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Wetting and interfacial chemistry of metallic films on the hydroxylated a-Al,03(0001) surface
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The wetting and the interfacial chemistry of titanium, aluminium, and silver films on hydroxylated
a-Al,05(000)) surface have been studi@d situ during the growth of the films. The wetting was probed by
surface differential reflectance and the chemistry by photoemission. On thex{#€r€5(0001), the exami-
nation of the O § level shows that thél X 1)-unreconstructed surface cannot be completely dehydroxylated,
even by annealing in vacuum, the fingerprint of the remaining @G#1.5x 10'* OH cnT?) being a high
binding energy O & 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-MeDMAI interface(Me=Al, Ti). 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 oxid€0.2 nm or in the metallic form(>0.2 nm. 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.
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[. INTRODUCTION may result in contrasted behaviors, from a poor wetlitig
The interface chemistry is stressed to be a key ingredien? 90°) to a quick percolatiorif<90°). Generally speaking,

: . . metals do not perfectly wet insulating oxidemd the search
in the adhesion between metals and oxides. Indeed, the ng- improve M-O adhesion is a constant concern.

ture of the metal-oxidéM-O) bond and the respective con- = i< this context that the chemistry of the surface OH
tributions _of the_long— and short—ran_ge interactions are stlllgroups of the oxide with the metal adlayer has been exam-
debated, in particular because_the |_nterfaC|aI oxide is oftefhed  in particular in thea-Al,04(0001) case:3-17 Widely

not formed: The molecular orbital picture of Johnson and yseq as support for catalysts, thermal and corrosion barriers,
Peppet was first to stress the mostly covalent character ohossible substitute to silica in microelectronic devices, alu-
the short-range contribution to the M-O bond. The InteraCmina is among the most common ceramics. |ndeed, its wet-
tion between the metal orbitals and the nonbonding oxygen ting by metals is predicted to strongly depend on its surface
p orbitals results in metéd)-oxyger(p) bonding and anti- termination®18-2°Expected to be poor on the Al-terminated
bonding molecular orbitals. Its strength decreases from earlgurface that is the equilibrium profile in oxygen-deficient en-
transition metals to noble metals as ttidand occupancy vironment, it should be stronger on the O-terminated surface.
increases* so that the M-O adhesion correlates with the For example, the high adhesion energy of niobium on alu-
affinity of the metal for oxygef.(A noticeable ionic charac- Mina is stressed to arise from the reversal of the stability of
ter is also predicted for strong M-O bonds such as thoséhe surface leading to a NB®-Al interface via a niobium-
involving isolated adatonfsearly transition metalsor sp  aluminium exchangé. Therefore, the capability —of
metals®) In turn, the weak adhesion energy of late transition-Al205(000) to easily hydroxylate by dissociative adsorp-
metals and noble metals on oxides is mainly due to Iong%'On of wate?!~**appears crucial since the hydroxylated sur-
range forces, i.e., ima§@ and van der Waal®:! The ace can be viewed as a H-stabilized O-terminated

M-O adhesion energy\.q, is governed by the balance be- @Al20s(0001), which might open ways to grow strongly
tween the surface energy of the met@,) and of the oxide bound metal adlayers. Surface OH were claimed to enhance

- o the adhesion energy at the GeAl,05(0001) interface’
(vo), and by the interface energy, o, Which is the energy . 23 .
to be spent to create a unit area of M-O interfaes ex- through a Co-OH reaction. However, the suggestion that

. . they improve the wetting of alumina by copper via an oxi-
pressed by the Young-Dupre equation, dation of the metallic dtgg) into CUY (Refs. 14 and 1bis

questioned by Wangt al1® who predict instead a weakening

of the Cu-alumina adhesion in the presence of OH. Similar
or by the Young-Dupre formula: concerns might apply to thick metal coatings on oxides. Due
to dissipation, such coatings commonly show fracture tough-
ness higher than 100 J# which is at least two orders of
where @ is the M-O contact angle. For noble metals on in-magnitude higher than the above-defined thermodynamic ad-
sulating oxidesg is higher than 90{W,g,< yu), While for  hesion energy,q, but the exposure to moist air dramati-
transition metals and simple metals it lies around or slightlycally weakens the M-O toughness in a way that is not
below 90°(W, 4> y)->2 Small differences in contact angle understood®

Wadh= ym * Yo = Ymios

Wagh= ym(1 + cosé),
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While liquid/solid interfaces can be probed by the sessilex 15 mn?). The sample itself was clamped on a 10

drop method;'? the analysis of solid-solid M-O thermody- x 10 mn? plate made of platinum to avoid the contamina-
namics is a challenging issue because techniques are lackitign of the sample via volatile oxides when exposed to oxy-
to characterizén situ the wetting behavior of a growing film. gen at high temperature. The plate was in turn mounted
The hint of the present work is to analy@gthe morphology  through thin wires above the hole of the holder, so that the
of metallic films—and thus the wetting properties—during Sample could be heated by an electron bombardment of the
the growth of the films by surface differential reflectanceplate without heating too strongly the sample holder. The
(SDR126-2%(Sec. IIl) and (i) to use in parallel photoelectron Sample was cooled via a copper threémhg enough not to
spectroscopy to characterize the charge transfer at the M- ¢gstrict the sample movement within the chamipemnected
interface (Sec. 1l A). Attention is focused herein on the to @ copper block cooled by circulating liquid nitrogen.
chemistry at titanium and aluminium interfaces with hy- Gases were introduced via a leak valve through a dosing
droxylated a-Al,04(0001) in connection with the wetting Pipe made of a bunch of nickel tubes of diameter 1 mm
properties of these interfaces. These systems have been cHlngth 50 mm inserted in a larger tube of diameter 7 mm.
sen because their expected capability to dissociate surfadd €quivalent pressure on the sample surface, estimated to 2
OH of alumina(Ref. 16 for aluminium and comparison with orders of magnitude higher than the stationary pressure
cobalt in Ref. 17 for titaniummake them suitable to explore (10 P8, was achieved by setting the sample within a mil-
the metal-OH chemistry. Another way to gain insight into thelimeter of the doser. High water pressure exposure were per-
electronic state of the very first metallic adlayers is the studyormed in the lock-load system of the chamber. Metallic
of the wetting of an extra metal on the fluxes were calibrated by a quartz microbalafk&C, Ley-
M-O system. This is the so-called buffer effé&fl On bold Infincon Ltd). Al and Ag were evaporated from effu-
a-Al,05(0001), predeposited buffer layers are quite effectivesion cells carefully degassed before use, on the sample set
in improving the adhesion of noble met&’3%-33which ups_lde down_ to allow SDR spectra to b_e recordedsn_u_
were suggested to be glued by transition asm metals during deposition. '_I'he pyrolytic boron r_1|tr|de _ceII containing
through a depletion in the interfacial electronic dendi§t Al was degassed just above the melting point of the metal
Silver was studied herein because it poorly wets alumind930 K). It was annealed at 1270 K over several minutes
[contact angle 127°-131(Refs. 5 and 19 and undergoes before use to completely remove oxide from the metal in the
little charge transfer at the interfaf? so that the buffer Cell.**=’ Ti was evaporated from a tungsten wire wrapped
effect should be cleafSec. 11l O). It was first foreseen to With a Ti ribbon. It was checked by XPS that the deposited
examine the Ag Wetung of both Ti- and A|_Covered a|umina_ metals were free Of Impurlty The Ti thiCkneSS was Calibrated
However, as shown below, the growth mode of Al/alumina isfrom the O H(substrat®/Ti 2p(film), assuming a 2D Ti
too far from two-dimensiona2D) to allow an additional Ag  growth mode and using tabulated escape lengf§io:
layer to be analyzed in good conditions. Therefore, the Ag=16.8 A, \J ;.=18.3 A, \{j,,=18.3 A% and ionization
wetting was only characterized on the Ti-covered alumina asross sectiofa(O 1s)/ o(C 15)=2.85, o(Ti 2p;/2)/ o(C 1s)
a function of the Ti chemical state. =2.68, o(Ti2p3/2)/o(C 1s)=5.22]. The results were in
agreement withex situ calibration via x-rays microprobe.
The 10X 10x1 mn? alumina crystals were provided by
Mateck GmBH? After a short ex situ annealing atT

Experiments were performed in an ultrahigh vacuum~1300 K for several hours, the AFM image showed
chamber with a base pressure in the low®lPa which was ~200 nm wide terraces separated by steps of atomic height
equipped with a low energy electron diffractometeEED) (Fig. 1). In the vacuum chamber, surfaces were cleaned at
from Princeton Instruments and a x-ray photoemission spect200 K by exposure to oxygen in front of the dosing pipe
trometer(XPS) VG Clam Il with Al Kee and MgKe x-ray ~ under an equivalent pressure close t6%1Pa. This tempera-
sources. Once inserted in the main chamber via a load-locture of 1200 K is below the lowest temperature at which the
system, samples were stored on a carrousel. Sample holdamder-stoichiometric reconstruction occtitsas demon-
could be screwed onto the end of a transfer bar with twastrated by thg1x 1) LEED pattern with rather sharp spots
degrees of freedortiranslation and rotationpicked up from  that were recordedFig. 1). After a typical annealing of
the carrousel and moved onto the different dedicated positO to 20 minutes, the carbon coverage was below the detec-
tions (gas dosing, deposition, low energy electron diffractiontion limit of the XPS(~0.005 monolayer
(LEED), XPS and surface differential reflectan@DR), all No charge compensation was provided on the insulating
instruments being mounted on translators to allow the bar talumina during the photoemission measurements. Most XPS
move. Annealing (up to 1200 K and cooling (down to  spectra have been collected at a take-off@#25° with
180 K) of the sample, as well as temperature measurememéspect to the surface normal. The Ti Auger parameter was
by a chromel-alumel thermocouple were achieved via a deebtained by adding the Ti,, binding energy(BE) and the
vice which was secured to the sample holder once it waginetic energy of the LMV Auger transition. The XPS peak
screwed onto the transfer bar. The principle of that was tanalysis of Al &, O 1s, Ti 2p was performed after a subtrac-
slip the sample holder within the devi¢e the same way as tion of a Shirley backgrount with either Gaussian-
in the carrousg¢) which was transferred from a translator to Lorentzians peaks,p peaks(with the constraints of a 1/2
the bar (and vice versa The sample holder was a 25 ratio between the 1/2 and 3/2 compongnts with a
% 30 mn? molybdenum piece with a hole opened in(1t5  Doniach-Sunjic line shape in the case of Ti metal. The spin-

Il. EXPERIMENT
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FIG. 1. (Color onling (a) 1 X1 um AFM image of a bare AlO;(000)) substrate after aex situannealing at 1270 K showing200 nm
wide terraces. Also shown is the profile along the line shown in the figoré1l X 1) LEED pattern acquired on such surface afteirasitu
cleaning procedure.

orbit splitting was set to tabulated values fof'T{5.8 eV), ll. RESULTS AND DISCUSSION
Ti%* (5.9 eV), and TP (6.1 eV).

To record SDR spectra, two silica windows were installed ) )
on each side of the chamber. The surface of the sample could Ti and Al films were deposited separately on oxygen an-
be illuminated at an incident angle of 45° through one ofn€aleda-Al;,05(000)) surfaces. The chemical state of the
these by a deuterium |amp whose Spectra| range extend@ﬂll’face will be clarified later. Hydroxylated alumina can be
from the near infrared1.5 eV or 820 nmto the near ultra- Prepared by exposure to water at pressure of the order of
violet (6 eV or 210 nm. The scattered light was polarized in 1 torr (Ref. 49 and characterized by means of the ©cbre
the plane of incidencép polarization or perpendicular to it level shift. Surface OH groups manifest themselves by an O
(s polarization and then was collected through the other1s shift which previous estimates were 1.5+0.2 @Réf. 50
window via a condenser lens and an optical fiber to be anaor 1.6£0.2 e\5! close to measurements by other groups
lyzed by a grating spectrometer coupled with an array of1.3 e¥° and 1.7 eW). This shift was demonstrated to
1024 silicon photodiodes connected to a computer. The prirclearly —differ from that due to molecular watér
ciple of the analysis consisted in measuring in all the acces2.9£0.2 eV and to be associated with a stretching OH
sible spectral range, simultaneously, the relative change imode at 3720 ciit in the high resolution energy loss spec-
reflectivity of the sampl&R/R=(R-R,)/Ry, WhereR, is the  trum (HREELS of the alumina surfac&.>!It corresponds to
reflectivity of the bare surface anR that of the metal- reversibly adsorbed OH. However, a component with a simi-
covered sample. The acquisition time, about a second, is twi@r shift-#1>°153s observed even after annealing the alumina
to three orders of magnitude lower than the deposition timeSurface in ultrahigh vacuurtsee Fig. 1 in Ref. 50at the
The spectra have been analyzed in the framework of thBighest temperature before reconstructibidepending on
surface susceptibilities models developed by Bedeaux anidne thermal treatment, i.e., annealing in vacuum or under
Vlieger*3 in the quasistatic limi{under the assumption that 0xygen, this extra component amounts to 3-5% or 8-10% of
the size of the particles is much smaller than the opticafrea of the bulk O dpeak. The assignment of this feature to
wavelength. The optical response during metal deposition isifreversibly adsorbed OH is consistent with the observation
driven by the dielectric response of the growing nanoparof surface hydrogen by ion scatterifigHowever, it has
ticles, i.e., by their mean polarizabilities. The cluster shape§éever been directly evidenced. The goal of the present sec-
are assimilated to truncated spheres or spheroids whose piéon is to examine the reaction between the deposited metal
larizabilities are evaluated through a previously developednd the surface oxygen species and to identify these.
multipolar expansion of the potenti#2°44-47As already
demonstrated®27-2°the high sensitivity of the spectra to the
particle aspect ratidi.e., its diameter seen from above di- Ti 2p and O B spectra recorded during the early stages of
vided by its height can be used to probe the wetting of the the growth of Til-Al,03(0001) at 300 K are shown in Fig.
metallic film. The dielectric constant of silver used hef&in 2. The Ti coverage is given in terms of average thickness.
was finite size correctet?. The convergence of the simula- The strong change in the Tip2ine shape in the early stage
tion was ensured by including a sufficiently high number ofof the growth[Fig. 2@)] is indicative of a Ti oxidation. Si-
multipoles(M =16 in general To account for heterogeneous multaneously, the higher BE Osi+1.5 e\V) component of
broadening of the resonances in the fit process, the calculatéde clean surface undergoes a dramatic shift of —2.8+0.2 eV,
clusters polarizabilities have been folded by a Gaussian, thuse., giving rise to a component shifted by -1.3 eV eV with
keeping the integrated oscillator strength constant. respect to the bulk alumina OsIFig. 2(b)] which has al-

A. Chemistry at the metal/alumina interface

1. The one-atomic layer thick titanium oxide interlayer
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a)Ti2p

FIG. 2. (Color online XPS
spectra recorded during the depo-
siton of titanium on a-
Al,03(0001) at room temperature:
(a) Ti 2p and(b) O 1s core levels
and the associated peak decompo-
sition (see tex), with an emphasis
on the early stage of the growth.
The equivalent titanium thickness
is given in the figure.

Intensity (arb. units)
Intensity (arb. units)
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ready been observed in a previous stefijhe —2.8 eV shift  453.8+0.2 eV[Fig. 3@)], the Auger parameter of 873.4 eV
of that component as a whole on the ® lbwer BE side (Fig. 4) and the spin-orbit splitting of 6 eV closely compare
after a deposition slightly above a Ti monolay@r proves the tabulated values of 454+0.2 eV, 873.1 eV, and 6.1 eV
that it belongs to the very surface of alumina didl sug- (Ref. 56 and the values measured on a polycrystalline plati-
gests a chemical change from a given surface oxygen speciasm foil (Fig. 4). In addition, as the metal Ti film grows, the
to another. [Since titanium grows epitaxially with Al 2s (Ref. 50 and O & (Fig. 2 levels show faint but real
(0001 TilI(000DAI,04,5*%50ne Ti monolayer corresponds to asymmetries on the higher BE side. Mimicked in the case of
a thickness of 0.186 nmit has been previously observed the O I spectra by a broad extra componéRtg. 2(b)],
that Al 2s spectra do not show any shifted component uporsuch an asymmetry could be partially assigned to the forma-
Ti deposition2° However, the pending questithis the ori-  tion of electron-hole pairs via energy losses undergone by
gin of the oxygen species corresponding to the residugbhotoelectrons from the alumina substrate on their way
+1.5eV O & component that remains after annealing inthrough the metal Ti film. Therefore, the Tp2evel associ-
vacuum[0 nm in Fig. Zb)]. To solve the case, the behavior ated to that Ti overlayer can serve as an internal reference,
of the related oxygen species at the contact of metallic adbecause the metallicity of the film prevents charging effect.
layer has been examined in details. However, another reference is required for the photoemission
Prior to discussing the Ti-alumina reaction, referencedines of the growing nonmetallic Ti layer. Assuming that the
must be defined to determine absolute BE values. The thicknly lineup problem is at the Ti/alumina interface and that
Ti film (0.9 nm is clearly metallic since the Ti2level at this lineup does not depend on the thickness of the film or, in
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FIG. 3. (Color onling Deposition of titanium on aluminéhickness is indicated in figure(a) Binding energy of the various components
of the Ti 2p core level(labeled Ti?®, Ti?"), Ti“—absolute values of the binding energy have been determined by taking the alumina core
levels as references, see the Yextd (b) the associated shift of the surface component of thes@ate level. The bar on the left panel
indicates the tabulated values of binding enetiyjgm Ref. 56 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 teifipei@i0r&).
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FIG. 4. (Color online 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 aluminésee the tejt

535 540
Binding energy (eV)

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 F|G. 5. (Color onling Evolution of the O % core level upon
metal. So doing, Al & (Ref. 50 and O & (Fig. 2) levels of  deposition of silver on alumina. The equivalent thickness is given in
the alumina substrate show up at 119.6+0.2 eV andhe figure.

531.3+0.2 eV, respectivelyIn the absence of a defined o o _
Fermi level in the band gap of alumina, these values onlyponding is partly ionic, the charge of the surface oxygen is
characterize the present Ti/alumina system. They cannot Bedicted to be hardly perturbed by the metal adi&y€in

used as general spectroscopic characteristics of the bare alffiS respect, the Ti-induced -2.8 eV shift appears quite
mina substratg. strong. Taking as a reference the ©shift associated to the

different ionic oxygen speciéd, it would correspond to a
charge transfer 0f-0.5 electron, a value hardly acceptable in
view of the dominant covalency of the Ti-alumina bond.
A straightforward explanation for the interfacial Ti oxida- Thus, the occurrence of Ti-alumina bonds to explain thesO 1
tion is the Ti-OH reaction. However, the observed €shift ~ shift can be rejected. Finally, scrutinizing the Ap 2pectra
might have other origins, such as screening by the metdisee Fig. 4 of Ref. 50does not reveal any change on its
overlayer, atomic exchange between Ti and®hetal-oxide lower BE side, where reduced species would show up. Since
bonding and, finally, a reduction of alumina by Ti. First of the limit for the detection of Al/alumina is 2
all, because it is associated to surface species, thesbift X 10 atoms cm? (as determined by comparison with spec-
could be due to screening by the Ti film. To elucidate thistra shown below i.e., one order of magnitude lower than a
point, the present behavior was compared to that of silvefull monolayer, it is concluded that the Ti oxidation is not
which is hardly expected to undergo charge trarfsféin-  accompanied by a reduction of alumirjtn a similar way,
deed, the absence of perturbation of the +1.5 eVs@dim-  iron was reported to be oxidized into Feat the interface
ponent(Fig. 5 by the Ag film demonstrates that the surface Fe/a-Al,03(0001) while the aluminium core level remained
OH are chemically inert with respect to silver and discardsunperturbed? although the explanation given in that case
screening as a possible origin of the @ ghift at the Ti/  differs from ours]
alumina interface. An other possibility is an Ti/Al atomic The O I and Ti 2 shifts thus originate from the
exchangé? Since the Al 2 spectrum does not show any new Ti-OH reaction. The +1.5 eV Oslcomponent arises from
feature at the beginning of Al depositidRig. 4 of Ref. 50, both the surface OH and an oxygen species that resists an-
the Ti-Al exchange would suggest that Al embedded in Tinealing in UHV at high temperature. Because of the defined
corresponds to a Al 2shift similar to that of oxidized Al +1.5 eV and -2.8 eV shifts, the latter is also attributed to
(2.6 eV, see belowwith respect to bulk Al metal. This surface OH, in agreement with Niet al141%52This recon-
being unlikely, the assumption of Ti-Al exchange is ruled ciles seemingly contradictory observations of a strongsO 1
out. The formation of Ti-alumina bonds can be then foreseershift upon Ti oxidation and of the absence of A ¢hift. The
Except at submonolayer covera@éransition metal-oxide +1.5 eV and —2.8 eV shifts are hereafter labeled S0OH)
bonds are predicted to be mostly covaleft>’-®°The elec- and O B(TiO,), respectively. The assignment of &(TiO,)
tronic levels of the Ti-covered alumina should then undergds supported by the oxidation of a 0.9 nm thick Ti layer that
marginal change. Moreover, even when the metal-oxidavas exposed at 300 K to 1DPa of oxygen and then an-

2. TheTi-OH reaction
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Ti2p 3/2
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— TiO,_, from interface Ti
— metallic Ti
- == TiO,_, from oxidized Ti
—— Total fit
—— Background

after exposure
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. Tizp i 01s(moy) 0 1s(A1,0,)
fter exposure FIG. 6. (Color online Evolu-
and annealing tion of the line shapes d8) Ti 2p
and (b) O 1s core levels during
AE=1.4eV oxidation of a 0.9 nm titanium
layer ona-Al,05(0003). The oxi-
dation is performed by exposure
for several minutes to an equiva-
after exposure
at room temperature lent molecular oxygen pressure of
. 107° Pa either at room tempera-
ture or by annealing the substrate
at T=800 K.

after exposure
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nealed atT=800 K to form a TiQ film® (Fig. 6) which  the absence of differential charging at the growing interface.
stoichiometry was checked by photoemission. Thes@Hift The decomposition of OH groups at the contact with me-
(Fig. 3 and Auger paramete(Fig. 4) recorded on this tallic Ti could formally result from the following chemical
sample compare reasonably with those recorded on the firggéactiont”

oxidized Ti/alumina layer. An important conclusion is that

the persistence of residual OH groups even after annealing TiQ+ 40HY — Ti" + 4029 + 2H,,
under vacuum implies that the cleafAl-terminated
a-Al,04(0007) does not exist in experimental environments. Ti®+20H” - Ti®Y + 2027 + H,. (3.1

[The coverage of the residual OH groups can be estimated

t . - .
3.+1.5x 104 OH cnT2 by means of the O (OH) peak Rt 0.2 nm Ti, 80% of the oxidized Ti is forme@00% of

. Ti** and 60% of T#*, see Fig. J. The good spreading of

area after annealing in vacuui¥i.Moreover, the structure of __ . - :

the actual surface is not known. The structure determined le/aIumlna at this stage was already noticé4t compares to
' that observed for Cal-Al,04(0001).1” The total OH cover-

surface x-ray diffractioff does not involve surface OH age of the hydroxylated surface corresponding to spectra
groups although they do exist. Clearly, experimental evi- own in Fig. 1 of Ref. 50 and Fig. 2 is 0.9

dence to discuss the various models that were propose 5 5 )
about the hydroxylated alumina surfa®é&s55-%8are lacking. X 10°° OH cm?, as determined by the area of G (OH)

At the early beginning of the growth of the Ti film, a (Ref. 21 and 51 (Fig. 7)._Th|s IS ”?“Ch Ipwer than the estl-

unique oxidation state T is observedFig. 2a@), 0.03 nm mate °+f 1.7<10" OH. cnt® which is derived from th? ﬁ

Ti]. At slightly higher coverage, a second oxidation state isand Tt pea}k areasFig. 7). However, a careful examination ,
seen[Fig. 2@, 0.07 nm Tj. It is only above 0.2 nm Ti, that of t'he O Sline does Qot Te"e.a' any changg above 0.6 nm Ti,
a Ti 2p level corresponding to Ti metal can be identified which d|sc_ards any Ti oxidation by the residual gases. T_h(_are-
(Fig. 2. The Ti 2p components related to oxidation statesfo_re' the d|§crepancy betwee'? OH coverage and the (_)delzed
are recorded in the energy ranges 458—459 eV ana'l amou.nt is sugggsted to arise from a under-stoichiometry
455-456.5 eV[Fig. 3@)]. By comparison with tabulated of the Ti oxides with respect to that would be expected by

values, they are attributed to [458.8 eV(Ref. 56] and considering the formal charges*Tiand TF".
Ti?") [455 eV(Ref. 58], respectively, in agreement with the
low value of the Auger parameter at the beginning of the
growth?® (see Fig. 4 Finally, the validity of the reference The Al 2sand O & spectra recorded during the growth of
level that allows the assignment of the T 8hifted compo-  the Al/a-Al,05(0001) are shown in Fig. 7. As in the case of
nents to oxidized Ti is fully confirmed by the constant obser-Ti/alumina, the O & (OH) feature shifts as a wholgFig.
vation of these shifts in the presence of the growing metallid(b)]. The Al-OH reaction produces an interfacial oxide
Ti film and independently of the Ti thicknes@up to  AlO,, since the Al 2level corresponding to metallic Al only
0.6 nm to 0.9 nm, Fig. 3 and Fig.),2as possible charging shows up above 0.2 nm AlFig. 8a)]. It then peaks at
effects are expected to vanish. This clearly demontrates the2.8 eV with respect to the alumina Als2evel, a value
validity of the above assumptions of constant lineup and otompatible with the A/AI%* shift.® Bulk plasmon energy

3. Dominant ionic bonding at the aluminium/alumina interface
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0.8

neither the O &AlO,) peak nor the Al 2 level associated to

the growing film can be distinguished from the @ dnd Al

h 2s bulk alumina levelgFig. 8). This suggests that AlQdoes

P not differ much from the alumina substrate, in agreement

! with calculations predicting that ionic Al-O bonds dominate

|3 the Al/a-Al,05(000) interface for both Al- and
O-terminated alumirfe?® and that the interface atoms are in
positions corresponding to the alumina latff¢€ Note that,
below 0.2 nm, the growing Al/alumina film always gives rise

2 to a(1x1) LEED pattern and never shows any extra spot
that could be compared to the reconstructfdridwhich are
obtained by annealing the-Al,O;(000J) surface in vacuum.
Above 0.2 nm, charging effects due to growing clusters pre-

1 vents LEED observations. These findings are in agreement
with those of other group¥:%’

—A—Ti0

—+ Ti 2+
—— Ti 4+
—e— "OH"

=4
)

Number of monolayers
o
=

0.2

4. Ti/alumina and Al/alumina epitaxies

On Ti/alumina films, the Ti B intensity peaks at angles
0.0 0.2 0.4 0.6 0.8 (0°, 31.5°, and 35.3°that are characteristic of forward scat-
Thickness (nm) tering from an hexagonal compact lattice observed within the
[0001] direction[Fig. Ab)]. In addition, the angular depen-
FIG. 7. (Color onling Evolution of the area of the various Tp2  dence recorded on the Cs peak[Fig. 9b)] reveals some

components and of the G(IDH) during the Ti/alumina growtlthe  yatching between the alumina and the Ti arrays. This finding
Ti thickness is given in the figureThe monolayer is defined by the is consistent with the known Ti/alumina epitaxy

oxygen plane of the corindon structure. These amounts have been . — L —
obtained from the peak integrated intensities normalized by the G0000Till(000DAI,05 and[1100]Till[2110]Al 05, as deter-

1s substrate line without accounting of the attenuation of the signaMined by transmission electron microscopyEM)* and

in the titanium overlayer. high energy electron diffractioRHEED).3254557* Never-
theless, the broadness of these profiles indicates a somewhat

losses of 15 e\[Fig. 8(c)] provide an other evidence for the desordered adlayer. Instead, the A idtensity profile re-

metallicity of the Al film. The island growtlisee belowwand corded from Al/alumina films shows sharp structures at 0°,

the lack of percolation in the film explains the reminiscencel9°, 35°, and 55°. In agreement with the general consensus

of charging effect even for 1 nm Al. In fact, below 0.2 nm, about the Alk-Al,05(0001) interface®6:37.72these charac-

b
) O1s

inm

0.1nm

Intensity (arb.units)

)
5 Oonm
g L e e I i E e s |
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e
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2
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FIG. 8. (Color online XPS spectra of théa) Al 2s, (b) O 1s, and(c) Al 2p core levels recorded during the deposition of aluminium on
a-Al,05(000)) at room temperature. Also shown are the plasmon loss structures separated by 15 eV from the core levels.
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FIG. .9. (Color onllne)_ Photoemission mtegrgted intensities FIG. 10. (Color onling SDR spectra collected during the depo-

modulation versus collection ang(éorward scatteringfor (a) Al - L : s :
. ) sition of aluminium onw-Al,05(000)) (the thickness is given in the
2p and (b) Ti 2p core levels acquired at the end of the growth of T
Al(3 nm) and Ti1.4 nm films on a-Al,0(0001 figure) at (a) 200 K. (b) Early beginning of the growth, spectra
' 2-3 ' 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
terize a strong forward scattering of an ordered cubic-facefits (dashed lineswith particles modeled by truncated spheroidal
centered arrangement observed inf141] direction [Fig.  shapes.

9(a)], with two epitaxial variants at 180° associatedABC

H 3
or BCA stackings' broad structure appearing in the near ultraviolet at the begin-

ning of the growth of the metallic Al filn{0.2 nn) (Fig. 10
proves the existence of three-dimensioridD) particles
since the polarization of a thin continuous film by a UV-
The above data demonstrate that the M-O bond undeyisible electromagnetic field does not occur for film thick-
study are governed by metal-OH reactions. When depositedess lower than 0.6 to 0.7 nffi. This even discards a
on hydroxylateda-Al,05(0001), the first ML of Ti and Al Stranski-Krastanov growth mode which supposes at least one
react with surface OH groups to produce an interfacial oxidecontinuous atomic layer. Consistently, charging effects are
layer. In similar cases, at the Rh/ and Cu/aluminastill observed on the 1 nm thick Al film and the AFM image
interfacesi®1516:52the presence of hydroxyl groups at the of a 3 nm thick Al/alumina film deposited at 600 K shows
surface of the oxide was shown to enhance the bonding @D clusters on the way to coalesdéig. 11(a)]. Because the
the metal layer. OH groups have even been stressed to préd bulk plasmon is located around 15 eV and the Frélich
mote a laminar growth of Co/alumifd.Now, to know mode of an isolated aluminium sphere is around 9 eV, a
whether the interfacial oxide layer improves the wetting of aresonance below 6 eV characterizes particles with a high as-
further deposited metallic film, the behavior of the growing pect ratio. Notice, however, how the growth crucially de-
adlayer was studieih situ by SDR spectroscopy. pends on the temperature. Indeed, SDR spectra recorded dur-
) ing the growth of Alla-Al,05(0001) at 200 K are shown in
1. The Al/ a-Al;05(000)) interface [Fig. 10@)] and 600 K(Ref. 50 are seen to strongly differ
SDR spectra recorded during the growth of[Fig. 10b)]. They can be assigned to truncated spheroids
Al/ a-Al,05(0001) at 200 K[Fig. 10@@)]. The faint but real  with aspect ratios of 7.5 and 4.2, respectively, corresponding

B. The wetting of hydroxylated a-Al,05(000) by aluminium
and titanium
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@)  AIBnm)/ALO,(0001)

LAY

b) Ag(anmy/ALO,(0001)

FIG. 11. (Color online Ex situ atomic force microscopy images of metal depositions om-
Al,05(000D): (&) Al(3 nm), (b) Ag(3 nm). The profile along the indicated line for aluminium deposition shows flat top islands.

to contact angles of 30° and 51Al clusters are best mod- 2. The partial wetting of titanium on hydroxylated alumina
i ’29 i 1 g - . .
eled as spheroid;?° but contact angles are easier to define As an early transition metal, Ti exhibits a bulk plasmon

using truncated spheres. The same will be done with Ti cluSzesonance strongly attenuated by interband transitions
ters) For the same system, the contact angle determined by,;,nd 2 and 4 eV8 At the beginning of the growth of the
sessile drop measurements is 86in agreement with adhe- gy 4t 300 K, corresponding SDR features are visible at
sion values of 950 mJ A, 955 mJ m2° 1070 mI M%7 4y i (see Fig. 13 of Ref. 29 As in the case of Al/
and 1130 m. i (scaled to 0 K7 that lead to angles of 4jymina, the appearance of resonances at low coverage
~90°. The discrepancy between the value collected at 600 Ky es that the Ti film is in the form of 3D clusters even at a
(51°, close to equilibrium, with a supersation of)18nd  n45| coverage of 0.4 nrfi.e., 0.2 nm of oxide and 0.2 nm of
these values, might stem from either the method of determir'netal, see aboye The experimental data were previously
nation or kinetic effects. Nevertheless, a qualitative agreespqon 1o be compatible with the formation of flat clusters of
ment can be_empha3|;eq, in that all measurements '”C|Ud”}95pect ratio close to &ee Fig. 14 of Ref. 29in agreement
ours, unambiguously indicate a 3D growth mode. with the presence of sharp RHEED strikes during
The Al/a-Al 2013(000]) interface has been modgled ON growth545571This 3D growth mode is qualitatively consis-
both the Al-terminated(Al-Al;0;) and the O-terminated (ent with the thermodynamic data, although the present ob-
(0-Al,0;) surfaces. On Al-Al,Os, one third of the octahe-  gervation defines a much smaller contact angle than the
dral sites of oxygen is occupied by Al surface atoms, whichsessile drop value of 7§Refs. 5 and 1Pwhich would lead
represent one-half of a bulk Al000) layer. O-ALOs is  to an aspect ratio of 3. The 2D-like growth mo@D in
simply obtained by removing the Al surface atoms, leavingnature likely arises from the high supersaturatigr-60)
the surface with three dangling bonds for each Al atomyhich reigns during the growth of the refractory Ti film.
which is removed. Al is expected to partially wet ynder these conditions, a high nucleation rate and a limited
Al-Al,05, With Wog, close to yu."#9? Instead, for Al/ mopility should lead to the formation of a high density of 3D
Al 03, theory predicts a perfect wetting with strong adhesiong|ysters which are expected to merge into a continuum layer
energy (10 J ni%7820 which is 10 times higher than the s the coverage increas@sa view supported by the AFM
Al/Al-Al ,05 adhesion and five times higher than the criticalimage in which the steps of the clean alumina surface are
value for perfect wetting In turn, the change in ionic bond- gt visible 27 Indeed, in the absence of optical SDR data,
ing at the interface is suggested to be responsible for thgis observation could misleadingly suggest a 2D growth
creation of a series of voids in the electron density betweep,ode. Ti behaves in a similar manner as Al. The very first
the ionized Al and the remainder of the Al slab. These reqayer oxidized via the Ti-OH reaction likely forms strong
gions of low density should produce a cleavage at theyonds with alumina, but, because of the weakening of the
Me-Me/Me-O-Al interfacé_ similar to that expected for Tj_Tj packbonds, the metal layer does nerfectly wet
Nb/O-Al,05.% Because of its capability to oxidize the first thjs intermediate oxidized layer. In agreement with other pre-
metallic adlayer (due to its OH coverage the gictions related to metal/AD5(O) system$°the cleavage
a-Al;05(0001) compares to O-AD;. This leads us to as- s expected to occur at the Ti-Ti/TD-Al interface. An-

sume (i) that the hydrogen adatom actually stabilizes thegther example in the same spirit is given by the Ti-promoted
O-Al,03 surface andi) that the adhesion energy of the ggnhesjon of Ag/alumina.

oxidized Al formed by the Al-OH reaction is of the order of
that of Al/O-Al,O5. 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/AI-O-Al cleavage at the AD-AI,O4 In microelectronics devices, titanium helps wetting silica
interface® or alumina by coppéf-32and early transition metal films are

C. The enhancement of the wetting of silver/alumina by
metallic titanium
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FIG. 12. (Color online SDR spectra ofa) Ag/alumina,(b) Ag/0.1 nm Ti/alumina,c) Ag/1.6 nm TiQ/alumina and(d) Ag/0.9 nm
Ti/alumina stackings. Shifts in energy of the high energy resonance obserpegbiarization with silver equivalent thickness is shown in
the insets. Calculated SDR spectra for truncated spheres are given for the Ag/aluminalfribVitles in (a)]. The spectra ofd) have been

acquired ins polarization. The schematic representations of the silver film shown on the right-hand side are derived from the SDR spectra
(see the text
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used as buffers in steel industry for bonding protective ceof the Ti layer is a necessary condition to promote the Ag
ramic coatings®3! Of relevance to the present study, tita- wetting, a 0.9 nm thick Ti layer was oxidized prior to depos-
nium is often used as a promoter of adhesion between aluting Ag (Fig. 6).5 The subsequent Ag growtlFig. 12c)]
mina and metallic medi&.2"3%-33ndeed, a metallic Ti layer resembles that obtained directly on T{®10 surface?! It is
has been shown to enhance the wetting of alumina bylearly 3D. However, according to the position of the low
silver?® However, the prediction that a Ti monolayer depos-energy SDR resonand@.2 eV), the Ag wetting is improved

ited on the alumina could glue the silver film through anjth respect to bare alumina, as expected from the smaller
electronic depletion at the interfa®&! has never been pgng gap of titanium oxide1L

checked, although the above demonstrated oxidation of the kasimeier and Elsass®3! have performedb initio the-
first Ti layer at the contact with the hydroxylated alumina g qatical calculations on the Ti and Al buffer effects for

resembles the predicted Ti/spinel interf&é! In what fol- A : -
) ) g/(Mg,Al,O) spinels. They have chosen metal/spinel as-
lows, the thickness-dependefuhemistry-dependenteffect semblies with low lattice mismatcfmetal=aluminium, tita-

of a Ti buffer on the Ag/alumina wetting is examined. nium and silvey to minimize elastoplastic relaxation effects
The optical SDR technique is expected to be very sensiz P '

tive to any change in wetting since the polarizability of theThey _have considgred the ro!e qf Tias a prpmoter of Ag
particles, which drives their optical response, depend&@dhesion on the spinel. The Ti-spinel bond being mostly co-

mainly on their aspect rati®. The SDR spectra collectdd valent, empty electronic states of Ti were sugge.sted to actas
situ during the Ag/alumina growth at 300 K show two reso- @ glue for the Ag adlayer so that a unique atomic layer of Ti
nanceqFig. 12a)] associated to optical absorptions known inserted at the interface should promote the Ag/spinel adhe-
as the Mie resonances. They arise from a polarization prosion. In contrast, in the present experiment, a unique atomic
cess of the electronic gas by the components of th&dlayer of Ti on alumina hardly improves the wetting by Ag.

p-polarized electric field which are either parall@ositive ~ Clarly, in the calculation of Késtimeier and Elsasser, a co-
low energy peak in SDRor perpendiculainegative high valent bonding takes place between the Ti interlayer and the
energy peakto the surfac®* The occurrence of reso- SPinel surface, but the Ti is not oxidized. Indeed, the oxida-
nances even at very low coverage is indicative of 3ption of the Ti buffer layer in contact with the hydroxylated

growth/4 in agreement with the AFM imagd#ig. 11b)]. alumina leads to a totally different situation. Instead of being
Consistently, the position in energy of the high energy resod!uéd to the alumina by an electron-depleted metallic Ti ad-
nance (<3.70 eV} below the bulk plasmon resonance layer, the Ag film is deposited on another oxide, the Ti oxide

(3.76 eV} demonstrates the formation of particles with Con_which results from the Ti-OH chemical reaction. In fact, it is
tact angle much higher than 90w aspect ratip?"# The the surface h_ydroxylation of alumina groups that causes the
SDR spectra can be fitted by representing particles are b§ue mechanism not to hold.

truncated spherés46 [Fig. 12a)] whose contact angle is

127°, very close to the sessile drop value of 127-F3%°.

Finally, the Ag/alumina sticking coefficient at 300 K which IV. CONCLUSION
is derived by comparison of the SDR estimate of the thick-
ness with the quartz value is close to one. A residual hydroxylation is shown to always remain on

Ag films have been then deposited on Ti-covered alumindhe a-Al,05(0001) surface in experimental conditions, even
at various thickness. An important finding is that the 0.05 nmafter annealing under ultrahigh vacuum. Therefore, there ex-
thick Ti film does not much affect the Ag growth with re- ist both reversibly and irreversibly adsorbed OHs. It was
spect to the bare alumin&ig. 12b) compared to Fig. 1@)],  chosen herein to study the growth of metallic films on a
in apparent contradiction with the above prediction of Tihydroxylated alumina surface. By means of the analysis by
gluing the silver. The modest redshift of the low energy resophotoemission and UV-visible reflectivity, both the growth
nance indicates a small increase in the aspect ratio; the fit @hodes and the interfacial chemistry could be determined
these spectra leads to a contact anglEl0°. In contrast, a Situ simultaneously.
strong change occurs on alumina precovered by a 0.9 nm Ti At the early beginning of the Al and Ti film growth, sur-
film [Fig. 12d)], i.e., when Ti is metalli@® The energy po- face OH groups react with metals to give rise to an oxidized
sition of the low energy SDR resonance is strongly red-ntermediate layer strictly confined to the interface. Although
shifted as the aspect ratio increases. For very high values difie structure of the real alumina surface is still not known,
that parametefor 2D growth, SDR spectra only show a the present analysis suggests that the best modeling of the
progressive increase in intensity towards the red, as in Fignetal/hydroxylateda-Al,05(000)) interface is likely the
12(d). A similar indication is given by the position in energy metal/O-terminated alumina model. The growth mode of the
of the high energy resonan¢see inset of Fig. 1@)], i.e., Al and Ti metallic films which are deposited on these inter-
4.2 eV up to an average thickness of 0.2 finThen, this mediate oxidized layers is unambiguously 3D, a behavior
high energy peak shifts continuously towards the surfacevhich compares with predictions for Al and Nb deposited on
plasmon frequency of a thin continuous layer, i.e., 3.8 eVO-terminated alumina. This 3D growth mode indicates that
where 3D clusters would produce resonances below thithe cleavage at the metal/alumina assemblies would prefer-
value as in Fig. 1&)—-12(c). The difference in surface energy entially occur at the Me-Me/MeD-Al interface (Me=Al,
of Ti and Ag (Ref. 12 could explain the observed 2D growth Ti). The present findings are consistent with calculations
of silver on a metallic Ti layer. To check that the metallicity which inferred that the charge transfer due to the strong
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metal-oxide bond formed via the metal-OH reaction resultgyreatly increase the adhesion of metallic films at the surface
in a weakening of the metal-metal backbonds. The same amf alumina.
plies when Ti is used as a buffer. The thin oxidized Ti inter-

mediate layer is inefficie_nt to promote the Ag/alumina vx_/et- ACKNOWLEDGEMENTS
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