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The wetting and the interfacial chemistry of titanium, aluminium, and silver films on hydroxylated
a-Al2O3s0001d surface have been studiedin situ during the growth of the films. The wetting was probed by
surface differential reflectance and the chemistry by photoemission. On the barea-Al2O3s0001d, the exami-
nation of the O 1s level shows that thes131d-unreconstructed surface cannot be completely dehydroxylated,
even by annealing in vacuum, the fingerprint of the remaining OHs3±1.531014 OH cm−2d being a high
binding energy O 1s shift. The first atomic layer of either titanium or aluminium reacts with the surface OH to
produce an oxidized layer of atomic thickness. The metallic films then grow in a 3D mode on this intermediate
oxidized layer, so that cleavage is expected to occur at the Me-Me/Me-O-Al interfacesMe=Al,Tid. There-
fore, hydroxylation does not appear as a panacea to promote perfect wetting for metals on alumina. The
Ag/Ti/alumina assembly has also been examined. Contrasted behaviors are observed depending on whether
titanium is in the oxides0.2 nmd or in the metallic forms.0.2 nmd. In the former case, wetting by silver shows
little difference with respect to bare alumina, while silver wets almost perfectly the alumina covered by
metallic titanium.

DOI: 10.1103/PhysRevB.71.045409 PACS numberssd: 68.55.Ac, 68.08.Bc, 78.20.2e, 79.60.2i

I. INTRODUCTION

The interface chemistry is stressed to be a key ingredient
in the adhesion between metals and oxides. Indeed, the na-
ture of the metal-oxidesM-Od bond and the respective con-
tributions of the long- and short-range interactions are still
debated, in particular because the interfacial oxide is often
not formed.1 The molecular orbital picture of Johnson and
Pepper1 was first to stress the mostly covalent character of
the short-range contribution to the M-O bond. The interac-
tion between the metald orbitals and the nonbonding oxygen
p orbitals results in metalsdd-oxygenspd bonding and anti-
bonding molecular orbitals. Its strength decreases from early
transition metals to noble metals as thed-band occupancy
increases2–4 so that the M-O adhesion correlates with the
affinity of the metal for oxygen.5 sA noticeable ionic charac-
ter is also predicted for strong M-O bonds such as those
involving isolated adatoms,6 early transition metals7 or sp
metals.8d In turn, the weak adhesion energy of late transition
metals and noble metals on oxides is mainly due to long
range forces, i.e., image6,9 and van der Waals.10,11 The
M-O adhesion energyWadh is governed by the balance be-
tween the surface energy of the metalsgMd and of the oxide
sgOd, and by the interface energysgM/O, which is the energy
to be spent to create a unit area of M-O interfaced, as ex-
pressed by the Young-Dupré equation,

Wadh= gM + gO − gM/O,

or by the Young-Dupre formula:

Wadh= gMs1 + cosud,

whereu is the M-O contact angle. For noble metals on in-
sulating oxides,u is higher than 90°sWadh,gMd, while for
transition metals and simple metals it lies around or slightly
below 90°sWadh.gMd.5,12 Small differences in contact angle

may result in contrasted behaviors, from a poor wettingsu
.90°d to a quick percolationsu,90°d. Generally speaking,
metals do not perfectly wet insulating oxides2 and the search
to improve M-O adhesion is a constant concern.

It is in this context that the chemistry of the surface OH
groups of the oxide with the metal adlayer has been exam-
ined, in particular in thea-Al2O3s0001d case.13–17 Widely
used as support for catalysts, thermal and corrosion barriers,
possible substitute to silica in microelectronic devices, alu-
mina is among the most common ceramics. Indeed, its wet-
ting by metals is predicted to strongly depend on its surface
termination.8,18–20Expected to be poor on the Al-terminated
surface that is the equilibrium profile in oxygen-deficient en-
vironment, it should be stronger on the O-terminated surface.
For example, the high adhesion energy of niobium on alu-
mina is stressed to arise from the reversal of the stability of
the surface leading to a Nb-O-Al interface via a niobium-
aluminium exchange.7 Therefore, the capability of
a-Al2O3s0001d to easily hydroxylate by dissociative adsorp-
tion of water21–24appears crucial since the hydroxylated sur-
face can be viewed as a H-stabilized O-terminated
a-Al2O3s0001d, which might open ways to grow strongly
bound metal adlayers. Surface OH were claimed to enhance
the adhesion energy at the Co/a-Al2O3s0001d interface17

through a Co-OH reaction. However, the suggestion that
they improve the wetting of alumina by copper via an oxi-
dation of the metallic Cus0d into Cus1d sRefs. 14 and 15d is
questioned by Wanget al.16 who predict instead a weakening
of the Cu-alumina adhesion in the presence of OH. Similar
concerns might apply to thick metal coatings on oxides. Due
to dissipation, such coatings commonly show fracture tough-
ness higher than 100 J m−2, which is at least two orders of
magnitude higher than the above-defined thermodynamic ad-
hesion energyWadh, but the exposure to moist air dramati-
cally weakens the M-O toughness in a way that is not
understood.25
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While liquid/solid interfaces can be probed by the sessile
drop method,5,12 the analysis of solid-solid M-O thermody-
namics is a challenging issue because techniques are lacking
to characterizein situ the wetting behavior of a growing film.
The hint of the present work is to analyzesid the morphology
of metallic films—and thus the wetting properties—during
the growth of the films by surface differential reflectance
sSDRd26–29 sSec. IIId andsii d to use in parallel photoelectron
spectroscopy to characterize the charge transfer at the M-O
interface sSec. III Ad. Attention is focused herein on the
chemistry at titanium and aluminium interfaces with hy-
droxylated a-Al2O3s0001d in connection with the wetting
properties of these interfaces. These systems have been cho-
sen because their expected capability to dissociate surface
OH of aluminasRef. 16 for aluminium and comparison with
cobalt in Ref. 17 for titaniumd make them suitable to explore
the metal-OH chemistry. Another way to gain insight into the
electronic state of the very first metallic adlayers is the study
of the wetting of an extra metal on the
M-O system. This is the so-called buffer effect.30,31 On
a-Al2O3s0001d, predeposited buffer layers are quite effective
in improving the adhesion of noble metals.25,27,30–33which
were suggested to be glued by transition andsp metals
through a depletion in the interfacial electronic density.30,31

Silver was studied herein because it poorly wets alumina
fcontact angle 127°–131°sRefs. 5 and 12dg and undergoes
little charge transfer at the interface,6,34 so that the buffer
effect should be clearsSec. III Cd. It was first foreseen to
examine the Ag wetting of both Ti- and Al-covered alumina.
However, as shown below, the growth mode of Al/alumina is
too far from two-dimensionals2Dd to allow an additional Ag
layer to be analyzed in good conditions. Therefore, the Ag
wetting was only characterized on the Ti-covered alumina as
a function of the Ti chemical state.

II. EXPERIMENT

Experiments were performed in an ultrahigh vacuum
chamber with a base pressure in the low 10−8 Pa which was
equipped with a low energy electron diffractometersLEEDd
from Princeton Instruments and a x-ray photoemission spec-
trometersXPSd VG Clam II with Al Ka and MgKa x-ray
sources. Once inserted in the main chamber via a load-lock
system, samples were stored on a carrousel. Sample holders
could be screwed onto the end of a transfer bar with two
degrees of freedomstranslation and rotationd, picked up from
the carrousel and moved onto the different dedicated posi-
tions sgas dosing, deposition, low energy electron diffraction
sLEEDd, XPS and surface differential reflectancesSDRd, all
instruments being mounted on translators to allow the bar to
moved. Annealing sup to 1200 Kd and cooling sdown to
180 Kd of the sample, as well as temperature measurement
by a chromel-alumel thermocouple were achieved via a de-
vice which was secured to the sample holder once it was
screwed onto the transfer bar. The principle of that was to
slip the sample holder within the devicesin the same way as
in the carrouseld, which was transferred from a translator to
the bar sand vice versad. The sample holder was a 25
330 mm2 molybdenum piece with a hole opened in its15

315 mm2d. The sample itself was clamped on a 10
310 mm2 plate made of platinum to avoid the contamina-
tion of the sample via volatile oxides when exposed to oxy-
gen at high temperature. The plate was in turn mounted
through thin wires above the hole of the holder, so that the
sample could be heated by an electron bombardment of the
plate without heating too strongly the sample holder. The
sample was cooled via a copper threadslong enough not to
restrict the sample movement within the chamberd connected
to a copper block cooled by circulating liquid nitrogen.

Gases were introduced via a leak valve through a dosing
pipe made of a bunch of nickel tubes of diameter 1 mm
slength 50 mmd inserted in a larger tube of diameter 7 mm.
An equivalent pressure on the sample surface, estimated to 2
orders of magnitude higher than the stationary pressure
s10−5 Pad, was achieved by setting the sample within a mil-
limeter of the doser. High water pressure exposure were per-
formed in the lock-load system of the chamber. Metallic
fluxes were calibrated by a quartz microbalancesXTC, Ley-
bold Infincon Ltd.d. Al and Ag were evaporated from effu-
sion cells carefully degassed before use, on the sample set
upside down to allow SDR spectra to be recordedin situ
during deposition. The pyrolytic boron nitride cell containing
Al was degassed just above the melting point of the metal
s930 Kd. It was annealed at 1270 K over several minutes
before use to completely remove oxide from the metal in the
cell.35–37 Ti was evaporated from a tungsten wire wrapped
with a Ti ribbon. It was checked by XPS that the deposited
metals were free of impurity. The Ti thickness was calibrated
from the O 1sssubstrated /Ti 2psfilm d, assuming a 2D Ti
growth mode and using tabulated escape lengthsslO 1s

Al2O3

=16.8 Å, lO 1s
Ti =18.3 Å, lTi 2p

Ti =18.3 Åd38,39 and ionization
cross sectionfssO 1sd /ssC 1sd=2.85, ssTi 2p1/2d /ssC 1sd
=2.68, ssTi 2p3/2d /ssC 1sd=5.22g. The results were in
agreement withex situ calibration via x-rays microprobe.
The 1031031 mm3 alumina crystals were provided by
Mateck GmBh.40 After a short ex situ annealing atT
,1300 K for several hours, the AFM image showed
,200 nm wide terraces separated by steps of atomic height
sFig. 1d. In the vacuum chamber, surfaces were cleaned at
1200 K by exposure to oxygen in front of the dosing pipe
under an equivalent pressure close to 10−3 Pa. This tempera-
ture of 1200 K is below the lowest temperature at which the
under-stoichiometric reconstruction occurs,41 as demon-
strated by thes131d LEED pattern with rather sharp spots
that were recordedsFig. 1d. After a typical annealing of
10 to 20 minutes, the carbon coverage was below the detec-
tion limit of the XPSs,0.005 monolayerd.

No charge compensation was provided on the insulating
alumina during the photoemission measurements. Most XPS
spectra have been collected at a take-off ofQ=25° with
respect to the surface normal. The Ti Auger parameter was
obtained by adding the Ti 2p3/2 binding energysBEd and the
kinetic energy of the LMV Auger transition. The XPS peak
analysis of Al 2s, O 1s, Ti 2p was performed after a subtrac-
tion of a Shirley background,42 with either Gaussian-
Lorentzians peaks,p peaksswith the constraints of a 1/2
ratio between the 1/2 and 3/2 componentsd or with a
Doniach-Sunjic line shape in the case of Ti metal. The spin-
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orbit splitting was set to tabulated values for Ti4+ s5.8 eVd,
Ti2+ s5.9 eVd, and Ti0 s6.1 eVd.

To record SDR spectra, two silica windows were installed
on each side of the chamber. The surface of the sample could
be illuminated at an incident angle of 45° through one of
these by a deuterium lamp whose spectral range extended
from the near infrareds1.5 eV or 820 nmd to the near ultra-
violet s6 eV or 210 nmd. The scattered light was polarized in
the plane of incidencesp polarizationd or perpendicular to it
ss polarizationd and then was collected through the other
window via a condenser lens and an optical fiber to be ana-
lyzed by a grating spectrometer coupled with an array of
1024 silicon photodiodes connected to a computer. The prin-
ciple of the analysis consisted in measuring in all the acces-
sible spectral range, simultaneously, the relative change in
reflectivity of the sampleDR/R=sR−R0d /R0, whereR0 is the
reflectivity of the bare surface andR that of the metal-
covered sample. The acquisition time, about a second, is two
to three orders of magnitude lower than the deposition time.
The spectra have been analyzed in the framework of the
surface susceptibilities models developed by Bedeaux and
Vlieger43 in the quasistatic limitsunder the assumption that
the size of the particles is much smaller than the optical
wavelengthd. The optical response during metal deposition is
driven by the dielectric response of the growing nanopar-
ticles, i.e., by their mean polarizabilities. The cluster shapes
are assimilated to truncated spheres or spheroids whose po-
larizabilities are evaluated through a previously developed
multipolar expansion of the potential.28,29,44–47As already
demonstrated,26,27,29the high sensitivity of the spectra to the
particle aspect ratiosi.e., its diameter seen from above di-
vided by its heightd can be used to probe the wetting of the
metallic film. The dielectric constant of silver used herein48

was finite size corrected.45 The convergence of the simula-
tion was ensured by including a sufficiently high number of
multipolessM =16 in generald. To account for heterogeneous
broadening of the resonances in the fit process, the calculated
clusters polarizabilities have been folded by a Gaussian, thus
keeping the integrated oscillator strength constant.

III. RESULTS AND DISCUSSION

A. Chemistry at the metal/alumina interface

Ti and Al films were deposited separately on oxygen an-
nealeda-Al2O3s0001d surfaces. The chemical state of the
surface will be clarified later. Hydroxylated alumina can be
prepared by exposure to water at pressure of the order of
1 torr sRef. 49d and characterized by means of the O 1s core
level shift. Surface OH groups manifest themselves by an O
1s shift which previous estimates were 1.5±0.2 eVsRef. 50d
or 1.6±0.2 eV,51 close to measurements by other groups
s1.3 eV15 and 1.7 eV17d. This shift was demonstrated to
clearly differ from that due to molecular water51

s2.9±0.2 eVd and to be associated with a stretching OH
mode at 3720 cm−1 in the high resolution energy loss spec-
trum sHREELSd of the alumina surface.21,51It corresponds to
reversibly adsorbed OH. However, a component with a simi-
lar shift14,15,51,52is observed even after annealing the alumina
surface in ultrahigh vacuumssee Fig. 1 in Ref. 50d at the
highest temperature before reconstruction.41 Depending on
the thermal treatment, i.e., annealing in vacuum or under
oxygen, this extra component amounts to 3–5% or 8–10% of
area of the bulk O 1s peak. The assignment of this feature to
irreversibly adsorbed OH is consistent with the observation
of surface hydrogen by ion scattering.53 However, it has
never been directly evidenced. The goal of the present sec-
tion is to examine the reaction between the deposited metal
and the surface oxygen species and to identify these.

1. The one-atomic layer thick titanium oxide interlayer

Ti 2p and O 1s spectra recorded during the early stages of
the growth of Ti/a-Al2O3s0001d at 300 K are shown in Fig.
2. The Ti coverage is given in terms of average thickness.
The strong change in the Ti 2p line shape in the early stage
of the growthfFig. 2sadg is indicative of a Ti oxidation. Si-
multaneously, the higher BE O 1s s+1.5 eVd component of
the clean surface undergoes a dramatic shift of −2.8±0.2 eV,
i.e., giving rise to a component shifted by −1.3 eV eV with
respect to the bulk alumina O 1s fFig. 2sbdg which has al-

FIG. 1. sColor onlined sad 131 mm AFM image of a bare Al2O3s0001d substrate after anex situannealing at 1270 K showing,200 nm
wide terraces. Also shown is the profile along the line shown in the figure.sbd s131d LEED pattern acquired on such surface after anin situ
cleaning procedure.
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ready been observed in a previous study.50 The −2.8 eV shift
of that component as a whole on the O 1s lower BE side
after a deposition slightly above a Ti monolayersid proves
that it belongs to the very surface of alumina andsii d sug-
gests a chemical change from a given surface oxygen species
to another. fSince titanium grows epitaxially with
s0001dTi i s0001dAl2O3,

54,55one Ti monolayer corresponds to
a thickness of 0.186 nm.g It has been previously observed
that Al 2s spectra do not show any shifted component upon
Ti deposition.50 However, the pending question50 is the ori-
gin of the oxygen species corresponding to the residual
+1.5 eV O 1s component that remains after annealing in
vacuumf0 nm in Fig. 2sbdg. To solve the case, the behavior
of the related oxygen species at the contact of metallic ad-
layer has been examined in details.

Prior to discussing the Ti-alumina reaction, references
must be defined to determine absolute BE values. The thick
Ti film s0.9 nmd is clearly metallic since the Ti 2p level at

453.8±0.2 eVfFig. 3sadg, the Auger parameter of 873.4 eV
sFig. 4d and the spin-orbit splitting of 6 eV closely compare
the tabulated values of 454±0.2 eV, 873.1 eV, and 6.1 eV
sRef. 56d and the values measured on a polycrystalline plati-
num foil sFig. 4d. In addition, as the metal Ti film grows, the
Al 2s sRef. 50d and O 1s sFig. 2d levels show faint but real
asymmetries on the higher BE side. Mimicked in the case of
the O 1s spectra by a broad extra componentfFig. 2sbdg,
such an asymmetry could be partially assigned to the forma-
tion of electron-hole pairs via energy losses undergone by
photoelectrons from the alumina substrate on their way
through the metal Ti film. Therefore, the Ti 2p level associ-
ated to that Ti overlayer can serve as an internal reference,
because the metallicity of the film prevents charging effect.
However, another reference is required for the photoemission
lines of the growing nonmetallic Ti layer. Assuming that the
only lineup problem is at the Ti/alumina interface and that
this lineup does not depend on the thickness of the film or, in

FIG. 2. sColor onlined XPS
spectra recorded during the depo-
sition of titanium on a-
Al2O3s0001d at room temperature:
sad Ti 2p andsbd O 1s core levels
and the associated peak decompo-
sition ssee textd, with an emphasis
on the early stage of the growth.
The equivalent titanium thickness
is given in the figure.

FIG. 3. sColor onlined Deposition of titanium on aluminasthickness is indicated in figured: sad Binding energy of the various components
of the Ti 2p core levelslabeled Tis0d, Tis2+d, Tis4+d—absolute values of the binding energy have been determined by taking the alumina core
levels as references, see the textd and sbd the associated shift of the surface component of the O 1s core level. The bar on the left panel
indicates the tabulated values of binding energysfrom Ref. 56d for various titanium oxidation states. The circle on the two panels corre-
sponds to the measured value after a full oxidation of the deposition under an oxygen partial pressure at high temperaturesT,800 Kd.
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other words, that there is no differential charging, the BE of
the levels associated to alumina can also be taken as refer-
ences once they have been calibrated with respect to the Ti
metal. So doing, Al 2s sRef. 50d and O 1s sFig. 2d levels of
the alumina substrate show up at 119.6±0.2 eV and
531.3±0.2 eV, respectively.sIn the absence of a defined
Fermi level in the band gap of alumina, these values only
characterize the present Ti/alumina system. They cannot be
used as general spectroscopic characteristics of the bare alu-
mina substrate.d

2. TheTi-OH reaction

A straightforward explanation for the interfacial Ti oxida-
tion is the Ti-OH reaction. However, the observed O 1s shift
might have other origins, such as screening by the metal
overlayer, atomic exchange between Ti and Al,18 metal-oxide
bonding6 and, finally, a reduction of alumina by Ti. First of
all, because it is associated to surface species, the O 1s shift
could be due to screening by the Ti film. To elucidate this
point, the present behavior was compared to that of silver
which is hardly expected to undergo charge transfer.6,19 In-
deed, the absence of perturbation of the +1.5 eV O 1s com-
ponentsFig. 5d by the Ag film demonstrates that the surface
OH are chemically inert with respect to silver and discards
screening as a possible origin of the O 1s shift at the Ti/
alumina interface. An other possibility is an Ti/Al atomic
exchange.18 Since the Al 2s spectrum does not show any new
feature at the beginning of Al depositionsFig. 4 of Ref. 50d,
the Ti-Al exchange would suggest that Al embedded in Ti
corresponds to a Al 2s shift similar to that of oxidized Al
s−2.6 eV, see belowd with respect to bulk Al metal. This
being unlikely, the assumption of Ti-Al exchange is ruled
out. The formation of Ti-alumina bonds can be then foreseen.
Except at submonolayer coverage,6 transition metal-oxide
bonds are predicted to be mostly covalent.1,31,57–60The elec-
tronic levels of the Ti-covered alumina should then undergo
marginal change. Moreover, even when the metal-oxide

bonding is partly ionic, the charge of the surface oxygen is
predicted to be hardly perturbed by the metal adlayer.8,20 In
this respect, the Ti-induced −2.8 eV shift appears quite
strong. Taking as a reference the O 1s shift associated to the
different ionic oxygen species,61 it would correspond to a
charge transfer of,0.5 electron, a value hardly acceptable in
view of the dominant covalency of the Ti-alumina bond.
Thus, the occurrence of Ti-alumina bonds to explain the O 1s
shift can be rejected. Finally, scrutinizing the Al 2p spectra
ssee Fig. 4 of Ref. 50d does not reveal any change on its
lower BE side, where reduced species would show up. Since
the limit for the detection of Al/alumina is 2
31014 atoms cm−2 sas determined by comparison with spec-
tra shown belowd, i.e., one order of magnitude lower than a
full monolayer, it is concluded that the Ti oxidation is not
accompanied by a reduction of alumina.fIn a similar way,
iron was reported to be oxidized into Fe2+ at the interface
Fe/a-Al2O3s0001d while the aluminium core level remained
unperturbed,62 although the explanation given in that case
differs from ours.g

The O 1s and Ti 2p shifts thus originate from the
Ti-OH reaction. The +1.5 eV O 1s component arises from
both the surface OH and an oxygen species that resists an-
nealing in UHV at high temperature. Because of the defined
+1.5 eV and −2.8 eV shifts, the latter is also attributed to
surface OH, in agreement with Niuet al.14,15,52This recon-
ciles seemingly contradictory observations of a strong O 1s
shift upon Ti oxidation and of the absence of Al 2s shift. The
+1.5 eV and −2.8 eV shifts are hereafter labeled O 1ssOHd
and O 1ssTiOxd, respectively. The assignment of O 1ssTiOxd
is supported by the oxidation of a 0.9 nm thick Ti layer that
was exposed at 300 K to 10−3 Pa of oxygen and then an-

FIG. 4. sColor onlined Evolution of the titanium Auger param-
eter with the mean deposited Ti thickness during the Ti/alumina
growth. The two extra points correspond to complementary mea-
surements made on a Ti-covered polycrystalline platinum foil and
on a fully oxidized titanium film on aluminassee the textd.

FIG. 5. sColor onlined Evolution of the O 1s core level upon
deposition of silver on alumina. The equivalent thickness is given in
the figure.
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nealed atT.800 K to form a TiO2 film63 sFig. 6d which
stoichiometry was checked by photoemission. The O 1s shift
sFig. 3d and Auger parametersFig. 4d recorded on this
sample compare reasonably with those recorded on the first
oxidized Ti/alumina layer. An important conclusion is that
the persistence of residual OH groups even after annealing
under vacuum implies that the cleansAl-terminatedd
a-Al2O3s0001d does not exist in experimental environments.
fThe coverage of the residual OH groups can be estimated to
3.±1.531014 OH cm−2 by means of the O 1s sOHd peak
area after annealing in vacuum.50g Moreover, the structure of
the actual surface is not known. The structure determined by
surface x-ray diffraction64 does not involve surface OH
groups although they do exist. Clearly, experimental evi-
dence to discuss the various models that were proposed
about the hydroxylated alumina surfaces6,24,65–68are lacking.

At the early beginning of the growth of the Ti film, a
unique oxidation state Tisn+d is observedfFig. 2sad, 0.03 nm
Tig. At slightly higher coverage, a second oxidation state is
seenfFig. 2sad, 0.07 nm Tig. It is only above 0.2 nm Ti, that
a Ti 2p level corresponding to Ti metal can be identified
sFig. 2d. The Ti 2p components related to oxidation states
are recorded in the energy ranges 458–459 eV and
455–456.5 eVfFig. 3sadg. By comparison with tabulated
values, they are attributed to Tis4+d f458.8 eVsRef. 56dg and
Tis2+d f455 eVsRef. 56dg, respectively, in agreement with the
low value of the Auger parameter at the beginning of the
growth56 ssee Fig. 4d. Finally, the validity of the reference
level that allows the assignment of the Ti 2p shifted compo-
nents to oxidized Ti is fully confirmed by the constant obser-
vation of these shifts in the presence of the growing metallic
Ti film and independently of the Ti thicknesssup to
0.6 nm to 0.9 nm, Fig. 3 and Fig. 2d, as possible charging
effects are expected to vanish. This clearly demontrates the
validity of the above assumptions of constant lineup and of

the absence of differential charging at the growing interface.
The decomposition of OH groups at the contact with me-

tallic Ti could formally result from the following chemical
reaction:17

Tis0d + 4OHs−d → Tis4+d + 4Os2−d + 2H2,

Tis0d + 2OHs−d → Tis2+d + 2Os2−d + H2. s3.1d

At 0.2 nm Ti, 80% of the oxidized Ti is formeds100% of
Ti4+ and 60% of Ti2+, see Fig. 7d. The good spreading of
Ti/alumina at this stage was already noticed.29 It compares to
that observed for Co/a-Al2O3s0001d.17 The total OH cover-
age of the hydroxylated surface corresponding to spectra
shown in Fig. 1 of Ref. 50 and Fig. 2 is 0.9
31015 OH cm−2, as determined by the area of O 1s sOHd
sRef. 21 and 51d sFig. 7d. This is much lower than the esti-
mate of 1.731015 OH cm−2 which is derived from the Ti2+

and Ti4+ peak areassFig. 7d. However, a careful examination
of the O 1s line does not reveal any change above 0.6 nm Ti,
which discards any Ti oxidation by the residual gases. There-
fore, the discrepancy between OH coverage and the oxidized
Ti amount is suggested to arise from a under-stoichiometry
of the Ti oxides with respect to that would be expected by
considering the formal charges Ti4+ and Ti2+.

3. Dominant ionic bonding at the aluminium/alumina interface

The Al 2s and O 1s spectra recorded during the growth of
the Al/a-Al2O3s0001d are shown in Fig. 7. As in the case of
Ti/alumina, the O 1s sOHd feature shifts as a wholefFig.
8sbdg. The Al-OH reaction produces an interfacial oxide
AlOx, since the Al 2s level corresponding to metallic Al only
shows up above 0.2 nm AlfFig. 8sadg. It then peaks at
−2.8 eV with respect to the alumina Al 2s level, a value
compatible with the Al0/Al3+ shift.69 Bulk plasmon energy

FIG. 6. sColor onlined Evolu-
tion of the line shapes ofsad Ti 2p
and sbd O 1s core levels during
oxidation of a 0.9 nm titanium
layer ona-Al2O3s0001d. The oxi-
dation is performed by exposure
for several minutes to an equiva-
lent molecular oxygen pressure of
10−3 Pa either at room tempera-
ture or by annealing the substrate
at T.800 K.
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losses of 15 eVfFig. 8scdg provide an other evidence for the
metallicity of the Al film. The island growthssee belowd and
the lack of percolation in the film explains the reminiscence
of charging effect even for 1 nm Al. In fact, below 0.2 nm,

neither the O 1ssAlOxd peak nor the Al 2s level associated to
the growing film can be distinguished from the O 1s and Al
2s bulk alumina levelssFig. 8d. This suggests that AlOx does
not differ much from the alumina substrate, in agreement
with calculations predicting that ionic Al-O bonds dominate
the Al/a-Al2O3s0001d interface for both Al- and
O-terminated alumina8,20 and that the interface atoms are in
positions corresponding to the alumina lattice.8,16 Note that,
below 0.2 nm, the growing Al/alumina film always gives rise
to a s131d LEED pattern and never shows any extra spot
that could be compared to the reconstructions41,70 which are
obtained by annealing thea-Al2O3s0001d surface in vacuum.
Above 0.2 nm, charging effects due to growing clusters pre-
vents LEED observations. These findings are in agreement
with those of other groups.36,37

4. Ti/alumina and Al/alumina epitaxies

On Ti/alumina films, the Ti 2p intensity peaks at angles
s0°, 31.5°, and 35.3°d that are characteristic of forward scat-
tering from an hexagonal compact lattice observed within the
f0001g direction fFig. 9sbdg. In addition, the angular depen-
dence recorded on the O 1s peak fFig. 9sbdg reveals some
matching between the alumina and the Ti arrays. This finding
is consistent with the known Ti/alumina epitaxy

s0001dTi i s0001dAl2O3 andf11̄00gTi i f2110gAl2O3, as deter-
mined by transmission electron microscopysTEMd32 and
high energy electron diffractionsRHEEDd.32,54,55,71Never-
theless, the broadness of these profiles indicates a somewhat
desordered adlayer. Instead, the Al 2s intensity profile re-
corded from Al/alumina films shows sharp structures at 0°,
19°, 35°, and 55°. In agreement with the general consensus
about the Al/a-Al2O3s0001d interface,8,36,37,72these charac-

FIG. 7. sColor onlined Evolution of the area of the various Ti 2p
components and of the O 1ssOHd during the Ti/alumina growthsthe
Ti thickness is given in the figured. The monolayer is defined by the
oxygen plane of the corindon structure. These amounts have been
obtained from the peak integrated intensities normalized by the O
1s substrate line without accounting of the attenuation of the signal
in the titanium overlayer.

FIG. 8. sColor onlined XPS spectra of thesad Al 2s, sbd O 1s, andscd Al 2p core levels recorded during the deposition of aluminium on
a-Al2O3s0001d at room temperature. Also shown are the plasmon loss structures separated by 15 eV from the core levels.
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terize a strong forward scattering of an ordered cubic-face-
centered arrangement observed in af111g direction fFig.
9sadg, with two epitaxial variants at 180° associated toABC
or BCA stackings.73

B. The wetting of hydroxylated a-Al2O3„0001… by aluminium
and titanium

The above data demonstrate that the M-O bond under
study are governed by metal-OH reactions. When deposited
on hydroxylateda-Al2O3s0001d, the first ML of Ti and Al
react with surface OH groups to produce an interfacial oxide
layer. In similar cases, at the Rh/ and Cu/alumina
interfaces,13,15,16,52 the presence of hydroxyl groups at the
surface of the oxide was shown to enhance the bonding of
the metal layer. OH groups have even been stressed to pro-
mote a laminar growth of Co/alumina.17 Now, to know
whether the interfacial oxide layer improves the wetting of a
further deposited metallic film, the behavior of the growing
adlayer was studiedin situ by SDR spectroscopy.

1. TheAl/ a-Al2O3„0001… interface

SDR spectra recorded during the growth of
Al/ a-Al2O3s0001d at 200 K fFig. 10sadg. The faint but real

broad structure appearing in the near ultraviolet at the begin-
ning of the growth of the metallic Al films0.2 nmd sFig. 10d
proves the existence of three-dimensionals3Dd particles
since the polarization of a thin continuous film by a UV-
visible electromagnetic field does not occur for film thick-
ness lower than 0.6 to 0.7 nm.74 This even discards a
Stranski-Krastanov growth mode which supposes at least one
continuous atomic layer. Consistently, charging effects are
still observed on the 1 nm thick Al film and the AFM image
of a 3 nm thick Al/alumina film deposited at 600 K shows
3D clusters on the way to coalescefFig. 11sadg. Because the
Al bulk plasmon is located around 15 eV and the Frölich
mode of an isolated aluminium sphere is around 9 eV, a
resonance below 6 eV characterizes particles with a high as-
pect ratio. Notice, however, how the growth crucially de-
pends on the temperature. Indeed, SDR spectra recorded dur-
ing the growth of Al/a-Al2O3s0001d at 200 K are shown in
fFig. 10sadg and 600 KsRef. 50d are seen to strongly differ
fFig. 10sbdg. They can be assigned to truncated spheroids
with aspect ratios of 7.5 and 4.2, respectively, corresponding

FIG. 9. sColor onlined Photoemission integrated intensities
modulation versus collection anglesforward scatteringd for sad Al
2p and sbd Ti 2p core levels acquired at the end of the growth of
Al s3 nmd and Tis1.4 nmd films on a-Al2O3s0001d.

FIG. 10. sColor onlined SDR spectra collected during the depo-
sition of aluminium ona-Al2O3s0001d sthe thickness is given in the
figured at sad 200 K. sbd Early beginning of the growth, spectra
corresponding to thicknesses of 0.2 nm and 0.4 nm for Al/alumina
films grown at 200 K and 600 K. Also displayed are the associated
fits sdashed linesd with particles modeled by truncated spheroidal
shapes.
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to contact angles of 30° and 51°.sAl clusters are best mod-
eled as spheroids,28,29 but contact angles are easier to define
using truncated spheres. The same will be done with Ti clus-
ters.d For the same system, the contact angle determined by
sessile drop measurements is 86°,35 in agreement with adhe-
sion values of 950 mJ m−2,75 955 mJ m−2,5 1070 mJ m−2,76

and 1130 mJ m−2 sscaled to 0 Kd77 that lead to angles of
,90°. The discrepancy between the value collected at 600 K
s51°, close to equilibrium, with a supersation of 10d and
these values, might stem from either the method of determi-
nation or kinetic effects. Nevertheless, a qualitative agree-
ment can be emphasized, in that all measurements including
ours, unambiguously indicate a 3D growth mode.

The Al/a-Al2O3s0001d interface has been modeled on
both the Al-terminatedsAl-Al 2O3d and the O-terminated
sO-Al2O3d surfaces.8 On Al-Al2O3, one third of the octahe-
dral sites of oxygen is occupied by Al surface atoms, which
represent one-half of a bulk Als0001d layer. O-Al2O3 is
simply obtained by removing the Al surface atoms, leaving
the surface with three dangling bonds for each Al atom
which is removed.8 Al is expected to partially wet
Al-Al 2O3, with Wadh close to gAl.

7,8,19,20 Instead, for Al/
Al2O3, theory predicts a perfect wetting with strong adhesion
energy s10 J m−2,7,8,20 which is 10 times higher than the
Al/Al-Al 2O3 adhesion and five times higher than the critical
value for perfect wettingd. In turn, the change in ionic bond-
ing at the interface is suggested to be responsible for the
creation of a series of voids in the electron density between
the ionized Al and the remainder of the Al slab. These re-
gions of low density should produce a cleavage at the
Me-Me/Me-O-Al interface8 similar to that expected for
Nb/O-Al2O3.

60 Because of its capability to oxidize the first
metallic adlayer sdue to its OH coveraged, the
a-Al2O3s0001d compares to O-Al2O3. This leads us to as-
sume sid that the hydrogen adatom actually stabilizes the
O-Al2O3 surface andsii d that the adhesion energy of the
oxidized Al formed by the Al-OH reaction is of the order of
that of Al/O-Al2O3. However, optics and AFM demonstrate
that the metallic Al film does not perfectly wet the interme-
diate Al oxide layer, a behavior in agreement with the pre-
dicted Al-Al/Al -O-Al cleavage at the Al/O-Al2O3
interface.8

2. The partial wetting of titanium on hydroxylated alumina

As an early transition metal, Ti exhibits a bulk plasmon
resonance strongly attenuated by interband transitions
around 2 and 4 eV.78 At the beginning of the growth of the
film at 300 K, corresponding SDR features are visible at
0.4 nm Ti ssee Fig. 13 of Ref. 29d. As in the case of Al/
alumina, the appearance of resonances at low coverage
proves that the Ti film is in the form of 3D clusters even at a
total coverage of 0.4 nmsi.e., 0.2 nm of oxide and 0.2 nm of
metal, see aboved. The experimental data were previously
shown to be compatible with the formation of flat clusters of
aspect ratio close to 8ssee Fig. 14 of Ref. 29d, in agreement
with the presence of sharp RHEED strikes during
growth.54,55,71This 3D growth mode is qualitatively consis-
tent with the thermodynamic data, although the present ob-
servation defines a much smaller contact angle than the
sessile drop value of 78°sRefs. 5 and 12d which would lead
to an aspect ratio of 3. The 2D-like growth modes3D in
natured likely arises from the high supersaturations,60d
which reigns during the growth of the refractory Ti film.
Under these conditions, a high nucleation rate and a limited
mobility should lead to the formation of a high density of 3D
clusters which are expected to merge into a continuum layer
as the coverage increases,79 a view supported by the AFM
image in which the steps of the clean alumina surface are
still visible.27 Indeed, in the absence of optical SDR data,
this observation could misleadingly suggest a 2D growth
mode. Ti behaves in a similar manner as Al. The very first
layer oxidized via the Ti-OH reaction likely forms strong
bonds with alumina, but, because of the weakening of the
Ti-Ti backbonds, the metal layer does notsperfectlyd wet
this intermediate oxidized layer. In agreement with other pre-
dictions related to metal/Al2O3sOd systems,8,60 the cleavage
is expected to occur at the Ti-Ti/Ti-O-Al interface. An-
other example in the same spirit is given by the Ti-promoted
adhesion of Ag/alumina.

C. The enhancement of the wetting of silver/alumina by
metallic titanium

In microelectronics devices, titanium helps wetting silica
or alumina by copper30,32and early transition metal films are

FIG. 11. sColor onlined Ex situ atomic force microscopy images of metal depositions ona-
Al2O3s0001d: sad Al s3 nmd, sbd Ags3 nmd. The profile along the indicated line for aluminium deposition shows flat top islands.
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FIG. 12. sColor onlined SDR spectra ofsad Ag/alumina,sbd Ag/0.1 nm Ti/alumina,scd Ag/1.6 nm TiOx/alumina andsdd Ag/0.9 nm
Ti/alumina stackings. Shifts in energy of the high energy resonance observed inp polarization with silver equivalent thickness is shown in
the insets. Calculated SDR spectra for truncated spheres are given for the Ag/alumina growthffull lines in sadg. The spectra ofsdd have been
acquired ins polarization. The schematic representations of the silver film shown on the right-hand side are derived from the SDR spectra
ssee the textd.
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used as buffers in steel industry for bonding protective ce-
ramic coatings.30,31 Of relevance to the present study, tita-
nium is often used as a promoter of adhesion between alu-
mina and metallic media.25,27,30–33Indeed, a metallic Ti layer
has been shown to enhance the wetting of alumina by
silver.29 However, the prediction that a Ti monolayer depos-
ited on the alumina could glue the silver film through an
electronic depletion at the interface30,31 has never been
checked, although the above demonstrated oxidation of the
first Ti layer at the contact with the hydroxylated alumina
resembles the predicted Ti/spinel interface.30,31 In what fol-
lows, the thickness-dependentschemistry-dependentd effect
of a Ti buffer on the Ag/alumina wetting is examined.

The optical SDR technique is expected to be very sensi-
tive to any change in wetting since the polarizability of the
particles, which drives their optical response, depends
mainly on their aspect ratio.29 The SDR spectra collectedin
situ during the Ag/alumina growth at 300 K show two reso-
nancesfFig. 12sadg associated to optical absorptions known
as the Mie resonances. They arise from a polarization pro-
cess of the electronic gas by the components of the
p-polarized electric field which are either parallelspositive
low energy peak in SDRd or perpendicularsnegative high
energy peakd to the surface.29,44 The occurrence of reso-
nances even at very low coverage is indicative of 3D
growth,74 in agreement with the AFM imagesfFig. 11sbdg.
Consistently, the position in energy of the high energy reso-
nance s,3.70 eVd below the bulk plasmon resonance
s3.76 eVd demonstrates the formation of particles with con-
tact angle much higher than 90°slow aspect ratiod.27,80 The
SDR spectra can be fitted by representing particles are by
truncated spheres44–46 fFig. 12sadg whose contact angle is
127°, very close to the sessile drop value of 127–131°.5,12

Finally, the Ag/alumina sticking coefficient at 300 K which
is derived by comparison of the SDR estimate of the thick-
ness with the quartz value is close to one.

Ag films have been then deposited on Ti-covered alumina
at various thickness. An important finding is that the 0.05 nm
thick Ti film does not much affect the Ag growth with re-
spect to the bare aluminafFig. 12sbd compared to Fig. 12sadg,
in apparent contradiction with the above prediction of Ti
gluing the silver. The modest redshift of the low energy reso-
nance indicates a small increase in the aspect ratio; the fit of
these spectra leads to a contact angle,110°. In contrast, a
strong change occurs on alumina precovered by a 0.9 nm Ti
film fFig. 12sddg, i.e., when Ti is metallic.29 The energy po-
sition of the low energy SDR resonance is strongly red-
shifted as the aspect ratio increases. For very high values of
that parametersor 2D growthd, SDR spectra only show a
progressive increase in intensity towards the red, as in Fig.
12sdd. A similar indication is given by the position in energy
of the high energy resonancefsee inset of Fig. 12sddg, i.e.,
4.2 eV up to an average thickness of 0.2 nm.74 Then, this
high energy peak shifts continuously towards the surface
plasmon frequency of a thin continuous layer, i.e., 3.8 eV,
where 3D clusters would produce resonances below this
value as in Fig. 12sad–12scd. The difference in surface energy
of Ti and AgsRef. 12d could explain the observed 2D growth
of silver on a metallic Ti layer. To check that the metallicity

of the Ti layer is a necessary condition to promote the Ag
wetting, a 0.9 nm thick Ti layer was oxidized prior to depos-
iting Ag sFig. 6d.63 The subsequent Ag growthfFig. 12scdg
resembles that obtained directly on TiO2s110d surface.81 It is
clearly 3D. However, according to the position of the low
energy SDR resonances2.2 eVd, the Ag wetting is improved
with respect to bare alumina, as expected from the smaller
band gap of titanium oxide.5,11

Kötlmeier and Elsässer30,31 have performedab initio the-
oretical calculations on the Ti and Al buffer effects for
Ag/ sMg,Al,Od spinels. They have chosen metal/spinel as-
semblies with low lattice mismatchsmetal=aluminium, tita-
nium and silverd to minimize elastoplastic relaxation effects.
They have considered the role of Ti as a promoter of Ag
adhesion on the spinel. The Ti-spinel bond being mostly co-
valent, empty electronic states of Ti were suggested to act as
a glue for the Ag adlayer so that a unique atomic layer of Ti
inserted at the interface should promote the Ag/spinel adhe-
sion. In contrast, in the present experiment, a unique atomic
adlayer of Ti on alumina hardly improves the wetting by Ag.
Clearly, in the calculation of Köstlmeier and Elsässer, a co-
valent bonding takes place between the Ti interlayer and the
spinel surface, but the Ti is not oxidized. Indeed, the oxida-
tion of the Ti buffer layer in contact with the hydroxylated
alumina leads to a totally different situation. Instead of being
glued to the alumina by an electron-depleted metallic Ti ad-
layer, the Ag film is deposited on another oxide, the Ti oxide
which results from the Ti-OH chemical reaction. In fact, it is
the surface hydroxylation of alumina groups that causes the
glue mechanism not to hold.

IV. CONCLUSION

A residual hydroxylation is shown to always remain on
the a-Al2O3s0001d surface in experimental conditions, even
after annealing under ultrahigh vacuum. Therefore, there ex-
ist both reversibly and irreversibly adsorbed OHs. It was
chosen herein to study the growth of metallic films on a
hydroxylated alumina surface. By means of the analysis by
photoemission and UV-visible reflectivity, both the growth
modes and the interfacial chemistry could be determinedin
situ simultaneously.

At the early beginning of the Al and Ti film growth, sur-
face OH groups react with metals to give rise to an oxidized
intermediate layer strictly confined to the interface. Although
the structure of the real alumina surface is still not known,
the present analysis suggests that the best modeling of the
metal/hydroxylateda-Al2O3s0001d interface is likely the
metal/O-terminated alumina model. The growth mode of the
Al and Ti metallic films which are deposited on these inter-
mediate oxidized layers is unambiguously 3D, a behavior
which compares with predictions for Al and Nb deposited on
O-terminated alumina. This 3D growth mode indicates that
the cleavage at the metal/alumina assemblies would prefer-
entially occur at the Me-Me/Me-O-Al interfacesMe=Al,
Tid. The present findings are consistent with calculations
which inferred that the charge transfer due to the strong
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metal-oxide bond formed via the metal-OH reaction results
in a weakening of the metal-metal backbonds. The same ap-
plies when Ti is used as a buffer. The thin oxidized Ti inter-
mediate layer is inefficient to promote the Ag/alumina wet-
ting. However, a strong improvement of the Ag/Ti/alumina
wetting is achieved by metallic Ti.

Although it has not been possible to compare hydroxy-
lated alumina to bare alumina that we were unable to obtain,
it appears that the presence of hydroxyl groups does not

greatly increase the adhesion of metallic films at the surface
of alumina.
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