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Abstract

Gibbs adsorption isotherms of oxygen to o alumina—transition metal interfaces are derived from a point defect model that han-
dles chemical interactions and crystallographic structure at the interface. The model considers structural vacancies and interfacial
charge transfer clusters as characteristic interfacial point defects. Majority defect type and concentrations strongly depend on the
oxygen activity. Adsorption isotherms are derived for typical data sets for liquid and for solid copper in contact with alumina,
revealing three adsorption ranges: adsorption-free interfaces in an intermediate oxygen activity range, interfaces with oxygen excess
in form of interfacial oxide charge transfer clusters at high oxygen activity and oxygen deficient interfaces with interfacial metal
clusters at low oxygen activity. The model predicts differences in adsorption behavior for crystallographically different interfaces;
“polarity” and atom density in the interfacial oxide plane play key roles. Model predictions are confronted to literature results on
the wetting behavior of alumina by liquid copper and to EELS investigations on the interfacial bonding in the solid Cu-alumina

system.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Phenomena of adsorption to surfaces and interfaces
were already treated by Gibbs in 1878,! lead to his well-
known adsorption isotherms and, since then, have been
applied to numerous systems. The Gibbs’ adsorption
theory is based on continuum thermodynamics and can
easily be applied to liquid surfaces and interfaces, how-
ever, it needs revision when being applied to crystalline
materials. Upon adsorption from liquid or gas phases to
crystalline surfaces, stresses are readily relaxed by the
viscous phase and adsorption often follows a simple
Langmuir isotherm

SO:A_p(l)/zk-Eads/RT/(l_i_ p(l)/zze-Eads/Rr>+B;

(1)
A, B = constants
for the reaction
SV +1/2 O, = S0, (2)
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with SV the number of empty adsorption sites on the
surface, SO that of oxygen-occupied sites, and
SO + SV =constant.

For crystalline interfaces, stresses are generated upon
adsorption and cannot easily be relaxed because of
matter, charge and lattice conservation in the two crys-
tals. Even though falsely suggested by Eq. (2), the crys-
tal lattice is not an extensive thermodynamic variable
and lattice sites cannot be treated like chemical species.
Thermodynamic compounds, such as alumina, are
made of chemical components i (aluminum and oxygen)
with chemical potential u;. In case of coexisting alumina
and metallic copper phases, according to the Gibbs’
phase rule,? the number of independent components is
1. The coexisting crystals contain different defects and
regular species, their structural units, that are char-
acterized by their chemical nature, lattice site and
charge. These structural units exist only in the crystal,
but not outside, therefore they can be attributed only
with a virtual chemical potential. Reactions within the
crystal or between different crystalline phases can be
expressed in terms of these structural units. In order to
associate an energy to the reaction, it is necessary to
consider combinations of structural units, which are
building units of the crystal (possess the lattice occupa-
tion and the global charge of the regular crystal
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molecule) and have measurable, tabulated chemical
potentials.

While this formal concept of lattice thermodynamics
has been used to handle point defect thermodynamics,
matter transport and solid state reactions between dif-
ferent oxides,? it has not been applied to adsorption
reactions to metal-oxide interfaces, where mass, site and
charge balances and the fact that the crystals share no
common sublattice make the problem challenging.

General concepts for adsorption to metal-oxide inter-
faces were presented,* ab inito calculations performed
for Nb-alumina,’> and the Gibbs’ adsorption concept
was applied by the present author to metal-oxide inter-
faces in,® deriving predictions for MgO-Cu interfaces,”-8
however, in that latter model, effects of adsorption-
related stresses were not considered. In the present
work, adsorption stresses are cvaluated for Gibbs’
adsorption to alumina—copper interfaces. We define the
thermodynamic basics (Section 2), give a classification
of low energy interfaces between o-alumina (R3c) and
cubic metal and retain three characteristic types of
interfaces (Section 3) and formulate the various
adsorption reactions at the interface (Section 4). Then
we discuss in Section 5 different approximations for the
adsorption energies and show the resulting adsorption
isotherms. In a final Section 6, we compare the model
predictions to literature results on wetting of alumina by
liquid copper and EELS investigations on the bonding
at solid copper—alumina interfaces.

2. Thermodynamic consideration of the copper—alumina
interface

In the present phenomenological approach, the tran-
sition metal-alumina interface is considered as a four-
slab system made of bulk metal, interfacial metal slab,
interfacial oxide slab and bulk oxide, Fig. 1. Bulk

adsorption of excess aluminum
desorption of oxygen

phases, (met) and (ox), interfacial slabs (if-met and if-
ox) and surrounding gas phase (gas) are in thermo-
dynamic equilibrium; as a consequence, the chemical
potential of the components in the different slabs and in
the gas phase are the same:

if
Mgmet) — /’L? ) — MEOX) — Mggas) (3)

For the coexistence of alumina and copper, oxygen is
chosen as the independent component; chemical poten-
tials and concentrations of copper and aluminum are
linked to it through the Gibbs Duhem equation and the
phase formation conditions. For oxygen, we can write:

Mgf-mel) _ Mgif-met) L RT In a(ci)f-met)
— 1™ 4 RT In a) = o9
_ Mgif-ox) L RT In agf—ox)
= ug™ +RT In a8’

=0.518Y +0.5 RT In a&” 4)

with AG™29 = ;168 — 11690 being the adsorption energy
for oxygen from the gas to the interfacial slabs,
AG = 1689 — o Y the solution energy for oxygen
to be dissolved from the gas into the metal and
AG'seg = o fmet or oxide)_, (D the energy of segrega-
tion for oxygen from the bulk metal (oxide) to the
interface. u,° are the standard chemical potential of the
pure substances, a; the activities, R the gas constant and
T the temperature.

From (4) follows

al ™ = a®) exp(-AG S/ RT)

aVexp(-AG <=/ RT) (5a)

adsorption of excess oxygen
desorption of aluminum

Fig. 1. Four slab metal-oxide interface, for relative oxygen deficiency (left), adsorption-free state (middle) and oxygen excess (right), demonstrating
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the change in relative volume of interfacial oxide and metal upon adsorption.
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agf'ox) = agl/ Zexp (-AG “adsox s p T)

= ayVexp(-AG =" /RT) (5b)

At given oxygen activity, the chemical compositions
of the coexisting bulk phases are known (aluminum and
oxygen solubility in copper and transition metal solubi-
lity in alumina). In the coexistence range of copper and
alumina phases, those solubilities are very small (10~*
for oxygen in copper,” <0.1% for aluminum in copper!'®
and <0.5% for copper oxide in alumina'' at 1100 °C and
low oxygen activity). From those values and the activity
coeflicients in the binary systems follows that activities
and mole fractions of copper in the metal phase and of
alumina in the oxide solid solution are close to 1:

id tal
dio? ~ 1 and oy ~ 1 (6)

Concentrations of bulk point defects, such as vacancies
and interstitials remain very small compared to 1.!%13

In the interfacial double-slab, the standard chemical
potential in the interface slab p;?@™Y and p;°0F°% are
assumed to be the same as in the corresponding bulk
metal and oxide, respectively. The number of total lat-
tice sites in the interfacial double slab is constant, but
the relative portion of interfacial metal and interfacial
oxide phases varies with the relative oxygen excess/defi-
ciency at the interface. Any adsorption of excess oxygen
to the interface leads with the formation of interfacial
oxide clusters to a growth of the oxide crystal and
diminishes in size the interfacial metal crystal by the
number of metal atoms used for the formation of those
oxide clusters. Equally, any adsorption of excess alumi-
num produces shrinkage of the interfacial oxide crystal
and growth of the interfacial metal slab. Shrinking
interfacial slabs show no changes with respect to the
corresponding bulk crystal, therefore, activities of their
components are considered to be the same as in the
corresponding bulk crystal. Growing interfacial slabs, in
contrast, distinguish from their corresponding bulk
crystal, because the interfacial clusters differ in compo-
sition from the usual bulk building elements. They are
made of a mixture of regular bulk building elements and
new interfacial building elements. In a first coarse
approximation, ideal behavior of the interfacial defects
can be assumed. However, for large oxygen excess
(deficiency), the interfacial defect fractions are large,
and a more sophisticated defect model is needed, which
accounts for defect interactions.

3. Interface crystallography in alumina

In order to cope with the anisotropy of the solids in
this continuum description, we have to consider the

crystal structure of oxide, metal and interface, the rela-
tive orientation of the two crystals and the crystal-
lographic position of the interfacial plane. For the
model, we have to define then the interfacial slabs, their
thickness and terminating planes.

In the above consideration not a crystallographically
sharp (Gibbs) interface is considered, but a broader
“chemical interface”, in which segregation takes place.
If only direct neighbor interactions are strong enough to
produce Gibbs’ adsorption to the interface, then alu-
mina-metal interfaces have a typical width of 2-3 lattice
planes. The interfacial metal slab is typically composed
of one atomic layer and the interfacial oxide slab has a
thickness representing the stoichiometric crystal.

The Young’s modulus of metallic copper is much
smaller than that of alumina.'* At a semi-coherent
interface, therefore, almost all lattice deformation will
occur in the metal phase. As a result, the exact orienta-
tion of the metal and the lattice misfit do probably not
play an important role for the adsorption processes at
the interface as long as the copper plane is sufficiently
dense-packed. For this reason, we will not precisely dis-
tinguish different copper terminations in the following.

For various dense planes of alumina, the composition
of the oxide interfacial slab and possible terminations
are derived from R3¢ crystal structure of alumina,'s see
Fig. 2 and Table 1.

The stacking perpendicular to the basal plane is com-
posed of alternating cation- and anion-occupied planes,
see Fig. 2a. Two different polar terminating planes can
be distinguished, (0006-O) and (0006-Al), which are
exclusively occupied by either cations or by anions.
While the bulk plane densities are 10.2-10'® Al atoms/
m? and 15.6-10!'® O atoms/m?, electroneutral surface
and interface planes have only half that occupancy.

The stacking perpendicular to the prismatic planes
{1120} is made of alternating aluminum-occupied planes
and ondulated oxygen-occupied planes, see Fig. 2b,
providing then another family of polar interface planes.

According to the projection of the alumina structure
along [1120] in Fig. 2c¢, all prismatic planes {3300} are
neutral and identically occupied by a stoichiometric
ratio of aluminum and oxygen ions, providing then a
family of mixed neutral interfaces.

The 12 rhombohedral planes in alumina are divided in
two families of planes (respecting the R3c symmetry,
but not the hexagonal symmetry!), the rhombohedral
dense planes { 1102} and the rhombohedral non-dense
planes {3306}. B

The projection along [1101] in Fig. 2d shows the
alternating ABCB... stacking for the rhombohedral
dense planes {1102}, made of a plane of vacant octahe-
dral sites, a mixed plane of aluminum and oxygen ions
in ratio 1:1, a plane solely occupied by oxygen and again
a mixed plane with Al/O=1:1. This provides polar and
mixed polar terminating planes. The rhombohedral
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non-dense plane {3306} stacking is composed of alter-
nating cationic and anionic planes, Fig. 2¢, and yields
two different polar terminating planes.

Twelve structurally equivalent {1123} planes occur in
the alumina structure. For all of them, an alternating

stacking of oxygen-occupied and mixed planes is
observed, Fig. 2f, that provides polar and polar mixed
terminating planes.

The number of possible interfaces between a crystal-
line metal and alumina is unlimited, however, only

a b c
® {1120} (@ {3300}
e 10006}
[ooo1] ® 3 %
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Fig. 2. Projections of the o-alumina structure showing the stacking perpendicular to the (a) basal plane {0006}, (b) prismatic plane {1120},
(¢) prismatic plane {3300}, (d) dense rhombohedral plane {1102}, (¢) non-dense rhombohedral plane {3306} and (f) pyramidal plane {1123}. Oxygen
atoms are grey, aluminum atoms black, empty octahedral sites in the structure are indicated in light grey.

Table 1
Occupancies of different planes in bulk alumina (maximum occupancy) and at stoichiometric surfaces and interfaces
Families of interfacial planes (stacking) Plane Bulk plane occupancy Stoichiometric surface or
interface plane occupancy
{0001} alternating Al- and O-termination (0001-Al) 10.2 10'8/m? AP+ 5.1 10'8/m?Al
(0001-0O) 15.6 10'8/m? O~ 7.8 10'¥/m? O~
{1100} (1-100) 6.5 10'8/m2 AI** +
{1120} alternating Al- and O-termination (1120-Al) 11.2 10'8/m? AP+ 5.6 1018/m> AP+
(1120-0) 16.8 10'8/m> O~ 8.4 10'%/m? O~
{1102} (1102-v) _
(vacant plane), (mixed polar plane), (1102-mix o) 8.19 10'8/m? AIP* 6.83 10'8/m? AIP™
(polar anion plane), (mixed polar plane) + 8.19 10'¥/m? O*~ +8.19 10'8/m? O*
(1102-0) 8.19 10'8/m? O~ 4.095 10'8/m? O*
1102mix o) 8.19 108 /m+ A" 6.83 10'8/m?> AP+
+ 8.19 10'8/m? O* +8.19 10'8/m? O*
{1102} (1102-Al), (1102-0). .. (1102-A1) 5.46 10'8/m> AIP* 2.73 10'8/m> AP+
(1102-0) 8.18 10'8/m? O 4.095 10'8/m? O*
{1123} (1123-Al), (1123-mix). .. (1123-Al) 4.9 10'8/m2 AP+ 2.4510'8/m2 O*
(1123-mix) 4.9 10'¥/m? AP 4.9 10'8/m? AIP*

+14.7 10'8/m? O* + 7.35 10'8/m? O*
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dense interfaces are worthwhile further considerations,
since they have the lowest energies. Our systematic
treatment shows, that we can classify the interfaces in
three main groups, polar interfaces with a terminating
plane being exclusively occupied by cations (or anions),
mixed stoichiometric interfaces and polar mixed planes,
which show mixed occupation, but do not respect the
stoichiometric ratio. Mixed polar interface behavior can
be understood as a combination of polar and mixed
neutral plane behavior, so that finally the behavior of all
interfaces can be deduced from that of polar and mixed
stoichiometric planes, by scaling with the corresponding
alumina plane densities.

4. Defect chemistry in the interfacial slab

For the bulk copper phase, the following structural
elements are considered: neutral copper atoms, Cudmet
and interstitial oxygen Of (™Y presence of copper in an
oxidation state close to 1%, copper vacancies and sub-
stituional aluminum are neglected. The bulk oxide crys-
tal has two sublattices, a cationic sublattice, occupied by
AISY, VP and substitutional Culy in different charge
states, and an anionic sublattice, occupied by oxygen
ions O3 ©® and oxygen vacancies V& ©.

The interfacial slabs have the same structural units as
the bulk phases and in addition the typical interfacial
defects: structural vacancies and interfacial charge
transfer clusters. ““Structural vacancies” are typical

interfacial defects that do not exist in the bulk crystals;
they correspond to vacant sites on cation or anion
crystal positions in the terminating oxide plane and
form at the interface for reasons of electroneutrality. In
strict terms, they cannot be part of a regular bulk oxide
lattice. They can be considered as a lattice hole or
strained region in the alumina crystal. They will be
notated as Vy to distinguish from regular cation and
anion vacancies. As building units of the bi-crystal,
they can be associated with a formation energy; here,
this energy is approximated by the volume-correspon-
dent portion of the formation energy of an associated
Schottky pair (missing lattice molecule) in alumina
(Esch ).16

Two types of interfacial charge transfer clusters form
by interaction between the two phases at the interface:
oxide clusters {2Cull—0%}°% and metal clusters
{xCucy—Alg ™Y see Fig. 3.

Defect concentrations in the interfacial slab may differ
from the corresponding bulk concentrations. (Since the
two bulk phases do not have a common sublattice and
are very different, we use a notation with effective char-
ges for the defects and species instead of the common
Kroeger-Vink notation.)

Mass [Egs. (8a—) for metal and (10a—) for oxide],
site [Eq. (9)] and charge balances [Eq. (13)] are estab-
lished for the slabs. Square brackets indicate the frac-
tions of the total regular plane concentration.

X = [Cug, | 3 Cus A (32)

O-terminated polar interface

0%  Vou Vou WVou Voi 0% \.-“’mf 0 o mo-:t

alt, A%, Alt, alt, Al :m alY,  AlY, Al%,, alt, Alt,

0%, 0%, 0% 0, 0% 0% 0% 0% 0%y 0%,
mixed interface

t t t £ t t t ¢ t t t t

Cu*, Cu%, Cu%,
0‘0 Al 'Al V‘)O-lt Al I Al Al
altg, Oty alt,, 0Oy Al 'm 0ty
0fs Alty, 0ty alty, 0fs alty,

0% A%, 0%, AlY,
AL, 0% AL, 0%
0%, A%, 0%, A%,

L 1]

inierfacial axide clusiers

Fig. 3. Schematic presentation of the majority interfacial defects at the alumina—copper interface for (a) oxygen deficiency, (b) adsorption-free state,
(c) oxygen excess. Interfacial oxide clusters are shaded in dark grey, interfacial metal clusters in light grey.
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(met)

ngl-met) — [Al%u](if-mel)+[{CU3A1}](if_met)With [Alocu]

(8b)
3G = [0k, ] (8¢)
[Cul, "+ Cug T Ve =

with[V2, ] << ©
e = (A (10a)

200 (03] {(Cu oY+ [V ] (10b)

-st

xgi—ox) — 2[{Cu20}](if'ox) (IOC)

[AL2

Cat:|(if-0x) + [Als;](if-OX)—i- [Vgat](if-ox) + [V‘O:at](if_OX)
=L (11)

[VO ](if'OX)% O

cat

[020.](if-ox)+[Voo_st](if-ox)_'_[VOO](if-ox)Z 1

N (12)
With[VOO](lf <
2cult] ™ +(3[05] " 2AR ) =0 (13)

Equations for the formation of the interfacial clusters
write as

2 CuliFme | 0 ey [2 Cu‘cﬁ“"“et)"-og@*)} (14)

0(if -met)
3 Cug,

i Algz(litf-ox) — {3 CquC;(if-met)... Alg;ﬁ:r(if-ox)} (15)

Excess oxygen can be introduced into the oxide inter-
facial slab by different ways. For polar interfaces with a
partially filled terminating oxygen plane, the structural
vacancies in this plane, V&Y, can be occupied by
oxygen, which diffuses from the gas phase through the
bulk metal phase to the interface [Eq. (16)]. At mixed

neutral interfaces, no such structural vacancies exist;
relative oxygen excess can only be obtained by decom-
position of interfacial alumina building units, see
Eq. (17), when aluminum leaves the crystal via diffusion
through the bulk phases and the remaining excess
oxygen interacts with copper under formation of an
interfacial oxide cluster.

6 Cu%(lilf'met) + 3V00(i_fS;°X)
+ 3/20x(gas) <= 3{2Cui 005}

+2V°

cat-st

+3 Al (16)

0(if -met)
6 Cug,
+Alzogif-ox) 3{2 Cuglrl(if-met)...oé-(ox)

+ 2V, + 3 Al (17)

For oxygen deficiency, metallic aluminum-copper
clusters {3 Cug&{fmev-—A13¥F (o are formed. At
polar aluminum-terminated interfaces, such clusters
form by adsorption of excess aluminum from the gas
phase, Al to structural vacancies Veus, see Eq.
(18). At mixed stoichiometric interfaces, no such
vacancies are present, and metallic clusters form by
decomposition of alumina lattice molecules Al,O§™%
under out-diffusion of oxygen through the metal phase
to the gas O%¥*), Eq. (19)

3 Cu(é(if—lllet)+Al(gas)
u

n Vgg(litf_-s(l)x) {3 Cu(SC-l(lif-met)... Alg;&:r(if-ox)} (18)

0(if -met)
6 Cug,
n Abo(}if-ox) ) {3 Cu(é-lgif-met)m Alg;ﬁ:r(ox)}

+ 3V, +3/208) (19)

5. Gibbs’ adsorption isotherms

The complete set of equations for the interfacial point
defect model has been described in the precedent para-
graph. For its solution, a solution model for the interfacial
defects and their formation energies in Egs. (14)—(19)
are needed. For small deviations in the interfacial defect
concentrations form those of the reference stoichio-
metric interface, ideal behavior can be assumed for the
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interfacial defects and regular lattice species, and,
instead of activities, concentrations of those species can
be used and interrelated. For larger deviations from the
stoichiometric reference state of the interfaces, non-ideal
defect behavior has to be considered.

Different contributions to the adsorption energies can
be identified: The main contribution is the energy of
formation of the new bond across the interface. In lack
of a better approximation, in this empiric approach, this
energy is approximated (despite the existing differences
in symmetry) by the macroscopic energy of formation
of the corresponding bulk phases, bulk Cu,O with
AH(Cu,0)'7 for the oxide cluster and bulk
(Cu0A75A10A25) with AHf(Cu0A75A10A25),17 for the metallic
cluster. Bulk phase thermodynamics indicate that
CuAlO, forms as reaction product at Cu—alumina
interfaces at low oxygen activity. Then, the interfacial
oxide cluster could be composed of CuAlO, and not of
Cu,0. Since the energies of formation of Cu,O and
CuAlOQO, are very close, the precise atom arrangement at
the interface will probably determine the exact type of
interfacial cluster. For polar interfaces, the CuAlO,
bulk symmetry does not provide a suitable geometry for
the interface cluster, therefore, such mixed oxide inter-
facial clusters are not further considered. The interfacial
clusters form on the crystal lattice of alumina, therefore,
they are expected to adopt an ordered solid-like struc-
ture (as thin liquid films on solid surfaces).'® For this
reason, in our computation, we use even for tempera-
tures above the melting point of copper and cuprite the
formation energies of solid clusters.

The adsorption processes are accompanied by a
change in entropy. The adsorption entropy can be
deduced from the configurational changes in the affec-
ted sublattice. The resulting energy contributions RT
AS29 remain small.

Differences in volume of the various interfacial lattice
units are at the origin of adsorption stresses and a clas-
tic energy contribution E?d5elast to the adsorption
energy. The elastic energy usually increases with the
excess. If, in our simple image of lattice site conserva-
tion, the adsorption of one oxygen atom provokes a
certain elastic strain in the interfacial layer, this strain
will double upon adsorption of a second atom and thus,
for large oxygen excess, achieve very high values. How-
ever, the elastic energy contribution, we have to account
for, can be smaller than that obtained from the volume
differences between the various interfacial lattice units,
if stresses relax. For interfaces with liquid metals, vis-
cous relaxation occurs at the interface and adsorption
stresses remain negligible. A similar situation is
encountered for glass-metal interfaces because of the
viscous flow of the glass. At interfaces between two
solid crystals with rigid lattices, little relaxation is pos-
sible, and adsorption stresses reach a maximum value,
corresponding to the theoretical volume change at the

interface. Most interfaces will be situated between the
extreme cases of complete and no stress relaxation.
Therefore, in this work, we will compute the two
extreme cases and thus demonstrate the whole range in
behavior. A maximum strain energy contribution is
estimated from the energy necessary to form/annihilate
the equivalent volume of Schottky associated vacancy
pairs in bulk alumina {2V, 3V{) indicated in;'® this
value definitely overestimates the elastic energy at the
interface.

In defect models, any concentration-dependency of
the defect formation energies is usually expressed in
form of activity coefficients of the defects. In order to
reach the common description, we can transform our set
of defect equilibria, use activity coefficients and concen-
tration-independent formation energy. Then it is even
more obvious that the activity coefficients induce only
for large oxygen excess a deviation form the ideal
behavior and that this difference increases with the
deviation from stoichiometry.

Table 2 summarizes adsorption energies used in the
computation for 1400 K. Figs. 4 and 5 present the
adsorption isotherms for crystallographically different
interfaces at two temperatures, which represent solid
and liquid copper. All isotherms show an adsorption-
free plateau and adsorption branches with relative oxy-
gen excess at high oxygen activity and with relative
oxygen deficiency at low oxygen activity. Oxygen defi-
ciency at the interface is only obtained close to the lower
stability limit of the interface (ap, <1072¢ at 1400 K)
and the absolute values remain small. Oxygen excess
forms more readily for all interfaces at ag,> 10! at
1400 K and ag, > 1071 for 1200 K. For all interfaces,
saturation is reached within the stability range. A com-
parison of the different interfaces shows that adsorption
occurs earlier for polar interfaces. This effect is
enhanced if stresses build up upon adsorption. In Figs. 4
and 5, adsorption isotherms are compared for stress-
free and strained adsorption: solid curves were obtained
by using for the adsorption energies solely bulk enthal-
pies, dotted curves when considering in addition the
adsorption entropy and dashed curve, when adding in
addition the strain energy contribution. While the
adsorption branches on the low oxygen activity side
change little for the different assumptions, significant
differences are noticed for high oxygen activities. The
entropy contribution yields only a small change in the
adsorption branches. The adsorption stresses, however,
produce a widening of the adsorption range over a much
larger oxygen activity range, with an onset of adsorp-
tion being shifted by up to three orders of magnitude
of aon.

Comparison of Cu-alumina interfaces with different
terminating alumina planes shows that basal, prismatic
and rhombohedral planes all achieve high relative oxy-
gen excess concentrations in the high oxygen activity
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range. The highest oxygen excess concentrations are
achieved by adsorption of oxygen for prismatic {1120}
planes, followed by the basal plane {0006}. Highest
aluminum deficiency is obtained by desorption of alu-
minum for the {1123} planes, followed by the mixed
polar rhombohedral {1102} planes and the prismatic
{3300} planes, see Fig. 6. The low density rhombohedral
planes {1102} and other non-presented low density
planes show much lower relative oxygen excess. It is
once more visible that oxygen adsorption starts at lower
oxygen activities than the aluminum desorption. The
comparison of Fig. 6a computed for stress-free adsorp-
tion and Fig. 6b computed for conditions with uncom-
pensated adsorption stresses shows that the difference in
onset for oxygen adsorption and onset of aluminum

Table 2

desorption is diminished in presence of adsorption
stresses. The curves for the different interfaces the show
more and more overlapping. For liquid copper/alumina
interfaces, however, the results obtained for stress-free
adsorption are probably the most suitable approach,
since the liquid metal allows rapid relaxation of all
stresses at the interface. Atom densities (oxygen and
aluminum) in the terminating alumina plane are pre-
sented in Fig. 7 (for negligible adsorption stresses).
Fig. 7 demonstrates, that even though an important
relative oxygen excess is established by aluminum
desorption at the rhombohedral mixed polar {1102}
plane, the resulting atom density at the highest oxygen
activities in the thermodynamic stability range is low
and does not favor the formation of this interface. Polar

In put data used for the computation of Gibbs adsorption isotherms at 1400 K

Input data used for the computation of Gibbs adsorption at alumina—copper interfaces

T=1400 K
Thermodynamic stability range 10~
R=8.314J/mol K

30.5 o aox < 10—°

Formation enthalpy of metastable Cu;Al (extrapolated): —15,500 J/mol

Gibbs free energy of formation of bulk alumina: —1229,322 J/mol
Formation enthalpy of metastable solid Cu,O: —149,700 J/mol

Gibbs free energy of formation of vacant lattice molecules (associated Schottky pair) in bulk alumina: £5°hotky = 150,000 J/mol
Adsorption entropy = difference in entropy of the mixture between regular laatice units and interfacial defects after and before adsorption

Contribution of the adsorption stresses to the adsorption energy: AEgiess = AV/ V‘;“f;lox x [ Schottky
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Fig. 4. Liquid Cu—a-alumina interface at 1400 K; predicted relative occupancies of the terminating alumina plane as function of oxygen activity.
The behavior of different types of interfaces is presented: interfaces with mixed stoichiometric terminating oxide plane (a), polar oxygen terminating
oxide plane (b) and polar aluminum terminating oxide plane (c). Solid, dotted and dashed curves are obtained with different assumptions for the
adsorption energies: the solid curves are obtained when the adsorption energy is solely approximated by the formation enthalpy of corresponding
bulk phases, the dotted one, when in addition an adsorption entropy is considered and dashed one, when in addition adsorption stresses due to

changes in volume upon adsorption are taken into account.
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prismatic {1120} and basal {0006} planes develop a
higher atom density upon adsorption and, therefore, are
expected to form low energy Cu—alumina interfaces at
high oxygen activity. In the plateau range, mixed termi-
nating interfaces, such as found in the {1102}, {3300}
and {1123} families possess much higher atom densities
and are expected to constitute the low energy interfaces.
Effects of the resulting atom densities on the adsorption
behavior are better reflected when modeling uncompen-
sated adsorption stresses.
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Integration of the excess concentration curves yields
the decrease in free energy of the interfaces by adsorp-
tion. Results are presented in Fig. 8. Notice that a sub-
stantial decrease in energy is obtained for all dense
planes, which ranges between 0.5 and 1.4 J/m?. It can be
seen that the decrease in specific interfacial free energy
due to Gibbs adsorption includes as key determining
factor the onset of adsorption for the type of activated
adsorption mechanism and the plane density. At the
upper limit of the stability range, the energy decrease
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Fig. 5. Solid Cu—a-alumina interface at 1200 K; predicted relative occupancies of the terminating alumina plane as function of oxygen activity. The
behavior of different types of interfaces is presented: interfaces with mixed stoichiometric terminating oxide plane (a), polar oxygen terminating
oxide plane (b) and polar aluminum terminating oxide plane (c). Solid, dotted and dashed curves are obtained with different assumptions for the
adsorption energies: The solid curves are obtained when the adsorption energy is solely approximated by the formation enthalpy of corresponding
bulk phases, the dotted one, when in addition an adsorption entropy is considered and dashed one, when in addition adsorption stresses due to
changes in volume upon adsorption are taken into account.
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(b) model predictions for the limiting case, where changes in volume upon adsorption are fully uncompensated and lead to adsorption stresses.
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achieves about 1.5 J /m? for the pyramidal planes
{1123}, —1 J/m? for the basal {0001}, prismatic {1120}
and dense rhombohedral planes {1102}. The decrease in
energy for the mixed prismatic planes {1100} and the
low density rhombohedral planes {1102} remains by 0.2
J/m? smaller. Fig. 8a is obtained for stress-free adsorp-
tion, while Fig. 8b reflects the effect of adsorption
stresses. Again it can be seen that adsorption stresses
diminish the global decrease in energy and the differ-
ences between the different interfaces.

Fig. 8a and b also show that the decrease in specific
free interfacial energy in the low oxygen activity range
remains negligible for all interfaces.

M. Backhaus-Ricoult | Journal of the European Ceramic Society 23 (2003) 2747-2759

Excess oxygen or aluminum in the terminating oxide
plane impose a negative or positive surface charge on
the alumina crystal and induce the formation of a space
charge layer in the oxide, in which the distribution of
ionic and electronic defects compared to the bulk is
altered. The exact concentrations of defects are derived
from the condition of constant electrochemical potential
across the entire oxide crystal, including the space
charge layer. The general approach is described in Ref.
18. It has been applied by the author to MgO-Cu
interfaces,® showing that the typical width of the space
charge layer for high excess concentrations is only in the
order of a few atomic planes, while it extends for very
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Fig. 7. Cu-o-alumina interface at 1400 K; model predictions on the atom (sum of oxygen and aluminum atoms) density in the terminating oxide
plane as function of oxygen activity for various dense alumina—copper interfaces. (a) Model predictions for the limiting case of negligible adsorption
stresses, (b) model predictions for the limiting case, where changes in volume upon adsorption are fully uncompensated and lead to adsorption
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small excess concentrations up to 10 nm. In the metallic
half-crystal, continuity of the electrochemical potential
is also respected and the charge spreads into the metal.
The defect concentration profiles are not calculated in
the present work, but are close to those in Ref. 6.

6. Comparison of model predictions to experimental
results from the literature

In this last Section, model predictions are compared
to different experimental results on Cu—alumina inter-
faces, local ELNES measurements at the interface
allowing to detect the interfacial bond character.'*=2? wet-
ting angle measurements®>~2 and precipitate equilibrium
Wulff shapes.?’

6.1. Comparison to ELNES results

ELNES studies have been realized for differently pre-
pared interfaces!—2? and allowed to elucidate interfacial
electronic structure and bond character. The interfacial
electronic structure can be compared to model predic-
tions on the interfacial excess concentrations, since any
interfacial excess goes hand in hand with a redox-reac-
tion. Formation of Cu,O interfacial clusters should
show in the interfacial ELNES an increased white line
intensity in the Cu L edge and O pre-peak, which both
reflect the hybridization of Cu 3d and O 2p states.
Metallic interfacial clusters are expected to also produce
their typical features in the interfacial EELS spectrum,
however, the oxygen activity range, where these clusters
are expected to form, is experimentally difficult to be
accessed. Numerous of the investigated Cu-alumina
interfaces have been prepared by MBE!'~2! and there-
fore do not reflect the equilibrium chemistry. However,
it is interesting to notice that different post-treatments
of the interface resulted in modifications in the inter-
facial electronic structure.!®?! As-processed interfaces
show no significant hybridization of Cu 3d and O 2p
states,!® but after special post-treatment with ion-bom-
bardment and high temperature annealing, differences
were observed.?! Some still unpublished results were
obtained for Cu—alumina interfaces produced by inter-
nal oxidation of (Cu,Al) alloys at 900 °C and different
oxygen activities.?> Even though mainly y-alumina
forms during internal oxidation, for restricted condi-
tions, also a-alumina precipitates were obtained with
either dominating basal or prismatic facets. ELNES of
those interfaces revealed a very important hybridization
of Cu 3d and O 2p states with characteristic Cu,O-like
edge features at oxygen activity 1078, while at
aor =107 only a weak oxygen pre-peak was observed
and an associated Cu L edge modification, which did
not show the sharp white line of Cu,0O, but a broadened
peak located at slightly higher (+1.8 eV) energy.

Measurements at other oxygen activities are still in
course.

6.2. Comparison to wetting of alumina by liquid Cu

Wetting angles for liquid copper on alumina are
reported in Refs. 23-26; they range from 130 to 110°
and show a strong dependency on the oxygen chemical
potential. In Fig. 9, an attempt was made to superpose
our model predictions on adsorption-related decrease in
interfacial energy and the experimental results on (35—
%) of Ref. 23 (replotted from Ref. 23 and fitted by
vertical shift, since y®¥=constant). It is not surprising
that model predictions obtained for stress-free adsorp-
tion fit best the experimental results, because liquid
copper is expected to allow a rapid accommodation of
adsorption-related changes in volume. Perfect agree-
ment between experiments and model is found for the
onset of adsorption. In Ref. 23, a discontinuity in the
experimental (y*-y*) results is evoked, which could be
interpreted in terms of an interfacial phase transforma-
tion. The present model does not consider any inter-
facial phase transformations and cannot give any hint
on that subject. However, the predicted decrease in
energy at high oxygen activity is in the same order of
magnitude as the experimentally measured one. Scat-
tering in the experimental wetting angles is important in
the oxygen activity range, for which the interface phase
transformation was suggested; therefore, it is difficult to
judge if such transformation has to be assumed or whe-
ther the experimental results can solely be interpreted by
the present model. The experimental points seem to fit
the computed curve for simple adsorption. It shall be
recalled, that the experimental alumina surface in the
wetting experiments was close to the basal plane of alu-
mina, but did not have the perfect orientation. There-
fore, the experimentally measured decrease in interfacial
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Fig. 9. Comparison of model predictions on the adsorption-related
decrease of interfacial energy at liquid Cu-alumina interfaces at 1400
K (basal plane) to experimental wetting results (y*-y*¥) from Ref. 23.
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energy is expected to be slightly smaller than the values
predicted for an atomically flat interface.

6.3. Comparison to equilibrium precipitate shapes

The predictions of the adsorption model can also be
compared to the evolution with oxygen activity in equi-
librium shape of oxide precipitates in metals or metal
precipitates in oxides.® Unfortunately, internal oxida-
tion of (Cu,Al) alloys produces mainly small y-alumina
particles and only in a very restricted temperature and
oxygen activity domain large-size a-alumina.?’” Alumina
cannot be doped with sufficient copper oxide, to allow
for precipitation of copper by internal reduction.
Implantation of copper into alumina produces small
precipitates,?® but no systematic study on precipitate
shape as function of oxygen activity has been done.
Preliminary studies in Ref. 27 suggest, that precipitates
are solely limited by basal and prismatic {1120} planes
at high oxygen activity, while, in the plateau range,
various different facets of similar sizes are present,
similar to those describing the equilibrium pore shape in
alumina.?®

7. Conclusions

Gibbs adsorption of oxygen at o alumina- transition
metal interfaces is modeled by continuum thermo-
dynamics. Constraints due to adsorption-related chan-
ges in volume have been successfully handled in the
model. It is stated that characteristic interfacial point
defect clusters form at the interface and that their
majority type and concentrations strongly depend on
oxygen activity. Adsorption isotherms are modeled for
typical data sets of liquid and solid copper. They show
that, in an intermediate oxygen activity range, interfaces
are made of stoichiometric alumina and metallic copper,
while with increasing oxygen activity more and more
excess oxygen is build into the interface and stabilized
by a strong charge transfer interaction with copper. At
the lower stability limit of the interface, oxygen defi-
ciency establishes at the interface through formation of
metallic clusters between aluminum and copper.
According to the model, interfaces with different alu-
mina planes exhibit different behavior, depending on the
“polarity”” and density of their interfacial oxide plane.
While the various interfaces are expected to have very
close energies in an intermediate oxygen activity range,
at high oxygen activity, the energies of pyramidal, basal
and prismatic {1120} and dense rhombohedral alumina
planes in contact with liquid (or solid) copper are con-
siderably lowered by adsorption. Model prediction on
the interfacial oxygen excess and the resulting decrease
in interfacial free energy have been compared to
ELNES results on Cu-alumina interfaces, to wetting

behavior of alumina by liquid copper and to the pre-
cipitate shape evolution with oxygen activity in the
metal-alumina systems. Good agreement between model
and experimental results is achieved.
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