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Ab initio structural predictions for ultrathin aluminum oxide films on metallic substrates

D. R. Jennisor, C. Verdozzi' P. A. Schultz, and M. P. Sears
Sandia National Laboratories, Albuquerque, New Mexico 87185-1413
(Received 8 March 1999

On several metallic substrates, first-principles density-functional calculations,®f A7 A films predict
a structure, stabilized by interfacial electrostatics, which has no bulk counterpart. In two and three O-layer
films, Al ions prefer distortedetrahedralsites, over the normal octahedral sites. The film/substrate interface is
found to consist of strongly chemisorbed oxygen and is the determining factor in geometry; these oxygens are
only weakly perturbed by the presence of®4 overlayers. In an experimentally relevant filitmo O layers,
as on NiAl, Al ions are nearly coplanar with surface O ions; thus observing “oxygen termination” does not
indicate a polar surface. As a test case, we find Pt overlayers bind similarlyea®\tgO;, suggesting these
films may indeed be useful models for thicker materig0163-182609)50524-9

Aluminum oxide films grow naturally on the Ml class ~ While “oxygen terminated,? a polar surface not favored in
of “superalloys,” giving corrosion protection in high- bulk-truncated material, the film surface is actually neu-
temperature environmentssuch as jet engines. In addition, tral, as Al ions are almost coplanar with the O ions, which
high-quality laboratory films grown on NiAl10) (Ref. 2  shadow the former from the ISS beam. This pattern persists
and NBAl(111) (Ref. 3 are experimental models for the inthree O-layer films, though some stability and surface neu-
study of corrosion, adhesidnand metal island formation trality is lost (see below, possibly producing the self-
relevant to heterogeneous catalys@n these materials, film limitation observed in Ni-Al alloy oxidatiof®
thickness is self-limited to 5 Atwo oxygen layers>® but A critical question concerning the use of the Ni-Al oxide
structural details are unknown. In contrast, thicker films carfilms as experimental models is whether adsorption proper-
be grown in an O ambient by Al deposition. If the substrateties are affected by the 5-A thinness. Surprisingly, we find Pt
is a refractory metal, annealing produces films with few suradsorption on the two O-layer films compares very well with
face defect&’ yet still sufficiently thin(~20-40 A to avoid ~ previous bulk sapphireq-Al,05(0001) ™ We ascribe this
charging problems, which were problematic in older oxideresult to similar surface polaritiggear neutrality and close
researc. In spite of increased use in microelectrorficand ~ packing(low-energy electron diffractidrshows the film sur-
rapid progress in oxide surface sciefical,O; is not well ~ face is close packed
understood microscopically. For these reasons, we desire an Lattice mismatches result in computationally prohibitive
atomic-scale knowledge of 4D; film structure and growth, large unit cell for films on the Ni-Al substratésHowever,
the oxide-metal interface, and adsorption properties_ since no Ni is incorporated into the film nor has direct con-
In this paper, we report surprising first-principles density-tact with oxygen atom$ Al(111) is a valid model substrate
functional results on the structure of ultrathin filfis-7 A,  for a theoretical study of these systems, and is, of course, of
2-3 O layers A different ALO; structure is predicted, interest in itself. For comparison, we also study (¥b0)
which has no bulk counterpart, and is energetically favoredRef. 6 and RU001) (Ref. 7) substrates, used in the studies
on all metals studied. We show this geometry to be a naturdf deposited films.
consequence of previously unappreciated interfacial structure Our electronic structure calculations used the massively
and electrostatics. In addition, this structure accounts for sewrarallel Gaussian-based cod@esT (QUantum Electronic
eral unexplained experimental observations, such as the
seemingly anomalous polar surfaces and the sharbke”

Two O-layer Al,O5 film on Al(111)

(Stacking)

phonon signatures observed by ion scattering spectroscopy @
(ISS and high resolution electron energy loss spectroscopy | ®
(HREELS), respectively, from films on NiALL10).? ®

Because the Al ions occupy distorted tetrahedral site po- 7y
sitions in the O sublattice, we refer to the structure as ©
“ 7'-Al ,05. Whether this is a true phase is not known, be- (B)
cause many hypothetical larger unit cells would have to be Aa)

studied. However, the surprising result is the reversal in the
films of the normal preference of Al ions for octahedral sites.
We propose that this reversal will have morphological con-
sequences in real films.

The preferred films have one full monolayéviL) of
chemisorbed oxygen on the metal substrate, with Al ions FIG. 1. Side and top views of the most favored geometry, with
sitting atop, fourfold coordinated to the one below, and thetetrahedral Al ions atop oxygens in the fcc hollows of th¢1Al)
three oxygen atoms above in the next laysee Fig. L surface, with a stacking fault at the second oxygen layer.

0163-1829/99/5@4)/156054)/$15.00 PRB 59 R15 605 ©1999 The American Physical Society



RAPID COMMUNICATIONS

R15 606 JENNISON, VERDOZZI, SCHULTZ, AND SEARS PRB 59

TABLE |. Stackings of the three metastable two oxygen layer TABLE Il. Relative energies in eV per unit cell of the meta-
(02) films. Site labels are shown in Fig. 1;(0) has tetrahedral stable films(stackings in parentheses
(octahedral Al ions; and st denotes a stacking fault.

0O2-t-st 02-t 02-0-st
Atoms/structures 0O2-st 021 02-0-st Substrate (A-B-B-A) (A-B-B-C) (A-B-C-A)
Surface O Al(11) 0.00 +0.20 +0.34
Al ions Mo(110 0.00 +0.69 +0.80
Chemisorbed O Ru(001) 0.00 +0.07 +0.16

Al-metal layer #1
Al-metal layer #2

O>» 0 ®>
O>»T®O
O>» w0 >

ML ).?® A neutral oxide overlayer of QAl, then produces a
5-A O-terminated film with two oxygen layers.

We first discuss two O-layer films on @11). Chemi-
sorbed oxygen prefers foas hcp hollow sites, and thus
avoids sitting above the atoms in the second Al I&yaie

ncode possible stackings using the labels of Fig. 1, inset.
roceeding upwards from the topmost metal layer, which we
take asA, and denoting the fcc site occupied by chemisorbed

plus_ polarization” type. In orde_r to achieve ngar-liricgnar oxygen asB, due to permutations there are nine stacking
scaling, QUEST employ_s an algorithm due to Fglbelm " possibilities for the next layers of Al ions and oxygeAsA,
Geometric relaxation is done through the iterative Broyderl 5 A ¢ B.A etc

scheme developed by Johnsdnysing accurate computed
interatomic forceg?
A

STructure*® and density-functional theory in the local-
density approximation (LDA).®®* The Perdew/Zunger
parametrizatiot of the Ceperley/Alder quantum Monte
Carlo result®® was employed, with core electrons removed
by the generalized norm-conserving pseudopotentials
Hamannt® The atomic basic sets are of the “double zeta

Our calculations show that oxide geometries with Al ions
S ful tests of tational ; irectly above the somewhat positive Al metal-surface atoms
uccessful tests of computational accuracy were reportefl o “fijms of typesA-A A-B, and A-C) are both high in

. . . . . 21
|nhqurr] pre\élous StUdY of SUbStEUt:?Szl La 'T bU‘tkAL?ZéO%h energy and unstable. Furthermore, the same is true if the Al
which made comparisons to the results of otffershe ¢ 5re directly below the surface oxygdhgesA-A, B-B,

computed lattice constant is within 0.3% of experiment. Fur-4nd C-C), as then the film surface is maximally polar. Thus

ther satisfactory tests were reported in a recent study of bulkth : :
i ere are only three independent low-energy choices, and all
truncateda- Al ,05(0001) with metal overlayers. y P g9y

lumi e A facl ked bare found to be stable after geometry relaxatese Table)l
Aluminum oxide consists of a close-packed oxygen sub-—, tape || we find the relative energies in eV of the three

lattice. In the more important phases, this sublattice is SOMesape stryctures, and the favored one is shown in Fig. 1. We
what distorted from hcp im-Al,O5 (sapphirgand fccin @y gee 5 clear preference for tetrahedral-site Al ions, and a simi-
phase, due to the symmetry of the Al sublatticey)m small |5 yreference for a “stacking fault,” in that the fcc order is
number of Al ions are thought to occupy tetrahedral site§,o" hreserved through the interface and into the film. In
(the exact percentage depends on the temperature history ke || we see layer separations in the energetically fa-
the materiat’), while in a-Al,O; all are octahedrally coor- e system, averaged over the buckling produced by Al-
dinated. We write layering perpendicular 901 as g pattice asymmetryOnly 2/3 of similar sites are occupied
... O5-Al-O3.. . . ,showing the number of atoms in the unit by Al ions, resulting in bucklings of up to 0.3 A in the
cell. surface O layer and 0.2 A at the interface.

Our slabs had four layers of substrate métaklve atoms These results may be understood by basic electrostatics.
per unit cel), with an oxide layer on one side. The bottom Ngte first (Table Ill) that chemisorbed oxygen sits deep
two metallic layers are frqzen at the LDA spacing, while all\;;thin the hollows of Al111), and the metal-surface Al at-
other atoms are geometrically free to relax. Becaus®Al o are somewhat positive. The Al-O interplanar distance
films on Al(111), Mo(110, and R{001) have lattice mis- (0.7 A) is the same as has been found for th&lX01)/
matches of only 2%, 1%, and 3%, respectively, we assum|(111) systen?® showing the presence of the oxide over-

registry between the film and the substrate. Conceptuallyjgyer does not substantially perturb the strong chemisorption
one could construct an A5 film on such a surface by mat-

ing the metal slab to a thin neutral oxide film. In the case of
only two oxygen layers, the latter could be sequen@emn
the vacuum down Al,-O5-Al»-O;, Al4-Og-Al,-O5-Al4, or
O5-Al -O5-Al,. However, the latter two arrangements pro-
duce vacancies at the interface, and tests show they A8yer pair/

TABLE lll. Average interlayer spacings in A for two O-layer
Al,04(001) films on A[(111), Mo(110, and R¢0001), averaged
over the buckling'see the tejt

higher in energy than Fhe first ordering and are uns';able i%pacing(A) Al(11)) Mo(110 Ru(0001)
that geometric relaxation changes the layerifithe first
choice is equivalent to 2/3 ML of a metdlAl) on the O-Al 0.05 0.29 0.07
oxygen-terminated film of intere$t. Al-O 2.36 2.02 2.88
A different conceptual starting point notes that the lowest-O-M 0.71 1.25 1.24
energy interface is without vacancies and involves chemim-m 2.27 2.26 2.22
sorbed oxygen. Indeed, (D<1)/Al(111) has been exten- M-Mm 2.17 2.25 2.13
sively studied experimentaﬁﬁ‘/ and theoreticall)?,5 and the  M-M (bulk) 2.29 2.16 2.15

binding energy of O to AlL1l) is very large(5 eV at 1
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TABLE IV. Adhesion energyper atom to the Oxt-st films vs

bulk sapphir€000)) (Ref. 11).

Ab initio STRUCTURAL PREDICTIONS F®.. ..
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Pt overlayer 1ML
a-Al 203 (e\/) 0.6
02-t-st (eV) 0.7
03-t-st (eV) 1.0

1 ML coverage

JPI

l

central oxygen
(reference

2/3 ML coverage 1/3 ML coverag

bond. Furthermore, the small vertical displacement reduces
the net electrostatic interactions of these two layers with the
ions above, and helps the overlayer Al ions sit highd A)

off the chemisorbed oxygens where they are nearly coplanar
(within <0.1 A) with the surface oxygens. The effect of this
near coplanarity is toeutralizethe surface oxide layer. Now

A Az

Energy (eV)

-12 -8 -4 0 4

Energy (eV)

FIG. 2. Local densities of states for the clean two O-layer film

the reason for tetrahedral site occupancy becomes clear, as Al(111), and the three O-layer film with varying coverages of Pt
electrostatics predicts atop site preference at any given heigkef. Ref. 11, where the central O is shown for the position of the
above a close-packed plane of opposite charges—the onfijm band gap. Oscillations aboe; are due to finitek-point sam-
time hollow sites are preferred is when the ion sits lower inpling. Surface atoms are O1 and All, interface atoms are O2 and
the hollow site than in the top site. Here, however, achieving®l2, and Al3 is at the metal slab center.

near layer-by-layer neutrality prevents significant Ioweringsapphiréoooj)’ shown in Ref. 11. In addition, Al ions copla-

of the Al ions in the sapphirelike O2-st geometry.

nar with the surface oxygen8AI1” ) also closely resemble

In order to test the generality of the above argument, tWasapphire, and the relative areas of O1 and Al1 show the high

O-layer films were similarly constructed on Md.0), where

ionicity of the film. The Al atoms on the metallic surface

chemisorbed oxygen prefers threefold hollow surface sitesy‘Al2” ) are clearly metallic in their resemblance to bulk Al
and on R(001, where they prefer the hcp hollow. In both (“AI3” ), but the somewhat reduced area shows a fraction-
cases, atop tetrahedral-site Al-ions are preferred over octahatly positive charge. The Pt LDOSs for O2 adsorption
dral (Table 1)), but only by 0.1-0.2 eV in the case of closely resemble those for sappfifrand are not repeated.

Ru(001); the basic geometries are also similar to(14l1)

(Table 11I).

Here we show the Pt results for the more polar O3 surface,
which also display the large differences between metallic Pt

Calculations were also done for hypothetical films onat 1 ML, and ionic(i.e., oxidized to Pt!, ~6s°5d°) at 1/3
Al(111) with three O layers. It was found that continuing the ML, where there are no nearest-neighbor Pt-Pt interactions.
preferred tetrahedral orddid notproduce film metastability We also find Pt is metallic at 2/3 ML, where there are half
unless the Al metal atoms were frozen in place. These resultie number of Pt-Pt bonds as in the case of 1 ML. There is
seem consistent with the observation that stable oxygemo evidence of significant charge transfer to or from Pt at 1

terminated films are not known on @A1),2* but do occur

or 2/3 ML, in that the areas of the LDOSs do not signifi-

on NiAl where the substrate atoms are more rigidly boundcantly change upon bringing the Pt layer into contact with

Furthermore, since no phase of 8k is known with only

the film. Instead, as with sapphittat these coverages the

fourfold-coordinated Al, instability must arise with increas- binding is dominated by Pt polarization to the ions at the
ing thickness as the energies of the film “bulk” and the oxide surface, similar to a mechanism proposed originally by

interface compete.

Stonehant® Furthermore, the reported dimer instability and

In Table 1V, the adhesion energies for 1, 2/3, and 1/3 MLtrimer stability will also be the same.

“geometric” overlayers of Pti.e., 1 ML means one Pt atom

In the case of NiA(110) oxidation? the HREELS “gam-

per surface O atojrare presented for two and three-O layer malike” phonon spectrum has three peaks between 400 and
films. The Pt/O2 energies are very similar to those found fol900 cm 1.2’ Furthermore, simulations reported in Ref. 2
sapphir¢0001),'* while those for Pt/O3 are 50% larger. This showed this could indicate the presence of tetrahedral Al
shows that the thinness of the real films being made on NiAlons, which we confirm here. However, unlikeAl ,Os, with

and NiAI(O2)and “oxygen termination” do not necessarily more octahedral than tetragonal idiexact ratios depending
substantially alter the binding. We ascribe the similarity ofon temperaturé), here octahedral site occupancy represents
sapphire and O2 to the near coplanarity in the latter of Al“defects” in the 7-Al,O; structure, and numbers may again
ions with surface oxygens, neutralizing the surface polaritydepend on temperature and substrate. Or{ll@, an “a-
However, with the hypothetical O3 the surface is much mordike” spectrum (two peaké’) is seen in the thinnest films,
polar, as we find the Al ions are fully 0.3 A below the oxy- but with greater thicknesses-20 A) they are y-like (all

gen plane(vs <0.1 A with 02. This suggests a loss of films were annealed at 1200) K However, the reported ex-
stability and is perhaps why the O3 films are not observed tareme thinness of the M10) film (4.4 A) raises questions

grow on the Ni-Al materials.
Local densities of stateLDOS) for the clean two

of uniformity, the bc€110 face results in some symmetry
breaking (from the near-hexagonal oxygen layer on the Al

O-layer film are seen in Fig. 2. There are substantial differand Ru basal plangsand Table Il shows greater surface
ences between the surfa¢eO1” ) and the chemisorbed polarity which could result in a different termination in the
(“O2" ) oxygens; however, both are highly ionic as the areasxperimental situation; thus, this film needs to be studied

are about the same and O1 closely resembles the LDOS froseparately.
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Finally, one may ask whether use of the generalized gradltrathin film energetics competes with that expected in
dient approximatiofGGA) would alter our results, although thicker films. In spite of extreme thinness, the experimentally
prior work indicated it does not improve geometries and isrelevan 5 A film is found to adsorb Pt very similarly to the
apparently energetically unimportant for either the ofide  pulk-truncated close-packed surface.
for chemisorbed O/AIL11).2° Recent GGA results support
this, for while small changes occur in geometry and in the We thank Hans-Joachim Freund for several valuable dis-
relative energies of Table ff the new structure is still fa- cussions and Roland Stumpf for helpful comments. Sandia is
vored. a multiprogram laboratory operated by Sandia Corporation, a

In conclusion, the structure of ultrathid A) Al,O; films ~ Lockheed Martin Company, for the United States Depart-
on metallic substrates is found to be contrary to that expectethent of Energy under Contract No. DE-AC04-94AL85000.
based on a knowledge of bulk phases. Morphological conseFhis work was partially supported by a Laboratory Directed
quences may occur in films underl0—-20 A, where the Research and Development project.
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