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X-Ray photoelectron spectroscopy (XPS) has been used to study the adsorption of carbon m
on Pd dispersed on oxidized Si(111) surface. A fraction of the deposited Pd diffusing at roor
perature to the SigSi interface increases with decreasing Stliickness. For oxide layers thinne
than=1 nm, almost all deposited Pd diffuses to $8D interface forming there Si silicide. Conse
guently, the amount of adsorbed CO is dependent on the thickness of the thermally grelaye$iO
Two different chemical states of adsorbed carbon atoms, the population of which depends
amount of the Pd deposited, are observed in the C (1s) spectra of adsorbed CO. Adsorption
of Pd clusters does not depend on whether n- or p-type Si is used. Comparison of the exper
Pd/CO concentration ratios with those calculated assuming several different modes of the Pd
on SiO/Si points to the pseudo-Stranski—Krastanow mode (flat clusters with incomplete conc
tion of the first layer) at 300 K. Changes in charge balance across the f8iSi@erface caused by
CO adsorption are discussed in terms of the surface photovoltage effect and work function va
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The understanding of the size-dependent changes in electronic structure and cft
properties of metals and semiconductors is of particular importance in heteroge
catalysis. Small metal particles deposited onto various substrates are widely u
catalysts and their catalytic properties are known to depend on metal cluster
Group VIl metals deposited on SjSi substrate have received interest recently du
the observed possibility of influencing electronic properties and adsorption activit
wards carbon monoxidé of a metal by interaction with the suppoftas wel as its
surface potential by illuminatid®. While the interaction of Pd with Si and variot
silica substrates has been extensively stidiédthe studies of the well characterize
Pd/SiO/Si systems are rather r&fé> The detailed investigation of the influence of tl
oxide thickness and preparation conditions on its interaction with deposited Pd i
missing. Possibility of incorporation of the deposited metal atoms within the thin ¢
layer is also an open probléd#'4 Many other questions concerning the relation of 1
growth mode, cluster shape and adsorption properties of the deposited metals
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structure and chemical composition of insulating support surface are not well u
stood yet12-19

In this contribution, we have used X-ray photoelectron spectroscopy (XPS) to |
adsorption of carbon monoxide on Pd particles deposited on th#€S§I 1) surface.
The adsorption data are used to estimate the influence of the oxide layer thickn
adsorption properties and growth mode of Pd and to characterize the changes
surface electron structure after adsorption of CO gas.

EXPERIMENTAL

Experiments were performed using a VG ESCA 3 MK Il electron spectrometer operating at the p
of residual gases10®Pa. The XPS measurements were performed using amAhK = 1 486.6 eV)
source at a power of 220 W. The spectrometer was operated in the fixed analyzer transmissic
with a pass energy of 20 eV giving a resolution of 1.1 eV on the Aw)(#he. Calibration of the
spectrometer was set up to the Au,f(3fpeak at 84.0 eV. The estimated error in binding ene
determination was0.1 eV. High-resolution spectral scans were taken at an angle’ dhvéasured
from the sample surface) over Si (2p), Pd (3d) and C (1s) regions.

The surface of Si(111) samples doped either by 68 R@Gtoms/criior 3 . 138 B atoms/criwas
cleaned by Ar ion sputtering (4.5 kV, 18, 15 min) and subsequent annealing under ultrahigh
cuum at 1 000 K. Let us mention that we are unaware of any differential sputtering effects for
P in Si. The oxide layers were grown at G0 K in the preparation chamber of the spectrome
by oxygen exposures ranging from 45 to 90 000 L (langmuir). Heating in oxygen might res
boron segregation into the oxide layer. The thicknesses of the oxide ldyeaaged from 0.6 to 1.9
nm. A simple metha® based on a uniform oxide layer model was used to estimate the oxide t
ness. A more detailed characterization of the,$#@ers prepared by the method described has b
given elsewheré.

Different amounts of Pd (Aldrich Chem. Co., 99.99% ) were deposited in situ from a resist
heated tungsten wire at a pressure lower than 28 P using a commercial (VG) evaporator. Tt
evaporator was calibrated in a separate experiment. Assuming layer-by-layer growth of Pd on
surfacé® cleaned by Ar ion sputtering, the Pd coveralg, was calculated from the Pd (3d) and T
(4d) line intensities and the evaporation rate was adjusted ta 0.5 monolayer/min. The spectr:
were recorded always 10 min after the sample preparation.

The overlapping spectral features were resolved into individual components of Gaussian-L
zian shape using a damped non-linear least squares procedure. In fitting the Pd (3d) spectra
for high surface coverage, we used also Doniach—Sunijic line gRhapagsolve the main line anc
satellite contributions. Prior to spectra treatment, thec4lK(refs*%) satellites were removed nu
merically.

RESULTS AND DISCUSSION

The Si (2p) photoelectron spectra measured before and after Pd deposition
SiO,/Si(111) substrates differing in the thickness of the oxide layer, are show
Fig. 1. With exception of broadening of the oxide Si (2p) peaks, the spectra ¢
SiO,/Si supports remain unchanged. The observed broadening is likely due to t
fects of variation in the oxide electron structure and/or in the electron relaxati
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SiO, below the Pd clusters compared with the free,Si@face. The origin of the
decreased separation betweet(Zi) and Si (2p) peaks observed for samples with 1 nm
has been discussed in a previous pAper

It has been proposed in the literafdthat palladium deposited on SiSi can exist
at 300 K in three states with different environment of metal atoms. NameJ$j F
present at SigSi interface, Pd atomically incorporated within the sSl@yer and
elemental Pd located on the top of the oxide. Two chemical states of Pd deposit
seen in our Pd 3d spectra (Fig. 2). Their relative population is a function of the
layer thickness. The interaction between Pd and Si substrate leading to the forma
Pd silicide dominates for samples with the oxide layers thinner=thamm. The ob-
served thickness-dependent diffusion of the Pd atoms throughisSgimilar to that
observed previously with the Ni/Sj3i system?*.

The elemental Pd is characterized by thg,@dre level binding energies decreasi
from 335.6 to 335.2 eV with increasing amount of Pd deposited on the surface
origin of the observed increase in the binding energy with decreasing amount
deposited metal is related to the cluster size effects and is still widely discussed
literature from the point of view of contributions of the initial and final state
fects®23-27 The second peak located at 337.2 eV corresponds to Pd Silitidée
binding energy of Pd (3@) electrons in Pd silicide does not change with metal co
age within the experimental error.

The Pd/SiQ/Si samples were exposed to 100 L of CO (1 L = 1.33%R#&s). This
exposure was found sufficient to achieve saturation surface coverage. For a
amount of Pd deposited, the extent of CO adsorption increases with increasing

| 3a

I, a.u.

Fe. 1
Fitted Si (2p) core level spectra of the
SiO,/Si(111) substrates with 0.7, 1.2 and 1.9 nm
thick oxide layer beforel{ 2 and 3, respec-
tively) and after {a, 2a and 3a, respec-
tively) Pd deposition. The spectra are ! !
normalized to the same height 96 100 104 g, ev 108
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thickness. This finding demonstrates that CO adsorbs only on Pd remaining onth
oxide surface.

The C (1s) spectra accumulated for 1 h are shown in Fig. 3. They reveal the pre
of two different chemical states of carbon, the relative population of which depen
the amount of the metal deposited. They reflect different local surroundings o
carbon atoms. Two different states of CO adsorbed on Rh(111) and Ni(100)
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Fitted Pd (3d) core level spectra recorde
after deposition 0of=3 monolayers of Pd on
the SiQ/Si(111) substrates specified in Fig.
before ({, 2 and 3, respectively) and after
(1a, 2a and 3a, respectively) CO adsorp-
tion. The spectra are normalized to tf
same height

Fic. 3
Fitted C (1s) core level spectra of CO at
sorbed on the Pd/Sypi(111) surface. The
amounts of elemental Pd on the Si€ur-
face (in effective monolayers) are show
alongside of the spectra. The spectra @
normalized to the same height
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sponding to on-top and three-fold hollow adsorption sites were identified in the
resolution C (1s) photoelectron speétr® The separation of C (1s) peaks for the
systems was about 0.5 eMe. much less than 1.8 eV observed in the present wi
Consequently, we assign the first peak located at 284.8 eV rather to carbon
produced by dissociation of CO. The possibility of dissociation of CO molecule
specific Pd surface sites present on small Pd particles has already been discusse
literature’®-33 However, it has to be mentioned that long times are necessary to
mulate the C (1s) spectra of rather small amounts of CO adsorbed on small cli
Adsorption of small amounts of hydrocarbons from the background gases might
fore be at least partly responsible for this peak. Besides, dissociation might be in
by extensive exposure to the X-rays and with bremsstrahlung radiation. In blank e
ment, in which no CO was introduced to the sample, we observed that the amo
this carbon increased with time only by 0.05 of monolayer/h. Unfortunately, it is
possible to confirm or exclude the dissociative adsorption of CO by measurin
binding energy of O (1s) electrons. This is due to the overlap of O (1s) photoem
from the adsorbed species with the intense signal of O (1s) electrons arising frc
SiO, and with the Pd (3p,) peak which coincides with the O (1s) spectra.

The second C (1s) peak located at 286.3 eV can undoubtedly be assigned to r
larly adsorbed CO. We also observed the C (1s) signal at the same binding energ
CO adsorption on the clean surface of the bulk Pd, but did not observe it in the
experiments on the Sisi and PgSi surfaces. The integral intensity of the peak |
longing to molecularly bound CO increased with increasing amount of element:
(see Fig. 3)j.e. with increasing average Pd cluster size, and did not change with f

Upon CO adsorption, the elemental Pd (3d) peaks as well as the Pd Fermi leve|
shifted by about 0.3 eV towards higher binding energy, whereas the position ¢
Pd-silicide peaks remained unchanged (see Fig. 2). We observed similar Pd cor
shifts after oxygen adsorption on a Pd/g8) sample. An influence of static surfac
charging can be excluded because the Pd (3d) spectra followed the value of the
tial applied to the sample holder. The reason for the observed spectral shift can
CO-induced increase in the Pd work functfome. the effect similar to adsorption o
oxygert®. Such potential change at the surface causes an increase in the, Baf6eD
heigh®® and thus enhances an influence of the surface photovoltage effect disc
in>37. Consequently, the highdiy shift of the elemental Pd (3d) peaks upon X-r
irradiation can be observed compared with that determined before CO adsorptior

For the purpose of comparison, we have also investigated adsorption of CO ¢
surface of polycrystalline bulk sample of Pd. We observed no dissociative adsorpt
this case. To determine the saturation surface coverage of Pd by adsorbed CC
cules, we used the equation published by Carley and R&bextsuming the average
surface density of Pd atoms equal to 1.3 1> Hioms/cm and using the publishec
values of the photoionization cross-sectiSramd electron mean free pathswe ob-

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



1798 Bastl, Sarapatka:

tained P&CO (number of surface Pd atoms per molecule of CO adsorbed) ratio o
This value corresponds to an average number of surface Pd atoms per one adsor
molecule and agrees well with the commonly accepted value for the CO/Pd8yste

Using the adsorption data, we have attempted to elucidate the Pd growth mc
SiO,/Si substrate. For the series of Pd/g8) samples, the Pd/CO ratios were calc
lated using the C (1s) and elemental Pd (3d) peak intensities (this ratio involve
total amount of elemental Pd). We adopted the publfétehaster model for our Pd/CC
intensity ratios and modified it for three different cluster shapes (see Fig. 4.) inclt
spheres, hemispheres and truncated hemispheres- of2 (v is the height and the
radius of the clusters). Assuming roughly the same adsorption capacity of Pd clus
that of the bulk Pd surface, the model Pd/CO ratios, calculated usint) Eare(shown
in Fig. 5 together with experimental points. It is implicitly assumed that Pd cluster
regularly distributed on the Sj@upport®42 The practical applicability of the model i
limited to metal clusters with sizes ranging from 0.2 ty, 3vhereA is inelastic mean
free path of electrons characteristic of the material and electron energy. This w
discussed later together with the effect of the used valuksaofl atomic volumey,,
on the results obtained.

0 My(Ew) [A~ [ (M)] exp(CO) d

Pd/CO=2.2 ,
"A(EQIX - (1= X) [[ (CO,M] (1 - exp(CO)) d

@

where

exp(CO) = exp Fdod/(A(Eo) sin(@))] - @

Here,o® and ¢ are theoretical photoionization cross-sectidfisr C (1s) and Pd (3d)
electrons, respectivelA(r,A) is the area of integration across the clusx¢@) is the
area of the non-shaded fraction of adsorbed [£@,A,0) is the two-dimensional inte-
gral of the intensity of photoelectrons emitted from clusters of radinsdirection@
(measured from the substrate surface) @uyis the effective thickness of a monolay

FG. 4
Schematic drawing of the Pd clusters on a f
support considered in this work. To reach tf
detector the photoelectrons emitted from diffe
ent parts of the system must pass through c
ferent components depending on their e»
angle
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of adsorbed CO. Further details of the used method of calculation has been pul
elsewher#',

For a given amount of elemental Pd, the calculated cluster radlapends on its
shape and on the used vatfd$of A, v, and the areal density of clusteid,. The
obtained optimizedN; values corresponding to the curves which are close to the
perimental data (see Fig. 5) are summarized in Table I. Let us mention that the n
cation tov = r/4 in the model of truncated hemispheres leads to the optihizedues
of 35 and 59 . 18 cm?for Az and A+, respectivel§®43 but this does not mean an
significant change in the submonolayer region of the carireFig. 5.

The calculated Pd/CO dependences in Fig. 5 show that none of the employ
morphologies can describe the whole coverage region, regardless of the values
ametersh andv,. The same Pd evaporation rate was used in all experiments, s
significant differences in the values Ngj for various amounts of elemental Pd do n
seem likely.

We are aware of the fact that many other factors could affect the modeling
conclusions on Pd growth mode; this includes the cluster size distribution, st
roughness, influence of surface impurities and possibility of other shapes of Pd
terd“. To use the correct inelastic mean free paths of photoeleckoissalso a prob-
lem because the values published diffét In addition, CO adsorption on Pd cluste
may be more complicated than implied. One may observe CO-induced reconsttuc
different adsorption structurs"’, cluster size effect§ etc

Two effects might be responsible for the observed increase in the experin
Pd/CO values compared with the calculated ones in the region of the submonola
coverage: (i) Dissociative adsorption of CO requires more adsorption sites to ac
date dissociation products. (ii) About 20% of elemental Pd, contributing to the sp
intensity is deactivated in some wag/g.by incorporation in the Siayer where Pd
loses the ability to adsorb carbon monokfd&Ve suppose therefore that during the |

TTTTT T T T TTTTT1] T T T T T1T1T1T

10 -

Fc. 5
Dependence of the Pd/CO ratig, on the metal 5|
coverage,Bp4 (expressed in equivalent mono-
layers of Pd) on the SiBi(111) surface. Ex-
perimental data [[) are compared with the
calculated models of Pd morphologies: truncated
hemispheresd), hemispherest) and spheresc.
The dashed lines correspond to layer by layerg ... C il L
growth of Pd 0.1 1 opgm 10
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diffusion through SiQvia imperfections and grain boundares certain fraction of
elemental Pd remains within the oxide layer. This appears preferably whelay&O
is thinner than about 1.2 nm.

Typical density of Pd clusters on Si@ported in literaturé“48and determined by
transmission electron microscopy (TEM) is 3 *n?. If we compare this value witl
the data of Table I, the modalof truncated hemispheric-like islands seems to be
most probable picture of the Pd/SiSi surface morphology. This growth mode of P
estimated from the Pd/CO data, corresponds to the pseudo-Stranski—Krastanov
(flat clusters without completion of the first layer), confirmed by combined XPS
AES-TEM methods with the Pd/fD;, Ni/SiO,/Si and Pt/SiQsystem&>16:19

Recently, suppression of the CO adsorption has been reported for the,Mi{SIiC
systeni. The effect has been explained by electron tunneling fromiaSihin oxide
layer to the Ni deposit. In fact, this process has been proposed with neglect |
inward Ni diffusion and without subtraction of the Ni-silicide contributiddowever,
we observed no influence on whether n- or p-type Si substrate is used on CO ads
on the Pd/Si@Si(111) surface. We suggest, therefore, that the extent and/or the |
of CO adsorption on Pd/Sifbi(111) is not influenced by electron transfer from Si
the Pd clusters. Rather a disappearance of elemental Pd (or Ni) from theuSée is
responsible for suppression of the CO adsorption on the metgdBs&ystems with the
ultrathin SiG interlayers.

CONCLUSIONS

Interaction of Pd with the SiBi(111) substrate and subsequent CO adsorption |
been studied by the XPS method. It was observed that the thickness of the the
grown SiQ determined the amount of Pd which diffused to the,&0interface and,
consequently, the adsorption capacity towards CO. Two different chemical stat

TaBLE |
The optimized values of surface cluster densitiég,which correspond to the particular models
Pd morphology truncated hemispheray hemispheresh), spheresd) obtained by using the inelas
tic electron mean free path values published by ®ifgf) and Tanum# (A1) (c). The scatter ol
values characterizes the effect of variations in the vat value of fAwitifin +20%

Ny (. 10" clusters/crf)
Cluster shape

a b c
Ag 39+ 19+ 4 1.3+ 0.3
Ar 24 + 9+ 3 6+ 0.2
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adsorbed carbon atoms probably corresponding to dissociative and molecular &
tion of CO were identified in the C (1s) spectra.

The observed shift of the elemental Pd (3d) spectra after CO adsorption is attr
to the enhanced surface photovoltage effect. This is caused by the increase
Pd/SiO, barrier height due to the increased work function of Pd caused by adsorpt
Co.

A comparison of experimental Pd/CO ratios with those calculated using diffe
models suggests that the growth of Pd on our/SiOsupports at room temperatul
follows the pseudo-Stranski—Krastanov mechanism with incomplete condensati
the first metal layer and truncated hemispheric-like clusters. The results seem to
with results of the TEM observations.

The results indicate that for Sj@ayers thinner than about 1.2 nm, the amount
0.1-0.2 effective monolayer of elemental Pd is incorporated within the oxide laye
influence of the type of the Si conductance on the adsorption activity of Pd towarc
was observed.

This work was supported by the Grant Agency of the Czech Republic (grant No. 203/93/0245)
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