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Substantial effects of combinations of H and C impurities on wetting of metals ona-Al2O3s0001d have been
found from first principles. Anab initio surface phase diagram for H and C on the alumina surface reveals six
distinct surface phases, consistent with the observed stability of H and C on Al2O3 surfaces. These different
surface phases exhibit a variety of adhesion strengths with Cu and Co, and correspondingly different wetting
behaviors. These results are consistent with the variety of wetting characteristics observed experimentally.
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Alumina surfaces with and without metal overlayers have
been extensively examined in recent years1–15 since they are
important for catalyst supports, corrosion resistance, optical
electronic components, and for thermal management of elec-
tronic components. Differing experimental results have been
reported for metal wetting behavior on alumina, however.
Here, we report for the first time significant effects of mix-
tures of the commonly found impurities C and H on metal
wetting, which help one to understand the variety of experi-
mental results.

C and H interfacial and surface impurities can arise
from the presence of hydrocarbons, water vapor, and other
ambient gases such as CO2. Ahn and Rabalais2 observed
that hydrogen could be stable on alumina surfaces even after
annealing at 1100°C under ultrahigh-vacuum conditions.
Niu et al.13 observed that carbon is also so stable that it is
found on the Al2O3s0001d surface after annealing at 1100 K
in a 5310−6 torr partial pressure of O2. This observed sta-
bility of H and C is consistent with our findings of stable
surface phases of combinations of C and H, as described
below.

There is some evidence in the literature of the effect of H
on alumina surface structures and metal wetting. In the ab-
sence of H and other impurities, it has been found5,6,9,14,15

that the aluminum-terminated Al2O3s0001d surface is the
ground-state configuration(i.e., it has the lowest surface en-
ergy). The presence of hydrogen in the environment results
in the oxygen-terminated surface becoming stable.3,5,7,14,15

Such a hydrogen-terminated surface can play a bridging role
in the formation of the oxygen-terminated alumina/metal
interface,10 and the laminar growth of the metal on the alu-
mina surface.11

No results ofab initio computations on the effect of C
impurities or mixtures of C and H impurites on the structure
of the alumina surface, or on metal wetting behavior have
been reported in the literature as yet, however. These are the
subjects that will be addressed in this manuscript.

An ab initio full-potential linearized augmented plane-
wave method(FP-LAPW) was employed to obtain a surface
phase diagram for H and C on an alumina surface. The phase
diagram offers direct information about the nature of the
alumina surface structures attainable. The oxygen-terminated
a-Al2O3s0001d surface, stabilized as discussed above
by H, is treated in the presence of C and C/H mixtures. Our

results reveal six distinct surface configurations that
can form in the presence of H and C. A variety of metal
wetting behaviors are found over these different surface con-
figurations.

We define the Gibbs free energy of formationDG for a
surface phasex relative to the 3H-terminated surface phase
(each surface O atom bonded to a H atom), as follows:

DG = Gxsnx
C,nx

Hd − G3Hsn3Hd − nx
Cmc − snx

H − n3HdmH. s1d

Here,Gxsnx
C,nx

Hd, andG3Hsn3Hd are the free energies for the
Al2O3 systems with thex and 3H-terminated surface phases,
respectively.nx

C and nx
H are the numbers of C and H atoms

found on the surface phasex, and n3H is the number of H
atoms found on the 3H-terminated surface phase.mC andmH
are the reservoir chemical potentials of C and H. Here, the
reservoir is the source of the impurity H and C atoms, and it
might be the ambient gas or the bulk alumina, or both. The C
and H impurity atoms may segregate from the alumina bulk,
or they may arrive from adsorption and dissociation of am-
bient H2O and CO2 gases.

The first two terms on the right-hand side of Eq.(1) are
written as Gxsnx

C,nx
Hd−G3Hsn3Hd=Ex

total−E3H
total+P DV

+DFsTd. Here,Ex
totaland E3H

total are the total energies of thex
and 3H-terminated surface systems atT=0 K, respectively,
both of which can be obtained from our FP-LAPW calcula-
tions. It has been shown16 that theP DV term can be safely
neglected. Following Lodzianaet al.,14 who showed for hy-
droxylated alumina surfaces that the vibrational surface free
energy can be an order of magnitude larger than the surface
configurational energy, we takeDFVsTd to be the difference
between the vibrational surface free energies of the two sur-
face systems. One can reasonably assume thatDFVsTd is
dominated by the vibrational contributions of the surface im-
purity complexes, such as O-H, O-C, H-C, etc. It has been
shown4,17 that the molecular vibrational frequencies mainly
depend on the local bonding character and not on the envi-
ronment. For example, the vibrational frequency for the sur-
face O-H is 3720 cm−1,4 and that for the O-H in water is
3728 cm−1 (stretching vibration). Assuming conservatively
that vibrational frequencies change by no more than ±10%
due to changes in the environment, we find, for example, that
for the 2sH-Od-terminated surface system, the ratio
iDFVsTdi / isE2H

total−E3H
totaldi is less than 0.013 for temperatures
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in the range of 0–2000 K. The variation ofDG with T andP
in Eq. (1) is then primarily from the temperature and pres-
sure dependencies of the chemical potentials of H and C.
Then, Eq. (1) can be approximately written as:DG
<DGsmC,mHd, and one can obtain the surface phase diagram
in terms ofmC andmH.

Now the details of our calculational methods are dis-
cussed. Thes131dAl2O3s0001d surfaces are modeled by a
slab, which consists of a finite number of layers of infinite
extent in the plane of the surface. The slabs are repeated
periodically along the[111] direction, and separated by more
than 10 Å of vacuum. Each slab contains four oxygen layers
and six or eight Al layers, depending on the surface termi-
nation. At equilibrium, the total energy is minimized and
forces on all atoms are below 26 meV/Å. In our total-energy
and force calculations, the exchange-correlation potential
follows the generalized gradient approximation(GGA) of
Perdewet al.,18 and the FP-LAPW method is employed to
solve the Kohn-Sham equations.19–22 The GGA in the FP-
LAPW calculations has been tested9,23,24for metal-oxide sur-
faces and interfaces against the less accurate local-density
approximation (LDA ) and against experimental results,
where available for surface and interface energies, and re-
laxed atomic positions. The tests show that trends and con-
clusions are not affected by employing the more accurate
GGA in place of the LDA.9,23,24

Next, the results of our computations are presented.
Thirty-six s131d impurity structures of the formxH-yC
were treated, where 0%x%5, and 0%y%5 andx andy are
the number of H or C atoms per unit cell, respectively, in-
cluding possible subsurface impurity structures. Figure 1
shows the surface phase diagram for the Al2O3s0001d sur-
face in the presence of C and H impurities. The six lowest-
energy distinct surface configurations are depicted in Figs. 1
and 2, including both the top and side views. The existence

of these configurations depends on the reservoir chemical
potentials. At a relatively low chemical potential of C, and a
high chemical potential of H, the 3H-terminated surface
phase becomes stable, as expected. An increase of the C
chemical potential makes the 3sH-Cd-terminated phase the
stable phase. At relatively low chemical potentials of H and
C, the 1C-terminated surface phase become stable, as shown
in Fig. 1. In general, one can see that as these reservoir
chemical potentialsmC and mH decrease, the number of C
and H atoms per surface unit cell at the stable surface de-
creases. It is not difficult to understand this, since with the
decrease of the reservoir chemical potentials, there would be
less energy lowering(or perhaps an energy increase) associ-
ated with the taking of an H or C atom out of the correspond-
ing reservoir and binding it to the surface. These stable
C-containing surface configurations we have found are con-
sistent with the surface C observed13 on Al2O3s0001d, even
after annealing.

Note that there are no subsurface H or C, and there are no
xH-2C and 2H-xC terminations among the six lowest-energy
configurations. C and H on the O-terminated Al2O3 surface
tend to fill the sites available on the Al2O3 surface, and at the
same time, fill the dangling bonds of the covalent impurities.
These impurities can do so within only those discrete con-
figurations shown. For example, for the 1sH-Cd-terminated
surface, the C atoms occupy the position of the topmost Al
atoms of the clean Al-terminated surface, as shown atB in
Fig. 2. The carbon atoms are bonded to the three oxygen
nearest neighbors and the dangling bond of the carbon atoms
are saturated by the hydrogen atoms.

This absence of thexH-2C and 2H-xC terminations does
not of course imply that the experimentally observed surface
coverage of either C or H is discontinuous. Rather, it just
means that for the oxygen-terminated surface the C and H
atoms that are there are found in only the local site configu-
rations shown in Fig. 2. In Fig. 2, only thes131d cases are

FIG. 1. (Color online) Phase diagram for the Al2O3s0001d sur-
face in the presence of H and C as a function ofmH and mC. mH

=0 corresponds to H2 molecules andmC=0 corresponds to intersti-
tial C atoms in the Al2O3 bulk. The 1C-terminated surface is found
in region A, the 1sH-Cd-terminated surface in regionB, the
3H-terminated surface in regionC, the 3C-terminated surface in
region D, the s1H-3Cd-terminated surface in regionE, and the
3sH-Cd-terminated surface in regionF. Their surface structure con-
figurations are shown in Fig. 2.

FIG. 2. (Color online) Principal oxygen-terminated
Al2O3s0001d surface configurations in the presence of H and C. The
large balls represent O atoms, the midsize black balls Al atoms, the
midsize gray balls C atoms, and the small balls H atoms.A, B, C,
D, E, andF indicate the same surfaces as they do in Fig. 1. The
surface unit cell is plotted in the figure.
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shown, where all the local site configurations are filled. The
alumina substrate has been observed experimentally to be
s131d in air and in UHV at temperatures below about
1100 C(see, e.g., Refs. 2 and 8). The surface may fill con-
tinuously with C or H by occupying an increasing fraction of
the sites shown, by containing varying amounts of more than
one surface phase(e.g., more than one of the six phases
shown in Figs. 1 and 2), or a combination of these condi-
tions. Ideally, we would have carried out FP-LAPW compu-
tations for fractional monolayer coverages, but this is beyond
the current capabilities of this very accurate, but computa-
tionally intensive, method.

Now that impurity effects on the alumina surface configu-
rations have been determined, metal deposition on these con-
figurations will be considered. There has been considerable
experimental work done11,25–34on metal wetting of alumina
surfaces. There are apparent discrepancies between results
reported by the different groups, however. For example,
x-ray photoelectron spectroscopy(XPS) experiments on the
growth of thin films of Cu on an Al2O3s0001d surface by
Varmaet al.26 indicated that Cu initially forms uniform films
up to a monolayer and, subsequently, clusters begin to form.
Other studies27–29 on Cu deposited on Al2O3 substrates also
showed the initial layer-by-layer growth. But Wuet al.30

carried out XPS and low-energy ion scattering experiments
and reported that Cu grows as three-dimensional(3D) clus-
ters on the Al2O3 surface, even at the lowest observable cov-
erages, which is consistent with the results of other
experiments.31–33Baumer and Freund34 indicated that almost
all metals deposited on alumina films form 3D islands.
Chamberset al.11 found that Co can grow on hydroxylated
Al2O3s0001d in a laminar fashion, however.35

One may consider the possibility that the discrepancies
may originate from different Al2O3 surfaces[Figs. 1 and 2]
being presented to the metals. As discussed above, there are
six distinct types of stable Al2O3s0001d surface phases in the
presence of the common impurities C and H. The six sur-
faces presumably provide different wetting behavior for
metal deposited on them. Layer-by-layer growth36 will occur
when

DGf = GfssP,Td − GssP,Td − Nm mmspm,Td ø 0, s2d

whereGfs is the free energy for the film-substrate system,Gs
the free energy of the substrate, andNm andmm the number
and free energy of the metal atoms deposited.pm is the par-
tial pressure of the metal vapor. Based on the same argu-
ments presented following Eq.(1), one can writeDGf
<sEfs

total−Es
totald−Nm mmspm,Td, whereEfs

total and Es
totalare the

total energies of the film-substrate system and substrate, re-

spectively.DGf ø0 means that complete wetting of the sub-
strate is favorable.

The effects of the alumina surface phases on metal wet-
ting behavior will now be investigated for the wetting of Cu
and Co. For this initial study, 1/3 ML of the metals(one
metal atom for every three oxygen atoms in the outermost
oxygen layer of the alumina), are deposited on the alumina
substrates. For the Co adlayers, spin-polarized computations
were done. Figure 3 exhibits the dependence ofDGf on the
metal chemical potentialmmspm,Td. One can see that the
different surface phases induce different wetting behaviors
for the metals, Also the Cu wetting behavior is significantly
different from the Co wetting behavior. Cu and Co have in
common that the 3sH-Cd-terminated surfaces[phase F, Figs.
1–3], wet these metals only over a relatively small range near
the zero point of the metal chemical potentials. This is pre-
sumably due to the relatively high coverage ofsH-Cd at the
alumina surface weakening the interaction between the metal
atoms and surfaces.

TABLE I. Work of adhesion for 1/3 ML Cu and Co on the Al2O3 surfaces. The unit is J /m2. A, B, C, D,
E, andF indicate the same surfaces as that they do in Fig. 1.Al-t. indicates the clean Al-terminated surface.

F C B E A D Al-t.

Cu 0.24 0.42 0.82 1.92 2.52 3.10 0.67

Co 0.56 1.87 2.85 3.22 4.42 4.56 1.44

FIG. 3. (Color online) DGf vs mCu andmCo. mCu=0 corresponds
to isolated Cu atoms, andmCo=0 to isolated Co atoms.A, B, C, D,
E, and F indicate the same surfaces as they do in Fig. 2.Al-t.
indicates the clean Al-terminated surface.
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Works of adhesion,Wad, for 1/3 ML Cu and Co on the
different Al2O3 surfaces, can be found in Table I. TheWad is
defined as the total energy of the alumina substrate and the
isolated 1/3 ML of metal atoms, minus the total energy of
the system, with the metals atoms adsorbed on the alumina
surface, divided by the cross-sectional area. One can see that
the Wad of the metal/3sH-Cd-terminated surface systems has
the lowest values. Table I also indicates that theWad of
1/3 ML Co on each surface are higher than that of 1/3 ML
Cu. That is, Co has a stronger interaction with the alumina
surfaces than does Cu. These results are consistent with Fig.
3, i.e., that Cu will wet alumina whenmCu.−4.1 eV, while
Co will wet alumina for chemical potentialsmCo as low as
−5.9 eV.

Given the variety of wetting conditions that the six dis-
tinct alumina surfaces provide, as shown in Fig. 3, the dif-
ferent wetting conditions found experimentally11,26–34 are

perhaps not surprising. That is, one would expect the wetting
to depend on the alumina surface H and C content, which in
turn, depends on the sample processing and metal film
growth environment.

In summary, anab initio surface phase diagram for carbon
and hydrogen on an Al2O3s0001d surface was presented. Six
types of distinct configurations for the surface were found.
The Cu and Co metal wetting behavior and adhesion were
found to depend sensitively on the C and H surface-state
configuration. Our results could provide a reasonable frame-
work for understanding and predicting the alumina surface
structure and wetting behavior of metal deposition on alu-
mina.
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