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Electronic as well as localized and delocalized vibrational losses were studied on TiO,(110) by
electron-energy-loss spectroscopy. Electronic loss features at defect surfaces around 0.8 eV indicate
band-gap defect states. In the higher loss-energy range above 3 eV well-known interband transitions
were detected, which were found to be sensitive to ion bombardment, but not to the formation of
point defects produced by high-temperature pretreatment. Vibronic loss structures are characterized
by three different delocalized Fuchs-Kliewer surface phondns at 46, 54, and 95 meV as well as mul-
tiple and combination losses thereof. Ion bombardment as well as high-temperature pretreatment
reduces their intensities significantly. On defect-free surfaces a shift of all three fundamental fre-
quencies of +2 meV relative to defect surfaces was observed for primary energies below 10 eV. Lo-
calized O—H stretching vibrations at 455+1 meV were detected on stoichiometric and defect sur-

faces after exposure to atomic hydrogen.

1. INTRODUCTION

Studies on rutile TiO, surfaces are of great practical
importance in the field of gas sensors, catalysts, semicon-
ductor electrodes, photodecomposition of water, etc.! In a
recent study’? we have demonstrated that the single-crystal
TiO,(110) surface serves as an ideal prototype surface to
study charge-transfer reactions involved in the chemisorp-
tion and point-defect formation at the surface. Of partic-
ular importance with respect to practical applications is
the determination of intrinsic point defects and adsorbed
hydrogen species on TiO,(110).°

In this study we investigated the applicability of high-
resolution electron-energy-loss spectroscopy (EELS) to
identify defects and surface species on TiO, from their vi-
brational structure. This approach to identify surface
species has been extremely successful on metal surfaces*
and covalent semiconductor surfaces.’ Owing to pro-
nounced contributions from surface optical phonons ex-
pected at ionic semiconductor surfaces,® the identification
of loss features associated with vibrations of surface
species is expected to be complicated, particularly in the
range of low loss energies. Recent studies on GaAs, InP,
GaP, and TiO, (110) surfaces’™® indicate that these sur-
face optical phonons remain unaltered during different
pretreatments of the surface. An exception is a coupling
between optical phonons and surface plasmons observed
recently on GaAs(110).” Surface optical phonons at ionic
compound semiconductor surfaces could be treated
theoretically by describing the optical properties of solids
in terms of an isotropic frequency-dependent dielectric
constant®!%!! which was assumed to be unaltered by the
presence of the surface. ~

The objective of this work is to investigate TiO,(110)
surfaces without and with intrinsic defects before and
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after exposure to hydrogen by means of EELS. We find
that frequencies as well as intensities of surface optical
phonons are influenced by surface defects and that local-
ized absorbate vibrations formed by the interaction of hy-
drogen with TiO,(110) surfaces can be identified with
EELS. In addition, EELS has been used to characterize
electronic states in the band gap which are defect related.
These results are important for a future application of
EELS to study adsorption phenomena at ionic semicon-
ductor surfaces.

II. EXPERIMENTAL

The experiments were carried out in a Leybold EELS-
XPS. (electron-energy-loss—x-ray-photoemission spectros-
copy) system at a base pressure of P <10~% Pa. Samples
were prepared by repeated argon bombardment (5 min,
E,=500 €V, i=3X10"" A, P5,=4X 107> Pa), and sub-
sequent heat treatment at 870 K for 300 sec in
Po,=1.3X 10~* Pa to restore the surface stoichiometry.

For details of the sample preparation see Ref. 2. The sur-
face cleanliness was checked by XPS. The EELS spectra
were taken at primary energies between 5.5 and 28 eV and
full width at half maximum (FWHM) in the elastic peak
between 6.5 and 20 meV in the specular beam direction
with 6; =6, =45".

III. RESULTS

The EELS spectra were taken for four different sample
pretreatments. The first sample pretreatment led to an
ideal stoichiometric surface with negligible concentration
of intrinsic defects. In a previous study? these defects
have been identified as oxygen vacancies at or near the
surface. Results from ideal surfaces are indicated by solid
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FIG. 1. EELS spectrum of TiO,(110) after different surface
pretreatments. Spectra were taken at a primary energy E, =6.4
eV with a FWHM of AE=6.5 meV. Solid lines represent re-
sults obtained at the stoichiometric surface in the absence of
point defects. Dashed lines represent results obtained on sur-
faces with thermally produced defects.

lines in Figs. 1—4. In a second sample pretreatment, sur-
face defects were prepared thermally (T'=1310 K,
Po2 =10"% Pa, and ¢ =600 sec), which leads to a nominal

defect concentration of 102 monolayers. Corresponding
EELS results are indicated by dashed lines in Figs. 1—4.
In a third sample pretreatment, argon bombardment leads
to pronounced surface-atom disorders. Results obtained
after Pa,=4X10"° Pa, t=600 sec, and i =3X10"7 A
are indicated by dotted lines in Figs. 1—4. The last sam-
ple pretreatment consisted of a 1000-L exposure [1 L
(Langmuir)=10"% Torrsec] of atomic hydrogen
(Py,=6.7x107* Pa at 300 K) to stoichiometric surfaces

during which surface OH groups are formed. We also ex-
posed atomic hydrogen to defect surfaces leading to iden-
tical OH features. Exposure of molecular hydrogen did
not show any effect on either stoichiometric or defect sur-
faces.

Figure 1 shows typical results in the range of low loss
energies with pronounced peaks from surface optical pho-
nons ¥y, ¥,, ¥3, and with multiple as well as combination
losses for the differently prepared samples. In Fig. 2 re-
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FIG. 2. EELS spectra (obtained for the same experimental
conditions as in Fig. 1) shown over a wider energy range which
also includes characteristic gain peaks and the effect of hydro-
gen exposure. Further details are explained in the text.
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FIG. 3. EELS spectra taken at higher primary energy
E,=27.1 eV with a FWHM AE =20 meV showing the energy
range of electronic transitions involving band-gap states. The
differently marked lines correspond to different sample pretreat-
ments as described in the caption of Fig. 1. Solid lines represent
results from ideal surfaces.

sults obtained from stoichiometric surfaces before and
after hydrogen exposure are shown in connection with
gain peak features at negative loss energies. Characteris-
tic O—H vibration loss features are observed at 455 meV
which can be removed by subsequent thermal treatment at
T >500 K.

Associated with the formation of point defects and
surface-atom irregularities are changes in the electronic
transitions which involve gap states. Typical EELS re-
sults are shown in Fig. 3 with broad loss features between
0.5 and '1.5 eV. Electronic interband transitions at higher
loss energies are shown in Fig. 4. Transitions in this loss-
energy range remain basically unaffected if point defects
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FIG. 4. EELS results obtained under the same experimental
conditions and spectrometer parameters as in Fig. 3 in the
higher energy range where electronic interband transitions are
observed. Further explanations are given in the text.
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are formed at stoichiometric surfaces. Significant effects,
however, are observed for highly distorted surfaces after
argon bombardment (dotted lines).

IV. DISCUSSION

A. Electronic EELS

Before discussing the characteristic vibrational EELS
features, we will characterize the differently prepared
TiO,(110) surfaces by means of their different electronic
EELS spectra shown in Figs. 3 and 4. A characterization
of thermally produced surface defects of TiO,(110) has
been done in a recent paper.” These defects are oxygen
vacancies associated with two Ti** surface ions which act
as paramagnetic donors. The corresponding EELS transi-
tion in Fig. 3 at 0.8 eV is due to a transition between the
Ti 3d gap state and a maximum of the density of states in
the lower energy range of the conduction band.!> Argon
bombardment leads to a broad distribution of electronic
states in the gap. Significant changes in the interband
electronic transitions (Fig. 4) indicate important changes
in the electronic structure of TiO, surfaces induced by ar-
gon bombardment. Valence-band features are smeared
out, and corresponding core-level shifts in the Ti 2p and
Ti 3p peaks indicate partial reduction of titanium even in
subsurface regions.!> Owing to the statistical occurrence
of different types of defects after argon bombardment, a
detailed description of corresponding geometric and elec-
tronic structures is not possible. It is surprising, however,
that even after this sample pretreatment the predominant
features of the EELS spectra shown in Figs. 1, 3, and 4
remain. This demonstrates the long-range order of delo-
calized Fuchs-Kliewer phonons to be discussed next.

B. Surface Optical Phonons

The surface optical (Fuchs-Kliewer) phonons observed
in our studies can be identified by comparing bulk
data!>!* and a recent theoretical treatment (see Ref. 9 and
references therein) with typical results summarized in
Table I. The observed surface optical-phonon modes are
singly excited surface modes at ¥, ¥,, and ¥; as well as
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combination and multiple excitations of these fundamen-
tal modes. The frequencies ¥, and ¥, have also been ob-
served in a recent EELS study on TiO,(100).° In our
study with better instrumental resolution and signal-to-
noise ratio we could also observe the ¥; mode. It could be
determined even more sensitively from the gain feature
due to the relative enhancement of lower loss energies ac-
cording to the Boltzmann distribution, which results in a
better separation of V; and ¥, features in the gain spec-
trum shown in Fig. 2. For ¥, in particular we have been
able to also observe higher-order multiple losses which
show the expected Poisson distribution of intensities!>!®
shown in Fig. 5. The ratio of gain-to-loss intensity shows
the expected Boltzmann behavior.!!

At primary energies above E,=11 eV, the different
sample pretreatments lead to identical values of v, ¥,, and
V3 as they are listed in Table I. At lower primary energies
we observe characteristic shifts of surface optical phonons
at stoichiometric surfaces towards higher loss energies.
Typical results are shown in Fig. 1 for E,=6.4 eV. For
all three frequencies we find a shift of approximately 2
meV in the fundamental mode, whereas the multiple
losses 2v,, 3v,, and 4v, showed shifts of 2.5, 3, and 3.5
meV for 5.5<E, <7.0eV.

The physical origin of this shift is not quite clear at
present. Reduced amplitudes and shifts towards lower
loss energies upon defect formation at the surface may
qualitatively be understood by damping of the collective
vibrational modes in the presence of defect-induced con-
duction electrons with the frequency of phonons at a de-
fect surface

wp=(w?—K?)!/? (1
for a frequency on the stoichiometric surface w,, with
k=B/2m*, where B is the damping constant, m* =20m,
is the effective mass of TiO, conduction-band electrons,
and m, is the electron-rest mass. Donor-type point de-
fects in TiO, lead to an increase in the free-electron con-
centration.’ As an example, from the above-mentioned
frequency shift in ¥, at E,=6.4 eV we calculate
B=1.7x10"1¢ kgsec™! and #ik=19.6e, meV for samples
with high concentrations of defects.

TABLE 1. Summary of surface and bulk optical-phonon frequencies in meV for rutile TiO,.

Surface data Bulk data
Frequency Mode assignment Theory? ir-active modes ir data® INS data®
54 £2) 52.8—56.4 rf(Lo) 56.8 53.2
95 £2) 93.8—98.8 'y (Lo 100.5 100.6
46 V3 46.2—46.3 r#(To) 22.7 23.4
149 Vi+72
141 V3+ 7,
190 2v,
244 Vi+2F;
285 v,
339 V1+ 37,
380 4v,

aFrom Kesmodel et al. and references therein (Ref. 9).

Infrared data from Eagles (Ref. 13).

°Inelastic neutron scattering data from Traylor et al. (Ref. 14).
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FIG. 5. Poisson distribution of the measured loss intensities
for TiO,(110) Fuchs-Kliewer surface phonons ¥, at 300 K.

At stoichiometric surfaces, these defects are annealed,
and defect-free (sub)surface regions are produced which
extend about 1000 A into the bulk.2 The dependence of
the surface-phonon shift and damping on the primary en-
ergy may also be explained by the primary energy depen-
dence of Fuchs-Kliewer phonon amplitudes in subsurface
layers. The effective amplitude as a function of distance z
from the surface is given by exp(—gq) |z |) with the in-
verse electron momentum transfer parallel to the surface®

-1, | Ko | #wgsin®

[dy |=
I 2E,

(2)
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Here, EO and E, are the wave vector and the energy of the
incoming electron, respectively, and 0 is the scattering an-
gle. For ¥, we estimate values of |q | ' between 925
and 1934 A for E, between 6.4 and 28 eV. Geometric
and electronic perturbatlons in the first few monolayers
extend little if compared with |q '| and the region
which contributes to the time-dependent electric field at
E,>11eV. As a consequence, surface disorder or defects
do not affect the observed optical-phonon frequencies at
higher primary energies, whereas dev1at10ns between ideal
and defect surfaces are expected for | ﬁ' | <1000 A.

The experimentally determined value #ix is within ex-
perimental error identical with the corresponding plasmon
energy frequency of free carriers in these samples of
180ey meV. The latter value was estimated from the con-
centration of free electrons of 1X 10! cm™3 and their ef-
fective mass. These plasmons couple with Fuchs-Kliewer
phonons and cause the above-mentioned damping. Owing
to the linewidth of our instrument and the large “back-
ground” near the elastic peak resulting from Fuchs-
Kliewer phonons we could not resolve plasmon excitations
at low energies.

C. Hydrogen-induced adsorbate vibrations

Hydrogen leads to adsorbate vibrations as shown in Fig.
2 which are characteristic of O—H stretch vibrations. In
our earlier chemisorption studies on defect surfaces we
also found indirect evidence for a Ti-H surface species
which only occurs in the presence of surface point de-
fects.? These species could not be detected in EELS
presumably for two reasons. First, the energy is expected
to be at around 260 meV. In this energy range, a large
background from contributions of multiple ¥, excitations
are observed. Second, the equilibrium concentration of
TiH absorbate complexes is below 10~2 monolayers® and

TABLE II. Characteristic H and OH vibrational frequencies observed in EELS.

#iw (meV)

i GaAs GaAs InP InP
Vibrations TiO, Si Pt (Ga site) (As site) (In site) (P site)
H not obs. 257* 260° 234° 266° 2124 297¢

Si(111) (ir) GaAs(110) GaAs(110) InP(110) InP(110)
210¢ 285¢
InP(100) InP(100)
O—H 455 . 458° _455¢
Si(100)2x1 ' Pt(100)
456° 4318
Si(111)7x7 Pt(111)
OH 52 102¢ 57f
Si(100)2x 1 Pt(100)
(calc.) 100° 538
Si(111)7x7 Pt(111)

2Reference 5.
bReference 19.
°Reference 7.
9Reference 8.
“Reference 11.
fReference 17.
8Reference 18.
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under these conditions it is expected to be below the detec-
tion limit of our spectrometer.

The experimentally observed loss in Fig. 2 is found in a
frequency range in which O—H vibrations are typically
observed on metal and semiconductor surfaces (see Table
II). Owing to the large Fuchs-Kliewer phonon back-
ground, the corresponding OH vibration could not be
resolved. We therefore calculated its value in a simple
classical model with the result also shown in Table II. In
this calculation we assumed that O—H force constants
B(O—H) known from the literature for free O—H radicals
[#iwo(O—H)=458e, meV] to a first approximation do not
change in the O—H adsorption complex. We also assume
that the mass of the surface cations at the adsorption site
is large if compared with the mass of oxygen and calcu-
late two eigenfrequencies from

1 K
] e
2 172
+|L| B B+K | __BK
14 my meo mymoeop

(3)

with K as the force constant of the metal—-OH vibration.
Assuming o(OH),4s << @(O—H)s,. we find

[@(OH), 45 > =[0(O—H)gree ]2 — [@(O—H), g I @

with @(O—H),4; from the EELS experiment, we deter-
mine #%w(OH),4,=>52¢, meV.

As can be deduced from Table II, the simplifications of
our model are also capable of explaining metal—OH and
O—H cigenfrequencies at single-crystal Pt surfaces. Ow-
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ing to the smaller mass of Si the model fails, however, to
calculate the corresponding eigenfrequencies on silicon.

V. CONCLUSIONS

We have demonstrated that EELS studies on highly
ionic metal oxide surfaces can be used to characterize sur-
face structures by means of the vibrational structure of
delocalized surface optical (Fuchs-Kliewer) as well as lo-
calized surface vibrations associated with adsorbate for-
mation. Modifications in the intensity and frequency of
Fuchs-Kliewer phonons as a function of primary energy
may be correlated with the concentration of free electrons
near the surface. Localized absorbate vibrations in the
higher loss-energy range make possible the determination
of hydrogen-atom-derived absorbate species. An experi-
mental tool to detect the latter is essential, e.g., in study-
ing elementary steps of photodecomposition of water on
TiO,. In spite of earlier results and conclusions drawn
from those, our results indicate that EELS can indeed be
used to study surface reactions on highly ionic semicon-
ductors such as TiO, if light atoms such as hydrogen are
involved.
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