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Abstract 

The hydrogen species on Ti0 2 and SrTiO., have been characterized 
using the site specificity of electron-excited Auger Stimulated 
Desorption (ASD). Hydrogen is found to be bonded to surface Ti's 
in hydride-type bonds, to subsurface or bridgebonded O's in a 
hydroxyl-like bond, or be part of a surface hydroxyl. Or. SrTiO, 
the Ti-H and surface Oil species are also found plus a high density 
of Sr-H and very little Sr-OH bonding. The general features of 
ASD, both electron- and photon-excited, are discussed. 

*This work was supported by the U. S. Department of Energy under 
Contract DE-ACO4-76-DP00789. 
A U. S. Department of Energy facility. 
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IWTRODUCTION 

It has become increasingly evident that hydrogen plays a 
very important role in determining the chenistry of a wide range 
of surfaces. The hydrogen "problem" in surface science has 
many facets, the most fundamental of which is the simple detection 
of the presence of hydrogen. Given that, we would like to know 
its bonding site, the structure of the bond, i.e. bond angle 
and site symmetry, and the effect of the hydrogen on the elec
tronic and geometric structure of the bonding site. This latter 
point :s exceedingly important because hydrogen often acts to 
"ten inate" surfaces and in doing so can act either as a passiva-
tiny or activating agent for further chemical reactivity of its 
bonding "sjte." In addition, it is often an active species in 
catalytic reactions and the nature of its bonding site is critical 
in determining its reactivity. This must also be important in 
the solid-electrolyte interface. Until techniques to directly 
examine these interfaces are developed, gas phase studies such as 
these will play an important part in their understanding. 

This paper will describe some recent electron-stimulated 
desorption (ESD) results which illustrate that desorption studies 
have the potential of providing much of this information. Auger 
stimulated desorption (ASD), either electron- or photon-excited, 
from materials like Ti02 and SrTiO,, is a surface, site and 
adsorbate specific probe of electronic and structural information 
on an atomic scale. 
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TiO,, SrTiO, and a number of other oxides have been shown 

in several recent electron-spectroscopic studies to have active 
(2-5) chemisorption sites which consist of specific point defects. 

These in general appear to be oxygen deficient sites with a 
reduced valency metal ion which makes the site highly electro
positive. The ESD results reported here for TiO and SrTiO, 
indicate that there are in many cases high concentrations of 
mobile and reactive hydrogen present on these surfaces which also 
play an important role in their chemistry. On TiO, three 
species of H are delineated. A hydrogen can be bonded: (1) to 
a surface Ti in a hydride-like bond, (2) to a subsurface oxygen 
in a hydroxyl-like bond, or (3) be part of a surface hydroxyl. 
The hydroxyl species are bonded to Ti's as would be expected. 
On SrTiO, types 1 and 3 of hydrogen species are observed in 
addition to a very high density of strontium-hydride bonds but 
surprisingly, there is little indication of strontium-hydroxide 
bonding. Isotope experiments have been used to detect the 
involvement of surface II in the reaction of 0, and 11,0 with both 
TiO, and SrTiO surfaces. 

EXPERIMENTAL 

In these experiments, ESD, Low Energy Electron Loss (LEELS) 
and Auger data were taken on the (001) surface of TiO, and the 
(111) surface of SrTiO,. The details of sample preparation are 
presented elsewhere but actually matter little here, except 
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for cleanliness, because we discuss only the microscopic species 
present, not their relative abundance. Annealing of the sample 
was by electron bombardment and argon ion cleaning and surface 
"activation" was done with 500 eV Ar + ions. 

RESULT?: T i 0 2 

The basis for the Auger-stimulated desorption (ASD) model 
and the picture presented here comes fron a direct comparison 
of ESD and LEELS data as in Fig. 1 which shows a second deriva
tive LEELS spectrum and ESD yield curves for H and 0+ from an 
annealed TiO, surface. The LEELS spectrum has three major sets 
of peaks which correspond to the valence level excitations 
(E < 15 eV) and the 0(2s) (E ^ 21 eV) and Ti(3p) (E ^ 32 eV) 
core-level excitations, respectively. The first major point to 
make is that all desorption correlates with core-level excitations. 
The H + has a minor threshold at the 0{2s) ionization potential 
(i.p.) and a larger one at the Ti(3p) i.p. The 0 has its major 
threshold at the Ti(3p) i.p. Next, note that we are observing 

desorption of positive ions. Since, on the TiO ? surface, oxygen 
- 2-

is at least 0 and more likely 0 , the desorption process requires 
removal of two or three electrons. 

In the ASD model, the Ti(3p) hole decays by an interatomic 
2-Auger process which removes two or three electrons from the O 

leaving it in an 0° or 0 state from which it desorbs. The 
important point is that the desorption threshold for a given 
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desorbing ion specifies the bonding site, in this case 0 is 
bonded to Ti. A like process can occur when the core hole is 
created on the anion species, i.e. the 0(2s) level in this 

case, followed by an intraatomic Auger decay to the same final 
state. But as shown in ref. 1 there is not enough energy 

2- + 
released in the 0(2s) decay to remove an 0 ion as an 0 . If 
we adsorb 0H~ on the surface, however, an 0(2s) core hole can 
decay to yield an OH ion in desorption. Thus, as shown in 
Fig. 2, when we expose an activated TiO, surface to H_0, we 
observe a high yield of OH with a threshold for desorption at 
the 0(2s) i.p. followed by another step in yield at the Ti(3p) 
i.p. Hence, we are observing OH species which are bonded to Ti's. 

In Fig. 2, the H has its major threshold at the 0(2s) i.p. 
with a minor step at the Ti(3p) i.p. and there is a large OH 
yield. In Fig. 2, the interpretation seems quite obvious, we 
are observing H ' s being emitted from OH bonds. Decay of an 
0(2s) level can either fragment the OH by removing two electrons 
from the o-orbital, yielding an H in desorption or remove two 
electrons from orbitals other than the o-orbitals, yielding a 
stable OH in desorption. 

In Fig. 1, H has a weak threshold at the 0(2s) i.p., with 
no accompanying OH (the annealing having removed all surface OH 
species), and its major threshold at the Ti(3p) i.p. These 
surfaces have a high density of mobile H in the near-surface 
region which we propose reacts with a Ti defect, produced by 
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4+ -annealing, yielding a Ti - K hydride type bond. Electron 
spectroscopies will thus not detect Ti d-states typical of the 
defect, as we observe, and creation of a Ti(3p) hole will yield 
H J\SD as is observed. The hydrogen thus compensates the defect, 
producing an "inert" site. In the case of H yield at the 0(2s) 
i.p. in Fig. 1, we speculate that the H in this case is bonded 
to an 0 which is either below the surface in a trapped site or 
in some type of bridge bond so that creation of an 0[2s) hole 

RESULTS: 

SrTiO, is a considerably more complicated material than 
TiO,. It is difficult to determine the surface composition. It 
is known that the SrTiCK surface can be SrO, TiO, or SrTiO,-
like and is more than likely a mixture thereof. Shown in Fig. 3 
is a typical LEELS spectrum and ESD curves for H , OH and 0 
from a SrTiO, surface exposed to H,0. SrTiO, has its 0(2s) 
and Ti(3p) loss peaks at roughly the same energy as TiO, with 
0(2s) being ^1 eV higher. SrTiO, has a prominent Sr(4p) peak 
at ̂ 21 eV and a plasmon loss at 27.9 eV. H has its major thresh
old in the region of the Sr(4p) while that for 0H + is closer to 
the 0(2s) with a second structure at the Ti(3p). The 0 occurs 
at the Ti(3p) as in TiO,. Whereas in TiO, there was a very 
close correlation between ELS structures and ESD thresholds, 
in SrTiO, all of the ESD thresholds are shifted by 1 to 2 eV 
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from the ELS peaks by comparison to Tic,,. This can be under
stood if the bands are bent into depletion at the SrTiO, surface 
but not on the TiO, surface. This could be made possible 
by the high density of Ti sites, found to be stable in SrTiO,, 
pinning the surface Fermi level deep in the gap. Such a band 
bending would facilitate photon induced chemistry of the type 

(S) described by Hemminger, et al. and ve have observed similar 
effects. 

The distribution of hydrogen and hydroxyl species on SrTiO., 
is a bit surprising. There appears to be a high density of 
Sr-H bonds but very little Sr-OFI bonding. For some surface 
treatment, it was possible to induce some OH yield at the Sr(4p) 
excitation but it was always weak compared to that at the 0(2s) 
or Ti(3p). It was possible to reduce the surface density of 
Sr by heavy annealing and then it was found that Ti-H also was 
present. For data as in Fig. 3, it was impossible to delineate 
a Ti-H or 0-H species in the H yield curve due to the strength 
of the Sr-H signal. These results suggest that when H.O disso
ciates on this surface the H is selectively bonded to a Sr and 
the OH to a Ti. Whether the H is on an SrO surface and the OH 
on TiO- or both on SrTiO, is not determined. On the TiO, surface 
the OH bonds at the Ti site and the H,to a neighboring O. In 
the former case,H is bonding to an electropositive site, in the 
latter to an electronegative site. 

Some support for the picture that the bands are bent in 
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SrTiO, but not in TiO- has been found from recent PSD results. 
If the bands are bent we expect the ESD threshold to be shifted 
by V b b but no such shift should occur for the ELS peaks, to 
a first approximation, or more importantly for the PSD thresholds. 
Whereas in TiO, we found a good agree:.ient between ESD, PSD 

(1 9) thresholds and ELS structures, ' for SrTiO, there is a shift 
between ESD and ELS but the PSD data have thresholds which agree 
with ELS, not ESD, as we expect from the band-bending model. 
The details of this comparison will appear in a later paper. 

Having established the presence of hydrogen it is important 
to determine its role in reactions. When H.O is reacted with 
"activated" surfaces of TiO, or SrTiO,, the primary result is 

+ + a large increase in H and OH signals. In order to determine 
to what extent the H signal was from surface rather than adsorbate 
origin, D̂ o was reacted with an identical surface. Surprisingly, 
it was found that the H signal (of surface origin) increased 
exactly equal to the D signal and both were half of the H 
signal from H-O. This means that for each site with whi,-h the 

the reaction of 0, with the surface. If 0 is adsorbed on the 
"activated" surface, the 0 yield increases only slightly while 

+ + the OH and H yields go up dramatically indicating that the 
H is involved in splitting the O,. Further study of this surface 
H and the nature of the defect-H interaction is under way. 
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CONCLUSIONS 

Using ASD, in this case electron-excited, it has been 
demonstrated that there are high levels of contaminant hydrogen 
on the surface of TiO- and SrTiO,. Using the site specificity 
of ASD, the site distribution of the hydrogen and hydroxyl 
species on these surfaces was determined. Using isotopic sub
stitutions it was determined that contaminant H is associated 
with active defects on the surface and is involved in the reac
tion of 0 and HjO with these surfaces. 

In addition to the bonding site information discussed here, 
ASD has electronic structure information available in near-
threshold structure and relative-threshold position. In addition, 
bonding site or adsorbate radial distribution functions are 
available from extended fine structure in either the electron-
or photon-excited cases as we recently demonstrated for PSD. 
And, of course, bonding site symmetry and bond angles are 

f 12) available from angle-resolved desorption studies. ' In the 
near-threshold structure of photon-excited ASD, we also expect 
symmetry information arising from selection rules for photo-
excitation. And finally, we reiterate the unique sensitivity 
of this technique to hydrogen. This wide range of features 
promises to make electron- and photon-excited ASD studies strong 
contributors to our understanding of surfaces. 
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Figure Captions 

1. Low Energy Electron Loss (second-derivative spectra) 
and H and 0 T ESD from an annealed TiO, surface. 
Desorption thresholds for H are at the 0(2s) and 
Ti(3p) core-level ionization potential and 0 at 
the Ti(3p) threshold. 

2. H +, 0H + and 0 + ESD from a reactive (defective) TiO., 

occur at the 0(2s) and Ti(3p) i.p., H at the 0(2s) 
predominantly and 0 at the'Ti(3p). 

Typical LEELS and;H+, 0H + and 0 + ESD spectra from 
SrTiO,. H desorption occurs primarily at the 
Sr(4p), 0H + at the 0(2s) and Ti(3p) and 0 + at the 
Ti(3p). 
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