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Abstract

Metastable impact electron spectroscopy and ultraviolet photoelectron spectroscopy (Hel) were applied to study the
interaction of CO, and H,O with Sr films. The films were prepared by evaporating Sr layers (typical thickness: 4 nm) on
clean Si(100). For both CO, and H,O the interaction is initiated by the dissociation of the molecules and the formation
of (Sr-O) bonds. Subsequently impinging CO, molecules form carbonate complexes CO%" involving the (Sr-O) bonds.
In the case of H,O the surface becomes largely covered by hydroxyls at larger exposures. These are formed by hydrogen
abstraction from water occurring close to the (Sr—O) bonds. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The interaction of molecules with metals is both
of fundamental and of technological interest. In
particular, dissociation processes on technologi-
cally important surfaces have been studied inten-
sively. The interaction of H,O [1] and CO, [2,3]
with metal surfaces is important in corrosion and
passivation chemistry. Furthermore, interest in the
surface chemistry of CO, arises from the catalytic
reduction of CO, to reduce the green house effect
and from the role of CO, as a reactant in hydro-
carbon synthesis. Many metals and oxides form
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various types of surface hydroxyl groups, which
play a role in chemical surface properties as the
catalytic activity [1].

Interest in the investigation of Sr surfaces and
its interaction with H,O, CO, and O, follows from
sensor applications of SrTiO;. Alkaline earth
titanates display a macroscopic change in electrical
conductivity as a function of the ambient oxygen
partial pressure which finds application in high
temperature oxygen sensors [4]. In this field SrTiO;
is the most promising candidate due to its tem-
perature stable perovskite structure which remains
unchanged from about 100 K up to about 1500 K.
Applying different donor and acceptor dopants,
first applications as exhaust gas sensors have been
implemented [4,5]. Unfortunately, the applica-
tion of high temperatures (typically up to 1300 K)
results in the formation of Sr phases on top of the
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surface. The underlying process of the Sr enrich-
ment on SrTiO; surfaces is the object of intensive
investigations, and is, up to now, not well under-
stood. In an oxygen atmosphere [6] and in air [7]
Sr layers form (Sr—O) patches. These patches re-
duce the O,-sensor efficiency. Typically, a SrTiO;
(100) surface is covered with 20% SrO islands
after heating to 1600 K in an ambient atmosphere
for 120 h [7].

With the exception of oxygen (production of
heteroepitaxial SrO films on Si(100) [8]) no results
for the interaction of Sr with molecules have been
published to our knowledge. It is therefore the in-
tention of our study to give insight into the inter-
action of Sr layers with H,O and CO, which are
components of motorcar exhaust.

2. Experimental techniques

The apparatus is equipped with a cold-cathode
gas discharge source for the production of meta-
stable He*(2°S/2'S) (E* =19.8/20.6 eV) atoms
with thermal kinetic energies and Hel photons
(E* =21.2 eV) for ultraviolet photoelectron spec-
troscopy (UPS). The triplet to singlet ratio amounts
to 7:1 [9]. He*(2!S) atoms are known to be con-
verted into He*(23S) atoms in front of metallic and
semiconducting surfaces very efficiently [10-12].
Therefore almost no contributions induced by
He*(2'S) atoms are found in the spectra. Meta-
stable and photon contributions within the beam
are separated by means of a time of flight tech-
nique combined with a twin counter system
allowing the simultaneous measurement of meta-
stable impact electron spectroscopy (MIES) and
UPS spectra. The angle of incidence of the probe
beam is 45° with respect to the surface normal;
electrons emitted in the direction normal to the
surface are analyzed. The simultaneous collection
of a MIES/UPS spectrum requires 100 s. The ap-
paratus is further equipped with a commercial
twin-anode X-ray source (Specs model 865) for
X-ray photoelectron spectroscopy (XPS). MIES
and UPS measurements are performed by using a
hemispherical analyzer (VSW HA100) with an
energy resolution of 250 meV. All spectra are
displayed as a function of the binding energy.

Additionally the apparatus is equipped with low
energy electron diffraction (Physical Electronics
Industries 11-020) and Auger electron spectro-
scopy (Physical Electronics Industries 11-500A).

MIES and UPS experiments are performed by
biasing the target by —50 eV which has been shown
to have almost no influence on the spectral fea-
tures. The Fermi energy (Ef), which corresponds to
zero binding energy (Ep = 0) is determined from
the spectra by electrons emitted from metallic
substrates with the maximum kinetic energies. The
ejected electrons are detected by the hemispherical
analyzer.

Sr layers were produced by evaporating Sr
metal (Aldrich, 99.95%) with a commercial UHV
metal evaporator (Omicron EFM 3) on a Si(100)
target. The target was cleaned before Sr exposure
by heating to about 1000°C for 3 min. Subse-
quently Sr was evaporated at a rate of about 0.3 A/
s for 150 s at a target temperature below 80°C.
Applying this procedure Sr layers with thicknesses
of about 4 nm are produced. Layer thickness and
evaporation rate were estimated on the basis of
XPS and MIES measurements. No emission from
the underlying substrate in MIES and UPS (Hel)
could be detected for this layer thickness.

CO; and H,O are offered using a bakable UHV
leak valve with partial pressures between 2 x 10~°
and 1 x 1077 mbar. The gas line can be evacuated
and cleaned on demand by heating procedures.
The UHV pressure is measured using a commer-
cial cold cathode gauge (Pfeiffer MaxiGauge).
The partial pressures of the interacting gases can
be measured by a quadrupole mass spectrometer
(Balzers QMS 112A). To observe the changes of
the electronic structure during the gas—surface in-
teraction, gas atoms are offered continuously while
MIES and UPS spectra are being collected.

The base pressure of the apparatus is better
than 5 x 107! mbar; during Sr evaporation the
pressure stays below 5 x 10~ mbar.

Under all studied conditions, i.e. for both the
bare Sr and the adsorbate covered Sr surface, the
work function stays well below 3.5 eV. Conse-
quently, the MIES spectra are mainly due to the
Auger deexcitation process, and a unique relation
exists between kinetic energy of the emitted elec-
trons and their binding energies.
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3. Results
3.1. Interaction of CO, with Sr

Fig. 1 shows the MIES (a) and UPS (b) spectra
obtained during the interaction of CO, with the Sr
layer. The CO, exposure increases by 0.2 L per
spectrum up to 6 L exposure and in steps of 1 L
afterwards (1 L = 10~ mbar/s). The top spectra
correspond to an exposure of 14 L CO,; the bot-
tom spectra correspond to the pure Sr, respec-
tively.

The work function of (2.7+0.1) eV for the
pure Sr layer (as determined by the low energy
offset of the spectra) is higher than the work
function of Sr(100) single crystals which amounts
to 2.35 eV [13]. At such work functions the
He*(23S)-surface interaction is normally domi-
nated by Auger deexcitation with possible contri-
butions from the autodetachment process. Auger
deexcitation occurs in general for insulators and
for metallic surfaces with work functions below 3.5
eV [13,14]. Hereby a surface electron fills the He 1s
vacancy emitting the electron in the He2s orbital
by an inter-atomic Auger transition. The emitted
electron carries the excess energy. For this process
the kinetic energy distribution of the emitted
electrons reflects the surface density of states. For
work function below about 2.2 eV the resonant
transfer of a surface electron into the He 2s orbital
becomes probable [15]. The He™ *1s2s? ion pro-
duced by this transfer decays via a fast autode-
tachment process into its ground state, emitting
one electron from the He2s orbital. This decay
produces an atomic-like line near a kinetic energy
of about 19 eV.

For pure Sr a peak is found at a binding energy
of (1.4+£0.1) eV. For thick Ca layers on Si(111)
the corresponding peak at EFy = 1.2 eV was at-
tributed to the Auger deexcitation process in-
volving the Ca(4s) orbitals [16]. Therefore, the
main contribution within the observed peak below
Eg is thought to arise from the ionization of the
Sr(5s) orbitals by Auger deexcitation. The corre-
sponding UPS spectrum is structureless and flat
showing the same low kinetic energy onset like the
MIES spectra. The Sr DOS consists mostly of a

s-derived band with lower contributions from
p-derived states, d-states almost do not contrib-
ute to the DOS [17]. A strong peak below Ef is
therefore not found because the photoionization
cross-section for Hel photons with an energy of
21.2 eV and s-orbitals is very low [18].

With increasing CO, exposure a peak appears
at a binding energy of (5.0£0.1) eV, which is
denoted by O, (O, denotes surface adsorbed oxy-
gen). This peak is more pronounced with MIES,
but is clearly distinguishable with UPS. A similar
peak has been found for the interaction of Sr with
oxygen in the low coverage range (not shown
here). We therefore assume this peak to be due to
the formation of a (Sr—O) bond on the surface.
This peak will be discussed in Section.4.1.

In MIES and UPS a peak triplet appears at the
binding energies Ep = 6.9; 11.45; 13.3 eV. These
peaks are well known from the ionization of the
CO;” molecular orbitals (la); le”; 4e' corre-
sponding to the peak at Ez =6.9 eV; 3¢; la)
corresponding to the peak at Ez = 11.45 eV; 4a’
corresponding to the peak at Ep =13.3 eV)
[19,20]. The same features have been found pre-
viously for the interaction of Mg and Ca with CO,
[16,21,22].

The disappearance of contributions to the
spectra in the binding energy range between 0 and
4 eV is characteristic for the formation of an in-
sulating film. The CO, covered Sr surface develops
a gap between valence band maximum and Fermi
energy of about 5.1 eV.

Fig. 2 shows the exposure dependence of the
peak intensities of Sr(5s), O, and the CO%’ emis-
sion at Eg = 6.9 eV, together with the change of
the surface work function as a function of the CO,
exposure (from Fig. 1). The work function de-
creases from its value for the pure Sr layer to a
minimum of (2.4 + 0.1) eV at an exposure around
1 L to its final value of (3.0 + 0.1) eV for exposures
beyond 15 L CO,. Sr(5s) decreases continuously
during CO, offer and vanishes around 6 L. O,
reaches its maximum around 1 L together with the
work function minimum and has disappeared for
exposures beyond about 2.5 L. A strong rise of the
carbonate features takes place around the work
function minimum.
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Fig. 1. MIES spectra (a) and UPS spectra (b) of the Sr film during the interaction with CO,. The respective gas exposures are given
with the spectra.
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Fig. 2. Exposure dependence of MIES Sr(5s) emission (at Eg = 1.4 eV), O, (peak at EFg = 5.1 eV), the surface work function (WF) and

the CO, intensity (at Eg = 6.9 e€V) evaluated from Fig. 1.

3.2. Interaction of H,O with Sr

Fig. 3 shows the MIES (a) and UPS (b) spectra
obtained during the interaction of H,O with the Sr
layer. The H,O exposure increases by 0.2 L per
spectrum up to an exposure of 6 L and in steps of 1
L afterwards. The bottom spectra correspond to
the pure Sr, the top spectra correspond to an ex-
posure of 18 L, respectively.

As for CO,, O, appears at a binding energy of
5.040.1 eV in MIES and in UPS. In MIES this
peaks starts at Eg = 6.0 eV and shifts to about 5.0
eV during H,O exposure. It is more pronounced in
UPS and decreases only slowly compared to
MIES.

In MIES and in UPS peaks appear at binding
energies Fg = 7.9 and 11.8 eV during the H,O
exposure. They correspond to the ionization of
OH™~ molecular orbitals (It at Eg = 7.9 eV; 30 at
Eg =11.8 eV). Similar peaks were found previ-
ously on metals and insulators [1,23,24]. Adsorbed
H,0O molecules would produce a peak triplet
(typically: 1by at Eg = 7.7 €V; 3a; at Eg = 9.9 eV;
1b, at Eg = 13.3 eV [1]), which is not observed
here. The main difference between hydroxyl and
carbonate formation is the appearance of a third
peak at large binding energies for CO, and also the
intensity ratio of the two peaks 1n and 3o.

For exposures beyond 5 L an additional peak
growing at Eg = 15 eV is observed in UPS, but not

in MIES. For molecular water a peak triplet
should appear at Eg = 7.7 eV (1by), 9.9 eV (3a))
and 13.3 eV (1b,) [1]. Especially at 9.9 eV no ad-
ditional intensity is observed in the spectra;
therefore we tend to exclude this feature as being
due to molecular water. Contamination from the
residual gas could only originate from CO,. The
comparison with the results for the interaction of
CO, with Sr presented in Section. 3.1 shows that
CO, can be excluded as source for the additional
peak. The observed feature at Eg = 15.0 eV could
be due to the interaction between the Sr4p atomic
orbital and the OH 1=x and, in particular, the 3o
molecular orbitals. For the undisturbed Sr4p a
doublet at Eg = 20.1 eV (Sr4ps;;) and Eg = 21.6
eV (Sr4p, ») is expected [25]. We therefore propose
that the observed features at Eg = 7.9, 11.8 and 15
eV correspond to the weakest bound states of a
(Sr—-OH) complex. The two upper states having
dominantly In and 3c character while the state
at 15 eV has Sr4p character mainly. In principle,
a confirmation of this suggestion could come
from Hell measurements, although the expected
features might overlap with those in the Hel
spectra.

Fig. 4 shows the exposure dependence of Sr(5s),
O, (from MIES and UPS), and the OH 1n emis-
sion at Eg = 7.9 eV together with the work func-
tion as a function of H,O exposure (from Fig. 3).
The data for O, (MIES and UPS) beyond 1L (3 L)
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Fig. 3. MIES spectra (a) and UPS spectra (b) of the Sr film during the interaction with H,O. The respective gas exposures are given
with the spectra.
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Fig. 4. Exposure dependence of MIES Sr(5s) emission (at £3 = 1.4 eV), O, (peak at Ez = 5.2 V), the surface WF and the OH~

intensity (at Eg = 7.9 eV) evaluated from Fig. 3.

for MIES (UPS) are based on the asymmetries of
the feature attributed to OH 1n. Therefore the
level of confidence is low for larger exposures.
However, our interpretation will mainly rely on
the low-exposure data. The surface work function
decreases continuously and reaches its final value
of (1.2+0.1) eV around 8 L H,O exposure. Be-
yond 2 L the exposure dependence is difficult to
evaluate, but from the asymmetry of the OH Ixn
feature (as compared to the CO, case) it is evident
that O, persists, at least partly, for larger expo-
sures. The MIES OH emission becomes visible at
an exposure of about 0.7 L; it saturates around 6 L
corresponding with the work function and the
disappearance of the Sr(5s) peak.

4. Discussion
4.1. Discussion of O,

A detailed discussion of the interaction of O,
with Sr, leading to SrO formation will be the
subject of a forthcoming publication [26]. Briefly,
during the interaction of both CO, and H,0O the
feature by O, is observed. A similar peak is also
found during the interaction of Sr with oxygen
(not shown here), and is characteristic for the re-
lease of O 2p electrons in the metallic environment
formed by the surrounding Sr atoms. O2p elec-

trons from oxygen in an oxide environment are
found to have a larger binding energy.

The work function decrease in the initial phase
of the O incorporation, which is observed for CO,,
H,O and also O, suggests, that the oxygen is
chemisorbed at sites within (or even below) the
topmost layer. Indeed, on the basis of ISS results it
was found, that on polycrystalline Mg oxygen
forms an oxide at sites that are within the outer-
most Mg layer [27]. Therefore, we conclude that
during the initial stage of the interaction of CO,
and H,O with Sr, O atoms are produced by the
dissociation of the respective molecules forming
(Sr-0O) bonds.

4.2. Interaction of CO, with Sr

For reviews of the surface chemistry of CO, the
reader is referred to Refs. [2,3]. The following
discussion is largely guided by our interpretation
of the spectroscopic results obtained for the in-
teraction of CO, with Mg and Ca surfaces [16,21,
22]. As in these cases, the CO, adsorption is dis-
sociative in the first stage. The presence of O atoms
at the surface promotes the bonding of CO, as
carbonate species. The comparison of the MIES
and UPS data shows that the carbonate and oxide
species have rather different spatial distributions
in the near-surface region with the carbonate be-
ing confined to the topmost layer and the oxide
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present as an underlayer. As for Mg and Ca the
present results are compatible with the following
scenario for the interaction of CO, with the Sr
surface, first proposed in Ref. [28]:

1. impinging CO, molecules dissociate in the vicin-
ity of the surface forming (Sr—O) bonds, which
manifests themselves as O,;

2. additional impinging CO, molecules chemisorb
at the surface oxygen which leads to the CO?
termination of the surface.

Fig. 2 shows that the formation of a (Sr-O)
bond following the dissociation of CO, is a rather
fast process as long as the surface has still metallic
properties (which is the case as long as the Sr(5s)
feature is clearly visible). The metallicity of the
surface gradually disappears by the consumption
of the Sr valence electrons in forming (Sr-O)
bonds. Consequently, the rate of (Sr—O) bond
formation decreases and becomes comparable to
that for the chemisorption of additional CO, at
surface oxygen. This leads to the decrease of the
0O, peak with increasing exposure.

While the formation of (Sr—-O) bonds is leading
to a decrease of the work function, the carbonate
formation is connected with a rise of the work
function. As is shown in [29,30], the CO, chemi-
sorption, as a carbonate species, is initiated by
the flow of charge from the surface oxygen to the
CO,. The formation of a bent CO;-like spe-
cies facilitates the chemisorption and formation
of CO?’. Apparently, this charge flow away from
the surface is responsible for the work function
rise.

The CO;™ formation ends after the saturation
of all (Sr—O) bonds present at the surface. It is
evident that the carbonate top layer prevents the
Sr film from a further attack of CO, molecules.

No emission from CO was found in the spectra.
Additional experiments (not shown here) indicate,
that CO does not chemisorb on Sr at room tem-
perature.

As far as the properties of SrTiO; sensors are
concerned, the carbonate formation on Sr leads to
an insulating character of the surface. This pre-
vents its capability for oxygen dissociation, and
therefore reduces its sensitivity.

4.3. Interaction of H,O with Sr

On the basis of previous results for the water
interaction with Mg [31] and BaO [32] and the
coadsorption of water and oxygen on metals [1] we
propose a model that can account for our find-
ings, in particular the exposure dependence of the
spectral features as summarized in Fig. 4. In par-
ticular, we note that in the case of Mg the reaction
with water at room temperature leads to oxide
formation while hydroxyls are being formed at low
temperatures [31]. In the case of the water inter-
action with BaO-complexes formed on W(110) it
was found that BaO patches inhibit the complete
water dissociation via H,O — 2H + O, [32]. On
metals, the coadsorption of oxygen and water
leads to (OH), formation whereby the water dis-
sociation generally appears to proceed via a hy-
drogen abstraction reaction [1].

We propose that at room temperature water
dissociates completely at the bare Sr surface. This
leads to the formation of (Sr—O) bonds which are
manifesting themselves in the peak at about 5.0 eV
(denoted by O,) on the one hand, and the reduc-
tion of the Sr(5s) intensity on the other hand. As
for CO, the H,O exposure (below 1 L) leads to the
incorporation of oxygen atoms in the Sr layer and
to a decrease of the work function. Indeed, com-
plete dissociation of water near room temperature
was found on Mg [31]. The decrease in the number
of available Sr sites versus exposure is evident
from the decrease of the Sr(5s) feature.

(OH), accounts for the two features, 1t and 3c.
On the basis of the results for O, and H,O coad-
sorption on metals [1] we propose that the reaction
that forms (OH), species is:

H,O0 + O, — 2(OH),

whereby the abstracted H atom attaches to the
surface oxygen O,. O, remains relatively small for
all exposures because newly formed (Sr—O) bonds
are readily converted into Sr—(OH), as a conse-
quence of the H abstraction reaction. In MIES, O,
is particularly small compared to the (OH), fea-
tures, probably because of the geometric shielding
of the O, species by the (OH), groups that pro-
trude further into the vacuum. We also note that
the sticking coefficient for (OH), approaches zero
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around 8 L when the Sr(5s) feature from the ion-
ization of the Sr valence electrons has disappeared.
Obviously, the surface becomes inert after its has
lost its metallic character.

The UPS data suggest that the OH and (Sr-O)
bond formation is confined to the uppermost
surface layer. The MIES data show, that besides
the OH species also some oxygen is present as well
in the top layer.

The work function continues to decrease in the
exposure range where mainly (OH), species are
formed (above 1 L). A similar decrease has been
observed during OH formation on a MgO surface
partially covered by Mg [33]. It is assumed that the
work function decrease is related to the reaction of
pre-adsorbed Mg with water under the formation
of a hydroxide species. Apparently, the similar
work function decrease observed for H,O/Sr is
caused by the formation of a hydroxide species,
probably Sr(OH),, at the surface.

The main difference between CO, and H,O in-
teraction with Sr occurs in the reaction step that
follows the (Sr—O) formation:

e For CO,/Sr additional CO, chemisorbs at the
(Sr—0,) groups forming carbonate-like species.

e For H,O/Sr additional H,O chemisorbs at Sr-
sites, the (Sr-O) species merely blocking the
complete decay of the water.

Similar as discussed for CO, the formation of
an insulating hydroxide film on Sr patches reduces
the sensitivity of SrTiO; oxygen sensors.

5. Summary

Sr films (typical thickness 4 nm) were produced
on Si(100) surfaces. These films were exposed to
CO, and H,O molecules at room temperature. The
electronic structure of these films and its modifi-
cation during exposure were studied with the
electron spectroscopic techniques MIES and UPS
(HeD).

Sr exposed to CO, develops spectral features
arising from the ionization of the CO;~ molecular
orbitals. In the first step of the interaction of CO,
with Sr (Sr-O) bond formation is observed. Ad-

ditional impinging CO, molecules form CO; with
these (Sr—O) bonds. The mechanism is the same as
for the CO; interaction with Mg and Ca. A closed
carbonate layer is formed on top of the surface
after an exposure of 5 L.

Similar to the interaction with CO, the forma-
tion of (Sr—O) bonds is observed in the initial stage
of the H,O interaction with Sr at room tempera-
ture. Complete H,O dissociation takes place at the
metallic Sr surface. For larger exposures the Sr
surface develops spectral features corresponding to
the ionization of OH 1n and 36 molecular orbitals.
Obviously the presence of (Sr—O) complexes pre-
vents the complete water dissociation. The top
layer consists of hydroxyl species mainly.
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