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X-ray photoelectron spectroscopy (XPS) and low energy ion scattering spectroscopy
(ISS) was used to investigate model catalyst thin film growth mode in the sub-
monolayer region. Palladium was deposited step by step in-situ using an electron
beam evaporator on different aluminum oxide substrates. The Pd growth process
was monitored by means of the Pd3ds, binding energy, modified Auger parameter
and full width at half maximum of the Pd3ds, peak. The deposited layer morphol-
ogy was determined using the QUASES software based on analysis of the Pd peak
shape and background. The relative coverage and the thickness of Pd films obtained
on the different substrates are compared. The results showed that the oxide structure
and the metal-substrate interaction (MSI) influenced the particle shape and growth.

Introduction

The interactions of small metal clusters
with oxide substrates are presently a subject
of great interest that is motivated primarily
by the technological importance of metal
clusters in heterogencous catalysis. In the
case of supported catalysts metal-substrate-
interaction (MSI) could influence the ad-
sorption and also morphological size de-
pendent properties of particles. The smaller
particles should exhibit the most important
MSL

Investigation of size effect upon CO ad-
sorption on alumina supported particles
showed a surprising effect — CO partially
dissociated on small Pd clusters deposited on
mica [1], y-alumina [2] and thin aluminium
oxide film [3]. It was found that smaller par-
ticles exhibited higher dissocitaive activity.
On the other hand, CO adsorption was mo-
lecular on Pd clusters deposited on sapphire
[4, 5] and ALOs(111)/NiAl(110) [6]. How-
ever, the question of the mechanism of dis-
sociation process enhanced by this unex-
pected behavior has not been explained yet.
The possible origin of this phenomenon
could be linked to the metal-substrate inter-
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action (MSI), which may be influenced by
the thickness, surface structure, and/or stoi-
chiometry of the alumina support, that could
be in relation with the MS charge transfer.
This assumption was supported by a recent
observation of Pd 3dss, initial state shift for
Pd on y-alumina prepared by thermal oxida-
tion of aluminium that was associated to
electron transfer in the direction substrate-
deposit [7].

The MSI depends on two parameters: the
electronegativity of the metal and the iono-
covalent character of the oxide surface [8, 9].
Moreover, stable oxide surfaces appear to be
generally reconstructed or/and non-stoi-
chiometric [10, 11]. It has been shown that
the aluminum oxide surface can be identified
by a characteristic electronic structure in the
band gap [8] that is very sensitive to the sur-
face ionicity. Then we can expect that
growth mode would differ for different alu-
mina modifications.

In this work, Pd/Al,O3 model systems
are examined with X-ray photoelectron
spectroscopy and low energy ion scattering
spectroscopy. Especially, the aim is to char-
acterize Pd thin film growth modes in the
submonolayer region.
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Experimental

In this study we present the results ob-
tained for following substrates (10x10 mm in
size): polycrystalline AL;O3; (y-Al;O3) thin
film on Al (G) exhibiting the cubic structure
[12], and hexagonal o-Al,O3 (0001) single-
crystal (sapphire) (S), thin amorphous oxide
AlOy on Al (A) . The y-Al,O3 substrate was
prepared by heating of chemically polished
Al foil in air at 900 K for 24 h before insert-
ing into vacuum. The a-Al,O; substrate was
pre-treated by heating of mechanically pol-
ished sapphire crystal wafer in air at 1500 K
for 2 h before inserting into vacuum. The (A)
substrate was prepared by Ar' ion bombard-
ment which removed partially the natural
oxide layer on aluminum.

Experiments were performed in UHV
chamber equipped with multichannel hemi-
spherical analyzer OMICRON EA 125, dual
Al/Mg X-ray source and differentially
pumped ion gun OMICRON ISE 10. In this
work the Mg Ko line (1253.6 ¢V) was used
for all XPS measurements. 1SS was carried
out using He ions at primary energy 2keV
(PHe=3x10'5Pa, current density of about
0.05pA).

The substrates were cleaned by Ar™ ion
bombardment (2.5x10° Pa, 500 eV, 1.5
uAcrn'Z) using the ion gun. The cleanliness
of the surface as well as the possible effect of
preferential sputtering of surface compo-
nents, which may cause the changes in sur-
face stoichiometry, was monitored during the
cleaning by means of scattered ion analysis.
Pd particles were deposited in-situ from the
electron beam evaporation source permitting
to control the evaporation rate by monitoring
the Pd" ion current. The deposit layer mor-
phology was investigated using QUASES™
software (the software package for quantita-
tive XPS of surface nanostructures by analy-
sis of the peak shape and background) made
by Quases Tougaard ApS. The principles of
the method are explained in Refs. [13,14].
The experimental set-up is described in de-
tails in [7].

Results and discussion

Ton scattering spectroscopy (ISS) is a sur-
face analytical technique, that is sensitive to
the very first atomic layer of the surface. The
measured spectrum gives the intensity distri-
bution of the scattered He ions versus their
detected kinetic energy which is directly re-
lated to the mass of the target atoms. Fig. 1
shows the typical spectrum obtained from
sputtered y-Al,O;. Since the neutralization
terms for Al and O in alumina are unknown,
it is impossible to determine exactly stoichi-
ometry for this layer. However, the ratio of
Al to O intensity is directly proportional to
the real surface stoichiometry. In tab. 1, the
intensity ratio of Al and O is shown for all
sputtered substrates. The value for y-AlL,O5 is
closed to that for a-Al,O; while for thin ox-
ide it is much higher.
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Fig. 1. ISS spectrum of sputtered y-Al,0;

Table 1. The ISS intensity ratio of Al and O for all
sputtered substrates.

Substrate Liss(AD/T1s5(0)
a-Al0; 1.75+£0.01
v-Al,O3 2.05+0.01
amorphous ALOy 5.68 £ 0.01

First we investigated the growth mode of
Pd deposit ony (G) and o (S) alumina. The
evaporation cell was operated at constant
evaporation flux for all deposits. In Fig. 1 we
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plotted the Pd 3ds;, peak intensity as a func-
tion of deposition time for both substrates. It
can be seen that both curves have nearly
identical shape showing the same growth
mode (the identical deposit morphology for
given deposited Pd amount should give an
identical XPS signal). The final points corre-
sponding to Pd3ds,/Al2p intensity ratio of
3.5 indicate that more than 1 monolayer of
Pd was deposited. More detailed information
about the layer parameters was obtained us-
ing the QUASES analysis. It was found that
Pd formed the island (non-continuous) layer
structure that explained the smooth (unbro-
ken) form of the curves in Fig. 2.

In Fig. 3a we plotted the average island
height % as a function of deposition time for
the sample (G). The value of A rapidly
reached the maximum at 1 nm and remained
constant till the end of the deposition. In Fig.
3b we plotted the corresponding Pd/substrate
relative coverage. Both curves clearly indi-
cated that there were two time intervals of
different growth modes. During the first
deposition time interval from 0 to 9 minutes,
labeled I, palladium formed three dimen-
sional clusters. The second one, character-
ized by linear coverage increase (labeled II),
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was the interval of the lateral growth mode
giving formation of flat islands of constant
height equivalent to 5 monolayers approxi-
mately. The sample A structure was not
quantified by QUASES because it was de-
signed for analysis of deposits on homoge-
neous substrates only.
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Fig. 2. The change of the Pd3ds, intensity as a func-
tion of the deposition time for substrate y-
ALO5(0), a-AlOs(e)
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Fig. 3. Plots of the average island height 4 (a) and the Pd/substrate relative coverage (b)
as a function of deposition time for y-Al,O; substrate.

The Pd core level binding energy shifts
to higher values for smaller particles and full
width at half maximum (FWHM) of peaks
decreases during the growth. FWHM pa-
rameter variations are generally associated

with a mean coordination number of cluster
atoms. We plotted FWHM of Pd 3ds;, versus
deposition time in Fig. 4. For samples G and
S, it can be seen that FWHM decreases rap-
idly in the interval I whereas it remains con-
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stant in the zone II. These results fit very well
with the growth mechanism presented above.
The average coordination number increases in
I and remains constant in the “flat island”
zone 1I, reaching the same value for both
samples. On the other hand, for the sample A
decrease of FWHM is much slighter and we
can see that FWHM becomes constant after
longer deposition time, i.e. at higher amount
of Pd deposit. This behavior can be cxplained
by difference in the initial phase of cluster
growth. For the less reduced samples (G and
S) the bonding of Pd atom to the substrate is
weaker which results in higher surface mobil-
ity of the atom. The surface of the substrate A
is, on the contrary aluminium rich. The excess
of Al atoms on the surface may act as induced
nucleation centers for the creation of new Pd
islands, because metallic Pd-Al bonding is
much stronger, forming a twofold covalent
bond Pd-Al [9]. It means that the density of
clusters should be higher and their size
smaller, with lower average coordination
number, for the sample A compared to the
samples G and S.
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Fig. 4. FWHM of Pd3ds,; peak variation versus depo-
sition time for the substrates y-Al,0;(0), a-
AL Os(e),amorphous Al,Oy(+)

Conclusions

In spite of that surface sensitive spec-
troscopy techniques permit to determine very
precisely surface composition of heterogene-
ous catalyst, in-situ determination of ultra-
thin layer morphology represents a key
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problem limiting investigation of size effect
in heterogeneous catalysis model studies.
Since the use of scanning microscopy meth-
ods (STM, AFM) for this purpose is not suf-
ficiently developed for the time, surface
spectroscopies still remain a promising
source of supported particle shape and size.
In this work we compared results of XPS
and ISS studies of non-continuous Pd layer
growth on different aluminium oxide sub-
strates exhibiting different surface stoichi-
ometry. Two different growth mode were
determined. The formation of flat islands via
lateral growth of several layer thick nucleus
was characteristic for more stoichiometric
substrate while on Al-rich surface Pd formed
small clusters with higher density. The first
growth mode was explained by higher Pd
atom diffusion length on alumina surface,
the second one was tentatively explained by
more strong Pd-substrate interaction giving
rather formation of high density nucleus and
consequently smaller Pd clusters.
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CTPYKTYPHI JOCJIIUKEHHS POCTY TOHKUX
ILTIBOK Pd HA ALO; 3A JIOIIOMOT OIO
EJEKTPOHHOI TA IOHHOI CHEKTPOCKOIII

H.lyxa, .baua, K.Bearpycka, B.MaToJtin

Kadenpa enextponiku i Gizuxu Bakyymy, MatemaTtuko-diznunuit paxysrer,
Kapmis yuisepcuter, [1para, Yexis

3a 1ONOMOTO10 PEHTIreHiBChKOT POTOETEKTPOHHOI CHEKTPOCKOIT Ta CIEKTPOCKOITIT
PO3CIIOBaHHA HU3bKOEHEPIeTHYHMX IOHIB AOCHIUKEHO MOJENBBUN KaTaniTUUHMH
pex¥M pocTy TOHKOI mniBku Yy cybMmoHoaToMHiM of6nacti. 3a jomomororo
SJIEKTPOHHOTO MyuyKa Najapiff mocTyIOBO HAMWIIOBABCH Ha PI3HI migkiamku 3
OoKcHAY amoMiHio. [Tpouec pocty najiazilo KOHTPOMOBABCS BUMIPIOBAHHAM €Hepril
38’13Ky Pd3ds,, Moaudikesanoro mapamerpa Oxe Ta HamiBUIMpHHM mika Pd3ds,.
Moptonioris HamwIeHOro liapy BU3Hadanacs 3a fonomoror mporpamu QUASES,
IO IPYHTYEThCS Ha aHanisi dopmu mika Pd ta ¢ony. IlopiBrIolOTECS BiznOCHE
MOKpUTTA i TOBIMIMHA Nanajfi€eBUX IUTIBOK, OTPHMAHHMX Ha Di3HMX MNiAKIaakax.
Pe3ynsTaTd NOKa3aiM, CTPYKTypa OKCHAY Ta B3aEMOMif METaly 3 MiZKIaIKoK
BIUIMBAIOTh Ha GOPMY i PIiCT YaCTHHOK.
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