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Structures and energetics of various, plausible realizations of
the Al2O3(0001)/Cu(111) interface have been studied by
density-functional theory. The oxygen-terminated interface is
found to be relatively strong with a work of separation (Wsep)
of 7.03 J/m2. For hydrogen-rich (e.g., moist) conditions, we
have determined that the interface accommodates about 1/3 of
a monolayer of hydrogen. This lowers Wsep to 4.72 J/m2, which
is, however, greater than the corresponding value for bulk
copper, which implies that fracture in such a system occurs in
the copper region, consistent with fracture toughness experi-
ments. We also have studied the initial stages of copper and
aluminum growth on the hydrogen-stabilized oxygen-
terminated Al2O3(0001) surface. Although a monolayer of
aluminum already completely dissociates the interfacial O–H
group, a monolayer of copper leaves it intact. If, for a thick
copper film, such a full hydrogen layer were maintained, the
resulting metastable interface would be very weak, with
Wsep � 0.63 J/m2.

I. Introduction

SAPPHIRE/METAL interfaces are important in many technical
applications. Examples include electrical isolation and thermal

management in electronic components, thermal barrier systems in
gas turbines for aircraft engines and power generation, and
coatings that inhibit corrosion and wear. These technologies often
involve metal deposition onto dielectrics, such as Al2O3. Adhesion
at these interfaces and the wetting behavior of metal atoms on the
dielectric substrates are critical.

Hydrogen is a common surface impurity, which has been
observed1 to be stable on Al2O3 surfaces, even after annealing at
1100°C under ultrahigh vacuum conditions. It has been found2,3

that hydrogen adsorbed on the Al2O3(0001) surface affects its
structure, rendering the oxygen-terminated surface stable while the
clean Al2O3(0001) surface is known2–4 to be aluminum-
terminated. Experimental5,6 and theoretical7,8 research has re-
vealed that hydrogen can have a significant effect on interfacial
systems. Hydrogen has been predicted8 to lower the work of
separation (Wsep) of the copper/diamond interface by 84%, con-
sistent with Pepper’s5 adhesion and friction measurements for this
interface. Here, Wsep is defined as the energy of the separated
solids minus the energy of the equilibrium interface divided by the
cross-sectional area. Evans et al.9 have reported that toughnesses
of interfaces of Al2O3 with gold, nickel, and niobium decrease
substantially in the presence of moist air. On the other hand, Al2O3

interfaces with aluminum and copper have been reported9 to be
tough under dry- and moist-air ambient conditions.

Oxygen-terminated Al2O3(0001)/metal interfaces have been
predicted theoretically and observed experimentally.4,10–13,15 For
example, Dehm and co-workers10,11 have found, using high-
resolution transmission electron microscopy (HR-TEM), that cop-
per films grown on (0001) sapphire by molecular beam epitaxy
(MBE) exhibit an epitaxial orientational relationship with the
Cu(111) plane parallel to the Al2O3(0001) plane. The Al2O3(0001)
plane at the interface has been found to be terminated by a layer of
oxygen atoms. This termination is consistent with predicted4,13–15

terminations at Al2O3(0001)/metal interfaces based on computed
interfacial energies as a function of oxygen partial pressures. In
particular, see Fig. 4 of Zhang et al.13 for a plot of predicted
Cu/Al2O3 interfacial energies as a function of oxygen partial
pressures. As shown in that figure, this predicted relationship
agrees reasonably well with measured interfacial energies for
Cu/Al2O3 as a function of oxygen partial pressures as deter-
mined16,17 from sessile drop experiments. Moreover, for oxygen
partial pressures of �10�11 atm (�10–6 Pa) at 1400 K, the
interface is predicted to be oxygen terminated, again in agreement
with experiment (for lower temperatures, the transition to oxygen
termination occurs at lower oxygen partial pressures).

One might wonder how the oxygen-terminated interface is
formed, because, for the clean Al2O3 (0001) surface, the assumed
template for metal deposition, it has been found2,3,14 that the
oxygen-terminated surface is not stable, even under relatively high
oxygen partial pressures. Rather, the aluminum-terminated inter-
face is stable in the absence of impurities. Thus, one can assume
that, at first, the stable aluminum-terminated surface forms an
aluminum-terminated interface with the metal, and, then, under
sufficiently high temperatures, atomic diffusion yields the stable
oxygen-terminated interface. This scenario appears inconsistent
with the experimental work, which shows that oxygen-terminated
interfaces are present, even at the relatively low temperature of
200°C in MBE-grown samples.11 In the following, we show how
hydrogen can act as a bridge to allow formation of an oxygen-
terminated Al2O3/Cu interface without requiring diffusion of
aluminum and oxygen atoms.

To predict interfacial structures and impurity effects on adhe-
sion, it is necessary to conduct first-principles quantum mechanical
computations. In this article, we report an ab initio investigation on
the effect of hydrogen on the adhesion and formation of oxygen-
terminated interfaces of Al2O3 with copper and aluminum. Our
results reveal that the clean oxygen-terminated Al2O3(0001)/
Cu(111) interface has a relatively strong Wsep, which may result
from the metallic/covalent character with O 2p–Cu 3d hybridiza-
tion. 1/3 monolayer (ML) of hydrogen is stable at the oxygen-
terminated interface, and the presence of hydrogen results in a
decrease of 33% in Wsep. However, the bonding at the hydrogen-
weakened interface remains stronger than that found in bulk
copper. We also discuss the effect of hydrogen on the growth of
copper or aluminum on the Al2O3(0001) surface. Our results show
that the surface O–H group is stable up to a full ML of copper on
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to surface. Finally, we present results for the Al2O3/Al system,
which we have found to be rather different from the Al2O3/Cu
system.

II. Methodology

The (1 � 1) Al2O3(0001) surface, Al2O3(0001)/Cu(111) inter-
face, and Al2O3(0001)/Al(111) interface are modeled by a slab that
consists of a finite number of layers that are of infinite extent in the
plane of the interface. The slabs are repeated periodically along the
[111] direction. For each slab, the oxygen-terminated Al2O3 film
contains four oxygen atomic layers and six aluminum layers. The
metal film contains seven or eight metal atomic layers, depending
on the stacking sequence of the interface system, and it is
sandwiched between the Al2O3 films.

The slabs for the surface calculations are separated by a 10 Å
vacuum space to ensure negligible interaction between them.

The positions of all the atoms in the slabs are relaxed to
equilibrium, i.e., such that the total energy is minimized and forces
on all the atoms are �26 meV/Å. In our total-energy and force
calculations, the exchange-correlation functional is treated in the
generalized gradient approximation (GGA) of Perdew et al.,18 and
the full-potential linearized augmented plane wave method (FP-
LAPW) is used to solve the density-functional theory (DFT)
Kohn–Sham equations.19–21 The kinetic-energy cutoff for the
plane-wave basis is Emax

wf � 18 Ry for the wave functions and 196
Ry for the potential. The muffin-tin radii for hydrogen, oxygen,
aluminum, and copper atoms are taken to be 0.21, 0.74, 0.90, and
0.95 Å, respectively. A uniform k-point mesh with five points in
the irreducible part of the Brillouin zone is used.

We have tested the variation of the oxide surface energy as a
function of vacuum layer thickness, kinetic-energy cutoffs, and
number of k-points in the Brillouin zone and have found the
numerical accuracy to be within 0.17 J/m2; therefore, it does not
affect our conclusions. For copper, the selection of five k-points in
the irreducible zone is also accurate. Using the same direct-space
unit cell as for Al2O3, the Cu(111) surface energy changes by
�0.04 J/m2 when the number of k-points is increased from two to
five. We also have tested14,22 the GGA approximation against the
less-accurate local-density approximation (LDA) and against ex-
perimental results where available for surface energies, interfacial
energies, relaxed atomic positions, and works of adhesion.

The lattice mismatch of the Al2O3(0001)/Cu(111) system is �7%
(in experiments as well as in our theoretical results). In a real interface
system, misfit dislocations form at or near the interfaces to relieve the
misfit strain. Including misfit dislocations in our present FP-LAPW
calculations is much beyond present computational capabilities, be-
cause it requires too large a supercell. Therefore, we ignore misfit
dislocation effects as a first approximation. For commensuration, we
optimize the lattice constant of the hexagonal supercells via energy
minimization, which provides the result that the copper lattice
expands and the Al2O3 lattice contracts slightly. For consistency, we
keep this same strain state for all computations. Because all the
quantities of central interest for this research are concerned with the
total-energy difference between the various physical states of the
interface system, keeping the same strain state is necessary if we are
to have partial error cancellation.

Finally, our Gibbs free energies are approximated as DFT total
energies. Reuter and Scheffler23 have found that vibrational
contributions to the Helmholtz and entropy terms in the surface
energy are less than �0.17 J/m2 (10 meV/Å2) for temperatures as
high as 1000 K. Effects of temperature on Cu/Al2O3 and Ni/Al2O3

interfacial energies also have been estimated.13 It has been
shown13 that trends in interface stability are not significantly
affected by temperatures up to 1300 K. Hydrogen zero-point
energies in the bulk and surface of copper have been found24 to
differ by �0.04 eV. Entropy contributions to heats of segregation
to metallic grain boundaries have been estimated25,26 to be �3k �
�S � 3k, where k is the Boltzmann constant, i.e., at 300 K, only

�0.07 eV per atom contribution to the heat of segregation. All
these temperature effects are too small to affect our conclusions in
the following.

III. Results and Discussion

(1) Bulk Calculations
To test the validity of the computational method and the FP-LAPW

input parameters, we have calculated bulk properties of Al2O3 and
copper. The results of the bulk calculations are necessary to determine
properties of the Al2O3/Cu system, such as the surface energy,
interfacial energy, and impurity segregation heat.

The hexagonal 	-Al2O3 bulk equilibrium structure is described
by the hexagonal lattice parameters ao and co, and internal
coordinates u and v.27 The total energy has been minimized with
respect to these four coordinates, and this gives ao

th � 4.78 Å,
co

th � 13.08 Å, uth � 0.35, and vth � 0.31. The comparison with
experimental values (ao

exp � 4.7628 Å, co
exp � 13.0032 Å, uexp �

0.3520, and vexp � 0.306, at T � 31°C)27 shows that the structural
predictions of our GGA–FP–LAPW calculations are very good.
The bulk modulus, Bo

th � 251.23 GPa, is also very close to the
experimental value, Bo

exp � 254.4 GPa.28

In the bulk copper calculations, we want to choose a unit cell
that is consistent with the symmetry of the interface computations;
therefore, we choose the hexagonal unit cell containing eight
copper layers rather than a face-centered cubic (fcc) unit cell. In
addition to the symmetry, we also keep all other input parameters
unchanged in the bulk, surface, and interfacial calculations, such as
the kinetic-energy cutoff, muffin-tin ratios of the atoms, and
k-point distributions, to minimize errors when we compare results
of these calculations. Under these conditions, we have found a
lattice constant of fcc bulk Cu to be ao

th � 3.63 Å, which is only
0.4% larger than the experimental value of 3.6150 Å,29 at T �
25°C, and Bo

th � 135.56 GPa, which is 1% less than the experi-
mental value of 137 GPa.30

Hence, from these results of our bulk calculations, we can have
confidence in the methodology and FP–LAPW input parameters
used in this investigation.

(2) Clean Interface
We have conducted computations for the clean, oxygen-terminated

Al2O3(0001)/Cu(111) interface. For the fully relaxed system, we have
found that the xy-coordinates (z is perpendicular to the interface) of
atoms of the first copper layer are almost the same as those of the
second oxygen layer from the interface. According to the hexagonal
stacking sequence, there are two possible configurations for the
second copper atomic layer. We have found that the optimized
interfacial hexagonal stacking sequence is ���abcABC���, where the

Fig. 1. Clean, oxygen-terminated Al2O3(0001)/Cu(111) interface.
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lowercase a presents the second oxygen layer from the interface, b the
two aluminum layers, c the interfacial oxygen layer, and the upper-
case A, B, and C the metal layers, as shown in Fig. 1. The rumpling
of the interfacial copper and oxygen layers is small (�0.07 Å for the
copper layer and �0.03 Å for the oxygen layer), consistent with
reflection high-energy electron diffraction and TEM experiments.10

The average separation between the interfacial copper and oxygen
layers is 1.43 Å, which is somewhat less than the value of 2 Å
reported by Scheu et al.11 from their HR-TEM image simulation. The
likely explanation for this discrepancy is that we have assumed a
commensurate interface, whereas the actual interface is epitaxial but
incommensurate because of overlap of misfit dislocations.10–12 An-
other reason for the difference may be due to hydrogen impurities at
the experimental interface. We show below that 1/3 ML of hydrogen
causes the interfacial separation to increase to 1.63 Å, which is well
below the experimental value. (The definition of 1 ML is that the
number of hydrogen atoms equals that of an O3 layer of Al2O3,
equivalently, that of a full fcc Cu(111) layer.)

Figure 2 shows the electronic densities of states (DOSs) projected
on the various atomic layers. The difference between Cu d states in
the copper bulk and those at the interface is noticeable, and the
difference between the DOS of O p states in the Al2O3 bulk and at the
interface is clear. This reflects the apparent strong interaction between
the Cu d and O p states in the interface. Obviously, the interfacial
oxygen layer becomes metallized (see the DOS at the Fermi level,
EF). This is consistent with the fact that spatially resolved electron
energy-loss spectroscopy of the interface appears similar to that of the
copper bulk.32 Such metal-induced gap states, which result in a locally
metallic character of a dielectric near a metal/dielectric interface, also
appear in the copper/diamond system.8

If we break the clean oxygen-terminated Al2O3/Cu interface into
(0001) oxygen-terminated Al2O3 and fcc Cu(111), we find Wsep �
7.03 J/m2 (0.42 eV/Å2). Thus, this interface is relatively strong. One
may wonder whether calculations such as ours can yield reasonably
accurate Wsep, because misfit dislocations are neglected. That these
concerns are not too important for the systems considered here is
indicated by the relatively good agreement between our computed4,13

and experimental works of adhesion for interfaces of Al2O3 with
aluminum, silver, nickel, and copper.

(3) Effect of Hydrogen on the Interface
Let us assume that the oxygen-terminated Al2O3/Cu interface

contains some hydrogen.31 This is indeed likely, because the
deposition of copper on sapphire probably starts with a hydrogen-
stabilized oxygen-terminated Al2O3(0001) surface, the most stable
one under realistic environmental conditions (see Ref. 2). Figure 3
shows the surface structure: each hydrogen atom forms an O–H
group with a topmost oxygen atom. The heights of the three

hydrogen atoms above the topmost oxygen plane (relative to the
average value of three oxygen heights) are 0.09, 0.43, and 0.76 Å,
and the distances between the hydrogen atoms are 1.82, 2.29, and
2.40 Å. The O–H bond lengths are 0.97, 0.96, and 0.96 Å. The
hydrogen atom at the lowest height relative to the Al2O3(0001)
surface is close to the first empty aluminum site (aluminum site for
the aluminum-terminated surface), and its O–H bond length (0.97
Å) is a little longer than those for the other two O–H bonds.

Although this Al2O3(0001) (see Fig. 3) surface contains a full
hydrogen layer, the hydrogen coverage at the interface can be
different. In this section, we therefore consider the energetics of
hydrogen at the oxygen-terminated interface. Using the energy of
an isolated hydrogen adatom on Cu(111) as our reference (as-
sumed here to equal the average adsorption energy of a 1/3 ML of
hydrogen adlayer), we list in Table I the energies of various
interfacial hydrogen coverages. This also can be called the heat of
segregation. Only for 1/3 ML do we find that the segregation is
exothermal, which indicates that interface coverages �1/3 ML are
unfavorable and are possible only as metastable configurations or
under very moist conditions (very high hydrogen chemical poten-
tial). For 1/3 ML, the O–H bond length is 0.99 Å, which is only
0.02 Å longer than that for the Al2O3(0001) surface. As shown in
Fig. 4, the hydrogen atom is located 0.13 Å below the nearest
oxygen atom in the topmost oxygen layer and close to the site
occupied by aluminum in the stoichiometric Al2O3(0001) surface.
The interfacial oxygen and copper layers are relatively flat, as is
found for the clean interface. The largest rumpling of the oxygen
layer along [0001] is � 0.15 Å (0.03 Å for the clean interface), and
that for the interfacial copper atomic layer is �0.08 Å (0.07 Å for

Fig. 2. Projected electronic densities of states (PDOS) of various atoms
on orbitals. Second oxygen layer and fourth copper layer are denoted
according to their positions relative to the interface.

Fig. 3. Configuration of the oxygen-terminated Al2O3(0001) surface
saturated by hydrogen.

Table I. Heat of Segregation
for Hydrogen Segregating to

the Oxygen-Terminated
Al2O3/Cu Interface†

Interfacial coverage
of hydrogen

Heat of segregation
(eV/hydrogen

atom)

1/3 0.69
2/3 �0.24
3/3 �0.52

†Energy of an isolated hydrogen adatom on Cu(111)
is taken as the reference.
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the clean interface). The average interfacial separation between the
oxygen and copper layers is 1.63 Å, which is a little larger than the
value of 1.43 Å for the clean interface.

One might expect that this 1/3 ML of interfacial hydrogen
affects Wsep. Our calculations show that, for the interface contain-
ing 1/3 ML of hydrogen, Wsep decreases to 4.72 J/m2 (0.28 eV/Å2),
which is 33% less than the value for the clean (hydrogen-free)
interface (7.03 J/m2 (0.42 eV/Å2)). After the separation, we have
oxygen-terminated Al2O3 with an adsorbed 1/3 ML of hydrogen
and clean fcc Cu(111). This Wsep value can be compared with our
corresponding Wsep values for (bulk) Cu(111) of 2.96 J/m2 (0.18
eV/Å2) and for (bulk) Al2O3(0001) of 4.26 J/m2 (0.26 eV/Å2) (see
Table II). Thus, we find that, even in the presence of hydrogen, the
weakest link of the Al2O3/H/Cu system is in the copper.

The interface toughness measurements of Evans et al.9 have an
effect on these results (see especially Fig. 7 of Ref. 9). There we
find interface toughnesses for several Al2O3/metal interfaces for
ambient air ranging between dry and moist. Presumably, hydrogen
concentrations in the materials are lower under dry-air conditions
than under moist-air conditions. The Al2O3/Cu interfacial tough-
nesses are relatively high, even under moist-air conditions. That is,
when failure occurs, it happens usually by ductile fracture of the
copper. These experimental results are consistent with our com-
puted Wsep, which is in the order Cu/Cu � Cu/Al2O3, with and
without the presence of interfacial hydrogen.

We now form the interface by bringing a Cu(111) surface from
a large separation progressively closer to a hydrogen-stabilized,
oxygen-terminated Al2O3(0001) surface (see Fig. 3). Atomic
positions within the two surfaces are held rigid for now. Figure 5
shows the total energy versus the interfacial separation d. The data

are well fitted by the universal binding energy relation (UBER),
which has been developed by Smith and co-workers33,34 This
universal energy relation has been successfully applied to diatomic
molecules, bulk solids, nuclear matter, and solid interfaces.33,35

For interfacial adhesion, it yields the equilibrium interfacial
separation d0 and Wsep, as shown in Fig. 5. We obtain d0 � 3.16
Å and Wsep � 0.47 J/m2 (28 meV/Å2). Next we allow the
interfacial atomic positions to fully relax, and we obtain d0 � 3.67
Å. The Wsep from the fully relaxed calculations is 0.63 J/m2 (38
meV/Å2), which is larger than the value for the UBER, but it is small,
which indicates a relatively weakly bound system. It is reasonable that
relaxing the atomic positions should increase the bonding between the
two surfaces, as we have seen. Our results suggest that, if we want
only to know the equilibrium interfacial separation and Wsep of the
interface, the UBER provides a way to find approximate values at
considerably less computational cost. Conversely, the method33,35

provides a means of obtaining the full adhesion curve (total energy
versus interfacial spacing), given a few points near the minimum,
obtained either from first principles computation or from experiment.

By bringing the Cu(111) surface in contact with the hydrogen-
stabilized, oxygen-terminated Al2O3(0001) surface, a metastable
interface state has been made. If formed at sufficiently low
temperature, this state can survive for a long time. As shown
above, however, time and temperature should lead to 2/3 ML of
the interfacial hydrogen eventually diffusing away, yielding an
interface that is much more strongly bound, with Wsep increas-
ing from 0.63 J/m2 (38 meV/Å2) to 4.72 J/m2 (0.28 eV/Å2).

(4) Effect of Hydrogen on Metal Film Growth
It is interesting to examine interfaces in their early stages of

growth.31 In particular, we address here the effect of metal deposition
on the O–H bonds on the Al2O3(0001) surface, i.e., on the surface
shown in Fig. 3. We compute the stability of hydrogen at the
Al2O3/Cu interface for copper coverages of 1/3, 2/3, and 1 ML of
copper (1 ML of copper means one copper atom for each surface
oxygen atom). The results reveal that the surface O–H species are
stable at these copper coverages, and the O–H surface configuration is
changed only little by the presence of the copper. Niu et al.36 have
reported that X-ray photoelectron spectroscopy (XPS) spectra taken
after copper deposition and after annealing (to induce copper dewet-
ting) show no observable change of O–H intensity, and they suggest
that the initial copper adlayer formation is not accompanied by O–H
decomposition. This is consistent with our results.

We now compare the above copper results with the effect of
aluminum on the bonding of hydrogen with the Al2O3(0001) surface.
To do this, we adsorb 1 ML of aluminum on the same hydrogen-
stabilized, oxygen-terminated Al2O3(0001) substrate (see Fig. 3). In
contrast with our Al2O3(0001)/Cu results, we find that 1 ML of

Fig. 4. Hydrogen configuration in the oxygen-terminated Al2O3(0001)/
Cu(111) interface.

Fig. 5. Total energy per cross-sectional area as a function of rigid
interfacial separation between the topmost copper layer of Cu(111) surface
and the topmost oxygen layer of the hydrogen-stabilized, oxygen-
terminated Al2O3(0001) surface. Curve through the computed points is
from the UBER.

Table II. Work of Separation for Bulk Copper,
Bulk Al2O3, Clean Oxygen-Terminated

Al2O3(0001)/Cu(111), and Stable (1/3 ML of
Hydrogen) Oxygen-Terminated

Al2O3(0001)/H/Cu(111) Interface

Location
Work of separation,

Wsep (J/m2)

Clean interface 7.03
Interface with hydrogen 4.72
Bulk Al2O3 4.26
Bulk Copper 2.96
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aluminum is sufficient to dissociate the O–H bond. Presumably, this
is consistent with the much larger heat of oxide formation for
aluminum (5.79 eV (Ref. 29) per oxygen atom in Al2O3), as
compared with copper (1.76 eV (Ref. 29) per oxygen atom in Cu2O).
The relatively strong Al–O bond facilitates its dissociation of the O–H
bond at Al2O3(0001). Figure 6 shows the configurations of 1 ML of
copper and 1 ML of aluminum on the Al2O3(0001) surface.

IV. Summary

The Al2O3/H/Cu interface has been treated from first principles to
obtain its structure and energetics. For the oxygen-terminated, but
hydrogen-free (clean), interface, we have found that Wsep � 7.03 J/m2

(0.42 eV/Å2). Thus, this interface is relatively strong. For hydrogen-
containing conditions, we have found that the interface accommo-
dates 1/3 ML of hydrogen. This lowers Wsep to 4.72 J/m2 (0.28
eV/Å2). Although this is a substantial decrease in Wsep, it is larger than
that for bulk copper, 2.96 J/m2 (0.18 eV/Å2). All these results are
consistent with fracture toughness experiments, which indicate that
the Cu/Al2O3 interface is relatively tough in dry or moist air, with
failure occurring via ductile fracture in the copper. Next, we have
considered bringing a Cu(111) surface into contact with the hydrogen-
stabilized oxygen-terminated Al2O3 surface. We find that the total
energy versus interfacial separation agrees well with the UBER.
Because of the hydrogen ML in the interface, a metastable bond is
established with a relatively weak Wsep � 0.63 J/m2 (38 meV/Å2).
Finally, the early stages of copper and aluminum growth on the
hydrogen-stabilized oxygen-terminated Al2O3(0001) surface have
been considered. We have found that, even at 1 ML of copper
coverage, the O–H configuration is stable and relatively unchanged,
consistent with XPS spectra. On the contrary, 1 ML of aluminum has
been found to dissociate all O–H bonds, consistent with the relatively
strong heat of oxide formation for aluminum.
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Fig. 6. Hydrogen configuration for 1 ML of copper and 1 ML of
aluminum films on the oxygen-terminated Al2O3(0001) surface.
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