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Substantial effects of combinations of H and C impurities on wetting of metals Al05(0001) have been
found from first principles. Arab 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,@3 slirfaces. 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 haveresults reveal six distinct surface configurations that
been extensively examined in recent yéadfssince they are can form in the presence of H and C. A variety of metal
important for catalyst supports, corrosion resistance, opticalvetting behaviors are found over these different surface con-
electronic components, and for thermal management of eledigurations.
tronic components. Differing experimental results have been We define the Gibbs free energy of formatid@ for a
reported for metal wetting behavior on alumina, howeversurface phase relative to the 3H-terminated surface phase
Here, we report for the first time significant effects of mix- (each surface O atom bonded to a H atpas follows:
tures of the commonly found impurities C and H on metal
wetting, which help one to understand the variety of experi-  AG = Gy(n$,nt) = Gay(n®M) = nSue — (N = n®H) . (1)
mental results. c H A )

C and H interfacial and surface impurities can ariseHere,GJ(n;,n,), andGgy(n”") are the free energies for the
from the presence of hydrocarbons, water vapor, and othetl 203 systems with thec and 3H-terminated surface phases,
ambient gases such as €Q\hn and Rabalafsobserved respectivelyny; andn! are the numbers of C and H atoms
that hydrogen could be stable on alumina surfaces even afté&und on the surface phase andn®" is the number of H
annealing at 1100°C under ultrahigh-vacuum conditionsatoms found on the 3H-terminated surface phageanduy
Niu et al3 observed that carbon is also so stable that it isare the reservoir chemical potentials of C and H. Here, the
found on the AJO5(0001) surface after annealing at 1100 K re_servoir is the source of the impurity H ar_1d C atoms, and it
in a 5x 10°® torr partial pressure of © This observed sta- might b_e the_amblent gas or the bulk alumina, or bot_h. The C
bility of H and C is consistent with our findings of stable @d H impurity atoms may segregate from the alumina bulk,
surface phases of combinations of C and H, as describe@f they may arrive from adsorption and dissociation of am-
below. bient H,O and CQ gases.

There is some evidence in the literature of the effect of H _The first two terms on the right-hand side of &) are
on alumina surface structures and metal wetting. In the ab¥ritten — as  Gy(ny,n}) = Ggy(n®) =EJ7-E5{"+P AV
sence of H and other impurities, it has been fGf415  +AF(T). Here, E®and E5 are the total energies of the
that the aluminum-terminated AD4(0001) surface is the and 3H-terminated surface systemsTatO K, respectively,
ground-state configuratiofi.e., it has the lowest surface en- both of which can be obtained from our FP-LAPW calcula-
ergy). The presence of hydrogen in the environment result§ions. It has been showhthat theP AV term can be safely
in the oxygen-terminated surface becoming stdlel415 neglected. Following Lodzianet al.,** who showed for hy-
Such a hydrogen-terminated surface can play a bridging roléroxylated alumina surfaces that the vibrational surface free
in the formation of the oxygen-terminated alumina/metal€nergy can be an order of magnitude larger than the surface
interfacel? and the laminar growth of the metal on the alu- configurational energy, we takeF\(T) to be the difference
mina surfacé! between the vibrational surface free energies of the two sur-

No results ofab initio computations on the effect of C face systems. One can reasonably assume AR(T) is
impurities or mixtures of C and H impurites on the structuredominated by the vibrational contributions of the surface im-
of the alumina surface, or on metal wetting behavior havepurity complexes, such as O-H, O-C, H-C, etc. It has been
been reported in the literature as yet, however. These are ttgowrf-1” that the molecular vibrational frequencies mainly
subjects that will be addressed in this manuscript. depend on the local bonding character and not on the envi-

An ab initio full-potential linearized augmented plane- ronment. For example, the vibrational frequency for the sur-
wave methodFP-LAPW) was employed to obtain a surface face O-H is 3720 crit,* and that for the O-H in water is
phase diagram for H and C on an alumina surface. The phas¥28 cm? (stretching vibration Assuming conservatively
diagram offers direct information about the nature of thethat vibrational frequencies change by no more than +10%
alumina surface structures attainable. The oxygen-terminatedlie to changes in the environment, we find, for example, that
a-Al,04(0001) surface, stabilized as discussed abovefor the 2H-O)-terminated surface system, the ratio
by H, is treated in the presence of C and C/H mixtures. OufAF(T)||/||[(EX@'-ES@)| is less than 0.013 for temperatures
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FIG. 1. (Color onling Phase diagram for the 4D3(0001) sur-
face in the presence of H and C as a functiornugfand uc. uy FIG. 2. (Color
=0 corresponds to Jimolecules angkc=0 corresponds to intersti-
tial C atoms in the AIO; bulk. The 1C-terminated surface is found
in region A, the 1(H-C)-terminated surface in regiom, the
3H-terminated surface in regio@, the 3C-terminated surface in
region D, the (1H-3C)-terminated surface in regiok, and the
3(H-C)-terminated surface in regida. Their surface structure con-
figurations are shown in Fig. 2.

onling Principal oxygen-terminated
Al,05(000)) 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 atois3, C,

D, E, andF indicate the same surfaces as they do in Fig. 1. The
surface unit cell is plotted in the figure.

of these configurations depends on the reservoir chemical

in the range of 0—2000 K. The variation Afc with TandP  potentials. At a relatively low chemical potential of C, and a
in Eq. (1) is then primarily from the temperature and pres-high chemical potential of H, the 3H-terminated surface
sure dependencies of the chemical potentials of H and Qohase becomes stable, as expected. An increase of the C
Then, Eq. (1) can be approximately written asAG chemical potential makes thgt8-C)-terminated phase the
~AG(uc, y), @and one can obtain the surface phase diagrarstable phase. At relatively low chemical potentials of H and
in terms of uc and uy. C, the 1C-terminated surface phase become stable, as shown

Now the details of our calculational methods are dis-in Fig. 1. In general, one can see that as these reservoir
cussed. Thdlx 1)Al,05(0001) surfaces are modeled by a chemical potentials.c and uy decrease, the number of C
slab, which consists of a finite number of layers of infiniteand H atoms per surface unit cell at the stable surface de-
extent in the plane of the surface. The slabs are repeategieases. It is not difficult to understand this, since with the
periodically along th¢111] direction, and separated by more decrease of the reservoir chemical potentials, there would be
than 10 A of vacuum. Each slab contains four oxygen layerdess energy loweringor perhaps an energy increasessoci-
and six or eight Al layers, depending on the surface termi-ated with the taking of an H or C atom out of the correspond-
nation. At equilibrium, the total energy is minimized and ing reservoir and binding it to the surface. These stable
forces on all atoms are below 26 meV/A. In our total-energyC-containing surface configurations we have found are con-
and force calculations, the exchange-correlation potentiaistent with the surface C obserdéan Al,05(0001), even
follows the generalized gradient approximatigBGA) of  after annealing.
Perdewet al,'® and the FP-LAPW method is employed to  Note that there are no subsurface H or C, and there are no
solve the Kohn-Sham equatiot’s?2 The GGA in the FP- xH-2C and 2HxC terminations among the six lowest-energy
LAPW calculations has been testé&?*for metal-oxide sur-  configurations. C and H on the O-terminated,@{ surface
faces and interfaces against the less accurate local-densiignd to fill the sites available on the &); surface, and at the
approximation (LDA) and against experimental results, same time, fill the dangling bonds of the covalent impurities.
where available for surface and interface energies, and réFhese impurities can do so within only those discrete con-
laxed atomic positions. The tests show that trends and corfigurations shown. For example, for thé¢H:C)-terminated
clusions are not affected by employing the more accurateurface, the C atoms occupy the position of the topmost Al
GGA in place of the LDA?23:24 atoms of the clean Al-terminated surface, as showB &t

Next, the results of our computations are presentedFig. 2. The carbon atoms are bonded to the three oxygen
Thirty-six (1X1) impurity structures of the fornmxH-yC nearest neighbors and the dangling bond of the carbon atoms
were treated, where8x=5, and Gy=5 andx andy are  are saturated by the hydrogen atoms.
the number of H or C atoms per unit cell, respectively, in- This absence of theH-2C and 2HxC terminations does
cluding possible subsurface impurity structures. Figure Inot of course imply that the experimentally observed surface
shows the surface phase diagram for thgQj(0001) sur-  coverage of either C or H is discontinuous. Rather, it just
face in the presence of C and H impurities. The six lowestimeans that for the oxygen-terminated surface the C and H
energy distinct surface configurations are depicted in Figs. atoms that are there are found in only the local site configu-
and 2, including both the top and side views. The existencgations shown in Fig. 2. In Fig. 2, only th@ X 1) cases are
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shown, where all the local site configurations are filled. The ! U\
alumina substrate has been observed experimentally to be 0 Bt b
(1x1) in air and in UHV at temperatures below about
1100 C(see, e.g., Refs. 2 and.8he 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 phaseé.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- -300
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 ok
experimental work dorfé¢2>-34on metal wetting of alumina
surfaces. There are apparent discrepancies between results
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’
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reported by the different groups, however. For example, ?S -100
x-ray photoelectron spectroscop¥PS) experiments on the E
growth of thin films of Cu on an AlD;(000)) surface by ==
Varmaet al?® indicated that Cu initially forms uniform films 3 200

up to a monolayer and, subsequently, clusters begin to form.

Other studie¥—2°on Cu deposited on AD; substrates also

showed the initial layer-by-layer growth. But Wet al3° -300
carried out XPS and low-energy ion scattering experiments

and reported that Cu grows as three-dimensig8B) clus-

ters on the AJO; surface, even at the lowest observable cov-

erages, which is consistent with the results of other FIG.3.(Coloronling AG; Vs uc,anduce pc,=0 corresponds
experiments$1-33Baumer and Freuddiindicated that almost 0 isolated Cu atoms, ang,=0 to isolated Co atom#, B, C, D,
all metals deposited on alumina films form 3D islands.F: @ndF indicate the same surfaces as they do in FigABL.
Chamberset alll found that Co can grow on hydroxylated Mdicates the clean Al-terminated surface.

Al204(0001 in a Ia_tminar fashion, _h_owevé?. . . spectively.AG;<0 means that complete wetting of the sub-
One may consider the possibility that the discrepancieg,ate is favorable.

may originate from different AD; surfacegFigs. 1 and 2 The effects of the alumina surface phases on metal wet-

being presented to the metals. As discussed above, there gfgy pehavior will now be investigated for the wetting of Cu
six distinct types of stable AD5(000 surface phases in the anq Co. For this initial study, 1/3 ML of the metalsne
presence of the common impurities C and H. The Six SUrmeta| atom for every three oxygen atoms in the outermost
faces presu.mably provide different wetting b_ehawor forOxygen layer of the aluminaare deposited on the alumina
metal deposited on them. Layer-by-layer grotfitiill occur g pstrates. For the Co adlayers, spin-polarized computations
when were done. Figure 3 exhibits the dependencAGf on the
metal chemical potential(py,, T). One can see that the
AG; =GP, T) = G¢(P,T) = Ny um(Pm, T) <0,  (2)  different surface phases induce different wetting behaviors
for the metals, Also the Cu wetting behavior is significantly
whereGys is the free energy for the film-substrate syst@y, different from the Co wetting behavior. Cu and Co have in
the free energy of the substrate, a¥g and u,, the number common that the -C)-terminated surfacefphase F, Figs.
and free energy of the metal atoms deposigglis the par-  1-3], wet these metals only over a relatively small range near
tial pressure of the metal vapor. Based on the same arguhe zero point of the metal chemical potentials. This is pre-
ments presented following Eq.l), one can write AG; sumably due to the relatively high coverage(bi-C) at the
~ (ER?-E2?) — Ny, (P, T), whereEe? and E®?are the  alumina surface weakening the interaction between the metal
total energies of the film-substrate system and substrate, ratoms and surfaces.

TABLE I. Work of adhesion for 1/3 ML Cu and Co on the M85 surfaces. The unit is J/MA, B, C, D,
E, andF indicate the same surfaces as that they do in Figl-L. 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
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Works of adhesionW,q4 for 1/3 ML Cu and Co on the perhaps not surprising. That is, one would expect the wetting
different Al,O; surfaces, can be found in Table I. TWgyis  to depend on the alumina surface H and C content, which in

defined as the total energy of the alumina substrate and th@rn, depends on the sample processing and metal film
isolated 1/3 ML of metal atoms, minus the total energy Ofgrowth environment.

the system, with the metals atoms adsorbed on the alumina |, summary, arab initio surface phase diagram for carbon

surface, divided by the cross-sectional area. One can see th(m XD ;
the W,4 of the metal/8H-C)-terminated surface systems has d hydrogep onan/ 3(0901) surface was presented. Six
types of distinct configurations for the surface were found.

the lowest values. Table | also indicates that ihWg; of ) . .
1/3 ML Co on each surface are higher than that of 1/3 MLThe Cu and Co metal wetting behavior and adhesion were

Cu. That is, Co has a stronger interaction with the alumindound to depend sensitively on the C and H surface-state
surfaces than does Cu. These results are consistent with FigPnfiguration. Our results could provide a reasonable frame-
3, i.e., that Cu will wet alumina whepc,>-4.1 eV, while ~ Work for understanding and predicting the alumina surface
Co will wet alumina for chemical potentialgc, as low as ~ Structure and wetting behavior of metal deposition on alu-
-5.9eV. mina.
Given the variety of wetting conditions that the six dis-

tinct alumina surfaces provide, as shown in Fig. 3, the dif- The authors gratefully acknowledge ONR support under
ferent wetting conditions found experimentdly®—*are  Grant No. N00014-99-1-0170.
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