a known
morphology and orientation using the in situ “lift-out”
technique [12]. The particles were sectioned through the
Wulff point, in a direction carefully chosen to intersect spe-
cific surface facets for subsequent edge on imaging of the
facets by TEM. Prior to sectioning a protective layer (of
Pt or C) was deposited in order to prevent surface damage
by the ion beam.

The morphology of the particles was examined by TEM
using a monochromated and aberration corrected field
emission gun-transmission electron microscope (FEI Titan
80-300 S/TEM) operated at 300 kV. Kikuchi electron dif-
fraction was used to align the copper particles in a low
index zone axis, with surface facets parallel to the viewing
direction.

A detailed study on the atomistic structure of the interface
is not the focus of this paper and the discussion will use
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Table 1
Characteristics of the samples.

TC20 TC22 TC25
Annealing time at 1253 K of sapphire substrates under Ar-O, 78 h 78 h 122 h
Sapphire substrate surface impurities (AES) C, Ca C, Ca, Mo C, Ca, Mo
Sapphire substrate step edge shape Rough Smooth Smooth
Dewetting of the Cu film Liquid Liquid Solid
Annealing time at 1253 K of Cu film under Ar-H, after dewetting 20h 6h 78 h

Fig. 1. 2 x 2 pm AFM micrographs of the surface morphology of the c-sapphire substrates. Brighter contrast is correlated with higher regions on the
sample. In both cases there are terraces and steps with edges running along the (2110) direction. (a) TC20, the step edges are rough; (b) TC22 (and TC25),

the step edges are smooth.

existing observations (see Section 4). High resolution TEM
investigations of the Cu-Al,Oj3 interfaces are in progress.
However, we emphasize that under the conditions of oxygen
partial pressure and temperature in which the samples were
prepared none of the mixed oxides (CuAlO, or CuAlQOy,) can
form at the interface. Indeed, at the temperature of our
experiments these aluminates are stable only at an oxygen
partial pressure higher than 7.2 x 10~ atm [13].

3. Results and analysis
3.1. Copper crystal shape

Fig. 2a and b presents scanning electron microscopy
(SEM) (JEOL, JMS-6320F) plan view micrographs of the
copper particles. These images were obtained after carbon
coating the samples to avoid charging effects. The copper
particles are either single crystals or polycrystalline. When
formed by dewetting in the liquid state their shape is more
equiaxed, and their size distribution is more homogeneous.
In both cases the crystals are almost fully faceted, with
{111} and {100} facets. They do not have the equilib-
rium crystal shape (ECS) of copper at 1253 K, which is
known from previous studies to be close to a sphere trun-
cated by small {1 1 1} and {1 0 0} facets (maximum surface
energy anisotropy of 2%) [10]. However, that previous
study also showed that crystallites smaller than about
6 um in diameter were likely to be more faceted than the
ECS, due to inhibited nucleation kinetics for the growth

or shrinkage of facets [14]. The more significant faceting
of the present small crystallites is therefore not surprising.

The relatively large facet size is very useful for determi-
nation of the crystallographic directions of the copper crys-
tals that are normal to the sapphire substrate, as this also
identifies the copper interface plane. With the help of
Waulffman freeware [15] these directions can be estimated
from the symmetries of the facets. The most frequent cop-
per orientations observed by SEM are given in Fig. 2c-f.
These correspond to copper (111), (110), (311) and
(21 0) interface plane orientations. In addition, it is useful
to mention that about 70% of the particles in the liquid
state dewetted samples (TC20 and TC22) are polycrystal-
line, with the majority being bicrystals containing a twin
boundary. This trend was previously observed for gold par-
ticles on sapphire [16].

The faceted crystal shape also enables the selection of
crystals to be sliced by FIB to produce TEM samples. These
samples were used for observation of the copper—sapphire
interfaces, for the determination of orientation relationships
(ORs) by electron diffraction, and for the measurement of
relative copper—sapphire interfacial energies.

3.2. EBSD analysis of copper particles on sapphire

An OR between two crystals is generally defined by
specifying the interface planes in each of the two crystals
and an in-plane direction of one crystal that is parallel to
an in-plane direction of the other. The ORs between the
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Fig. 2. Secondary electron SEM micrographs of: (a) copper crystals after liquid state dewetting; (b) copper crystals after solid state dewetting; (c)—(f)
observed crystal shapes (from either (a) or (b)) with scale bars of 1pum, and fcc crystal shapes calculated with Wulffman software (http://
www.ctems.nist.gov/archives/software/wulffman) viewed along the (1 11), (110), (311), and (2 1 0) directions, respectively. The {111}, {100}, and
{110} facets are colored red, blue and yellow, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

copper crystals and the (000 1)-oriented sapphire sub-
strate were determined by automated electron backscatter
diffraction (EBSD) mapping in a FEI Quanta 200 FE
ESEM equipped with an EDAX/TSL orientation system
and the Hikara high speed EBSD detector. Data were col-
lected at 30 kV with a 70° tilt of the sample. EBSD was pre-
viously used to follow the influence of annealing time on
the ORs of gold particles on sapphire [16,17]. Since the
SEM observations of the samples dewetted in the liquid
state showed that the copper—sapphire OR is not unique
(see Fig. 2a), we have developed a methodology to acquire
sets of orientation data that extend over several hundred
particles. For each sample the sapphire orientation was
first quickly recorded (using 1 min data acquisition, so as
to limit charge accumulation on the sapphire substrate)
from a small area without copper particles. Then up to
10 carbon-coated areas with copper particles were scanned
in steps of 50 nm and the EBSD patterns were recorded
and simultaneously analyzed against the copper reference.
In order to limit drift due to substrate charging each scan
had to be acquired within 1 h. Finally, the EBSD maps
from all acquisitions on the copper particles were merged
for the purpose of determining the relative frequencies of
appearance of the various ORs.

Fig. 3 shows a secondary electron SEM image of a typical
area with copper particles onto which the EBSD copper map
acquired from this region has been superimposed. The
EBSD data were analyzed with the TSL-OIM software.
The background of incorrectly identified points was
removed from the orientation map by thresholding the con-
fidence index at a value above one-third of the average value.
Only the crystallographic orientation of the top of the parti-
cles is properly identified because of their curvatures and the
collection angle of the EBSD detector [18]. With a scanning
step of 50 nm it was possible to obtain orientation data of
particles as small as 200 nm. The orientation data were ana-
lyzed in three different ways: (1) all the points measured on
all the particles were considered (in this case large particles
contribute more to the orientation data); (2) only one point
per particle (or grain, when the particles are polycrystalline)
was considered, so as to eliminate the influence of particle
size; (3) particles with grain boundaries (GBs) were consid-
ered one at a time, so as to identify the misorientation
between the grains.

ORs were determined using pole figures (PFs) and/or
inverse pole figures (IPFs) obtained from the EBSD data,
as discussed in Sections 3.4 and 3.5. These data allow
identification of the copper planes parallel to the sapphire
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Fig. 3. Secondary electron SEM micrograph of copper particles and, superimposed in color, the EBSD copper map of the identified part of the crystals.
The color code, on the right, corresponds to the IPF of copper in the [0 0 1] direction of the microscope reference frame, which is close to the normal of the
sapphire surface. Particles containing grain boundaries (GBs) can be identified by the presence of more than one orientation (color) associated with a
specific particle (see arrow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

substrate and the in-plane directions of copper that lie par-
allel to densely packed directions of the c-plane of
sapphire.

3.3. Polycrystalline particles

We have seen from the SEM study of samples dewetted
in the liquid state that the most frequent, or preferred, inter-
face planes displayed by copper particles are the (11 1),
(110),(311) and (21 0) planes (Fig. 2). Confirmation of
these trends by EBSD will be discussed below in Sections
3.4 and 3.5. However, since many of the particles contain
GBs it is useful to mention that the majority of the GBs
in polycrystalline particles are misoriented by 60°, indicat-
ing that they are most likely to be twin boundaries. These
GB misorientations were determined from EBSD informa-
tion, such as that shown in Fig. 3. This EBSD-based
approach does not identify all GBs, as they may not inter-
cept the small region of the particle for which orientation
data is acquired. Table 2 summarizes all the possible normal
directions of copper crystals due to the presence of twins for
each of the four high frequency copper interface planes
found in liquid dewetted samples (cf. Fig. 2c—f).

3.4. OR of crystals obtained by solid state dewetting

SEM micrographs (such as Fig. 2b) show that copper
crystals formed by solid state dewetting are all oriented
such that Cu(1 1 1)||Al,03(000 1). From the location of
the three {1 1 1} side facets (the brightest ones in Fig. 2b)
we identify two equivalent orientation relationships rotated
by 60° about the [1 1 1] direction of copper. This is consis-
tent with either the double positioning due to stacking of

Table 2
Normal directions of twinned crystals.

Primary Cu interface plane Other possible normal directions in twin-

related crystals

Cu(l11) arn (511)
Cu(110) (110) @1
Cu(311) B11) (7155) 171y
Cu(210) (210) (542)

Cu (111) atomic planes or with the 3-fold symmetry of
the Al,O3(000 1) plane.

Analysis of the EBSD data also allows identification of
the second part of the OR, namely determination of paral-
lel directions in the copper and c-sapphire planes at the
interface. Fig. 4 presents the results corresponding to a
region of the sapphire substrate containing more than
100 copper crystals. Fig. 4a displays the sapphire PFs of
three relevant directions. The central spot in PF(000 1)
is not exactly centered, because the [0 00 1] direction of
sapphire is tilted by about 3° from the normal of the micro-
scope reference frame (due to the small error in alignment
of the sample in the sample holder). By chance, the two
densest in-plane directions of Al,O3(000 1), namely
[1010] and [2110], fall almost parallel to the [0 1 0] and
[1 0 0] directions of the microscope reference frame, respec-
tively. Fig. 4b displays the cumulative (11 1), (1 10) and
(211) PFs of copper particles. We see that the spots on
the circular edge of PF(110) of copper occur at the same
locations as the spots of PF (1010) of sapphire (see the
arrows in Fig. 4). This shows that the OR of the copper
crystals on the sapphire is Cu(111) [110] [|AL,O3000 1)
[1010] (OR1). Cu crystals with this OR can have two dif-
ferent orientation variants and therefore produce two dif-
ferent sets of spots in the PFs (red and black in Fig. 4b).
The information given by the two right-most PFs is crystal-
lographically redundant because Al,Os; [1010] and Cu
[110] are perpendicular to Al,O3 [2110] and Cu [112],
respectively. The minimum error of the EBSD analysis
between two crystals (sapphire and copper) is +0.5°. The
data for the copper crystals are somewhat scattered due
to their spherical shape: the EBSD patterns measured from
point to point on a given crystal deviate by 4+2°. Thus the
experimental error on the OR determined by EBSD is
about +2.5°.

3.5. OR of crystals obtained by liquid state dewetting

In the two samples where the copper film was dewetted in
the liquid state, TC20 and TC22, SEM observations showed
that the particles are not uniquely oriented (Fig. 2a), and
that many of them are polycrystalline. In order to identify
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Fig. 4. PFs of TC25, where copper crystals were formed by solid state dewetting: (a) discrete PFs of the (000 1), (1010) and (2110) planes of sapphire;
(b) discrete cumulative PFs of the {1 11}, {1 10} and {21 1} planes of 103 copper particles (see text).

the most frequent ORs between the copper crystals and the
sapphire (0 0 0 1) substrate an analysis of the orientations of
more than 500 copper particles was performed for each
sample. To avoid biasing of the results due to the largest
crystals only one point per crystal was included in the anal-
ysis. Fig. 5 shows the IPF in the [0 0 1] direction of the
microscope reference frame for the copper particles of
TC20. This direction is tilted by ~3° from the [0 0 0 1] sap-
phire direction. There are four preferred copper planes par-
allel to the sapphire c-plane: (111), (311), (210) and
(110). Actually, these planes are only 2-2.4 times more
probable than the average, as indicated by the multiples
of random distribution (MRD) bar shown in Fig. 5. For
TC22 the results are qualitatively identical (i.e. the same
copper planes are preferred, but in a somewhat different
order of frequency). The four interfacial copper planes
found by EBSD are the same as those identified by SEM
using the Wulffman sketches in Fig. 2c—f.

The complete OR for each of the four preferred copper
interface plane orientations identified in Fig. 5 was deter-
mined using the TSL-OIM software. Copper PFs were con-
structed from the data for each type of preferred plane
selected on the IPF of Fig. 5 in order to identify the copper

[001] 111

max=2391
2223
2068

001 101

Fig. 5. IPF showing the frequency of copper planes parallel to the
substrate in TC20, as quantified in units of MRD in the inset. The data
have been obtained from 530 crystals, with only one datum per crystal.

directions parallel to the two most densely packed direc-
tions of sapphire: Al,O3 [1010] and Al,O; [2110]. The rel-
evant PFs of sapphire and copper are shown in Fig. 6, and
Table 3 summarizes the results.

Before discussing the results related to the in-plane crys-
tallographic symmetries of the Al,O3(0 00 1) plane and of
the copper interface planes some points need to be empha-
sized. The two densest directions of the Al,O;0001)
plane (A1,0;3 [1010] and Al,O3 [2110]) lie at 90° to each
other, and both have 3-fold in-plane symmetry about the
[0 00 1] direction. Among the four copper planes of inter-
est only the Cu(l 11) plane contains directions with a
3-fold symmetry. The three other preferred interface planes
have only 2-fold symmetry, however, they can each be posi-
tioned on the sapphire substrate in three different variants
that are equivalent. Table 3 identifies the two directions in
the copper interface plane, Cul¢/ v w'] and Cu[u” v" w"],
that are parallel to the two densest directions of sapphire.
Although this crystallographic information is redundant,
it is useful for a discussion of the results in the framework
of existing models of ORs [7].

We now turn to Fig. 6. The top row of the figure gives
selected PFs of the sapphire substrate together with a sche-
matic of the surface structure of the c-sapphire surface. The
next four rows of the figure display selected PFs as well as
schematics of the surface structures of the four high fre-
quency Cu interface planes.

For copper crystals with a (1 1 1) interfacial plane there
are two ORs: either Cu [110]||A1,O3 [1010] (OR1) or Cu
[110]||A1,05 [2110] (OR2). For each of these ORs there
are two equivalent variants rotated by 180° about the
[111] direction of copper. In PF(110) for the copper
(11 1) interfacial plane each single crystal of OR1 produces
three spots on the outer edge and three spots located 35°
from the center of the PF. For crystals with OR 1 both vari-
ants are displayed, leading to a doubling of the spots to six.
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Al,0,(0001)

max=15.819
9.984
6.302
3.977
2510
1584
1.000
0.631

Cu (111)

max = 23.696
13.982

8.250

4.868

2872

1.695

1.000

0.590

Cu (110)

max =9.248
6.383
4406
3.041
2.099
1449
1.000
0.690

Cu (311)

max = 12.430
8.167
5.366
3526
2316
1522
1.000
0.657

Cu (210)

Fig. 6. Comparison of the PFs of sapphire and copper from sample TC22 in the relevant directions for the four interface planes identified in Fig. 5. (Upper
panel) The PFs of the (000 1), (1010) and (2110) planes of sapphire on the left, and the atomic arrangement at the unreconstructed sapphire surface on
the right (one oxygen layer sandwiched between two aluminum layers, where large and small circles represent O>~ and AI*" ions, respectively; two colors
have been used for the two different Al ion planes). (Lower panel) The left side of the four panels give copper PFs of various orientations obtained from
crystals displaying (1 1 1), (1 1 0), (31 1) and (2 1 0) interface planes, respectively. The location of the spots on the circular edge of the copper PFs should
be compared with each of the sapphire PFs. If the spots are superimposed the corresponding copper and sapphire directions are parallel. A PF may
contain several variants of an OR. The right-most boxes of the four panels show sketches of the four different copper interface planes on which are
superimposed the traces of the three Al,O3 (2110) directions (see text).

Table 3

ORs of copper crystals dewetted in the liquid state on Al,O5(0001).

Culh k I}]|ALO5(0 0 0 1) Cu(i/v'w)||ALO; (1010) Culu” o' w")|| ALOs (2110)
{111} (110) ORI 211)

{111y (211) OR2 110)

{110} (100) (110) OR3

(311} (332) (110) OR4

{210} 210) (001) ORS

Each line corresponds to a single OR, with the densest in-plane copper direction indicated in bold.

However, there are also some crystals that display OR2. on the outer edge and at 35° from the center of the PF.

The two variants of these crystals lead to another six spots ~ These additional spots occur at 30° to those belonging to
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OR1. Although only OR1 is found by solid state dewetting
(see Fig. 4), liquid state dewetting produces both OR1 and
OR2. Based on the relative intensities of the spots from
OR1 and OR2 (in MRD units) it seems that OR1 appears
at a somewhat higher frequency than OR2.

For copper crystals with a (1 1 0) interface plane there is
only one OR: Cu [110]||Al,O5 [2110], which will be referred
to as OR3. This OR could equivalently be described as
Cu[0 0 1]|A1,053 [1010]). In the (1 10) interface plane of
each copper crystal there is only one (110) and one
(1 00) direction (see the sketch of the atomic structure of
the (1 1 0) plane in Fig. 6). The six (1 1 0) spots on the out-
er edge of PF(1 1 0) correspond to three different but equiv-
alent variants of the OR. Similarly, the six (1 0 0) spots on
the edge of PF(1 0 0) are also due to the same three differ-
ent possible variants. In addition, it is important to recog-
nize that for a given variant, with a (1 1 0) direction aligned
with Al,O3 [2110], there are necessarily two higher index
(uvw) directions aligned with other members of the
Al,0; (2110) family of directions. These high index direc-
tions would also appear with relatively high frequency in
an IPF based on particles that have a (110) interface
plane, but their presence is a direct consequence of the
alignment of the [110] direction with Al,O3 [2110]. Thus
if the ORs are determined from IPFs alone there is a dan-
ger of assigning undue importance to in-plane high index
directions that appear for geometric reasons.

For the copper crystals with a (31 1) interface plane
there is one OR: Cu [110]||A1,05 [2110]. This OR will be
referred to as OR4. Again, for any given copper crystal
the only in-plane Cu (I 10) direction is parallel to one of
the three Al,O3 (2110) directions. The corresponding in-
plane copper row parallel to Al,O3; (1010) is Cu (3 32).
As in the crystals with a Cu(1 1 0) interface plane, there
are three equivalent variants of the OR. Additional faint
spots on the outer circle of PF(1 10) for this orientation
(Fig. 6) arise from grains with a Cu(3 1 1) plane parallel
to the substrate that are in twin-related orientations to the
grains with OR4 (see Table 2).

In the case of crystals with a Cu(2 1 0) interface plane it
is clear from PF(1 0 0) shown in Fig. 6 that the (1 0 0) in-
plane directions of Cu are aligned with the Al,O3 [2110]
directions. This OR, Cu[00 1]JALl,O3 [2110], will be
referred to as ORS. However, the spots in PF(100) are
quite elongated compared with the PFs shown for other
interfacial planes. This is because there are two possible
Cu (210) directions normal to the substrate that corre-
spond to twin-related orientations (see Table 2), and elon-
gation of the spots corresponds to near overlap (~10°) of
the spots originating from the two twins.

3.6. TEM study of copper—sapphire interface shape and
energy anisotropy

Confirmation of the ORs and measurement of the rela-
tive interface energies between copper and sapphire were
performed by cross-section TEM of selected copper

r-_ R ——————

100 nm

Fig. 7. Bright field TEM micrograph of a copper particle with a (11 1)
interfacial orientation. The center of the circle through the curved particle
surfaces corresponds to the Wulff point, which may then be used to define
R and d, the respective distances to the round surfaces and the substrate.

crystals prepared using a dual beam FIB, as previously
described for gold particles supported on sapphire
[16,19]. In the FIB copper crystals with (111), (110),
(311)and (21 0) interface planes were prepared from sam-
ples dewetted in the liquid state (all from sample TC20).
Fig. 7 shows a bright field TEM micrograph of a particle
with a Cu(1 1 1) interface plane, sectioned through the mid-
dle, in a direction perpendicular to the sapphire substrate.
Altogether six copper crystals were investigated, two with
Cu311), two with Cu(l111) and one each with
Cu(110) and Cu(2 1 0) interface planes.

ORs for these crystals were determined from selected
area electron diffraction patterns after aligning the samples
in a low index zone axes using Kikuchi electron diffraction,
which is a more accurate (although statistically limited)
approach than EBSD. These measurements confirmed the
orientation relationships determined by EBSD, with the
exception of OR1, for which a 2° tilt was observed between
the Cu(1 1 1) interface plane and Al,O5(0 00 1). The TEM
measurements also showed that the copper—sapphire inter-
faces were flat over their entire lengths at the nanometer
length scale. Furthermore, from images such as Fig. 7 it is
possible to use the Winterbottom construction [20] (see,
for example, Sadan and Kaplan [16]) to estimate the relative
copper—sapphire interfacial energy for the five observed
ORs. This construction is also illustrated in Fig. 7, and
can be expressed as follows:

R Vm (1)

d Pmo — Yov

where R and d are the distances from the Wulff point of the
crystal (see Fig. 7) to a rounded surface region and to the
substrate, respectively, Ymy, Yov and Yme, are the energies
of the metal-vapor interface corresponding to the rounded
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(roughened) parts of the particle surface, the oxide—vapor
interfacial energy and the metal-oxide interfacial energy,
respectively.

Taking the surface energy of solid copper (1520 +
75 mJ m 2 in the range 1223-1283 K [21]) and the surface
energy of sapphire (000 1) (1280 80 mJ m~2 at 1173 K,
1242 4+ 80 mJ m 2 at 1253 K, with a temperature coefficient
0f 0.474 mJ m 2 K" [22]) the Cu(h k 1)/Al,04(0 0 0 1) inter-
facial energies can be estimated from the Winterbottom con-
struction. These are summarized in Table 4. The table also
includes the “equivalent contact angle” 6 for the particles,
defined by cosf = —d/R. The values of Table 4 are generally
consistent with the interfacial energy between liquid copper
and Al,O3(000 1), i.e. 2060 4+ 150 mJ m 2, obtained from
the surface energy and the contact angle of liquid copper
(1350 + 50 mJ m > and 0 = 130 4 2°, respectively) given
by Ghetta et al. [23].

4. Discussion
4.1. General considerations regarding ORs

There are several factors that can cause a specific OR to
develop at an interface joining crystals of two different
phases. Lattice mismatch between the two phases can lead
to interfaces that are coherent, semi-coherent or incoher-
ent. At coherent interfaces the lattice planes of both phases
match across the interface plane, whereas no matching
occurs in the case of incoherent interfaces. Semi-coherency
results when different lattice spacings across the interface
are adjusted by the presence of a periodic network of inter-
facial dislocations. However, the specific type of interface
that develops in any particular system results from an opti-
mization of the factors that control interfacial energy,
including both elastic strain energy and contributions from
chemical bonding interactions that occur across the
interface.

In the case of copper—c-plane sapphire interfaces the lat-
tice periodicities across the interface are quite different for
all of the copper interface planes observed in this study.
For example, in the ORs observed for the case of
Cu(111) interfacial planes, such as OR1 and OR2, the
existence of coherent interfaces would lead to elastic strains
of the order of +7%, presumably on the softer copper side
of the interface. Such large strains, and the resulting high
strain energies, rule out interface coherency and one

therefore expects those interfaces to be either incoherent
or semi-coherent. There is experimental evidence available
to support the existence of both incoherent [5,24] and semi-
coherent interfaces [6] at those ORs.

4.2. Substrate chemistry and ORs

In the past the chemical termination of c-plane sapphire
substrates has been considered to play a significant role in
the resulting OR. However, the present results, taken in
conjunction with previous studies, tend to indicate that
the chemical nature of the sapphire surface does not play
a dominant role in the resulting OR.

The c-sapphire surface can be terminated in various
ways: by a single Al layer (stoichiometric or All-termi-
nated), two aluminum layers (aluminum-rich or Al2-termi-
nated), or O-terminated (O-rich termination) [25]. It is also
possible to prepare an OH-terminated c-sapphire surface,
although this termination does not survive exposure to
temperatures above ~873 K [26]. Under the conditions of
our experiments, in which sample equilibration was per-
formed under an oxygen partial pressure of about 102!
atm at 1253 K, the copper—sapphire system thermodynam-
ics indicate that the sapphire surface should be All-termi-
nated [27,28].

The OR1 and OR2 ORs, identified here for Cu(l11)
interface planes, have also been observed in previous studies.
For example, Oh et al. [6] found that OR1 develops in con-
tinuous copper films grown on the OH-terminated c-plane
of sapphire, whereas OR2 develops when (11 1) textured
copper films grown on O-terminated c-sapphire are annealed
at 773 K. Dehm et al. reported that the development of both
OR1 and OR2 in copper films at 373-473 K is very sensitive
to growth temperature and deposition rate [29] and specu-
lated that these two ORs may have a similar interfacial
energy (which we have now proved to be correct at
1253 K, see Table 4). It is worth noting that OR2 was also
found in the case of gold particles on c-sapphire produced
by liquid state dewetting of a gold film under an atmosphere
containing oxygen, i.e. under conditions that should
produce an O-terminated sapphire surface [16]. In the pres-
ent study we have observed OR2 on an All-terminated
c-sapphire surfaces, as well as a number of previously unre-
ported ORs in liquid state dewetted samples. Thus, there
does not appear to be a unique substrate termination that
is associated with the appearance of OR2.

Table 4

Energy anisotropy of Cu(/ k 1)/Al,05(0 0 0 1) interfaces.

OR and Cu interface plane R/d Equivalent contact angle (°) Estimated interfacial energy (mJ m~2)
OR1 Cu(111) 2.05 119 1982 + 120

OR2 Cu(l11) 1.86 123 2060 £+ 120

OR3 Cu(110) 2.06 119 1979 + 120

OR4 Cu(31 1)a 2.04 119 1987 + 120

OR4 Cu(311)b 1.83 123 2073 £+ 120

OR5 Cu(210) 1.96 121 2016 + 120
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First principles calculations were used to investigate
the atomistic structures and the energetics of OR1 and
OR?2 [30]. This paper reports approximately similar calcu-
lated works of separation for OR1 and OR2 (6.5 and
6.9 m?) when sapphire is oxygen terminated, which
leads the authors to conclude that the two ORs have
comparable interfacial energies. While this conclusion is
consistent with our measurements reported in Table 4,
the calculated values of the work of separation are one
order of magnitude higher than those we have found
experimentally (using the surface energy of copper and
the measured equivalent contact angle in Table 4 we
get a work of separation of 0.8 J m~2). In the same paper
Hashibon et al. calculated a work of separation of
0.7 Jm~2 for OR1 with an Al-terminated sapphire inter-
face, which is in agreement with our measurements. This
suggests that the sapphire interfaces are not O-terminated
at the oxygen partial pressures of our experiments.

One last point about the surface composition of the
substrate may be worth mentioning. The substrates for
samples dewetted in the liquid state, TC20 and TC22,
had different surface contaminations (see Table 1), but
the ORs obtained on these two substrates were essentially
identical. Thus it is unlikely that the contaminants detected
by AES on the sapphire surface prior to copper deposition
play a major role in the observed ORs.

4.3. Comparison with the Fecht and Gleiter lock-in model

Fecht and Gleiter [7] have reported the most comprehen-
sive study of ORs observed for isolated gold and copper
crystallites supported on ionic substrates. Their aim was
to allow crystallites to freely “rotate” into the OR most
closely corresponding to a cusp in the dependence of inter-
facial energy on orientation, as had been shown previously
in the seminal paper on copper grain boundaries by Herr-
mann et al. [8]. They investigated a number of ionic sub-
strate orientations, specifically the (1 11), (110) and
(100) planes of several cubic ionic crystals and the
(0001) plane of sapphire. Their conclusions regarding
the ORs that occur with frequencies above random can be
summarized as follows: (1) coincidence site lattice ORs
are not observed; (2) the observed ORs are those where
the metal interfacial planes are low index and where the
most densely packed direction in the interface plane of the
fcc metal (i.e. (1 10)) is aligned with a relatively densely
packed direction of the substrate. Since they found that
the alignment of relatively densely packed directions was
present in all the observed high frequency ORs they con-
cluded that it is an essential feature of these ORs. They
rationalized these observations by postulating that low
energy interfaces could form if the atoms on the metallic
side of the interface tended to fit into the valleys present
along densely packed directions of the ionic surface, and
termed the phenomenon the lock-in mechanism. The fre-
quency with which they observed the lock-in mechanism
was greater for cases with smaller lattice mismatches.

It is worth noting that Fecht and Gleiter [7], who iden-
tified high frequency ORs from PFs obtained by X-ray dif-
fraction, did not detect any preferred OR for copper
crystals (0.5-2 pm in size) on the c-plane of sapphire after
annealing at 823 K for 5 h. The crystals they investigated
were initially prepared like ours, but then detached and
redeposited on a fresh c-plane of sapphire before equilibra-
tion [7,31]. Many of their particles may therefore have been
polycrystalline from the first preparation step, thereby
reducing the observed fraction of oriented crystals.

The observations reported here are in general agreement
with the lock-in postulate of Fecht and Gleiter. In the case
of solid state dewetting only OR1 is observed, in which Cu
[110] is aligned with Al,O3 [1010], whereas in liquid state
dewetting five ORs are observed, four of which have (1 1 0)
close packed directions of copper aligned with one of the
two densely packed directions of c-sapphire. The only
exception is ORS, with a Cu(210) interface plane, that
does not contain the (1 1 0) direction. However, even in
this case we find a parallel alignment of Cu[0 0 1] with
Al,03 [2110], i.e. two relatively densely packed directions.

Although the ORs that were observed to occur at rela-
tively high frequency in this study are consistent with the
lock-in model, it is not clear why the alignment of relatively
densely packed directions should be so prevalent in the
ORs of metal phases supported on ionic substrates. After
all, the rationale for the lock-in mechanism, i.e. the fitting
of metal atoms into the valleys associated with densely
packed rows of the substrate structure, lacks a convincing
physical basis. It may be that an experimental study of
the microscopic degrees of freedom at these interfaces,
i.e. the local atomistic structure, will shed light on the rea-
son for the alignment of densely packed directions. Exper-
iments on this issue are currently being conducted.

4.4. Differences between solid and liquid state dewetting

There are some substantial differences between the ORs
observed after solid and liquid state dewetting. In the solid
state dewetted sample only ORI is observed, whereas the
samples dewetted in the liquid state display five higher than
random ORs, including OR1 and OR2 for crystals with a
Cu(1 11) interface plane, as well as crystals with OR3,
OR4 and ORS5, all of which have their most densely packed
directions parallel to the c-sapphire [2110] direction. The
following interpretations are proposed to explain these
results.

We first address the results obtained by liquid state dew-
etting. In this case the resulting copper particles are formed
by solidification of liquid droplets, a process that involves
nucleation of the solid phase somewhere within the liquid
drop. Nucleation could occur homogeneously in the bulk
of the liquid drop. Under those conditions one would
expect the initial solidified droplets to have random ORs
with respect to the substrate. During the subsequent
equilibration treatment the solid crystallites could rotate
in order to lower their energy by adopting ORs that
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correspond to cusp orientations in terms of the dependence
of interfacial energy on orientation. However, formation of
a solid nucleus by heterogeneous nucleation on the sub-
strate is expected to be kinetically preferred over formation
by homogeneous nucleation in the body of the liquid, far
from the interface. Thus we favor an interpretation that
relies on heterogeneous nucleation during solidification.
This implies that favored nuclei would occur for ORs
where the solid Cu-sapphire interfacial energy is relatively
low, since the two other interfaces of a nucleus, namely the
solid copper-liquid copper, and the liquid copper—sapphire
interfaces, have approximately equal energies for all the
observed ORs. Based on the present estimates of relative
interfacial energies (Table 4) all the interfaces found in
the higher frequency ORs have approximately equal inter-
facial energies (within the estimated errors) and therefore
appear with above random frequencies that are all rather
similar.

Models were constructed of the five interfacial structures
that result from superimposition of each of the four pre-
ferred copper interface planes on the c-sapphire plane for
the five observed ORs. The lattice constants on both sides
of these interfaces were chosen to correspond either to their
room temperature or 1253 K values. No particularly signif-
icant crystallographic or chemical coincidences were found.
Thus no particular reason for the observed ORs could be
identified.

It is interesting to recall that the surfaces of the c-sap-
phire substrates used in this study consist of steps lying
along a single [2110] direction (Fig. 1). Although these
steps could conceivably play a role in the nucleation of
solid copper from the liquid, this does not appear to be
the case. Evidence for this can be found in the PFs for
the (110), (311) and (210) copper planes shown in
Fig. 6, where it can be seen that the three OR variants
appear with equal frequency. If nucleation on the pre-exist-
ing [2110] steps was favored the two other OR variants
would tend to be suppressed.

It should also be noted that the c-sapphire surface under-
goes several reconstructions at temperatures above 1273 K.
According to the observations of Gauthier et al. [32] it is
possible to infer that the (1 x 1) c-sapphire surface under-
goes reconstruction to a (24/3 x 2,/3)R30° structure some-
where between 1273 and 1373 K. The latter structure
undergoes a further transition to a (34/3 x 3,/3)R30° struc-
ture between 1373 and 1523 K, and, finally, a
(v/31 x 4/31)R £ 9° structure appears somewhere between
1523 and 1623 K. Thus it is possible for the first of these
high temperature structures to form during liquid state dew-
etting at temperatures close to the melting temperature of
copper (1356 K). Although the atomistic structure of the
(24/3 x 24/3)R30° reconstruction equilibrated in contact
with copper is not known [33], its presence could conceiv-
ably lead to the formation of a dense direction at 30° to
Al,O3 [1010]. This might explain the apparent alignment
of the dense copper directions on Al,O; [2110] for ORs
2-5. Although the structures present at the free c-sapphire

surface need not be the same as those that are stable at cop-
per—c-sapphire interfaces, recent observations of the struc-
ture of the nickel-c-sapphire interface after solid state
dewetting and equilibration at 1623 K have shown the pres-
ence of a structure similar to the (34/3 x 34/3)R30° [34].
Some evidence therefore exists to support the persistence
of c-sapphire surface reconstructions at metal-c-sapphire
interfaces that are similar to the copper—c-sapphire interface.

We now turn to the OR observed in the case of solid
state dewetting. The “as deposited” copper films, prior to
dewetting, display a strong (1 1 1) texture, i.e. the grains
of the film are predominantly oriented with their (1 11)
planes parallel to the sapphire substrate. Solid state dewett-
ing occurs during heating of the films to the equilibration
temperature of 1253 K. After equilibration of the films
for 78 h virtually all copper crystals display OR1. There
are two possible scenarios that can lead to the development
of the very high frequency of crystallites with OR1. One
possibility is that grains in the film which happen to be ori-
ented according to OR1 consume other grains during grain
growth preceding dewetting. The other possibility is that
dewetting occurs first and that crystallites oriented accord-
ing to OR1 consume other particles by an Ostwald ripen-
ing-like process. Either of these scenarios implies that
crystallites oriented according to OR1 have the lowest
energy of crystallites which display a Cu(1 1 1) interface
plane.

During the preparation of copper particles by solid state
dewetting the temperature does not exceed 1253 K. Since
reconstructions of the c-sapphire surface that lead to a
30° rotation of the surface Bravais unit cell occur above
1273 K this may explain the absence of OR2 in samples
dewetted in the solid state.

Whereas the interpretations suggested above to explain
the differences between the ORs observed as a result of
solid state versus liquid state dewetting seem plausible,
one observation in the liquid state dewetted samples is still
difficult to account for, the fact that both OR1 and OR2
are observed in those samples. If ORs 2-5 arise because
reconstruction of the copper—c-sapphire interface leads to
a 30° rotation of the structural unit cell on the c-sapphire
side of the interface, why then is OR1 still present in liquid
state dewetted samples? No persuasive answer to this ques-
tion has been found.

5. Conclusions

Depending on the method adopted to dewet copper from
the surface of c-sapphire substrates, it is possible to obtain
quite different ORs. Solid state dewetting produces a single
OR: Cu(111) [110] ||sapphire(000 1) [1010] (OR1). In
contrast, liquid state dewetting produces four new ORs with
(111),(110),(311)and (21 0)copper interface planes, in
which the most densely packed direction on the copper side
of the interface is aligned parallel to the sapphire [2110]
direction. The ORs that include (1 10), (31 1) and (210)
copper interface planes have not been previously observed.
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One possible explanation of the change in the alignment
direction on the c-sapphire side of the interface for liquid
state dewetted samples is a reconstruction of the copper—
c-sapphire interface, similar to the c-sapphire surface recon-
struction that is known to occur at temperatures above
1273 K, i.e. above the highest exposure temperature of solid
state dewetting but below the highest temperature to which
the liquid state dewetted samples were exposed.

Although Cu(1 1 1) [110]|[sapphire(0 00 1) [2110] (OR2)
has been observed before, its appearance has been linked to
a change in substrate chemistry from that at which OR1
develops. The present results show that OR2 can occur
for a range of substrate chemistries, including the same
chemistry as the one which also favors the development
of OR1.

All of the observed ORs are consistent with the Fecht
and Gleiter lock-in mechanism, which argues for the devel-
opment of ORs that have low index interface planes in
which relatively densely packed directions on both sides
of the interface are aligned.
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