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Abstract:
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by means of XPS, XAES., AES, EELS, ELS and conductivity as well as work function changes.
Surface defects, created by high temperature treatment, ion bombardment and by evaporating
submonolayer amounts of Ti, lead to an additional peak in the TiLMV Auger signal, changes in the
valence band structure and broadening and/or additional peaks in the Ti2p, Ti3p and 01s core-levels.
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increase in the surface conductivity as well as more (less) pronounced conductivity changes upon the
adsorption of 02 (H2 and CO), if compared to the stoichiometric surface. In the presence of defects the
adsorption of any of these gases also results in an increase of the work function whereas a decrease
(increase) was observed during H2 and CO (02) exposure to ideal surfaces. The results are discussed
quantitatively in terms of a modified charge transfer model. 
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Abstract

The electronic defect structure of T i (110) before 
and after exposure to , Hg and CO was studied by means of 
XPS, XAES., AES, EELS, ELS and conductivity as well as work 
function changes. Surface defects, created by high 
temperature treatment, ion bombardment and by evaporating 
submonolayer amounts of Ti, lead to an additional peak in 
the TiLMV Auger signal, changes in the valence band 
structure and broadening and/or additional peaks in the 
Ti2p, Ti3p and Ols core-levels. These effects result from 
the formation of Ti^+ in a Ti-V0-Ti complex at the surface 
and induce an increase in the surface conductivity as well 
as more (less) pronounced conductivity changes upon the 
adsorption of Og (Hg and CO), if compared to the 
stoichiometric surface. In the presence of defects the 
adsorption of any of these gases also results in an 
increase of the work function whereas a decrease (increase) 
was observed during Hg and CO (Og) exposure to ideal 
surfaces. The results are discussed quantitatively in terms 
of a modified charge transfer model.
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CHAPTER I

INTRODUCTION AND STATEMENT OF THE PROBLEM

Titanium dioxide is a transition-metal oxide and has 
proved its great practical importance in the field of gas 
sensors, catalysts, high- temperature-resistant 
semiconductors, masers, photodecomposition of water and the 
photo-oxidation of a number of organic and inorganic 
molecules (see chapter 2).

The underlying physical and chemical mechanisms, 
however, are not well understood yet. It is believed that 
surface point defects are responsible for the catalytic 
activity of titanium dioxide surfaces, in the sense that 
they provide adsorption sites for foreign gases and 
determine charge-transfer reaction rates (see chapter 2).

In this thesis, different methods for preparing 
stoichiometric and defective titanium dioxide surfaces will 
be presented. The interaction of various gases such as 
oxygen, hydrogen and carbon monoxide with these surfaces 
will be investigated by studying changes in the surface 
electronic structure. Measurements of changes in surface 
conductivity and work function as well as different 
electron spectres copies will be applied as 
surface-sensitive experimental probes.
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CHAPTER 2

LITERATURE SURVEY OF INVESTIGATIONS ON TITANIUM DIOXIDE 

Bulk Properties and Bulk-Defects

The three polymorphic structures of titanium dioxide 
(TiOg) are known to be rutile, anatase and brookite 
[1,2,3]. The rutile structure to be investigated in this 
thesis is the most stable structure under atmospheric 
conditions at room temperature. It exhibits a tetragonal 
unit cell, which contains two titanium Ti4+ and four oxygen 
02- ions (Figure I and reference 4). Its coordination is 
6:3 (oxygen-to-titanium neighbors).

The space group of the rutile structure is D^> whose 
irreducible representations, as well as those of its small 
groups, have been given by Dimmock and Wheeler and by Gay 
et al. [2,5,6] .

Each titanium ion in the unit cell has two oxygen 
neighbors at a distance of .1 .988 A and four oxygen 
neighbors at a distance of 1.944 A (Figure I). Thus, each 
cation is surrounded by a nearly regular octahedron of six 
anions, and each anion is at the center of a nearly 
equilateral triangle of cations [2].
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Figure Unit cell of rutile TiO2 (see reference 4). 
Black and white circles represent Ti1* and
02- ions, respectively.
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From general group theoretical results [7 ] it is 

well-known that an octahedral ligand field causes the five 
degenerate Tigd states to split into two states of e_ 
symmetry and three states of tgg symmetry, but leaves the 
three 02p states unaffected. This effect is retrieved in 
the bulk electronic structure, since the octahedral 
environment is nearly preserved in the crystal, leading to 
two valence- and two conduction subbands of eg(3z2-r2,xy) 
and t2g(xz,yz,x2-y2) symmetry [2,8]. Due to the 
comparatively high ionicity of TiOg 60-70 % [2] on 
Philip’s ionicity scale, estimated from Raman Spectroscopy 
[9 ] and Positron Annihilation [10] studies, the valence and 
conduction bands are mainly derived from 02p and Tigd 
orbitals, respectively. The fairly large optical band gap 
was determined to be g .05 eV near room temperature [11].
The pure stoichiometric TiOg crystal is thus a transparent 
insulator showing a bulk conductivity of approximately 
I 0** 1 3 Q - I cm-1 [I 2, Ig].

The phase diagram of the Ti-O system is complicated
[14,15]. Below 2100 K (the melting point of TiOg)> there 
exists at least eight intermediate titanium oxides 
(TinO2n-I* n=3 to 10) between Ti2 O3 (titanium sesquioxide) 
and TiiO2 .

On reduction by heating in vacuum or hydrogen at 870 K 
for an hour, oxygen is partially lost from the TiO2 lattice 
(the equilibrium oxygen partial pressure above TiO2 at
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870 K being about 10-18 mbar [15,16] ) , and the crystal 
becomes first yellow and then blue in color. In this case, 
transport measurements indicate that the crystal becomes an 
n-type semiconductor, and Paramagnetic Resonance studies 
show the presence of TiB+ species [4,15]. The oxygen 
concentration can be restored by heating the reduced 
crystal in an oxygen atmosphere of about 250 mbar at 870 K 
for I hour, as shown by the color change of the crystal 
from blue to yellow [15].

In 1952, Cronemeyer [11] found that the blue color of 
the Ti02 crystal arises from an optical absorption maximum 
at 0.73 eV and that further reduction of rutile leads to an 
opaque crystal. From weight losses and Hall coefficient 
data he calculated the bulk density of conduction-band 
electrons to be 1020 cm-3 in opaque crystals.

From further Infrared. Absorption studies [17] 
Cronemeyer concluded that oxygen vacancies can be 
considered as doubly ionizable donors (two electrons are 
trapped at each oxygen vacancy), which are responsible for 
the conductivity of nonstoichiometrie rutile. The existence 
of several donor levels in the band gap of defective rutile 
was mainly derived from the temperature dependence of the 
conductivity and Hall mobility [-11,18,19]. Measurements of 
dielectric constants [20,21], Infared (IR) and Optical 
Absorption results [11,17] as well as studies of the 
dependence of the conductivity and Hall mobility on the
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degree of reduction of rutile [16] led to the assumption 
that these donor levels can indeed be assigned to 
differently ionized bulk oxygen vacancies [2 2 ].

In this model, each bulk oxygen vacancy Vq is 
associated with two TiB+ species (2Ti3+ Vq ) and can be 
ionized twice. The corresponding ionization potentials give 
rise to two different donor levels in the band gap, and 
were found 0.15 to 0.20 eV and 0.75 to 1.0 eV below the 
lower conduction-band edge Eq [1 3].

TiB+ ions in the bulk of rutile may also be described 
as donors. They are assumed to be located at regular 
lattice sites [ 21 ,2 3 ] as well as interstitial sites 
[24,25]. Electron Spin Resonance (ESR) data [26,27 ] as well 
as studies of the internal friction [28,29] support both 
hypotheses.

Oxygen interstitials were only observed at oxygen 
partial pressures above I mbar [3 0 ] and lead to 
acceptor-type levels in the band gap, and even to p-type 
conduction at higher oxygen pressures [3 0 ].

The oxygen vacancy concentration obtained by a high 
temperature treatment (see above.) with the help of reducing 
gases (H2 or H2O [11,31], CO or CO2 [25,32]) is "frozen" by 
quenching down to temperatures below 800 K [33,34].
Although the thermodynamically stable oxygen vacancy, 
concentration was determined to be less than 
3.4x1012 om-3 at temperatures below 600 K [35,36] , no
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changes in the bulk stoichiometry are.observed below 800 K 
during the exposure of oxygen. Reversible uptake and 
removal of oxygen is only observed above 800 K [37].

The diffusion of titanium in the TiOg bulk was studied 
by Carnahan et al. [24], who derived a diffusion activation 
energy of 1.04 eV from changes in optical absorption.

Haul and Duembgen [38] studied the diffusion of oxygen 
in TiOg by means of gas/solid isotope-exchange experiments 
with 1^0-labelled oxygen. In the temperature range between 
980 and 1570 K, they calculated a diffusion activation 
energy of 2.65 eV and a diffusion coefficient of 
2.0.x I O-Bxexp ( _2.65 eV/kBT) cm2/sec for oxygen diffusion 
(see also reference I).

Many physical properties of rutile TiO2 such as . 
electrical conductivity, Hall mobility and dielectric 
constant are highly anisotropic [15]. and have been 
investigated extensively during the last decades.

Different models such as the multiple-band model and 
the polaron hopping model have been suggested to explain 
the charge-carrier transport mechanism and thus the 
conductivity of rutile.

The scattering of electrons at ionic lattice defects 
and point defects is believed to be the dominant mechanism 
at temperatures below 50 K [21,39,40], whereas above 80 K
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only scattering at acoustic and optical phonons has been 
considered, in terms of a multiple-band [16,18,40,41] as 
well as a polaron model [42-44,49] . -

Becker and Hosier [18] deduced the existence of 
multiple-band conduction in n-type rutile for temperatures 
above 40 K from studies of Hall coefficients and electrical 
conductivities from 2 to 600 K. They calculated the 
separation between the lowest conduction band and the 
bottom of the next higher one to be 0.05 eV, and showed 
that impurity and surface conductivity could be neglected.

Bogomolov and Zhuze [42] performed electrical 
conductivity and Hall mobility measurements on slightly 
reduced single-crystal rutile (parallel and perpendicular 
to the c-axis) in the range of 78 to 700 K. From their low 
Hall mobility values they concluded that the electrical 
conductivity of rutile can be described in terms of a 
hopping model of polarons with large effective masses 
rather than by a multiple-band model.

In 1968, Goto and Okada [44] presented results 
obtained.from high-frequency conductivity measurements. 
Their results showed an increase in the bulk conductivity 
above 100 MRz and a saturation above 24 GHz. The magnitude 
of the dispersion turned out to be independent of 
temperature. They attributed the high-frequency 
conductivity in (reduced) rutile to the hopping conduction 
of small polarons localized around lattice defects.
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Since 1970, both the multiple-band and the polaron 

model have been accepted as coexisting models [45], 
according to which free charge carriers are found in 
conduction bands and. electrons trapped at defects are 
considered as polarons.

Whitehurst et al. [46] as well as Raalte [47] observed 
an instability in the electrical conductivity of 
nonstoichiometric ceramic and crystalline titanium dioxide. 
The conductivity was found to decrease slowly for as much 
as several hundred hours at constant measuring temperatures 
lying between 273 and 373 K, following quenching from 
temperatures between 47 0 and 67 0 K. Whitehurst's 
experimental curves showed that the conductivity varied 
with time at the measuring temperature according to: .

OrO - a
o =  o e + B x -- ---- ( I )

where o ,Oq and a e are, respectively, the conducivities at 
time t, at t=0 (immediately after quenching) and at 
equilibrium (t->co). The factor B is a constant during a 
given isothermal experiment but, in general, depends on oq 
and o e as well as temperature. .

Whitehurst et al. interpreted their results in terms 
of the theory of reaction rates on the assumption that .



electrons are trapped out of conduction states into empty 
traps. They calculated extremely small trapping cross 
sections of about 2x10-27 cm2 [46].

Extensive studies on bulk Hall mobilities of TiOg have 
been presented in the literature during the last two 
decades. The Hall mobility n strongly depends on the 
crystal temperature T, but does not show a dependence on 
the charge carrier concentration above 200 K [18,48]. The 
temperature dependence can be expressed as

H = &1xT-a2 x (2)

where â  , ag are constants [42,48] .
In order to describe the mean mobility over a wider 

temperature range, a more complicated expression is 
favored:

^ =. a1XT-a2x[exp(a3/T)-ail] (3)

where ag = const, and a4 = 0 or 1 [16,49].
Due to comparable experimental conditions, the Hall 

mobilities used in this thesis (see chapter 5) were taken 
from reference 42, resulting in:
a i = I q5 .6 85 Cm2K2 .5/Vsec, ag = 2.5, ag = a ̂ = 0 (iJ)

Dielectric constants of rutile TiO2 .were determined . 
experimentally by Parker [50], Dominik et al. [21] as well 
as Hollander et al. [20]. Measurements were done parallel

10
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and perpendicular to the c-axis, in temperature and 
frequency ranges from 1.2 to 1 06 0 K and 102 to 10 5 Hz, 
respectively. The dielectric constants e used in this 
thesis (see chapter 5) were derived from results given in 
reference 50. The following approximate temperature 
dependence was obtained in a temperature range from 300 to 
420 K :

f eIxT + f2 (5)

where = -0.066 K-1 and € 2 =
From measurements of electrical and optical properties

. •

Frederikse [41] and Breckenridge et al. [16] determined
effective masses of conduction band electrons. Using the
expressions for the conductivity, Hall coefficient, and
thermoelectric power of a nondegenerate electron gas [41],
Frederikse calculated the effective electron mass meff
the bottom of .the conduction band to be 25me, where
!Ue is the rest mass of an electron. The above relationship
will be used in the discussion in chapter 5.

Recalculations, of Madelung potentials in
stoichiometric rutile TiOg are reported by Iguchi et al.
[51]. They determined Madelung potentials of 29.53 eV at 

f
the Ti^+ site and -41.20 eV at the O2- site, leading to the
value of 141.5 eV for the Madelung energy per TiOg 
"molecule" and also to the value of 4.810 for the
Madelung constant.



12
Soffer [52] as well as von Hippel et al. [4] 

discovered during Infrared-Spectroscopic experiments that 
TiOa crystals grown by the Verneuil method always contain 
residual hydrogen, indicated by a narrow double band near 
3300 cm-1, the typical OH stretching vibration. Various 
reactions in hydrogen and oxygen and the effects of 
reduction on electron mobilization and the Optical 
Absorption spectrum were studied subsequently. Theoretical 
studies [531 on the solubility of hydrogen and deuterium, 
as well as diffusion experiments [54,55] involving hydrogen 
and deuterium, have also been reported during the last few 
years. Johnson et al. [54] have measured diffusion 
coefficients D for hydrogen both parallel and perpendicular 
to the c-axis; their results are:

D„ = I .8x10~3xexp(-0.59 eV/kBT) cm2/sec and 
Dj_ = 0 .38xexp (-1 .28 eV/kgT) cm2/see.
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Surface Structure Including Surface Defects

Titanium dioxide surfaces have been studied by several 
surface science groups in the past [2,15,56-973. From the 
basic science point of view, studies at (110) 
single-crystal TiOg surfaces are of particular interest 
(geometric model in Figure 2, and reference 80). First, 
this surface is the thermodynamically most stable surface 
of TiOg [65,79,86 ,9 4] and is expected to make possible the 
study of reversible solid-gas interactions. Secondly, ideal 
TiOg surfaces show no intrinsic surface states in the band 
gap [65,79 ,86].

States may, however, be induced by the formation of 
either point defects of the ideal TiOg lattice, such as 
vacancies or interstitial atoms, or of extrinsic defects 
associated with foreign atoms [,45,57,59 » 62,63 »,65,79 ]. 
Electronic states in the gap have been associated with the 
existence of intrinsic, paramagnetic defects [65,79,80], 
and earlier studies on the defect formation at TiOg(110) 
[56,79] indicated that filled band-gap defect surface 
states correspond to 2 Ti3+ Vq s vacancy complexes, although 
the detailed geometry of those complexes is not precisely
known.



Figure 2. Left: geometric representation of the TiOg(IIO)
surface with different types of intrinsic defects 
(see text). White circles represent oxygen, black 
circles titanium species.
Right: schematic energy diagram for TiOp and Ti, 
indicating the expected energetic positions of 
the different defects (see reference 80).



The most, probable type of surface point defect at 
T102(110) is shown in Figure 2 (black circles: Ti ions, 
white circles: 0 ions) by the missing 0 ion (labelled B) 
that bridges two sixfold-coordinated Ti ions. When a 
bridging 0 ion is removed, the two neighboring Ti ions 
become fivefold-coordinated.

However, observations on nearly perfect TiOg(IIO) and 
(100) surfaces [79] show that fivefold coordination may not 
be sufficient to completely populate band-gap surface 
states in n-type material resulting in only partially 
filled donor levels (see reference 79 and chapter 5). For 
this defect the two Ti ions are very poorly screened from 
each other, which is somewhat analogous to the situation 
in bulk TigOg* This poorly screened pair of Ti ions at the 
defect site may well share an electron in a similar manner, 
giving rise to a band-gap surface state. This situation is 
illustrated in Figure 2, which also presents schematic 
energy diagrams of TiOg as *ell as Ti. The thick solid line 
labelled B represents the point-defect (see geometric 
model) induced donor level in the TiOg band gap between the 
02p-derived valence band (VB) and the. Ti3d-derived 
conduction band (CE, corresponds to A for the 
stoichiometric surface). The Fermi level, Ep f indicated by 
the dashed line, was found to be close to the donor level 
and changes its relative position to the latter one as a
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function of temperature [79]. Thus both partially and 
completely filled donor levels are possible.

Point defects at TiOg(IIO) as indicated by B in 
Figure 2 can easily be created by high temperature 
treatments (see references 79-81 and chapter 4) and lead 
to discrete energy (donor) levels in the band gap. Heavy 
ion bombardment, however, may result in the formation of 
line defects accompanied by defect energy bands in the band 
gap. This phenomenon is illustrated by C in Figure 2 and 
has been observed during UPS (Ultraviolet Photoemission 
Spectroscopy) experiments by Henrich et al.. [56] as well as 
Chung et al. [15]. Argon-ion bombardment led. to an 
additional band-gap emission 0.7 eV below the TiOg 
conduction band [56] and was. attributed to disorder-induced 
Ti3+-oxygen-vacancy complexes at the surface.

ELS (Electron Loss Spectroscopy) studies done on 
ion-bombarded TiOg(IIO) surfaces [56] (to be discussed 
in more detail in chapters 4 and 5) also showed an 
additional electronic loss feature at a loss energy of 
1.9 eV. This feature was assigned to a d-to-d transition 
involving defect-induced occupied Ti3d states in the band 
gap as well as empty TiBd states in the conduction band 
(see also chapter 5) and has also been detected by Goepel 
et al. [80,81].

Still further ion bombardment produced ordering of 
Ti3+ pairs into a TigOg-Hke surface structure according to
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UPS and ELS spectra [56]. The intensities of the 
defect-induced UPS and ELS features dropped significantly 
during the exposure to I C)8 L [Langmuir (IL =
1.33x10-6 mbar sec)] of oxygen at room temperature as was 
shown by Henrich et al. [56].

The formation of surface defects at TiOg(Iio) 
apparently results in less positively (compared to the Ti^+ 
ions in the bulk) charged titanium species at the surface 
due to the occupation of originally empty Ti3d states 
indicated by B and C in Figure 2.

In a further step of surface chemical reduction, the 
presence of neutral titanium atoms at the surface will be 
of interest and is emphasized by big dark circles (labelled 
D) and a schematic titanium energy diagram in Figure 2. The 
situation encountered after the deposition of titanium 
atoms on TiOg(Iio) will be.discussed extensively in 
chapters 4 and 5.

Low Energy Electron Diffraction (LEED) studies have 
been reported, e.g., by Henrich et al. [56], Chung et al. 
[15], Kao et al. [8 7 ] as well as Firment [72]. The 
stoichiometric TiOg(^O) surface showed a stable (1x1) 
unreconstructed structure after annealing at 670 K for 15 
minutes [15,87] and a (1x2) pattern after an extended 
annealing at 885 K for 14 hours [87]. A TiO2(Iio) surface
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sputtered for a dose of 3x1015 argon ions/cm2 at an ion 
energy-of 2 KeV exhibited a very diffuse LEED pattern [87].

With the help of UPS measurements, Chung et al. [15] 
found that the work function increased from 4.6 eV for the 
TiOg(IIO) argon-bombarded surface to 5.5 eV for the 
well-annealed (110) surface. This result is consistent with 
that of Henrich et al. [56] reported for the (110) surface. 
On the other hand, the work function of an initially 
well-ordered TiOg(11O) surface was unaffected by oxygen-ion 
bombardment up to 7 •2x1015 ions/cm2 [15]. Together with the 
work function measurements and the known values of 
electron affinity and band gap for TiOg (4 and 3 eV 
respectively), Chung.et al. also calculated a surface band 
bending of 1.7 + 0.2 eV for both the annealed or 
oxygen-ion-bombarded (110) surface and Q .9±0.2 eV for the 
argon-ion-bombarded surface.

Auger Electron Spectroscopy (AES) studies on TiO2(IIO) 
surfaces have been reported, e.g., by Chung et al. [15], 
Davis et al. [77], Knotek et al. [60] as well as Nishigaki 
[76]. Chung et al. found an increase in the OKVV/TiLMM 
ratio from "1.3 on the argon-ion-bombarded surface to ~1.7 
on the annealed TiOg(11O) surface. This ratio turned out to 
be fairly reproducible over many sputtering-annealing 
cycles, indicating oxygen deficiency at argon-ion-bombarded
surfaces.
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During his AES experiments on TiO2 (Iio) surfaces 
Nishigaki discovered that the line shape of the Auger 
transition TiLMV changed upon argon-ion bombardment. He 
interpreted this phenomenon.in terms of Ti3+ species at 
sputtered surfaces, inducing an additional intra-atomic 
Auger process involving occupied TiSd states. Similar 
features have been observed in the course of X-ray-induced 
Auger Electron Spectroscopy (XAES) studies performed on
TiOaC110) samples by Goepel et al. [80].

The origin of the TiLMV Auger line on stoichiometric
and defective TiO2 (Iio) surfaces is explained in 
Figure 3 (see also reference 80). A Ti2p3 / 2 C = L) 
core-hole level is reoccupied by a TiBp C = M) electron. The 
de-excitation energy gained in this process causes the 
emission of a valence-band (V) electron and thus the Auger
line TiLMV. Due to the fact that the valence band of TiOg 
is mainly oxygen-derived, the TiLMV Auger transition in 
TiO2 is interatomic, involving both titanium and oxygen 
ions. In the presence of surface defects, however,
TiSd-derived states are found in the band gap (see above) 
and make possible an additional intra-atomic TiLMV Auger 
transition (see arrows in Figure 3) involving titanium 
energy levels only. Owing.to the higher cross section for 
intra-atomic Auger transitions, even very low 
concentrations of surface defects, i.e. Ti3+ ions, cause an 
additional peak of higher kinetic energy in the TiLMV line.
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Figure 3. Schematic representation of XPS, XAES and EELS
transitions at ideal and defective surfaces (see 
text and reference 80).
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The results obtained by Nishigaki and Goepel et al. 
present evidence from Auger Spectroscopy to support the 
proposal by Knotek and Feibelman [61,76], who, suggesting 
the core-hole Auger decay model for O+ desorption from
TiC>2 , found a large drop in desorption yield from surfaces 
upon sputtering. Their model assumes that a negatively - 
charged surface oxygen loses two electrons through the 
interatomic Auger transition, filling a M-core hole level 
of a neighboring titanium atom produced by electron 
stimulation [in Electron Stimulated Desorption (ESD) 
Spectroscopy, see reference 61]. The sputtering produces 
Ti3+ ions, and the titanium core-hole in the sputtered 
layer is then de-excited through the dominant intra-atomic 
Auger decay without accompanying the removal of the 
adjacent oxygen charge. This process does not induce oxygen 
desorption, causing a large drop in the yield [76].

TiLMV Auger line-shape studies oh various titanium
oxides, such as TiO, Ti£03 and Ti02 (anatase and rutile) 
have been reported by Davis et al. [77]• Again, it could be 
shown that this Auger transition is a sensitive indicator 
of the average stoichiometry of the surface being studied.

Photon-and Electron-Stimulated Desorption 
experiments (PSD and ESD) have been performed on clean and 
oxidized Ti(OOOI) surfaces by Bertel et al. [66-68], who 
studied the decay channels of the 3p resonances in 3d 
transition metals and. also discovered that clean Ti(OOOI)
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surfaces-can.easily be oxidized at room temperature during

■ * v4 to 100 L exposures of oxygen. Subsequent UPS and ELS 
measurements demonstrated the presence of a protective TiOg 
overlayer, which turned out to be stable up to 520 K [68].

X-ray Photoelectron Spectroscopy (XPS) studies on 
titanium dioxide have been reported e.g. by Scrocco [97], 
Sham et al. [88], Murata et al. [7 8 ], Kao et al. [8 7 ] as 
well as Goepel et al. [79,80].

Sham et al. performed angle-resolved XPS studies on 
clean and hydrated TiO2 (rutile) surfaces and observed one 
set of Ti2p peaks and more than one Ols for the clean TiOg 
sample, suggesting that oxygen ions terminate at the 
surface. These ions are strongly polarized by the surface 
cations which are believed to be half-buried under the very 
first layer of oxygens. Thus the Ti ions experience a 
smaller change of potential than surface oxygen ions and 
the binding-energy shift for surface Ti4+ ions cannot be 
resolved [88].

Goepel et al. discovered that high temperature 
I0w-oxygen-pressure treatments or moderate ion bombardment 
of TiOg(1 1 0) samples lead to the formation of surface 
defects with characteristic shifts in the cation (Ti2p and 
TiBp) core-levels of I . 7 eV towards lower binding energies 
and in the anion (Ois) core-level towards higher binding 
energy. Simultaneously, attenuation of nonbonding 02p 
valence band states was observed [79,80].
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High-resolution Electron-Energy-Loss Spectroscopy 

(EELS) experiments on TiOg(IOO) and TiOg(IlO) surfaces have 
been carried out by Kesmodel et al. [82] and Rocker et al. 
[81], respectively. The existence of highly intense surface 
optical (Fuchs-Kliewer) phonons (see references 98,99 and 
Appendix B) could be shown on both surfaces. Rocker et al. 
were able to detect three different vibrational modes at 
46, 54 and 95 meV loss energy as well as the OH stretch 
vibration at 455 meV loss energy on surfaces that had been 
exposed to atomic hydrogen [81]. They also observed small 
primary-energy dependent shifts of the Fuchs-Kliewer 
phonons towards lower loss energies upon defect formation. 
An attempt was made to explain the physical origin of these 
peaks in terms of damped harmonic oscillators (see chapter 
5).

The surface electronic structure of TiOg(IlO), 
TiOa(IOO) and TiOa^00I) surfaces have been investigated 
theoretically by Kasowski et al. [86] as well as Munnix et 
al. [2,83-85]. Linear combination of Muffin-Tin Orbitals 
(LCMTO) energy-band methods [86] as well as scattering 
theoretic methods [8 3-8 5 ] have been applied to study 
stoichiometric TiOg surfaces.

A- recent theoretical study on defective TiOg( 1 10) 
sufaces has been performed by Munnix and Schmeits [85], 
showing that the experimentally observed gap state (see 
above) on defective surfaces is indeed due to an oxygen
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vacancy. This state, however, is not due to the removal of 
an 0 atom from a surface bridging site, as frequently 
proposed, but results from a subsurface oxygen vacancy 
[85].

In general, the surface conductivity of a. 
semiconductor is given by contributions from conduction in 
intrinsic and extrinsic (e.g. adsorbate-induced) surface 
states as well as conduction in space-charge layers 
[13*79,100,101]. Theoretical [102] and experimental 
[65,103] investigations showed no evidence for the presence 
of intrinsic surface states in the band gap of rutile, due 
to surface-atom reconstruction immediately following the 
creation of the surface. Conduction in intrinsic surface 
states can thus be neglected.

Due to extremely low coverages obtained during gas 
exposures, conductivity in extrinsic (adsorption-induced) 
surface states at Tip2 surfaces has not been observed yet, 
either [104].

Surface Hall mobilities can be estimated within the 
frame of a space-charge model (see references 100,104 and 
chapter 5) and are usually determined to be smaller than 
the bulk Hall mobilities, because of additional scattering 
processes at the surface { 100,104] .
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Adsorption on Stoiohiometrio Surfaces 

Oxygen Adsorption

The first UPS studies of adsorption of oxygen on TiO2 
surfaces were performed by Henrich et al. [56,58,105]. 
Subsequently, Lo et al. [59] studied the interaction of O2 
and other gases with the Ti02^100)-(1x3) surface.

Henrich et al. [56,58,105] found complex adsorption 
features on Ti02^11°) surfaces after the exposure to 
oxygen. Up to exposures of 100 L, the UPS spectra showed an 
additional emission attributed to a specific adsorbed, 
phase. Exposures greater than 100.L gave complicated 
spectra, indicating the presence of several adsorbed 
phases. The similarity of calculated difference spectra to 
the Ti02 valence-band emission suggested that oxygen 
adsorption leads to 02- species at the surface, since the 
bulk valence band is derived predominately from O^- ions 
[58].

Lo e t  al. [59] found that the UPS spectrum of a 
TiO2(IOO)-(IxS) surface after oxygen adsorption showed 
three new emissions with energies of -5.2, -6.8 and -10.3 
eV (referred to the Fermi level). Their previous studies 
[15] had shown that the -10.3 eV emission peak only occurs 
for a disordered TiO2 surface, and thus they concluded that 
adsorbed oxygen forms a disordered overlayer, consistent
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with their LEED observations, which showed that the 
(1x3 ) pattern degraded after oxygen adsorption [5 9 ]-.

The adsorption of oxygen on TiOg(IIO) surfaces was 
also studied by Feierabend [13 ] and Goepel et al. [79] who
measured pronounced decreases Ao's the surface 
conductivity as well as increases in the work function 
during oxygen exposure. The strong temperature dependence 
of the conductivity changes indicated that the changes 
above T = 350 K were mainly determined by-bulk diffusion of 
oxygen due to the small activation barriers of diffusion 
which result from a strong electrochemical potential 
gradient near the TiO2 surface. With the help of a 
charge-transfer model, attempts were made to separate 
surface and bulk contributions of the A a g effects [7 9 ].

Separate Thermal-DesorptionfSpectroscopic (TDS) 
studies yielded relative oxygen coverages of up to 
0= 0.015 after 3 0 0 0-sec exposures (Pq2 = 6 .7x 1 0 - 6 mbar,
T = 303 K). The activation energy of desorption was 
determined to be Eĉes = 0 . 9 7  eV.

The partial charge (see chapter 5) transferred from 
the TiOg substrate to each chemisorbed oxygen molecule was 
assumed to be S =  -I, according to studies performed by 
Hupfeld [106] as well as Goepel et al. [101 , 1 07,1 08]. From 
this point of view, oxygen is believed to adsorb as 
n-1° 2 ,chem*

I



27
From the initial time derivative of Acrs(t) an initial 

sticking coefficient.of S0 2 - 8x1 0 ~5 (T = 303 K) was 
estimated (see also chapter 5) for oxygen adsorption. By- 

a n a l o g y to results obtained on ZnO(IOIO) surfaces 
[101,107,108], it was furthermore assumed that no changes 
in the electron affinity (and thus no changes in the normal 
component of the surface dipole moment) occur upon the 

adsorption of oxygen on Ti02^   ̂*

Hvdroaren Adsorption
The nature and extent of the interaction of hydrogen 

with transition-metal-oxide surfaces are still largely 
unknown [65]. The interaction of hydrogen with different 
Ti02 surfaces was first investigated by Henrich et aI. 
[58,65], Lo et al. [59] as well as Knotek et al. [62-64].

Lo et al. [59] observed that a 105 L exposure of 
molecular hydrogen to a TiO2(IOO)-(IxS) surface at 300 K 
induced three UPS emission peaks at -5.5, -7.7 and -10.8 eV 
respectively. The work-function change was measured to be 
-0.4 eV, indicating donor-type adsorption of hydrogen on 
stoichiometric TiO2(I 00)-(Ix3) .

During Electron-Stimulated Desorption (ESD) 
experiments on TiO2 surfaces Knotek [63] found evidence 
that an annealed TiO2 surface, which has no adsorbed 
hydroxyl species, is compensated by H- a tom s, bonded in both 
hydride-type bonds with Ti ions, as well as hydroxyl-type
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bonds with subsurface or bridgebonded oxygens. Such a 
"compensated" surface turned out to be very unreactive with 
adsorbates. Furthermore, hydrogen was found at high levels 
in the near-surface region as a contaminant [6 3 ].

Feierabend [13] and Goepel et al. [79] have reported 
measurements of surface conductivity and work function 
changes upon the exposure of a TiOg(IlQ) sample to 
molecular hydrogen. Surface conductivity increases 
indicated donor-type adsorption of hydrogen species. 
Separate Thermal-Desorption-Spectroscopic (TDS) studies 
yielded an isosteric heat of qst = 86 eV and an
activation energy of desorption of Edes = 1 . 0 6 eV. The 
partial charge residing on each adsorbed hydrogen species 
was calculated to be § = 0.01. From both surface 
conductivity and work function changes, an 
adsorbate-induced dipole moment (normal component) of 
.̂ adZt s = -12 Debye was calculated (f s = unknown surface 
dielectric constant). An initial sticking coefficient of 
SH2 = 1x 10"6 was estimated for hydrogen adsorbed on 

TiOg(IiO) room temperature.

Water Adsorption
The adsorption of water on TiOg surfaces was studied 

by Henrich et al. [57,58]* Lo et al. [59] as well as 
Bermudez et al. [92].
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At low water exposures (1-10 L, at room temperature), 

Henrich et al. [57] found evidence for the presence of OH 
free radicals, on stoichiometric TiO2(110). At high 
exposures (up to IO^ L, at room temperature), a spectrum of 
slightly perturbed adsorbed H2O was observed, with the 
ai molecular orbital shifted 0.7 eV towards tighter 
binding. This suggested that H2O binds to the surface of 
TiO2 via its ai > in-plane. 0 lone-pair orbital.

Lo et al. [59] detected three distinct new UPS 
emissions after exposing a stoichiometric
TiO2(IOO)-(IxS) surface to IO5 L of water. These peaks were, 
located at -6.1, -7.8 and -11.2 eV binding energy (referred 
to the Fermi level). The calculated UPS difference spectrum 
was very similar to the photoemission spectrum of gas phase 
molecular water, suggesting that water adsorbs as an intact 
molecule on the stoichiometric TiOg(IOO)^(IxS) surface.

Sham et a l . [88] performed XPS studies on clean 

(scraped) and hydrated (exposed to Hg0, e.g. I min. at 
1.3x10”3 mbar H2Q ) 'TiOg (rutile) surfaces and detected 
several oxygen sites that were attributed to surface oxygen 

ions as well as chemisorbed and physisorbed H2O. Besides 
molecular HgO overlayers, two types of surface OH species, 
namely Ti-OH and acidic 0H(s ), were discussed.



Adsorption on Defective Surfaces

Oxygen Adsorption

The adsorption of oxygen on defective TiO2 surfaces 
was studied by Henrich et al. [56,58,105] and Lo et al.
[59]• Apart from a decrease in the intensity of the 
defect-induced band-gap peak (see above), neither Henrich 
et al. nor Lo et al. found essential differences between 
the UPS spectra obtained on stoichiometric and defective 
(argon-ion-bombarded), Ti3+-rich TiO2 surfaces. Lo et al. 
[59] observed that the work function change upon oxygen 
adsorption increased from 0.2 eV on a stoichiometric 
TiO2(IOO)-(IxB) to 0.3 eV on a defective TiO2(IOO)-(IxB) 
surface. .

Hydrogen Adsorption

The adsorption of hydrogen on defective TiO2 surfaces 
was studied by Henrich et al. [58,65], Lo et al. [59] as 
well as Knotek et al. [62-64] and Rocker et al. [81].

Lo et al. [59] again observed three new UPS emissions 
after a 10 5 L hydrogen exposure to an argon-ion-bombarded 
TiOg(IOO)-(IxB) surface, but the energetic positions of 
these peaks were shifted relative to the peak positions 
obtained on a stoichiometric surface. The new binding 
energies turned out to be -4.3, -7.6 and -10.0 eV. In 
addition, the work function had increased by 0.1 eV during 
hydrogen exposure (compared to a decrease of -0.4 eV on a
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stoichiometric surface, see above). These phenomena were 
interpreted as indicating the presence of Ti^+ species at 
the surface which lead to acceptor-type chemisorption of 
hydrogen by forming Ti21+-H” complexes at the surface [59].

The results obtained by Lo et al. are strongly 
supported by ESD and electron-excited Auger Stimulated 
Desorption (ASD) experiments carried out by Knotek [62,63].

Rocker et al. [81] observed O-H stretch vibrations in 
EELS spectra obtained on hydrogen-exposed (1000 L, at room 
temperature) TiOg(IlO) surfaces with point defects.

Water Adsorption
The interaction of water with defective TiOg surfaces 

was investigated by Henrich et al. [57,58], Lo et al. [59] 
as well as Bermudez et al. [92].

On argon-ion-bombarded TiO2(IIO) surfaces, Henrich et 
al. observed the same UPS features that they had already 
found on stoichiometric surfaces (see above), but on 
defective surfaces the binding energy shift of the 
orbital was determined to be 1.0 eV, compared to 0.7 eV on 
the stoichiometric surface (see above). This indicates that 
the bonding between a water molecule and the TiO2(IIO) 
surface is stronger if the surface has defects.

Lo et al. [59] observed significant binding energy 
shifts of the three water-induced UPS emissions when 
comparing the stoichiometric to the Ti3+-rich TiO2(100)
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surface. The peaks were found at binding energies of -4.2, 
-7.5 and. -10.1 eV, close to the peak positions obtained 
after exposing defective surfaces to hydrogen (see above). 
The similarities of the photoemission spectra obtained on 
hydrogen-exposed defective surfaces to those obtained on 
water-exposed defective surfaces were explained in terms of 
the presence of OH groups on defective surfaces following 
exposure to water. It was also assumed that hydrogen 
adsorbs dissociatively on TiB+ rich surfaces and forms 
surface hydroxyl groups which give characteristic UPS 
spectra [59].

Furthermore, the TDS spectra obtained by Lo et al.
[59] show that adsorbed water is bound more strongly on 
TiB+ rich surfaces, in agreement with results obtained by 
Henrich et al. (see above).

In additional ELS studies performed during band-gap 
(3.05 eVj UV-Iight illuminations of a clean TiOg(IOO)-(IxS) 
surface, Lo et al., [59] also demonstrated that one possible 
effect of light in photoassisted decomposition of water is 
to regenerate the TiB+ active sites after water adsorption.

Adsorption of Other Gases
VFeierabend [13] and Goepel et al. [79] also studied CO 

and CO2 adsorption on TiO2(IIO) surfaces by means of 
Aas > A  and TDS measurements. It was believed that during 
CO exposure at low temperatures (“ room temperature),
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additional oxygen vacancies due to COg formation can be 
formed only in the vicinity of an already existing oxygen 
vacancy. As a result of repulsion between the remaining 
adjacent oxygen vacancies after this surface reaction, one 
of these point defects diffuses into subsurface layers.
This explained the experimentally observed increase in Aors 
with increasing temperature at almost c o n s t a n t [79].

No changes in the surface conductivity and work 
function were observed during the exposure of COg•

Furthermore, rutile (defective) surfaces act as 
catalysts for the decomposition of alcohol [109] and the 
oxidation of isobutane [110] and carbon monoxide 
[1 0 9 ,1 1 1 ,1 1 2].

The palladium/rutile system is being discussed as a 
gas sensor for hydrogen [113].

Futher applications of TiO2 in the fields of 
photodecomposition of water, photo-oxidation of organic and 
inorganic compounds as well as gas sensors and catalysts 
are discussed in references 114-119.

Deposition of Nickel on TiO^f no)
Kao et al. [87] studied TiO2(IIO)-(IxI) and 

TiOg(IIO)-(1x2) surfaces (see above) as well as the 
Ni/Ti0g(110) interface by means of XPS, UPS, AES and LEED. 
From binding energy shifts of the NiPpgy2 peak and kinetic 
energy shifts of the NiLgMggMgg Auger peak as a function of
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Ni coverage, they estimated the partial charges transferred 
to each Ni atom, at a Ni coverage of half a monolayer, to 
be S = -0.13 on the TiO2 (Iio)-(IxI) and 8 = -0.07 on the 
TiOg(IIO)-(IxZ) surface. Nickel was found to diffuse into 
the TiO2 bulk above 570 K.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES AND SET-UPS

The defect structure of the TiO2(IIO) surface and its 
interaction with gases was studied using measurements of 
conductivity (&<j) and work function (&^> ) changes as well 
as different electron spectroscopies such as X-ray 
Photoelectron Spectroscopy (XPS), X-ray-induced (XAES) and 
electron-induced (AES) Auger Electron Spectroscopy,, high 
resolution Electron Energy Loss Spectroscopy (EELS) and 
Electron Loss Spectroscopy (ELS). The surface geometric 
structure was probed by Low Energy Electron Diffraction 
(LEED). These techniques will be described in the 
following sub-chapters. Further details concerning the 
theoretical background ,of data evaluation are given in the
appendices.
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Electron Spectroscopies: XPS/XAES. AES. EELS/ELS. LEED 

XPS/XAES and AES
When high-energy (e.g. 10 keV) electrons strike a 

target such as aluminum, magnesium, copper etc., X-rays 
with a characteristic energy distribution are emitted due 
to the reoccupation of ionized core-levels. In addition, 
bremsstrahlung is observed. Depending on the core levels 
involved these so-called X-ray lines are labelled, e.g., by 
Kai , 2 (main peak) and £0 3 ,4 ,5 ,6 ., Kq  (satellites) for Mg and 
Al, and Leti ^or Cu (see e.g. reference 12 0).

X-rays can be used to probe the electronic structure 
of solids. These are illuminated with X-rays of energy hu 
and emit so-called photoelectrons of kinetic energy Ejĉ n 
according to the Einstein relation:

Ekin = h - Eb - (6)

Here, Eb is the binding energy of an (ionized) core level, 
referred to the Fermi level, and 0 is the work function of 
the sample.

The measured kinetic energies EgJg,, however, are 
determined by the work function a the analyzer due to

I

matching Fermi level positions of sample (grounded) and 
analyzer. This requires a correction term -(0A“<^ on 6 0th.
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sides of Equation 6, leading to:

eIiR a hi/ - Eb - 0 a (7)

Further details are discussed in references 120, 153-155.
The intensity analysis of photoelectrons as a 

function of their kinetic energy is accomplished in 
electron energy analyzers and yields characteristic 
core-level spectra that allow the identification.of the 
sample and the estimation of the concentrations of its 
constituents (see Appendix A).

In addition to the core-level lines mentioned above, 
we may also observe so-called Auger lines. An Auger line is 
produced when a X-ray-induced core hole of binding energy 
Ejji(Z) is reoccupied by an electron of lower binding energy
®b2(Z). The de-excitation energy gained in this process may 
be high enough to remove an electron of binding energy 
Ejjg (Z+ z\) .. This leads to the emission of a so-called Auger 
electron with kinetic energy

Ekin(Z) = Eb1(Z) - Eb2(Z) - Eb3 (Z+A) -0 (8)

Here, Z is the atomic number and 0.5< <3.5 accounts for the 
extra (positive) charge [156]. Again, the correction term 
-(0A~0) l̂as to be added in order to obtain the measured 
kinetic energy. Thus the Auger line position in the 
XPS/XAES spectra is independent of the X-ray energy.
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Another commonly used method (Auger Electron 

Spectroscopy, AES) of producing Auger electrons is achieved 
by bombarding the sample with electrons of energies up to 3 
keV. The resulting AES intensities are higher compared to 
the XAES intensities. Further details are given in " 
references 120, 156-158.

The X-ray Photo (XPS)- and X-ray-induced Auger 
Electron (XAES)-Spectroscopic measurements presented in 
this thesis were carried out in a LEYBOLD-HERAEUS (L-H) 
ultrahigh vacuum chamber by using X-rays emitted from a 
magnesium anode in a commercial X-ray gun (L-H RQI0/63).
The X-ray energy of the dominant MgKai,2 I^ne 1253.6 eV. 
Due to the unavailability of a monochromator weak MgKgg 
X-ray satellites were also observed in the core-level 
spectra (see chapter 4), and the resolution was strongly
limited because of the fairly large line width of the X-ray*
source of 0.8 eV. The photoelectrons were analyzed in a 
hemispherical capacitor-type energy analyzer (L-H EAI I) 
with an input lens column for variable retardation and 
variable angle of acceptance. It .was usually run at a 
constant pass energy of ^E = 100 eV, but could also be 
operated in a A E/E^in = const, mode. The XPS-spectrometer 
was controlled by a TEKTRONIX 4052 microcomputer.

The sample was mounted on a directly heated piece of 
tantalum foil and then attached to a sample rod which could 
be introduced into the ultrahigh vacuum chamber through a
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separately pumped prep-chamber. For sample.adjustment the 
rod could also, be rotated about an axis. In addition, the 
influence of the tantalum holder on the core-level spectra 
could be minimized by varying the analyzer slit width. 
Sample temperatures were measured with a chromel-alumel 
thermocouple, spot-welded to the sample holder.

The L-H vacuum chamber was equipped with a gas inlet 
system and high purity gases (MATHESON). It was pumped by 
two water-cooled turbo pumps (L-H TURBOVAC 360), an ion 
pump (L-H IZ 270) and a titanium sublimation pump (L-H 
V 150). The ultimate chamber pressure was 4x10-11 mbar, the 
working pressure between I and 2x10-10 mbar.
A differentialIy pumped ion gun (L-H IQE 12/38) with 
xy-raster was installed for sputter-cleaning samples in 
UHV.

AES and ELS (see below) measurements were carried out 
in a high resolution, computer-controlled (PDPI T: Digital 
Equipment Corporation) Scanning Auger Microprobe (SAM,
model PHI 595 from PHYSICAL ELECTRONICS) whose minimum beam

0size was about 500 A. The resolution of its cylindrical 
mirror analyzer (CMA) was given as AE/E^in = 0«1 % • The UHV 
chamber was pumped by a turbo pump (BALZERS TSU 110), an 
ULTEK D-I ion pump (eight.25 1/s differential ion pump 
elements) and an ULTEK titanium sublimation pump. The
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ultimate pressure in the PHI 595 chamber was less than 
10-10 mbar, the working pressure less than SxIO-IO mbar.

The sample was directly heated and held by two 
tantalum clips which were attached to the carousel of a 
x,y,z,© sample manipulator. The sample temperature (above 
450 K ) was determined frOm outside the vacuum chamber with 
the use of an infrared thermometer. A high-powered, 
differentially pumped sputter gun (PHI model 04-303) with 
xy-raster was available for surface treatments of the 
samples. • •

EELS/ELS
If a low-energy (several eV) electron is scattered 

from a target surface it may lose (gain) energy nh s due to 
surface or adsorbate phonon creation (annihilation):

Es,n .= E0 ± nh„s

E0 is the incident electron energy and Es>ri the energy of 
the scattered electron to be analyzed, whereas the 
vibrational quantum number n indicates single Cn= I) or 
multiple, (n > I) losses (gains) [- or + sign] of frequency 
„3 . Hence the high-resolution intensity analysis of the 
scattered electrons as a function of their energy Es>n 
(high resolution Electron Energy Loss Spectroscopy: EELS) 
probes the surface or adsorbate vibrational structure. In 
addition, the elastically scattered electrons (n = 0) give
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information about surface conditions (roughness or 
smoothness, e.g.) as well as the density of conduction-band 
electrons (see references 121, 122). Further details 
concerning surface optical phonons are given in Appendix B .

Incident electrons of higher energy (e.g. 50 , 1 00 or 
more eV) are also capable of exciting plasmons in metals or 
of inducing electronic transitions from occupied to 
unoccupied levels. Hence this spectroscopy, simply called 
Electron Loss Spectroscopy (ELS), gives insight into the 
electronic structure of the material being studied. Further 
details are discussed in references 121 and 155.

All the EELS and some ELS measurements presented in 
this thesis were carried out in the L-H ultrahigh vacuum 
chamber briefly described above. For these measurements the 
sample was mounted on a x,y,z ,© (plus flip for0 -motion) 
hot/cold manipulator allowing fine adjustments. The sample 
was directly heated and held by two tantalum clips. A 
plati num/plati num-1 0/6-rhodium thermocouple was 
spot-welded to one of the clips to assure reproducible 
temperatures (450 K < T < 900 K), which were calibrated 
with an infrared thermometer from outside the UHV chamber.

The EELS spectrometer used (L-H 22) was capable of 
working at resolutions of about 5 meV with a high counting 
rate and low background. Its electron optics basically 
consisted of four cylindrical 127* capacitors, two of which 
served as pre- and main monochromators that produced an
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electron beam, of defined energy. After being scattered from 
the target this electron beam was then directed into the 
analyzer, consisting of the remaining two capacitors. This 
so-called tandem system minimized the effect of the angular 
divergence of the entering electrons on the relative band 
width of the cylindrical capacitors.

The EELS spectrometer was operated in the ^ E  = const, 
mode which corresponds to sweeping the analyzer slit 
voltage at a constant voltage between the analyzer 
capacitor plates. The counts from the channeltron as well 
as the ramp voltage were read with the TEKTRONIX-4052 
computer mentioned above.

Most of the higher loss ELS measurements were carried 
out in the PHI 595 ultrahigh vacuum chamber. For primary 
energies between 300 and 1000 eV, resolutions ranging from 
0.3 to 1.0 eV could be achieved (see above), and loss 
features of up to 100 eV were observed (see chapter 4).

LEED

Low energy electrons (100 eV or less) whose 
wavelengths are of the order of magnitude of lattice 
constants produce diffraction patterns according to Bragg's 
diffraction condition for constructive interference:

n* G = ?' - ? (10)
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Here, K and K* are the wavevectors of incident and 

scattered electrons of wavelength A ,n is an integer and G 
a reciprocal lattice vector whose magnitude is inversely 
proportional to the pertinent interplanar spacing. For the 

two-dimensional direct and reciprocal surface lattices we 
hence find:

niiG«t= kVi - kH (1.1)

In one dimension, this equation is equivalent to

n,, A = a.sin@f « a.sin®i (1 2)

because |g ,̂| = 2 n / a  and |K I = |i?*l = 2 77 / A for elastic 
scattering, a is the distance between two surface, atoms and 

@i and ©f are the incident and scattering angle measured 
with respect to the surface normal. In two dimensions G|( is 
given as a linear combination of reciprocal base vectors 

determined by inter-row spacings (in general not equal to 
the lattice constants). The coefficients in this linear

A

expansion are used to label the diffraction spots [(00), 

(01), (02), (10), ...] which can be observed, e.g., on
a fluorescent screen. Due to the fact that only vectors in 

K-space are considered in. the diffraction condition, the 
observed pattern is virtually a "magnification" of the 
two-dimensional reciprocal lattice.

This technique, called Low Energy Electron 

Diffraction (LEED), thus gives information about the

43
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surface geometric structure and makes possible the 
determination of surface lattice constants.

The inelastic mean free path of LEED electrons is 
fairly small (see below), but, due to their finite 
penetration depth, scattering also occurs at lower-lying 
sub-surface planes. Constructive interference can be 
observed whenever the third component of Equation 10 is 
f unfilled :

—■* —>
nJ. GJ. = Kl *  KX ( 1 3 )

which is equivalent to:

2 d cos© = n^X (14)

Here, d is the (vertical) spacing between two planes and 
@ = © ^  = 0 f  (i.e. the (00) - beam) .
If now the primary electron energy (corresponding to a . 
defined A) is plotted versus the (OO)-spot intensity, the 
resulting maxima in this so-called I-V curve determine the 
integers Hx and hence the interplanar (vertical) distance.

A more quantitative, theoretical analysis involving 
anisotropic and multiple scattering (dynamic theory) also 
provides information about atomic positions within the unit 
cell as well as LEED intensities. More detailed information 
is given in references 123-127.

In common experimental LEED set-ups electrons are 
produced in electron guns, whereas the scattered electrons
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are detected with the use of fluorescent screens, 
multichannel analyzers or Faraday cups. The LEED pictures 
shown in the following chapter were obtained with a 
commercial 4-grid VARIAN LEED optics (model 981-0127) which 
displays the LEED pattern on a fluorescent screen for 
further photograhic analysis (radius of fluorescent screen: 
6.35 cm, angle of acceptance from the target: 120° 
collector screen).

at t he
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Conductivity Measurements

The conductivity and the Hall mobility of 
semiconductors are often determined by applying the 
4-point van-der-Pauw method [128,129]. This method makes 
possible the elimination of influences from electrical 
contacts during conductivity measurements. The method holds 
for flat samples of arbitrary shape, if the following 
conditions are fullfilled:

a) The four contacts are at the circumference of the 
sample.

b) The contacts are sufficiently small.
c) The sample thickness is homogeneous.
d) The surface of the sample is singly connected, i.e.* ■

the sample must.not have isolated holes.

Let the four contacts be labelled by A, B, C, D.
A current Iab enters the sample through the contacts A and 
leaves it through the contact B. A potential difference 
Vb .- Vc is measured between contacts D and C. We then 
define the resistance RAB>CD as follows: •

• Vd - V c
rAB, CD ---------  (15)

1AB

The resistance Rb C, DA oan 136 determined in a similar way.
It was shown in [128,129], that in this case the
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conductivity of the sample is given by:

EXP( - * ̂ AB, CD d cr ) + EXP ( - J T  Rgc, DA d a ) = I ( 1:6 )

Here,, d is the thickness of the sample. The above equation 
is equivalent to:

I d
<7 ln2

RAB,CD + rBC,DA 
2 f( rAB,CD 

RBC,DA
(17)

The function f is given via the following transcendental 
equation:

RAB,CD - rBC,DA r RXP( ln2/f )l n 2 ----------------- -- f arccosh[ ----------- - ]
RAB, CD +' rBC, DA 2

The Hall mobility is calculated from:

^ H =  (d/B) a • & RBD, AC

(1 8)

(19)

ArBDiAC is the change of the resistance RBD, AC due t,° fche 
magnetic induction B perpendicular to the sample.

In order to estimate the order of magnitude of the 
errors introduced if the contacts are of finite size and/or 
not at the circumference of the sample, van der Pauw 
derived approximation formulas for a few special cases 
which are discussed in references 128,129.
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In addition to 8^6,00 an<* ^BC, PA resistances
RCP,AB snd Rd a jBC were measured, too, resulting in four 
conductivity values, which were then averaged to give a 
more accurate result for the sample conductivity.

The conductivity measurements presented in this thesis 
were carried out in a PHI 545A ultrahigh-vacuum chamber 
from PHYSICAL ELECTRONICS, pumped by an ULTEK D-I ion pump, 
model 7-8957 (eight 25 1/s differential ion pump elements), 
as well as a titanium sublimation pump. The ultimate 
pressure after a twenty-hour takeout was about 2x1O-10 mbar 
whereas the working pressure was comparatively high 
("2x10-9 mbar) due to the cleaning and annealing procedures 
(see next chapter) required for the UHV sample preparation. 
Four different high-purity gases (MATHESON), namely oxygen, 
hydrogen, carbon monoxide and argon could be introduced 
into the vacuum chamber through VARIAN leak valves (model 
951-5106). An ion gun (PHI model 04-161) was used 
for sputter-cleaning the samples. A 4-grid VARIAN LEED 
optics (model 9 81 -01 2 7 ) in connection with a high voltage 
power supply (KEPCO OPS 2000B) and a lock-in amplifier 
(ORTEC BR00KDEAL 9503) with built-in oscillator made 
possible Auger-electron-spectrescopic measurements to check 
the cleanliness of the samples to be studied.

• In order to carry out van-der-Pauw conductivity 
measurements, two different sample holders were used for
two different samples.
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Holder j_
‘ ftA yellowish TiOg(IIO) single crystal wafer (1.15 cm x 

1.30 cm, thickness: 0.65 mm) had four tiny cavities on one 
side, close to the edges. These cavities contained small 
amounts of. gold so as to assure good electrical contacts. 
The contacts became ohmic only after heating the sample to 
above 700 K, but remained ohmic after subsequent cooling. 
The sample was fixed to a sapphire oven by four molybdenum 
wires (diameter: I mm), whose tiny tips just fit into the 
cavities. Insulated stainless steel leads (diameter: 0.25 
mm) were spot-welded to these molybdenum wires to carry out 
four-point van-der-Pauw conductivity measurements. The 
sapphire oven consisted of two polished sapphire wafers 
(1.5 cm x 1.5 cm, thickness: 1.5 mm), which were held
together by two Ml srews. Tungsten wire (diameter: 0.1 mm) 
was wound around, the bottom wafer, whereas the top wafer 
served mainly as- an electrical insulator with high thermal 
conductivity.

In addition, four notches were sawed into the sapphire 
wafers to hold the molybdenum wires and to insulate them 
from the heater. A chromel-alumel thermocouple was fixed 
between sample and top sapphire wafer in order to measure 
the sample temperature. Two stainless steel wires 
(diameter: I mm) were spot-welded to small pieces of 
tantalum foil which were also held by the Ml srews 
mentioned above. They served as electrical leads for the
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tungsten filament and were directly attached to an
\ *' •electrically insulating piece of machinable ceramic. The 
latter was screwed to the shaft of a home-made x,y,z,Q 
sample manipulator.

Holder 2.
Conductivity measurements on an opaque TiO2 single 

crystal wafer (I cm x 1.5 cm, thickness: 0.57 mm) were done 
with the use of a different, electrically insulating holder 
(see Figure 4). This holder consisted of three sapphire 
wafers (2 cm x 2 cm, thickness: I mm), forming a "sandwich", 
which was held together by six screws (diameter: 0.864 mm). 
The sample was placed on the bottom one and just fit into a 
rectangular (centered) hole (~I cm xl.5 cm) that had been 
etched into the middle wafer, i.e. this wafer served as an 
insulating frame for the sample. The top wafer was used as 
a protective cover and contained a sawed-in notch 
(~0.9 cm x 1.5 cm), which made it possible to reach the 
surface of the sample with a Kelvin probe (see below).
Four tiny pieces of tantalum foil (thickness: 0.025 mm) 
were pushed down onto the. surface of the' sample by the top 
sapphire wafer and served as electrical contacts for 
van-der-Pauw conductivity measurements. Previous 
experiments on blue and opaque samples (high conductivity) 
had shown that these contacts were ohmic.
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manipulator

/ /  f  f/Ta wire 
W-filament-

Ta foil

Sapphire

Ta contacts

TiO2 sample
Chromel-Alumel-

thermocouple

Sapphire

Sapphire

Ta foil

Figure 4. TiO2 sample holder (see text: "Holder 2) for and measurements.
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,Insulated stainless steel leads (diameter: 0.25 mm) 

were spot-welded to the tantalum contacts in order to be 
able to carry out conductivity measurements. A thermocouple 
(ohromel-alumel) was pushed between the sample and the top 
sapphire wafer to guarantee reproducible sample 
temperatures.

The bottom side of the bottom sapphire wafer as well 
as the top side of the top sapphire wafer were^covered with 
thin tantalum foil (thickness: 0.025 mm), in order to avoid 
charging problems during AES measurements, on the one hand, 
and to be able to heat the holder by electron bombardment. 
Two tantalum wires (diameter: 1.25 mm) were spot-welded to 
the bottom piece of tantalum foil and were directly 
attached to the insulating piece of ceramic mentioned 
above. The latter also held the tungsten filament used for 
electron bombardment.

The van-der-Pauw resistances defined above were 
directly.measured with a 6 .5-digit-multimeter 
(KEITHLEY 192) - capable of performing 4-wire-resistance 
measurements - and transferred into a microcomputer 
(TEKTRONIX 4051) through an IEEE-488 interface bus.

A home-made Rheed-relais unit - also controlled by the 
microcomputer via a RS-232 interface bus - was capable of 
switching the four electrical contacts (see above) in a 
cyclic manner, so that each of the four van-der-Pauw 
resistances could be measured and stored on magnetic tape.



In addition to these four resistances the multimeter also 
measured either the thermocouple or the ion gauge voltage. 
Hence, each van-der-Pauw measurement consisted of taking 
five readings within 4 to 5 seconds.

In earlier experiments [13,79] it was found that the 
conductivity of TiOa samPles varies sensitively with 
temperature. Thus the sample temperature had to be kept 
extremely stable during the conductivity measurements. This 
problem was solved by using a home-made, triac-driven 
AC-temperature controller which kept the temperature 
fluctuations below ±.0.01 K. Its input signal was given by 
the thermocouple voltage and its AC-output terminals were 
connected to the sample heater.

The sample was first heated with another AC-power 
supply in such a way that the final equilibrium temperature 
reached was just below the desired value. Then the 

temperature controller was turned on and stabilized the 
temperature within a short period of time.

53
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Measurement of Work Function Changes

The minimum energy required to remove an electron from 
the interior of a solid to a point just outside the solid 
is called the work function ^ of the solid. In the 
thermodynamical average it is essentially given.by the 
Fermi enery measured with respect to the vacuum level of 
the solid, but is also influenced by the electric field 
accompanying the redistribution of surface charge 
(often referred to as the double layer [1 3 0]). 
as well as adsorbate dipole layers, and band bending in 
semiconductors.

The work function of a material can be determined by 
various techniques, such as thermionic, photo- or field 
emission (see e.g. [131]). With the use of other methods, 
such as the diode method or the Kelvin method (see 
e.g. [ 132-134]), shifts A0 in the work function - e.g. upon 
gas adsorption - can be determined by exploiting the fact ,
that a contact potential difference (CPD) is built up
between the sample and a reference electrode. j

The measurements of work function changes presented in }
the next chapter were obtained by applying the Kelvin j

!method. In this method, a vibrating reference electrode 1- ' i(amplitude "0.5 mm) of a so-called Kelvin probe is moved j
close to the sample (distance <1 mm). This arrangement j

corresponds to a capacitor with varying distance d between j

!
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its parallel faces and hence varying capacitance C(t).
The current induced is thus given by:

dC (t)
I (t) = Vpp —— — — — (20)

' * d t

V q P is the contact potential difference.

This current provides the input signal of a lock-in 
amplifier. An external potential ,bias is then added to the 
circuit in such a way that no net current flows, when the 
distance d is variied. When this is achieved, the bias will 
be equal in absolute value and opposite in sign to the 
contact potential.

The measurements were carried out with commercial, 
piezoelectric Kelvin probes (molybdenum, or gold-plated; 
resonance frequency: 160 Hz in the first mode, 800 Hz in 
the second mode) driven by a Kelvin control unit (BESOCKE, 
DELTA-PHI ELEKTRONIK model 05). An experimental 
Kelvin-probe set-up is shown in Figure 5.

With this set-up, low noise measurements with a CPD 
sensitivity of less than I mV were possible. In order to 
guarantee low noise CPD and reference signals (checked with 
an oscilloscope), a doubly shielded coaxial cable with 
silver-coated center lead and silver-coated shielding 
(RG223/U, MIL-C-17F) was used to carry the signal from the 
floating sample (i.e. the electrical feedthroughs of the 
manipulator) to the lock-in amplifier in the control unit.



Set up proposal for Kelvin probe
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Figure 5. Experimental Kelvin-probe set-up for A<£ 
measurements.
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The input signal was automatically biased, and the 

bias voltage was read by a 6 .5-digit-multimeter (KEITHLEY 
192), then transferred into a microcomputer (TEKTRONIX 
4051) for further analysis.

One important problem encountered was the sensitivity 
of the A 0  measurements to mechanical and electrical noise 
in the laboratory. For this reason, the experiments were 
carried out during the night. In addition, the use of Turbo 
pumps was avoided.
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Titanium Evaporators and Thickness Monitors 

Titanium Evaporators
Two different kinds of titanium evaporators were used 

to deposit thin layers of titanium on TiOg(IIO) crystals.
The first kind of evaporator consisted simply of a 

short piece of titanium foil (6 . 5  mm 'x 0 . 8  mm, 
thickness: 0.127 mm) which was mounted on an
electrical ultrahigh-vacuum feedthrough and could be heated 
directly by an AC-power supply. This evaporator was used in 
the PHI 545A system for a few conductivity measurements 
only. The distance between the titanium foil and the 
TiOg(IIO) sample - mounted on the sample manipulator 
mentioned above - was measured to be approximately 6.5 cm.

The advantage of this evaporator was that the current 

needed for the titanium evaporation could be kept fairly
■ '''

low, i.e. sample and thickness monitor (see below) didn't 
heat up due to radiation. If, e.g., a current between 4 and 
5 A was run through the titanium foil for about 30 seconds, I
roughly a fifth of a monolayer of titanium was deposited on I
the TiOgd 10) wafer. j

The disadvantage of this evaporator turned out to be j
the fact that the small piece of titanium foil was quickly j
used up (the evaporation current had to be adjusted 
continually) and burnt out very easily. Mainly for these 
reasons a different, more reliable kind of evaporator was :

I
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used for most of the conductivity measurements and for all 
t h e a nd electron-spectroscopic experiments.

This evaporator consisted essentially of a commercial, 
cone-shaped tungsten wire basket (TED PELLA INC., maximum 
diameter: 5.5 mm, height: J mm, 9 turns, wire diameter:
0.5 mm, length ofjwire lead: 4 cm) which had been mounted 
on an electrical ultrahigh-vacuum feedthrough. The distance 
between the top of the tungsten basket and the sample was 
approximately 6.5 cm in the PHI 545A chamber: and between 5 
and 7 cm in the L-H chamber (note: one sample was 
introduced on a sample rod, another one on a manipulator).

Small amounts of titanium were filled into the 
tungsten basket up to a height corresponding to 
approximately four wire turns. It was found that if a lot 
more titanium was put into the basket, an unreasonably high 
current had to be run through the evaporator in order to 
start the evaporation. Furthermore, the bottom tip of the 
basket would get very hot and melt the titanium evaporant 
(melting point of titanium: 19 41 K) .

A tungsten/tungsten-26%-rhenium thermocouple was 
spot-welded to the top of. the tungsten basket in order to 
reproduce the evaporation temperature. Calibrations with 
the use of a thickness monitor (see below) showed that the 
evaporation rate of titanium was constant for many 
evaporation cycles (for the same evaporation current and 
the same thermocouple reading). .
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If, e.g., a current of 12 A was run through the basket 

for about one minute (corresponding to a thermocouple 
reading of 107 0 K), roughly half a monolayer of titanium 
was deposited on the sample mounted on the manipulator of 
the PHI 545A chamber.

Thickness Monitors
The resonant frequencies of a vibrational system are 

determined by the total mass of the vibrating body  ̂ along 
with some other physical parameters. Thus, when materials 
are added to, or removed from the vibrating system, a 
change in its resonant frequencies occurs. This phenomenon 
can therefore be used for mass determination [135].

Most of the requirements [135] for these systems are 
met by high frequency resonators made of thin piezoelectric 
quartz crystal plates with a specific crystallographic 
orientation.

A piezoelectric quartz crystal resonator is a 
precisely cut slab from a natural or synthetic crystal of 
quartz. The mode of vibration which is most sensitive to 
the addition or removal of mass, is the high frequency 
thickness-shear mode [1 3 5], whose wavelength is given by
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twice the thickness of the plate. This means that the 

relative resonant frequency shift is given by:

Here, Mg is the mass of the quartz crystal and dMf an 
infinitesimal amount of foreign mass uniformly distributed 
over the crystal surface. Here it was assumed that for 
small mass changes the addition of foreign mass can be 
treated as an equivalent mass change dMg of the quartz 
crystal itself [135]. This assumption allows us to 
calculate the film thickness d of the added material of 
density Pf i

d = Afq
Cq

I
Pf

(22)

Cg is the sensitivity or calibration constant of the 
quartz crystal.

The film thickness d is often given in monolayers, of
the added material, whose monolayer thickness af can be 
determined with the help of the following equation [1 3 6]:/

Afâ . = '(--------) I / 3 (23)
Pf Hf Na

Af = molecular or atomic weight of the material 
nf = number of atoms' in one molecule of the material
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pf = density of the material 
- Avogadro * s number

For this thesis the thicknesses of evaporated titanium 
films were calibrated by using a 10 MHz quartz crystal 
(CATHODEON Tl 723 I>-TTC-J-cut, diameter: 1.27 cm, thickness: 
0.185 mm, Cq = 2 .17x 1o8 sec” 1g-1 cm2) in the PHI 545A system 
and a water-cooled 5 MHz quartz resonator (SLOAN,
Cq = 5 .6 5x1 0 7 sec” 1g” 1cm2) in the L-H vacuum chamber.

The 10 MHz crystal was operated by a home-made 
oscillator. Its frequency was read by a KONTRON frequency 
counter (model 6-0 0 6) , which was connected to a 
microcomputer (TEKTRONIX 4051) via an IEEE-488 interface 
bus.

The 10 MHz crystal turned out to be a lot more 
sensitive to mass as well as temperature changes than the 
5 MHz crystal and was mainly used for depositing 
sub-monolayer amounts of titanium on TiOg(IIO) samples. Its 
least temperature-sensitive range was measured to be around 
340 K. The frequency variation between 328 and 363 K was 
only. ±2 ppm.

The frequency behavior of this TTC crystal before, 
during and after the evaporation of titanium is shown in 
Figure 6 .
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Figure 6 . Frequency behavior of a 10 MHz TTC quartz crystal 
upon evaporation of titanium (see text).



The quartz crystal was mounted on the other side of 
the electrically insulating block of ceramic mentioned 
above, i.e. by rotating the manipulator, the quartz crystal 
could be moved in front of the evaporator in order to 
determine evaporation rates for the deposition of titanium 
on the TiOg(IIO) sample. The distance between the top of 
the tungsten basket and the quartz crystal was . 
approximately 8 cm, roughly 1 . 5 cm greater than the 
distance between the basket and the TiO2 sample (see 
above). Therefore the titanium deposition rate had to be 
calculated for the TiO2 sample.

When the evaporator current was increased to its 
desired value, the frequency of the quartz resonator first 
increased also, due to radiation. After passing a maximum 
(see Figure 6 ) - which was determined to be around 340 K 
(see above) - the frequency dropped, passed through a 
minimum (below its former equilibrium value) and then 
rapidly increased. After the evaporator was turned off, the 
frequency dropped quickly, and again passed through a 
minimum and a maximum and, finally, reached its new 
(smaller) equilibrium value.

But in addition to. a lower equilibrium value, downward 
shifts, in the frequencies at the minimum and the maximum 
were observed (see Figure 6 ) and this phenomenon 
facilitated ’ the procedure of finding the resonant frequency 
shift, because instead of waiting for the new equilibrium
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frequency to be reached, the new minimum and maximum values 
were recorded and compared to the old values (before the 
evaporation). Separate experiments showed that the average 
frequency shift determined from the changes in the maximum 
and minimum values was in good agreement with the change in 
the equilibrium frequency.

With the help of Equations 22 and 23 it was found that
oone monolayer of evaporated titanium (2.6 A) corresponds to 

a frequency decrease of approximately 25 Hz.
The frequency of the water-cooled 5 MHz crystal used 

in the L-H vacuum chamber was not very sensitive to 
temperature changes. While the evaporator was reaching its 
equilibrium temperature, the frequency of the quartz 
crystal first increased to a maximum value and then slowly 
dropped during the deposition of titanium. Due to the water 
cooling, the new equilibrium frequency was reached very 
rapidly, after the evaporator had been turned off. In this 
case, one monolayer of titanium corresponded to a frequency 
decrease between 6 and 7 Hz.

The sample mounted on the manipulator mentioned above 
could be moved close to the quartz crystal. Hence titanium 
was deposited on the sample and quartz crystal at the same ■ 
time, whereas the sample in the sample rod described above 
had to be shoved in between the evaporator and quartz 
crystal, so that no titanium was deposited on the latter.



66
This made necessary the determination of an evaporation 
rate before depositing titanium on the TiO2 sample.

The thickness of evaporated titanium layers was also 
calibrated by XPS. When small amounts of titanium were 
evaporated onto a TiO2 sample, the intensity of the 
oxygen Ols core-level as well as the oxygen KVV Auger line 
decreased. By assuming an exponential decrease we found:

Kd) = I0 EXP ( -d/ A ) (24)

Iq/I(d) = intensity of the oxygen core-level or Auger
lines from a clean/titanium-covered TiO2 (IiQ) 
surface.

d = thickness of the evaporated titanium layer.
X = inelastic mean free path (IMFP) of the photo- or 

Auger electrons emitted.

The kinetic-energy-dependent IMFP* s were determined 
from the "universal" curves published in reference 136. For
Ols photoelectrons (Ejĉ n = 720 eV) we found A = 14.6 A in

otitanium and A =  19*7 A in titanium dioxide. In the case 
of OKVV Auger electrons (EjcIn = 510 eV) , we calculated

Q O

A to be 12.3 A in titanium and 16.6 A in TiO2 .
With the knowledge of these values, Equation 24 

and the measured intensities 1 (d) and Iq i We determined the
layer thickness d .
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CHAPTER 4

. . EXPERIMENTAL RESULTS

In the first part of this chapter, a method for 
preparing clean and defect-free TiOg(IlO) surfaces will be 
discussed.

In the second part, electron-spectroscopic results on 
TiOg(IlO) samples obtained by XPS/XAES, AES, EELS/ELS and 
LEED will be presented.

The third part of this chapter shows results from a 
representative selection of measurements of conductivity 
and work function changes.

The experimental results of this chapter will be 
discussed in chapter '5.
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Preparation of Clean Samples

Before introducing the polished titanium dioxide 

wafers into the ultrahigh vacuum (UHV) chambers, they were 
cleaned in an ultrasonic acetone bath for about 15 minutes.

In the UHV chamber, most of the carbon contaminants 
were removed by argon-ion bombardment for about 15 minutes 
at a primary-ion energy and an emission current of 1000 eV 
and 3 mA, respectively. In the L-H vacuum chamber, e.g., a 
target current of approximately 5x10-7 A could be achieved 
by adjusting the argon pressure in the differentially 
pumped sputter chamber, resulting in a pressure of the main 
chamber of about 4x10-7 mbar.

Subsequently, the samples were annealed in oxygen at 
870 K and 6 .7x 1 0 - 6 mbar for about 15 minutes in order to 
remove the residual amounts of carbon.

In a further step, surface defects produced during 
ion bombardment were annealed in a 6 .7x 10-6-mbar oxygen 
atmosphere at 570. K for 30 minutes -in order to produce a 
stoichiometric surface. The annealing.process was 
controlled by monitoring the surface-sensitive TiLMV Auger 
line (see below). It was found, however, that surface 
defect annealing could be improved by exposing the samples 
to higher oxygen pressures at some elevated temperature 
(<< TiOg decomposition temperature under UHV conditions) 
for longer exposure.times, e.g., for I hour at 570 K and
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5 .3x 10~5 mbar Og. This procedure was usually adhered to in 
the PHI 545A vacuum chamber, because a poppet valve made it 
possible to valve off the ion pump resulting in low working 
pressures.

After the cleaning procedures described above, small 
amounts of potassium were still detected in the XPS 
spectra. Attempts to remove these residual contaminations
were not very successful, because the potassium K2 pg/ 2  

core-level peak reappeared after the temperature treatments 
necessary for surface defect annealing. This observation 
led to the assumption that potassium probably diffuses from 
the bulk to the surface upon heating.



Electron-SpeotroaooDio Results

The figures presented in this subchapter show results 
obtained from XPS/XAES (Figures 7-13), EELS/ELS (Figures 
14-20) and AES/ELS (Figures 21-24) measurements on

( 1 10) surfaces. The reciprocal lattice structures of 
clean and titanium-covered Ti0 2 ^^®^ surfaces are reflected 
in the LEED patterns shown in Figure 25.

The lower part of Figure 7 demonstrates the effect of 
thin evaporated titanium layers on the Ti2 p | / 2 (left peak) 
and Ti2p3 / 2  (right peak) core-level intensities. Curve a 
represents the stoichiometric TiO2(I 1 0) surface of a 
yellowish sample, which was introduced into the L-H vacuum 
chamber via a sample rod (see chapter 3)• The clean 
stoichiometric surface was obtained by applying the sample 
preparation methods described above. The small peak.to the 
very right in curve a (E^in = 803.8 eV) is due to the X-ray 
satellite MgK g (see chapter 3) produced by the Ti2 p3 / 2  

core-level.
The peaks in curve a correspond to Ti^+ ions

predominantly found in stoichiometric T102 (indicated by 
the solid vertical line) and therefore appear at 
comparatively high binding energies (referred to the upper 
valence band edge E^) or low photoelectron kinetic 
energies, respectively.
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Eb (eV, Ev =O)
455 445

795
PHOTOELECTRON KINETIC ENERGY (eV)

Figure 7. Lower part: Ti2p core-level spectra before (a)
and after evaporation of 0 . 7 (b), 1.1 (c) , 2 . 0  
(d ) and 4.5 (e) monolayers of Ti.
Upper part: comparison between curve e and the
experimentally observed Ti2p spectrum of metallic 
Ti. Further details are given in the text.
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These peak positions could be reproduced on blue 

TiOg(IlO) samples that had been introduced into the L-H 
vacuum chamber via a sample manipulator (see chapter 3). 
These interesting results indicate that the (110) surface
- and a subsurface region down to at least the XPS sampling 
depth (“20 A for the Ti2p photoelectron kinetic energies) 
of the blue TiOg samples with high defect concentrations 
can be almost perfectly annealed by the UHV sample 
treatments described above. The diffusion of oxygen 
vacancies from the bulk to the surface, however, turned out 
to be much more pronounced on these samples (see chapter 
5), resulting in non-stoicbiometries at the surface after a 
certain period of time.

Curve b was obtained, after 0.7 monolayers of titanium 
had been deposited on the yellowish TiOg(IlO) sample 
according to the evaporation procedure described in the 
previous chapter. Both core-level lines are broadened and 
show additional emissions on their low binding energy side. 
This phenomenon will be discussed in the next chapter.

Curves c, d and e were recorded for titanium coverages 
of 1.1, 2.0 and 4.5 monolayers and demonstrate the growth 

of the Ti2 p ^/2 and Ti2pg/2 core-levels of metallic 
titanium, because the Ti2p3/2 line in curve e is found
- apart from a small work function change of 0.31 eV - at 
the peak position expected in titanium (see dashed vertical 
line "Ti").
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In ,the upper part of Figure 7 , curve e is compared to 

the experimentally obtained [120] Ti2p spectrum of metallic 
titanium represented by the dashed curve. The difference 
spectrum calculated by subtracting the dashed curve from 
curve e is shown as.a dotted line and yields the attenuated 
Ti2p core-level emission from the TiOg substrate, covered 
with a 4.5-monolayer titanium film.

The thin dotted lines under, curves a (lower part of 
Figure 7) and e (upper part of Figure 7) schematically 
indicate Gaussian line shapes of Ti2 pg/ 2  contributions. 
These curves are found theoretically by fitting Gaussians 
to the experimentally obtained spectra (see chapter 5).

When the titanium-covered TiOg surface represented by 
curve e was annealed in a 6 .7x 10 ”6-mbar oxygen atmosphere 
at approximately 920 K for at least 15 minutes, the 
stoichiometric surface and hence curve a could be 
reproduced. This indicates that either titanium diffuses 
into the TiOg bulk, or titanium overlayers are oxidized to 
titanium dioxide overlayers .

In Figure 8 , curve a again represents the 
stoichiometric surface, whereas curve b* was obtained after 
30 minutes of argon-ion bombardment at a primary ion energy 
of Ep = 1500 eV and an emission current of Iem = 3 mA, 
resulting in a target current of Itarg = I • V- ̂  *n
Figure 7, we observe additional emissions on the low 
binding energy sides of the Ti2p core levels.
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Eb (GV1Ev = O)
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Figure 8. Ti2p core-level spectra before (a) and aft^r 
argon-ion bombardment for 3 O (b*) and 60 (c1) 
minutes at primary energies of E p = 1 500 and 
2000 eV.
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Further ion bombardment at a primary energy of = 

2000 eV and an emission current of Iem = 3 mA (Itarg = 
1.6/iA) for about 30 minutes did not enhance these features 
significantly.

The similarities of the results found on 
titanium-covered and sputtered surfaces will be discussed 
in the next chapter.

The spectra in Figure 9 illustrate the shift and the
attenuation of the Ols core-level peak of the TiOg(IlO) 
crystal upon evaporation of small amounts of titanium.
The curves a t o e  correspond to the curves a to e in 
Figure 7, i.e. they were obtained after the same surface 
treatments and could thus be used to calibrate the titanium 
layer thicknesses, as was explained in the previous 
chapter.

The vertical solid line indicates the 01s core-level
. 4 +position in stoichiometric TiOg > which is composed of Ti 

and 0 2- ions, i.e. the 0 1 s core-level binding energy arises 
from doubly negatively charged oxygen ions. A distinct 
shift in the p.eak maximum of up to 0.4 eV towards higher 
binding energies was observed after
submonolayer-to-monolayer amounts of titanium had been 
deposited on the sample. A possible explanation for this 
phenomenon will be given in chapter 5.
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Eb (eV, Ev = O)
530 520
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Figure 9. Ols core-level spectra before (a) and after (b-e) 
evaporation of Ti. The evaporated amounts are the 
same as in Figure 7.



Figure 10 presents Tigp core-level spectra a to e that 
were recorded after the surface treatments explained above. 
The curves were smoothed, since the signal-to-noise ratio 
was low in these spectra because of the comparatively low 
Ti3Ps/2 cross-section (factor of ~I/ 10 if compared to the 
Ti2p3/2 cross-section [145]). Due to the limited resolution 
of the XPS spectrometer (see chapter 3) the expectedly
small spin-orbit splitting between the Ti3p1 / 2 and Ti3pg/2 
levels was not resolved. Similar to Figure 7» we observe 
the growth of a second peak of lower binding energy upon 
evaporation of ,titanium.

The change in the mainly 02p-derived valence band ■ 
structure after corresponding surface treatments is shown 
in Figure 11. Due .to the .small valence band cross-section
(factor of "1/4.00 if compared to the Ti2pg/2 [1^5]) .
the'background noise level was fairly high, which again 
required curve smoothing.

The two maxima in the valence-band structure of curve 
a indicate the existence of two valence sub-bands in 
stoichiometric samples (see chapter 5). The intensity of 
the maximum of lower binding energy drops drastically after 
the deposition of titanium, as shown in curves d and e, but 
now an additional band is found several electron volts 
above the upper valence band edge Ey.
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Ej3 (eV, Ev = O)

PHOTOELECTRON KINETIC ENERGY (eV)
Figure 10. TiBp core-level spectra before (a) and after 

(b,d, e) evaporation of Ti. The evaporated 
amounts are the same as in Figure 7•
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Figure 11. TiC^ valence-band structure and XPS band-gap
emission before (a) and after (d,e) evaporation 
of Ti. The evaporated amounts are the same as in 
Figure 7. Further details are given in the text.
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The higher the titanium coverage, the more this band 

smears out towards the original valence band, as can be 
verified by comparing curves d and e , which correspond to 
the curves d and e in Figure 7 . The horizontal and sloping 
lines will be explained in chapter 5 .

In Figure 12, the changes in the X-ray-induced 
TiLgMggV Auger line upon evaporation of titanium are 
illustrated in curves a to e which were obtained after the 
surface treatments described above. This Auger line is due 
to an electronic transition from a TiBp1/g # 3 / 2  (*•e•> the 
Mgg) level to a Ti2p3/2 (i.e., the Lg) core hole with 
subsequent emission of a valence band (V) electron. It 
appears to be extemely sensitive to small additions of 
titanium atoms, because even submonolayer amounts of 
evaporated titanium cause a second peak in the Auger line, 
as shown in curve b. This peak grows rapidly with 
increasing titanium coverage, and is apparently the result 
of a corresponding Auger transition in metallic titanium. 
This can be verified by comparing the Auger electron 
kinetic energy to corresponding experimental data obtained 
on titanium samples [1 2 0].

The following Figure 13 demonstrates the effect of 
heavy argon-ion bombardment on the TiLgMggV Auger line 
shape. Curve a again represents the stoichiometric surface 
whereas curve c' was recorded for the same surface 
conditions that led to curve c’ in Figure 8 .
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figure 12. TiLg ̂  3 V Auger transition before (a) and aTt e r (b-e) evaporation of Ti, indicating the growth 
of an additional intra-atomic Auger peak (see 
text). The evaporated amounts are the same as in 
Figure 7 .
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Figure 13. TiLg M2 3 V Auger transition before (a) and after (o') argon-ion bombardment. The sample 
pretreatments are the same as in Figure 8 .
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Again, .the similarities in the results obtained on 

titanium-covered and sputtered surfaces are striking. An 
explanation for these features will be given in chapter 5.

The dotted lines in Figures 12 and 13 schematically 
indicate background levels as well as the two (TiOg- and. 
Ti-derived) contributions to the TiLMV Auger transition^

The following Figures 14-20 show results obtained from 
EELS/ELS experiments that were carried out on a bluish 
TiOg(IlO) sample in the L-H vacuum chamber described in 
chapter 3.

Figure 14 presents a survey spectrum (see also 
reference 81) of the delocalized surface optical 
(Fuchs-Kliewer) phonons. These are usually found on ionic 

semiconductor surfaces and were first detected on a 

TiO2 (IQO) surface by Kesmodel and Gates [82]. The origin of 
these phonons will be discussed in more detail in chapter 5 
and in Appendix B . Three different vibrational modes at 

54 , 95 and 46 meV denoted by y 1 , I/ g ; 3 were observed for a
primary electron energy of Ep = 6.4 eV in the specular beam 

direction with 0i = @e = 1̂ 0 . For the first time, the third 
mode could be resolved, because of an excellent 
spectrometer resolution of ^,E = 6.5 meV. Due to an 

extremely high counting rate (*1.5x105 ops in the elastic 
peak), multiple and combined losses up to loss energies of 

approximately 300 meV were recorded.
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surface optical phonons V 1 , V 2 and V y  The spectra were taken at 
a primary energy of E _ 5 . 4 eV with a FWHM of = 6.5 meV.
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These show the expected Poissson distribution of 

intensities as. can be verified with the help of Figure 5 in 
reference 81 (see also chapter 5 and Appendix B).

. The solid curves in Figure 14 represent the 
stoichiometric surface in the absence of point defects. The 
dashed lines show results obtained on surfaces with 
thermalIy produced defects, i.e. after heating the sample 
to 1310 K for 10 minutes at an oxygen partial pressure of 
about IxIO-IO mbar. The dotted lines indicate results 
obtained after 10 minutes of argon-ion bombardment at a 
primary ion energy of Ep = 5 0 0 eV and an emission current 
of Ieffl = 3 mA, resulting in a target current of 
Itarg = 3x 10""7 A. This sample treatment apparently led to 
pronounced surface-atom disorders accompanied by an 
attenuation of the Fuchs-Kliewer phonons.

The EELS spectra in Figure 15 were recorded for the 
same experimental conditions as in part a and also include 
the corresponding gain peaks as well as the effect of 
hydrogen exposure. The ratios of the gain-to-loss 
intensities show the expected Boltzmann behavior to be . 
discussed later. The dashed curves were obtained after 
exposing the stoichiometric TiOg(IIO) surface to 1000 L 
[I L(Langmuir) = I . 3 3x 10 - 6 mbar sec] of atomic hydrogen at 
a molecular hydrogen pressure of 6 .TxIO-G mbar and a sample 
temperature of 300 K.
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Figure 15. EELS spectra (obtained for the same experimental 

conditions as in Figure 14) shown over a wider 
energy range which also includes characteristic 
gain peaks and the effect of hydrogen exposure.
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Hydrogen molecules were dissociated with a hot 

tungsten filament mounted in close proximity of the sample. 
The resulting loss feature at 455 meV is apparently due to 
the formation of surface OH groups, leading to the 
well-known O-H stretch vibration.

The EELS spectra shown in the following Figure 16 were 
obtained at a primary electron energy of Ep = 27.1 eV, in 
the specular beam direction with Q i _ @ e _ 60°, and 
demonstrate the screening of Fuchs-Kliewer phonons by an 
overlayer of titanium. The solid curves represent results 
obtained oh the clean stoichiometric surface and were 
recorded at a spectrometer resolution of &E = 30 meV. The 
first peak to the right of the elastic peak is due to the 
most intense vibrational mode v 2 , whereas the modes v 1 and 

are responsible for the shoulder on the left side of 
this peak. The second peak in the spectrum includes both 
the second loss of the mode u 2 an<* a combination loss of 
modes v-j and i/g (see previous figures) . The dashed curves 
were obtained at a resolution of ^E = 32 meV after 4.5 
monolayers of titanium had been deposited on the TiOg(ITO) 
surface. They cl'early demonstrate that very thin (several 
A) overlayers of a conducting material almost completely 
quench highly intense surface optical phonons of the ionic 
substrate. This phenomenon was also observed on 
silver-covered gallium arsenide surfaces by Dubois et al. 
[137] • and will be discussed in Appendix B .
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Figure 16. EELS spectra of TiOg(IIO) before (solid curves) and after (dashed curves) evaporation of 4.5 
monolayers of Ti (Ed = 2 7 • I e V, ^E = 30 and 32 meV).
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The curves in the following Figure 17 show the effect 

of heating and argon-ion bombardment on the elastic peak 
and the Fuchs-Kliewer phonons. The experiments were run.at 
a primary electron energy of Ep = 27.1 eV in the specular 
beam direction with Q i = ® e = 60°. The solid line 
represents results obtained on the stoichiometric TiOg(IIO) 
surface and was recorded at a spectrometer resolution of 

= 30 meV. The dotted spectrum was taken immediately 
after argon-ion. bombardment (t = 15 min. , Ep = 2000 eV, Iem 
= 3 mA, Itarg = 1-1 • 5 A) and shows slightly attenuated 
Fuchs-Kliewer phonons at a higher background level. The 
broadening in the elastic peak led to a resolution of 
&E = 45 meV. The dashed curve was recorded right after 
heating the ion-bombarded sample to 820 K for about 2 
minutes and demonstrates that a short, moderate temperature 
treatment restores the stoichiometric surface.

The spectra of Figure 17 are shown over a wider energy 
range in Figure 18 and now also include a broad loss 
feature between 0.5 and 2 eV that appeared after the ion 
bombardment and was attenuated during the temperature 
treatment. This loss feature was also observed in earlier 
experiments [80,81].
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Figure 17. EELS spectra of differently treated TiOg(IiO)
surfaces, taken at a primary energy of En =2 7.1 e V. The solid curve (&E = 3 0 meV) 
represents the stoichiometric surface, the 
dotted curve (^E = 45 meV) was recorded after 
argon-ion bombardment (15 minutes, 2000 eV). The 
dashed curve (^E = 30 meV) was obtained after 
heating (2 minutes at 820 K) the ion-bombarded 
surface represented by the dotted line.
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Figure 18. EELS spectra of Figure 17 shown over a wider 
energy range which also includes a broad 
electronic loss feature between 0.5 and 2 eV.
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The effects of a thin titanium overlayer are shown in 

the following Figures 19 and 20. The solid curves again 
represent results obtained on a stoichiometric surface, 
whereas the dotted lines were recorded immediately after 
the evaporation of 0.5 monolayers of titanium. The dashed 
curves were obtained after the same temperature treatment 
as in Figures 17 and 18. The dot-dashed line shown in 
Figure 19 corresponds to the dashed curves in Figure 16 and 
thus represents the situation after the evaporation of 
4.5 monolayers of titanium.

The dotted lines clearly demonstrate that even 
submonolayer amounts of titanium attenuate the strong 
Fuchs-Kliewer phonons and cause the same broad loss feature 
that was observed after ion bombardment. A short 
temperature treatment restores the original surface phonon 
intensities, but does not completely quench the loss 
feature between 0.5 and 2 eV.

The following four figures show results obtained from 
AES and ELS experiments carried out in the PHI 595 vacuum 
chamber described in chapter 3 •

Figure 21 presents a numerically differentiated Auger 
survey spectrum taken at a TiOg(IlO) surface after 
5 minutes of argon ion bombardment (Ep = 2500 eV, IeiQ =
25 mA) and I minute of heating (up to 800 K). The primary 
electron energy was chosen to be 3 000 eV.
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Figure 19. EELS spectra of clean and Ti-covered TiO2(IlO) 
surfaces. The solid curve is identical to the 
solid curve in Figure 17> the dotted and 
dot-dashed spectra were obtained after 
evaporation of 0.5 and 4.5 monolayers of Ti, 
respectively. The dashed curve was recorded 
after heating (2 minutes at 820 K) the 
Ti-covered surface represented by the dotted 
line.
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Figure 20. EELS spectra of Figure 19 shown over a wider
energy range which also includes the broad loss 
feature observed in Figure 18.
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Figure 21. AES spectrum of a TiC^ "* 1 surface withresidual carbon and potassium contaminants (the 
sample pretreatments are described in the text''.
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Besides the principal titanium and oxygen Auger lines 

TiL3 MagM2S, TiL3M2 3 V, TiL3VV and OKVV (K = 1si/2) weak 
carbon and potassium Auger transitions CKLL/CKVV and KLMM 
were also detected. The.carbon and most of the potassium 
contaminants could be removed by further annealing in 
oxygen, as mentioned earlier in this chapter.

Due to inhomogeneous heating of the sample (see
chapter 3), one part of the Ti02 wafer remained 
yellowish/transparent, whereas another part turned 
black/opaque.

Figure 22 shows results obtained from ELS measurements 
done on the transparent part of the sample at a primary 
electron energy of = 3 0 0 eV. The solid line represents a 
spectrum taken at a clean stoichiometric surface (obtained 
after additional annealing in an oxygen atmosphere of 
4x 1 0 - 5 mbar at 800 K) and exhibits the loss features b, 0 , 
d and e at loss energies of 5.5, 10.2, 13.7 and 25.0 eV.
The loss features b, c and d had already been detected in 
earlier experiments carried out in the L-H vacuum chamber 
[80,81]. The broad feature (a) between 0.5 and 2 eV 
presented in Figures 18 and 20 could not be observed due to 
a low resolution of AE = 0.3 eV (see chapter 3 ). The dashed 
curve was recorded immediately after 15 minutes of 
argon-ion bombardment (Ep = 2500 eV, Iem - 25 mA) and shows 
lower intensities, especially for the features b and c.
This result was also found in earlier experiments [80,81].
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Figure 22. ELS spectra of a transparent TiO2(IIO) sample 
before (solid curve) and after (dashed curve) 
argon-ion bombardment, showing electronic loss 
features b, c, d and e (see text).
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The spectra presented in Figure 23 were taken on the 

opaque part of the sample after the same surface treatments 
as in Figure 22, and exhibit significant increases in the 
intensity of the loss feature c. Argon ion bombardment 
again reduces the intensities of the features b and c.

The ELS spectrum presented in Figure 24 was obtained 
on the transparent part of the annealed sample and also 
shows the higher losses f, g, h, i and j at loss energies 
of 39.3 , 4 7.6 , 63.5, 79 .5 and 104.0 eV. These results were
recorded at a primary electron energy of Ep = .1 0 0 0 eV and a 
resolution of ^E = I eV.

Figure 25 presents two LEED patterns a and b that 
were obtained in the L-H vacuum chamber.

Picture a was taken from a.blue TiO2 sample that had 
been mounted on a sample manipulator (see previous, chapter) 
and reflects the (Ix I)-structure of a clean stoichiometric 
TiOg(I^O) surface which had been heated at about 1120 K for 
I minute. The primary electron energy was chosen to be 
Ep = 52 eV (exposure time: 5 secs., aperture: 2.8).

A yellowish TiO2(IlO) sample in a sample rod (see 
chapter 3) .was used to study the infuence of titanium 
overlayers, oh the LEED pattern, because heating and 
temperature measurement had turned out to be more 
homogeneous and accurate on this sample.
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Figure 23. ELS spectra of an opaque TiO2C I 10) sample, 
taken after the same sample pretreatments 
Figure 22.

as
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ELECTRON ENERGY LOSS (eV)
Figure 24. ELS spectrum of a transparent (annealed)

Tio2(IIO) sample, taken at a higher primary 
energy (E = 1000 eV). High-energy loss features 
f, g, h, i and j are also shown in the spectrum.
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Figure 25. LEED patterns a and b , obtained on clean and
Ti-covered (with subsequent heating, see text)
Ti02(110) surfaces .
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No LEED pattern was observed after 4.5 monolayers of 

titanium had been deposited on the TiOg(IlO) surface. A 
weak, diffuse pattern appeared after heating the sample to 
temperatures above 920 K for less than I minute. The LEED 
spots became sharper after a short (<I minute) high 
temperature treatment at temperatures around 1320 K and 
formed a (Ix I)-pattern which is shown in picture b (E - 51 eV, 
exposure time: I sec., aperture: 1 .8 ).

Further heating was avoided in order to keep the bulk 
defect concentration of the yellowish sample low (see 
chapter 5 ).



103
Results From Measurements Of Conductivity 

And Work Function Changes

The figures to be presented in this.subchapter show a 
representative selection of results obtained from 
(Figures 26-37) a n d ( F i g u r e  38-40) experiments carried 
out on a yellowish TiOa^110) sample in the PHI 545A vacuum 
chamber described in chapter 3 .

Measurements of surface-conductivity and work-function 
changes performed on bluish samples yielded -apart from 
higher bulk conductivities - similar and results.

The two curves presented in Figure 26 demonstrate the 
effect of thin evaporated titanium films as well as 
argon-ion bombardment on the surface conductivity as * ^he 
•*••‘■̂ 2 ( 110) sample. The experiments were run at T = 303 K in 
a residual gas atmosphere of 1 .5x 10-9 mbar, and the surface
conductivity changes were calculated by multiplying the
measured bulk conductivity changes & by the sample
thickness d (= 0.65 mm), as explained elsewhere [79]. The
curves were calculated by fitting exponential functions to
the experimentalIy obtained data points (indicated byI y
dots).

The solid line (A) illustrates increases in the 
surface conductivity (referred to the stoichiometric 
surface) upon the deposition of small amounts of titanium 
measured in monolayer (ML) coverages
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T = 3 0 3  K
P = l . 5 x l0 '9m bar residual gas

sputter time (h )— ►
Figure 26. Surface-conductivity changes Aa 3 of TiOg(IlO)

upon evaporation of Ti (solid curve A), as well 
as argon-ion bombardment (dashed curve B). 
Further explanations are given in the text.
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The dashed curve (B) represents results obtained 
immediately after several hours (h) of argon-ion 
bombardment (Ep = 1 0OO eV, Iem = 1.1 mA, Itarg = I gA) and 
also shows increases in the surface conductivity. These 
results will be discussed in the next chapter.

The effect of a I-minute oxygen exposure at an Og- 
pressure of 6.7x10-6 mbar on the surface conductivity of 
the stoichiometric TiOa^11°) surface is shown in Figure 27• 
The two solid lines obtained from smoothing the data points 
(indicated by dots) show pronounced conductivity decreases 
for two different sample temperatures (348 and 423 K). The 
decrease in the surface conductivity appears to be much 
more enhanced at elevated temperatures. A possible 
explanation for this phenomenon will be given in the 
discussion in chapter 5.

The data points in Figure 28 were recorded during 
I-minute exposures of molecular hydrogen at a H2~PreSsure 
of 2.0x10-5 mbar and reflect conductivity increases at 
three different temperatures (303 , 348 and 423 K)*, In this 
case, however, the conductivty changes are more pronounced 
at lower temperatures and, in general, are one order of 
magnitude smaller than those measured during oxygen 
exposures.

I 05



t (sec )-^

close leak valveopen leak valve

O g -exposure for I min. 

Rn =6.7 x I0 "6mbar

106



H g-exposure for I min. 
Pu =2.0 x IO"5 m bar

423K-

t(s e c )-^
Figure 28. Surface-conductivity changes of TiOg(IIO) upon exposure to molecular hydrogen at three different sample temperatures.
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The following Figure 29 presents results obtained 

from surface conductivity measurements done during 2-minute 
exposures of carbon monoxide at a CO-pressure of 2.0x10"^ 
mbar. It was observed that the conductivity•changes 
increased with temperature. The changes were found to be 
negative for temperatures less or equal to 3 23 K, and 
positive for temperatures greater or equal to 333 K, i.e. a 
sign change occurs between 323 and 333 K. Again, the 
conductivity changes recorded here, in general, are one 
order of magnitude smaller than those obtained during 
oxygen exposures.

The effect of small amounts of titanium, evaporated 
onto the Ti02(110) surface on the conductivity change 
during a I-minute Og exposure (Pq2 = 6 .7x 1 0 - 6 mbar, T =
348 K) is shown in Figure 30. The solid curves illustrate 
that submonolayer amounts (0.25 and 0.50 ML) of evaporated 
titanium enhance the decrease in the surface conductivity 
of the sample: the higher the titanium coverage, the more
pronounced the surface conductivity changes during O2 

exposure.
In Figure 31, it can be seen, however, that higher 

titanium coverages (1.0, 1.5 and 2.0 ML) reduce the 
conductivity changes that occur during oxygen exposure. For 
1 .5- and 2 .0-monolayer coverages the conductivity decreases 
are even smaller than those measured on the stoichiometric 
surface (0 ML).
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Figure 2 9 .  Surface-conductivity changes of T i 0 2 ( 1 1 0 )  u p o n  C0 exposure at 

five different -sample temperatures.
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Figure 30. Surface-conductivity changes of clean and
Ti-covered TiC^(IIO) upon oxygen exposure at 348 K. The Ti coverages range from 0.25 to 0.50 
monolayers.
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O2-exposure for I min. 
T=348K 
Po2=BTxIO"6 mbar

0.5  M LTi -

Figure 31. Surface-conductivity changes of clean and Ti-covered Ti0ofiin) 
upon oxygen exposure at 348 K. The Ti coverages range from 0.5 
to 2 . 0  monolayers. The curves obtained for 0 and 0.5 monolayer 
coverages are identical to corresponding curves of Figure 3 0 .
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Figure 32 summarizes the results presented in Figures

30 and 31. The maximum values Aes,max ^he conductivity
changes (corresponding to the last data points recorded 
during the measuring times) were referred to the maximum 
change at zero titanium coverage [yielding A (Aeg max) 
values] and then plotted versus the titanium coverage 
The data points obtained in this manner were subsequently 
connected-through solid lines. According to this diagram, 
the conductivity changes (with respect to the change at the 
clean surface) first decrease with increasing titanium 
coverage, and then - after passing through a minimum value 
around 0.5 monolayers - increase, until a sign change 
occurs between 1 . 0 and T . 5 monolayers. Only small increases 
AQXo-s, max^ were measured for titanium coverages between 1 . 0  

and 2 . 0  monolayers.
The data presented in Figure 33 were obtained for 

similar experimental conditions as in Figure 30, but for a 
sample temperature of 423 K and slightly different titanium 
coverages (0, 0.2,. 0.4 and 0.6 ML). We again observe 
enhanced conductivity decreases on titanium-covered 
surfaces, if these are exposed to oxygen.

The curves shown in Figure 34 demonstrate how heavy 
argon ion bombardment (Ep = 1000 eV, Iem = 11 mA,
^targ = I /LtA) affects the surface-conductivity changes 
during a I-minute oxygen exposure (Pq2 - 6 .7x 1 0 - 6 mbar,
T = 303 K).



O2-exposure fo ri min.
T= 348K
Po = 6.7 x IO"6 mbor

O(MLTi)
< -2

Figure 32. Maximum surface-conductivity changes ̂  (Aas max) plotted versus 
Ti coverage. These changes are referred to ’maximum conductivity 
changes (see text) obtained on ideal surfaces and were 
calculated from the curves shown in Figures 30 and 31 •
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Figure 33- Surface-conductivity changes of clean and
Ti-covered TiOp(110) uPon °xysen exposure at 423 K.
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O2-exposure for I min. 
T=303K 
Po =6.7x10 6mbar

annealed

3h sputter
Figure 34. Surface-conductivity changes of annealed and 

heavily ion-bombarded TiOg(IlO) upon oxygen 
exposure at 303 K.
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The solid line labelled "annealedn was obtained 
on a stoichiometric TiOg(IIO) surface, whereas the data 
points leading to the curve n3 h sputter” were recorded on 
a TiOg(Iio) surface that had been sputtered for 3 hours. 
Similarly to surfaces covered with submonolayer amounts of 
titanium, we again observe an enhanced conductivity 
decrease on a non-stoichiometrie surface, when the latter 
is exposed to oxygen.

The results presented in Figure 35 show that 
monolayer amounts (I ML) of titanium deposited on a
^iOg(Iio) surface reduce the conductivity increase measured 
during the exposure of molecular hydrogen. The curve 
labelled "0 ML Ti" represents results obtained on a 
stoichiometric surface and shows pronounced conductivity 
increases during a 1-minute exposure of molecular hydrogen 
(PH2 = 2.0x1v-5 mbar, T = 303 K). The solid line labelled 
"I ML Ti" results from the same kind of experiment
carried out on a titanium-covered (I ML) TiOg(ItO) 
surface and shows much-Iess-pronounced increases in the 
surface conductivity.

The following two Figures 36 and 37 represent Acr s 
experiments performed during 2-minute exposures of carbon 
monoxide (P1Q0 = 2.0x10*5 mbar, T = 303 K in Figure 36 and 
T = 348 K in Figure 37).



T- OMLTiHg "exposure for I min. 
T=303K
P u  =2.0xl0"5mbar
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Figure 35. Surface-conductivity changes of clean and

Ti-covered TiO2(IIO) upon exposure to molecular 
hydrogen at 303 K.
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CC)-exposure for 2 min 
T = 303 K
Pco =2.0x10 5mbar

Figure 36 Surface-conductivity changes of clean and 
Ti-covered T i O 2 ^ 1 1 0 j  u Po n  C0 e x Po a u r e  a t  3 0 3  K



CO-exposure for 2 min. 
T = 3 4 8 K
Pco = 2.0 x IO"5mbar

- OMLTi- 
3.5 MLTi

t(se c )-^

Figure 37• Surface-conductivity
Ti-covered T i O g^^^

changes of clean and 
upon CO exposure at 3%8 K.
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The figures indicate that - independently of the 

sample temperature - monolayer (I ML in Figure 36) and 
multilayer (3.5 ML in Figure;37) amounts of titanium 
deposited on the surface lead to less-pronounced changes in 
the surface conductivity.

In further experiments - not represented by figures - 
it was found that several hours of heavy argon-ion
bombardment (Ep _ i o 0 0 eV, Iem = 1.1 mA, Itarg = I fiA) also 
reduces the conductivity changes measured at different 
temperatures during H2_ as well as CO-exposures.

A I hour ion bombardment, e.g., causes 42 % smaller 
conductivity changes with respect to the stoichiometric 
surface upon CO adsorption at 303 K and Pco = 2x10-5 mbar. 
The conductivity increases found during H2 exposure at 
348 K and Ph2 = 2x10-5 mbar were reduced by 17.5 % after 
2 hours of argon-ion bombardment. These phenomena will be 
discussed in. the next chapter.

The following three figures present results obtained 
from measurements of work function changes (A<£) performed 
at 303 K on differently treated Ti02('i io) surfaces during 
oxygen, hydrogen and carbon monoxide exposures. In general, 
the experiments were started 4 minutes before the gas. 
exposures in order to get an average initial CPD value. .

As soon as the sample was exposed to one of the gases 
mentioned above, the CPD values changed rapidly and
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stabilized within seconds, i.e. remained constant until the 
end of the experiment, which usually took about 10 minutes.

The curves shown in Figure 38 reflect measurements 
done during I-minute oxygen exposures at an oxygen partial 
pressure of 6.7x10-6 mbar. The bottom curve labelled 
"annealed" represents results obtained on a stoichiometric 
TiOg(Iio) surface. The two curves above were recorded on 
titanium-covered (0.5, 1.0 and 2.0 ML) surfaces, whereas 
the uppermost curve results from measurements performed on 
a heavily ion-bombarded (t = 2 h, Ep = 10OOeV, Iem = 11 mA> 
*targ = I Ma) TiOg(IIO) surface. The results show that the. 
work function of a TiOg(110) sample always increases during 
oxygen exposures. The increases are more pronounced on 
titanium-covered and heavily sputtered surfaces.

The graphs in Figure 39 present work function 
changes recorded during 1-minute exposures of molecular 
hydrogen at a hydrogen partial pressure of 6 .7x 1 0 - 6 mbar. 
The stoichiometric ("annealed") TiOg(IlO) surface exhibits 
a pronounced decrease in its work function, when exposed to 
hydrogen. But. as soon as the coverage o'f titanium deposited 
on the surface reaches 0.5 monolayers, work function 
increases are observed. These become more pronounced with 
increasing layer thickness (I ML). Strong work function 
increases are also observed on ion-bombarded (t = I h,.

Ep = 1000 eV, Iem = 11 mA, Jtarg = 1 ) surfaces
represented by the uppermost curve.
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Figure 38. Work-function changes A<£ of annealed,
Ti-covered and ion-bombarded T i C ^ 110) upon 
oxvcen exDOSure at 303 K .
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Figure 39. Work-function changes \<p of annealed, Ti-covered and sputtered 
TiOg(IlO) upon exposure to molecular hydrogen at 303 K.
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’ The.curves presented in Figure 40 were derived from 
measurements performed during 2-minute carbon monoxide 

exposures, at a CO partial pressure of 2.OxIO-5 mbar.
Similar to the results shown in Figure 39, the 
stoichiometric ("annealed") TiOg(Iio) surface exhibits 
strong work function decreases, when exposed to carbon 
monoxide. Monolayer amounts (I ML) of titanium evaporated 
onto the surface cause less-pronounced work function 
decreases, whereas multilayer titanium coverages (3.5 ML) 
result in work function increases. Heavily sputtered
(t = 3 h, Ep _ 1000 eV, Iem = 1 1 mA, Itarg = 1 f/A) surfaces 
also show strong work function increases, when exposed to 
carbon monoxide, as illustrated by the uppermost curve.
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Figure 40. Work-function changes & <p of annealed,
Ti-covered and ion-bombarded Ti02^110) upon CO exposure at 303 K.
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CHAPTER 5 

DISCUSSION

In the following chapter, the experimental results 
presented above will be analyzed and discussed in more 
detail.

In the first part of the discussion, it will be shown 
how some important physical bulk properties, such as bulk 
electronic densities, bulk Fermi level positions, Debye 
lengths and energetic bulk defect levels, can be derived 
from bulk conductivity measurements.

The second part of this chapter will present a 
theoretical analysis of electron-spectroscopic results and 
a discussion of the changes in the surface electronic 
structure of TiOg samples upon the formation of surface 
defects.

In the third and fourth parts, the adsorption of gases

on stoichiometric and defective TiOp(110) surfaces, 
respectively, will be discussed in terms of a charge 
transfer model. This model will also be applied to explain 
the transfer of charges from chemisorbed submonolayer
amounts of titanium to the TiOg substrate..

The last part of this chapter will present a model 
that describes the diffusion of defects in the bulk of
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Ti02» Within the framework of this model, diffusion 
■coefficients and diffusion profiles will be calculated and
discussed.
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Bulk Conductivity and Bulk Defects

-The majority charge carriers in n-type rutile are 
electrons that mainly arise from the thermal depopulation 
of defect (oxygen vacancy)-induced donor levels in the band 
gap (see chapter 2). Thermally-excited electronic 
valence-to-conduction-band transitions are negligible at 
low temperatures due to the fairly large gap energy of 
3.05 eV. Also, acceptor-type band gap states, which are 
induced by oxygen interstitials and cause p-type 
conduction, can be neglected for oxygen partial pressures
less than I mbar (see chapter 2). The bulk conductivity a b 
can thus be written in a simple form:

Here, e = 1.6021x10“^  c (elementary charge), and is the 
temperature-dependent ,bulk Hall mobility for 
conduction-band electrons, and nb is the 
temperature-dependent bulk density of conduction-band 
electrons.

-The bulk density of conduction-band electrons, nb, can 
be computed in the following way [130,138]:

oo

^b = e fz b nb (25)

EC
(26)



129
Eq is the energy at the lower conduction-band edge, and

f(E) = {1+exp[(E-EF )/kBT]}-1 (27)

is the Fermi function with Ep beinS the Fermi energy, T the 
temperature and kB = 8.6173x1d~5 eV K-1 Boltzmann's 
constant. Dc(B) is the energy-dependent density of 
conduction-band levels per unit energy, and - in the case 
of parabolic bands [138] - given by:

d C(E) = 277 ( 2meff/h2) 3/2x (E-Ec) i/2 (28)

with m e f f  2.  2 5  me being the effective mass of 
conduction-band electrons (see chapter 2), 
me = 9.1091x10-31 Kg the electronic rest mass, and 
h = 4.1 357x10-1 5 eVsec Planclc's constant. The two 
different electronic spin orientations are considered by 
the factor 2 in Equation 2 6 .

In practice, the semiconductor bulk of TiO2 is usually 
nondegenerate [138], i.e.

Bc-Ep > SkgT 
Ep-Ey > 3kgT

(Ey is' the energy at the upper valence-band edge).
The Fermi function given in Equation 27 can thus be 

approximated by an exponential Boltzmann function, which
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facilitates the integration of Equation 26. With the help

^  • ' . ' ’ ■of Equation 28. - assuming parabolic conduction bands - we
obtain:

nb = Ne exp[(Ep-Ec)ZkgT] (29)

with Ne ■= 2(27rmeff k g T / h2) 3/2 .

With known bulk Hall mobility data (see chapter 2), 
experimentally obtained bulk conductivities (Tb and the help 
of Equations 25 and 29 we can now determine the bulk 
electronic densities nb and the positions of the bulk Fermi, 
level Ep relative to the lower conduction band edge Eg.

The bulk conductivity a b of a yellowish TiOg(IIO) 
sample (see chapter 3) was measured for sample temperatures 
ranging from 300 to 600 K. The resulting bulk electronic 
densities and Fermi-level positions are plotted in
Figure 41. Also shown is the effective Debye length Lg to 
be discussed later. For n-type semiconductors with 
negligible bulk hole concentration [100], this bulk 
property is given by:

lD = CffOkBTZ(G^nb)]I/2 (30)

<q = 1.4185x10-32 c2/(eVcm) is the electric-field 
constant and f the ,temperature-dependent dielectric 
constant of rutile (see chapter 2).
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Figure 41. Bulk densities of conduction-band electrons, n^f 
bulk Fermi level positions, Ec-Ept anĉ  effective 
Debye lengths, Lpf plotted as a function of inverse temperature. These quantities were 
calculated from temperature-dependent bulk 
conductivities and bulk Hall mobilities of TiOg*
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The most important defect in TiO2 is the oxygen 

vacancy (see chapter 2) associated with two Ti3+ ions. For 
two electrons trapped at the defect, the ground-state 
configuration may be characterized by ETi^+ v§, 
paramagnetic first ionization stage by 2Ti3+ y+ and the 
completely ionized defect by ETi3+ Vq+* For simplification, 
the label "2Ti3+" will be omitted in the following.

In a simple model, the ionization of a donor-type 
oxygen vacancy can be described quantitatively by applying 
the law of mass action [79]:

Vq <=====> Vg + e“ (31) '
Vq <=====> vo+ + e" (32)

The first and second ionization potentials can 
formally be attributed to two band-gap donor levels Ed1 and 
ED2. The occupancy of these donor levels is determined by • 
the Fermi function and the corresponding degeneracy, 
factors:

(33)

(34)

nDO 1
^DO + ^DI 1 + 2  exp[ ( Ed-|-Ep )/kgT]

Npi + Np2 1 + 0•5 exp[(ED2-Ep)/kgT]
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wDO» % i and are the bulk densities of completely

' ' ;!>

occupied, singly and doubly ionized donors having 
degeneracies of I, 2 and I, respectively.

With the help of Equations 33 and 34 as well as 29 
can calculate the two equilibrium constants Kq -] and Kpg 
attributed to Equations 31 and 32.

we

kDI = Ndi nb/ND0 = 2 Ne exp[(EDl-Ec)ZkgT] (35)
kD2 = nd 2 nb/NDi =0.5 Ne BxpC(EDg-Ec)ZkgT] (36)

The condition of electroneutrality requires:

nb = N0I + 2 N0g (37)

The total bulk defect (donor-type oxygen vacancy) density 
is given by:

n d = Ndo + ndi + n02 (38)

From Equations 35-38 we get:

2 kD2 + n b
nb = Nd Kdi ~~ ■---------'-- - (39)

nB + nb. Kdi + Kdi k d 2

The unknown parameters N0, E0I and E02 can be calculated by 
fitting the experimentalIy obtained, temperature-dependent 
bulk electronic densities nb (see Figure 41) to
Equation 39. This was done for the sample described above&
by applying both the Gauss-Marquardt procedure [139] and 
the Simplex Algorithm [140]. The results are:
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, r '.. Nd = I.14x1017 cm"^
" e C-E01 = 0.421 eV

EC“Ed 2 = 0.470 eV (40)

At room temperature, both donor levels are located 
below the Fermi level (see Figure 41) and hence are only 
partially ionized (see further discussion in the last part 
of this chapter).



Surfade Structure Including Surface Defects.

The formation of TiS+ (8<4) species at the T i C ^ 11 
surface upon the deposition of foreign titanium atoms can 
be studied by means of XPS, XAES, AES, ELS and EELS.

In the Ti2p core-level spectra presented in Figure 7, 
additional emissions are observed on the low-binding-energy 
sides of the parent peaks. These feature's become more 
intense and broader with increasing titanium coverage and 
can be attributed to less-ionic titanium at the surface, 
because core electrons are less strongly bound in 
I ess-positiveIy-charged ions. The Ti2pgy2 core-level 
positions of TiB+, Ti2+ and metallic titanium are indicated 
by correspondingIy-labelled dashed vertical lines and have 
been measured for TiaOg 1141], TiO [142] and titanium metal 
[120] . According to these results, the deposition of 
submonolayer amounts (0.7 ML Ti in curve b).of titanium 
leads to the formation of mainly TiB+ ions at the TiO2(IlO) 
surface, i.e. charge transfer occurs from the foreign Ti 
atoms to the TiO2 substrate.

Increasing titanium coverage, however, reduces the 
number of elementary charges transferred per additional 
foreign titanium atom as can be seen in curve c. Here, the 
additional core-level feature already shows a significant 
contribution from Ti2+ ions. The titanium coverage
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corresponding to this curve was determined to be 1.1

i '
monolayers (see also chapter 4). .

Further deposition of titanium led to curves d and e 
(2.0 and 4.5 ML Ti) demonstrating the formation of an 
overlayer of titanium.

The sequence of evaporation experiments explained 
above strongly suggests that a defect-like structure 
involving T13+ species can be created at TiO2(Iio) surface 
by depositing submonolayer amounts of titanium on the 
latter.. In the low-coverage regime, each foreign titanium 
atom apparently chemisorbs as Ti3+ due to an 
energetically-favored charge transfer from the evaporated 
species to the TiOg substrate.

In. the following, a quantitative XPS line-shape 
analysis of one of the Ti2p core-level spectra shown in 
Figure 7 will be presented. The theoretical background of 
this kind of analysis will be explained in more detail in 
Appendix A.

The X-ray-induced photoelectrons emerging from a 
sample lose kinetic energy in mainly two processes that 
lead to additional emissions on the low-kinetic-energy 
sides (high-binding-energy sides) of core-level peaks. One 
of these loss features is associated with single, extrinsicI
surface-and bulk-plasmon excitations of the photoelectrons. 
The second one, which occurs mainly in metals, is due to
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' -intri-nsic shake-up or final-state effects caused by 

emerging photoelectrons (see e.g. references 143,144 and 
Appendix A).

In Figures 42 and 43, the XPS core-level line shapes 
and positions of the Ti2p levels of stoichiometric titanium 
dioxide as well as metallic titanium are shown on the same 
energy scale, with intensities normalized to the Ti2pg/2 
core-level emission of stoichiometric TiO2 . Both the 
Ti2p1 / 2 and Ti2pg/2 levels of Ti exhibit a striking 
asymmetry at low kinetic energies (Figure 42). This 
asymmetry is characteristic of XPS core-level spectra 
obtained on metals, due to the fact that emerging 
photoelectrons lose kinetic energy by creating 
electron-hole pairs in the Fermi sea of the metal. This 
effect is independent of the shape of the sample and is 
thus called "intrinsic" as mentioned above. It is much less 
pronounced in semiconductors and negligible in insulators, 
because of large energy gaps between valence and conduction 
bands. The core-level asymmetries indeed are much smaller 
in TiO2 as shown in Figure 43.

With the use of the Simplex Algorithm [140] mentioned 
above the two experimentally obtained XPS line shapes 
presented in Figures 42 and 43 (solid lines) were each 
fitted to a sum of five Gaussians after a simple linear 
background had been subtracted. At least five Gausssians 
were necessary to adequately fit the curve with background.
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Figure 42. Ti2p core-level spectrum (solid line) of 
metallic Ti. The dashed curves represent 
Gaussians fitted to the XPS line shapes. The 
dotted curve was obtained by adding the 
Gaussians and represents the theoretical line 
shape. Further details are discussed in the 
text.
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Figure 43. Ti2p core-level spectrum (solid line) of TiO2.The dashed and dotted curves were obtained in a
similar way as in Figure 42.



. These Gaussians are indicated by dashed lines, their 
sums', -i.e. the theoretically obtained line shapes, by 
dotted lines. The peak positions (at maximum intensity) Eq j 
amplitudes A, half widths E (FWHM), integrals I and per 
cent contributions {%) of the individual integrals to the 
total integral of the theoretically obtained line shapes 
are listed in Tables I and 2. The peak numbers increase 
with increasing photoelectron kinetic energy of the 
corresponding peak maxima.

Table I. Gaussians fitted to a Ti2p spectrum of Ti.
Peak M 

, 
O Z

-N fl> <
| 

V
-Z A ( c p s) ° AE (eV) I (eV ops ) ' %

I 791.30 ' 86 .26 1.9 8 181 .9 0 3.9
2 793.25 649.66 I .87 1294.60 28.3
3 795.84 119.71 I .48 188.00 4.1
4 797.74 285.47 1.93 586 .40 12.8
5 799.37 1453.59 I .51 2328.90 50 .9
#cps = counts per se co nd

Table 2. Gaussians fitted to a Ti2p spectrum of TiOg.
Peak E0 (eV) A (cps) AE (eV) I (eV cps) %

I . 787 .9 1 72.18 I .58 121.40 2.7
2 788.65 560.81 2.06 I 230.00 27.0
3 791 .08 113.21 I .83 220 .8 0 4.8
4 792.61 133.10 I .87 265.40 5 .8
5 794.33 1824.79 1.40 2720.20 59.7

Peaks I ,3 and 4 in either spectrum can mathematically 
be attributed to the loss features mentioned above and
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make it possible to formally subtract the latter from the 
measured XPS line shape. Information about the physical 
properties of these features, however, cannot be derived 
from the Gaussians because of the absence of an underlying 
model.

Figure 44 presents a representative Gaussian fit of 
curve c shown in Figure 7. Before fitting the Ti2p spectrum 
to eight Gaussians, a linear background and the 
theoretically"obtained peaks I> 3 and 4 of Table 2 were 
subtracted from the experimentally obtained spectrum in 
order to eliminate at least part of the loss features.

The choice of eight Gaussians was made because each 
core-level feature, namely Ti2p1 / 2 and Ti2 pg/2 ' believed 
to have contributions from Ti1*+, TiB+, TiZ+ and Til+ ions, 
as suggested by curve c in Figure 7 . The parameters of. 
these eight Gaussians are listed in Table 3 .

Table 3 • Gaussians fitted to Ti2p spectrum c.
Peak

I >
I 
<D

I 
O

I M A (ops) AE (eV) I (eV ops) %

I 788.64 551 .74 2.20 I 294.00 12.6
2 790.19 2 9 7 . 1 0 1.60 507.40 4 .9
3 791 .82 . 409.12 I .8 3 . 795.40 7 .8
4 792.43 238.36 2.28 . 578 .90 5.6
5 794.30 1 56 0.83 2.02 3357.30 32.7
6 796.20 788.75 2.57 2159.60 21 . I
7 . . 797 .60 460.53 2.01 ‘ 982 .9 0 9.6
8 798.70 345.81 ■1.58 5 8 2 . 1 0 5.7



IN
TE

N
S

IT
Y

 (
A

R
B

. 
U

N
IT

S
)

Ej3 (eV, Ev =0)
4 6 0  455 4 50

7 9 0  795
PHOTOELECTRON KINETIC ENERGY (eV)

Figure 44. Ti2p core-level spectrum c (solid line) of 
Figure 7, fitted by eight Gaussians (dashed 
lines). All Gaussian parameters were varied 
during the line-shape analysis (see text).



The sum of peaks 5 to 8 gives a mathematically and 
phySrIcailly satisfactory fit of the Ti2 pg/ 2  emission as 
indicated by the dotted line. These peaks thus represent 
the contributions of the different bulk and surface 
titanium ions to the Ti^pg/g core-level feature. From 
Table 3 it can be seen that the per cent contributions of 
Ti4+ and TiB+ ions are dominant.

The remaining Gaussians I to 4 yield a mathematical 
fit of the Ti2 p . | / 2 emission and thus formally represent the 
Ti2pi/ 2  core-level peaks of the different titanium ions. 
Their positions, relative amplitudes and half widths, 
however, differ from the physically expected ones 
[ 120,141 , 142]. Using peaks 5 to 8 as reference peaks, as 
well as known and estimated values for the Ti2p spin-orbit 
splittings in different titanium ions, four (physically 
more realistic) Ti2p1 / 2 Gaussians were constructed. These 
are plotted in Figure 45 together with peaks 5 to 8 from 
Figure 44, and apparently don't yield a good mathematical 
fit of the Ti2p1^ 2 emission.

Gaussians are believed to yield reasonable 
mathematical and physical fits of core-level spectra 
obtained on purely insulating or semi conducting samples due 
to negligible XPS peak asymmetries. The more metallic the 
material becomes, however, the more pronounced these

143

asymmetries will be.



IN
T

E
N

S
IT

Y
 (

A
R

B
. 

U
N

IT
S

)

Eb (eV, Ev =0)

I / \

PHOTOELECTRON KINETIC ENERGY (eV )-> -

Figure 45. Ti2p core-level spectrum c of Figure 7, fitted 
by eight Gaussians. Here, the Gaussian 
parameters of the T12p i/2 Pea^s were estimated from the parameters of corresponding Ti2po / 2  peaks. Further explanations are given in the 
text.



The Ti3+.f T±2+ and Til+ ions discussed above cause 
occupied Tigd states in the TiOg band gap resulting in an 
exponential increase of the surface conductivity (see 
Figure 26). This indicates an enhanced metallicity at the 
titanium-covered surface. For this reason, it was also 
tried to fit eight asymmetric, Gauss-broadened. 
Doniach-Sunjid functions [144] to curve c (only linear 
background subtracted) of Figure 7.

These functions account for the intrinsic shake-up 
excitations and will be discussed in Appendix A. Besides 
peak position and amplitude (= proportionality constant 
that includes all energy-independent prefactors, see 
Equation 103 in Appendix A), other physical properties such 
as the line width y (due to the finite lifetime of the 
core-hole), the so-called Anderson singularity (asymmetry) 
index a as well as the analyzer broadening and 
core-hole-induced phonon broadening AEph had to be fitted 
to the experimentally obtained line shape. Assuming a 
constant Gaussian broadening of 0.8 eV due to the analyzer 
and the X-ray source, we obtained the results listed in 
Table 4 and plotted in Figure 46.

The asymmetries of peaks I and 5 are small, as 
expected because these peaks represent the TiEp^yg and 
Ti2p3/2 core levels of Ti^+ ions respectively. The 
asymmetry, however, increases with decreasing titanium 
oxidation number.



Table 4. Gauss-broadened Doniach-Sunjic functions fitted to Ti2p curve c.
Peak M

 
I 

O
 

I

CD
 

I
< 

I

A (ops) y (eV) a Eph <eV> I (eV ops) %

I 788.62 148.74 I .32 0.05 0.22 352 .99 6.1
2 789.46 108.15 I .4 1 0.17 0.22 300.13 5.2
3 791.40 1.71 .02 I .36 0.17 0.22 494.10 8.6
4 .792.50 187-02 I .00 0.25 0.22 56 3.24 9.8
5 794.30 785.47 0.90 0.04 0.22 I 640.74 28.5
6 796 .25 392.75 I .00 0.17 0.22 1023.56 17.8
7 797.80 298.96 I .00 0.17 0 .-2 2 . 779.16 13.5
8 798.75 198.71 I .00 0.25 0.22 606.06 10.5
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Figure 46. Ti2p core-level spectrum c of Figure 7, fitted 
by eight Doniach-Sunjifc functions (dashed 
lines). All parameters were varied during the 
line-shape analysis.
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Mainly for this reason, the relative contributions of 

peaks 7 and 8 to the TiEpgyg emission are greater than 
those obtained for Gausssians. Again, positions and 
relative amplitudes of the Doniach-Sunjifc functions 
representing the corresponding Ti2p1 / 2 core levels don't 
agree with the physically expected ones. Physically more 
realistic TiPp^ 2 peaks are shown in Figure 47 • Their 
positions and amplitudes were calculated from corresponding 
TiSpgz2 positions and amplitudes and by assuming the same 
asymmetry indices for corresponding Ti2p1 / 2 and Ti2pg/2 
peaks. .

In Figure 48, the kinetic energies of the Ti2pgy2 peak 
maxima are plotted versus titanium oxidation number. The 
crosses (x) indicate experimental data points obtained for 
Ti2*+ in Ti02 (this thesis) , TiB+ in Ti^Og [141],. Ti2+ in 
TiO [142] and for neutral Ti atoms in metallic titanium
[120]. The triangles (A) indicate the Ti2p3 / 2 positions 
calculated from a Gaussian fit of curve c in Figure 44 (see 
Table 3). A solid line was drawn through the centers of 
these triangles in order to illustrate the functional 
dependence of the. Ti2 p3/2'"Pea2c shift on the titanium 
oxidation number. The dots (0 ) represent results obtained 
from a Doniach-Sunjie-type fit of curve c (see Figure 46 
and Table 4). Figure 48 shows resonable agreement between
theoretically and experimentally obtained Ti2 p3/2“Pea2c 
positions.
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Figure 47. Ti2p core-level spectrum c of Figure 7, fitted 
by eight Doniach-Sunjib functions. Similar to 
Figure 45, the Ti2p-|/2-peak parameters were estimated from the parameters of corresponding
Ti2Pg/ 2 peaks.



I I I I I

Figure 48. TiSp^^-peak positions plotted as a function of Ti oxidationnumber. The crosses (x) indicate experimental data points (see 
text), the triangles (A) represent results obtained from a 
Gaussian fit of curve c in Figure 44. The dots (•) indicate 
results of a Doniach-Sunjib-type fit of curve c in Figure 46.

I 50
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-The experimental curves in Figure 8 (see also chapter 

4) demonstrate the effect of heavy argon-ion bombardment on 
the Ti2p core-levels. Similarly to the results obtained on 
titanium-covered surfaces, additional.emissions on the 
Iow-binding-energy sides of Ti2p1/2. and Ti2p3/2 can be 
observed indicating the presence of differently charged 
titanium species at the surface. Argon-ion bombardment 
leads to pronounced surface-atom disorder and probably 
causes the removal of oxygen atoms with subsequent charge 
transfer from the vacancy to the titanium sites.

The Ols core-level peak exhibits characteristic shifts 
towards higher binding energy upon the. deposition of 
titanium. This effect is illustrated in Figure 9. An 
asymmetric broadening of the Ols core-level on the 
high-binding-energy side (curve a) has already been 
observed by Sham and Lazarus [88], who performed 
angle-dependent XPS measurements on clean and hydrated 
TiO2(OOI) samples (see also chapter 2). On clean (scraped) 
samples, they observed the growth of a new feature on the 
high-binding-energy side of the Ols core-level with 
increasing photoelectron take-off angle (measured with 
respect to the surface normal). They assigned this feature 
to oxide ions terminating the.surface. Even at zero 
take-off angle, this feature caused an asymmetry in the Ols 
core-level line shape, quite similar to the one observed in 
curve a of Figure,9 (take-off angle = 0°). We can thus
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assume that the Ols-peak broadening observed in curve a of 
Figure 9 is due to the presence of surface oxide ions.

In general, XPS core-level binding energy shifts AE^ 
arise from four main contributions [159]:

AEfa - AEghem + ^^Mad + AC-eVs,) + AEre^ax (4T)

where AEchein is the chemical shift depending on the charge 
of the ion under study. AE^acl is the change in the Madelung 
potential energy depending on the ionic environment and 
A(-eVs) 'denotes changes in the band bending (see below).
The term AEre^ax represents changes in the final-state 
relaxation energy which is partially added to the 
photoelectron kinetic energy upon reoccupation of the core 
hole.

Figure 49 presents a Gaussian fit of curve a of 
Figure 9• This curve was obtained on a clean stoichiometric 
TiOg(IIO) surface (see chapter 4) and exhibits an asymmetry 
on its high-binding-energy side. A linear background was 
subtracted first and then three Gaussians were tentatively 
fitted to the line shape, two representing the asymmetric 
tail. The Gaussian parameters are listed in Table 5.
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Table 5. Gaussians fitted to Ols spectrum a.
Peak E0 (eV) A (ops). AE (eV) I (eV ops) %

I 720 .I 7 108.96 0.94 108.90 .2.4
2 7 2 1 . 2 1 252.82 I .24 332.80 7 .4
3 722.84 2487 .9 8 I .53 4054.40 90.2

Peak 3 represents bulk oxygen ions, whereas peak 2 can 
be assigned to surface oxygen ions which are less 
negatively charged due to one missing Ti^+ neighbor (see 
Figures I and 2). In the average, each surface oxygen ion 
thus lacks of 2/3 of an electron compared to bulk oxygen, 
resulting in a chemical shift towards higher core-level 
binding energies.

Peak I originates from extrinsic many-body effects 
(see Appendix A) accompanying the emitted photoelectrons. 
Its position and intensity depends on the kind of 
background subtraction used.
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Figure 49. Ols core-level spectrum a (solid line) of
Figure 9, fitted by three Gaussians (dashed 
lines), indicating the presence of bulk- and 
surface-oxygen species (see text). All Gaussian 
parameters were varied during the line-shape 
analysis.



Figure 50 shows a similar fit of curve c of Figure 9. 
This- curve was obtained after the deposition of 1.1 
monolayers of titanium . Again, a linear background was 
subtracted, before the three-Gaussian fit was calculated 
for a constant, bulk Ols peak position. The Gaussian 
parameters are listed in Table 6.

I 55

Table 6. Gaussians fitted to Ols spectrum c (peak I fixed).
Peak

i i I 
W 

I O I I <
T>

I < I ̂ I A (ops) i 
i

>
 I M I CD 
I 

<5 
I

' 
I

I (eV cps) . %'

I 720 .53 157.44 3.50 587.20 I I .82 721.95 460.52 1.68 823.60 16.53 722 .84 2229.26 I .51 357 I .80 71.7

Figure 51 presents a slightly different Gaussian fit 
of curve c. The parameters are listed in Table 7. In this 
case, the bulk Ols position was varied, too, resulting in a 
shift of this peak towards higher binding energies. 
Simultaneously, peak 2 shifts towards lower binding 
energies and exhibits a lower intensity than the 
corresponding peak in Figure 50.
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Figure 50. Ols core-level spectrum c of Figure 9» fitted by 
three Gaussians. The energetic position of the 
most intense Gaussian, representing the bulk 
emission, was set equal to the corresponding 
peak position shown in Figure 49.
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Figure 51. Ols core-level spectrum c of Figure 9» fitted by 
three Gaussian. In contrast to Figure 50, all 
Gaussian parameters were varied during the peak analysis (see text).
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This.phenomenon may be explained by a titanium-indueed 

band bending and formation of bulk-like oxygen ions due to 
the presence of titanium species at the oxygen-rich (110) 
surface (see Figure 2).

Table 7« Gaussians fitted to Ols spectrum c (peak I free).
Peax >0)OH A (ops) &E (eV) I (eV cps) %

I 719 .83 138.79 2.61 385.00 7.72 721.65 328.27 I .69 591.00 11.8
3 722,79 2392.98 I .58 4015.70 80 .5

The presence of titanium species at the surface leads
to a charge transfer from these species to surface oxygen
ions. This causes a shift of the surface -derived peak 2
towards the 01s. bulk peak as can be observed in Figure 51- 

The negative band bending accompanying the 
accumulation layer at the titanium-covered surface causes 
01s peak shifts towards higher binding energies. This 
effect is demonstrated in Figure 52. The solid line 
represents the experimentally observed Ols binding energy 
shifts. The hatched area was determined from shifts in the 
upper valence-band edge upon the deposition of titanium 
(see Figure 11) and thus indicates the range of 
experimentally observed band bendings (for corresponding 
titanium coverages).



®(MLTi)
Figure 52. Binding-energy shifts of Ols (solid line, see Figure 9), TiSp

(triangle A and dotted line, see Figure 10), Ti2pq/2 (crosses x, 
see Figure 7) and the TiOg valence band (squares H  and hatched area, see Figure 11), as well as work-function changes (dashed 
line, see Figure 38), plotted as a function of Ti coverage.
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The triangle (A) indicates the TiSp core-level shift 
observed for, a titanium coverage of 0.7 ML (see curve b in 
Figure 10), whereas the crosses (x) represent the TiEpg/g 
shift's for different titanium coverages (see Figure 7).

The fact that no shifts in the Ti2pg/2 core-level, but 
pronounced Ols and valence-band shifts are observed may 
indicate that the presence of a space-charge layer doesn't 
necessarily lead to equal changes of all core-level binding 
energies.

The band bending is determined by a mean electrostatic 
potential which strongly influences the binding energies of 
delocalized valence-band states and can be measured in 
experiments. The localized core levels, such as 01s,
Ti2ps/2 and TiBp, however, are more affected by spatially 
varying local electric fields, leading to different binding 
energy changes. In addition, the Ti2pg/r2 core-level
position of Ti4+ ions is also influenced by Ti2pI/2 
emissions arising from less positively charged titanium 
species.

Table 8 lists expected values for the different AE^ 
contributions that cause titanium and oxygen core-level 
shifts in the bulk-to-surface (b -> s) transition as well 
as in transitions between differently charged ions.

It was assumed that less-ionic species (at constant 
interionic distances) cause a decrease in the Madelung 
potential energy. Furthermore, the final-state relaxation



effect is;believed to increase with increasing number of 
electrons in the.vicinity of the ionic species.

16 1

Table 8. ^Eb contributions
AEi Tib->s O 

I 
O4 
I I I
 

V 
I

Cfl 
I

Ti(4->4-x)+

I II X I I 
IOJ 
IA 
I I IOI 
I'-'I OII

Afchem >0 "'"'<o...... >0
A-Mad <0 <o <0 <0
A(“eVs) A(“eV-s) A (— eVg) AC-eVg) A(-eVg)
A relax ?0 >0 <0 >0

The dashed curve in Figure 52 was calculated from work 
function changes measured upon exposing titanium-covered 
surfaces to oxygen (see Figure 38). The results plotted in 
this curve are referred to the work-function increase 
obtained on a clean TiOg(IlO) surface (curve labelled 
"annealedn in Figure 38) and hence demonstrate the effect 
of partial annealing of titanium-covered surfaces on the ■ 
TiOg work function. Assuming that corresponding 
work-function decreases would be observed upon the 
deposition of titanium (not measurable with the 
Kelvin-probe set-up) we compare the results of the dashed 
curve to the XPS core-level and valence-band shifts (Figure 
52). The dashed curve is found entirely within the hatched 
area, indicating that most of the work-function change 
expected upon the deposition of titanium is probably due to 
band bending.



. The experimentalIy observed OTs .shifts (solid curve)
are ,smaller than the measured work-function changes and

v-band bendings.. This may be due to errors involved in the 
determination.of XPS binding-energy changes as well as 
small contributions from electron-affinity changes 
accompanied by titanium-induced dipole moments (see below).

Applying the general formalism for determining 
concentrations of elements from XPS data (see Appendix A) 
and taking numerical, values for total cross sections and 
inelastic mean free paths from the literature, we 
determined a Ti-.to-0 ratio of 0.43 for stoichiometric . 
surfaces (corresponding to curve a in Figures 7 and 9), For 
defective surfaces the ratio increased and, as an example, 
a value of approximately 0.50 was observed for heavily 
ion-bombarded surfaces [80]. These values are smaller than 
expected theoretically, for stoichiometric and defective 
surfaces. Deviations in the order of 15 % are most probably 
caused by inaccurate values for cross sections, which had 
to be taken from free-atom results [80,145-147] and which 
are expected to depend on the effective ionic charge. Also, 
the background subtraction and the assumption of constant 
spectrometer sensitivity for both the TiZpgyg an  ̂ Ols 
core-levels may induce systematic errors. The relative 
increase, however, of the Ti-to-0 ratio during defect 
formation could be determined with an accuracy of about I % 

[801.

16 2
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In Figure 10, additional emissions are observed on the 

low-binding energy side of the Tigp core-level peak after 
the deposition of successive amounts of titanium on 
TiOg(110)« Due to the higher photoelectron kinetic 
energies, however, the surface sensitivity of these 
features is less pronounced [136]. A small Tigp core-level 
shift towards higher binding energies is observed in curve 
b. The magnitude of this shift is indicated as a triangle 
(A) in Figure 52.

The Ti3p core-level peak representing the - 
stoichiometric surface (curve a) is derived from 
contributions of the Ti3p1 / 2 and Ti3pg/2 states. The 
spin-orbit splitting for energy quantum number 3, however, 
is much smaller than the one observed for Ti2p states (see 
Figure 7). By simply applying Bohr’s model to metallic 
titanium, a spin-orbit splitting of 7 . 9 6 eV (exp. : 6.1-5 eV 
[120]) was estimated for Ti2p states, whereas a splitting j
of only 0.70 eV was calculated for Tigp states. This is 
mainly due to the fact that the energetic separation 
between spin-I/2 and spin-3/2 states is - according to 
Bohr’s semiclassical model - inversely proportional to the 
sixth power of the energy quantum number. The j
experimentally observed spin-orbit splitting for Ti2p .'j

jstates in TiOg is 5.70 eV (see Figure 7 and reference 120). j
This result indicates that the experimentally expected j

isplitting of Tigp states in TiO2 will be even less than j■ ■ ■' ’ ' ' ■ ' ' ■ ' I
'

1



0.70 e-V. Due to the limited spectrometer resolution (see 
chapter 3) the Ti3Pi/2 and Ti3p3 / 2 states couldn't be 
resolved and instead, only one broad peak was observed on 
stoichiometric TiOg(Iio) (see curve a in Figure 10).

The presence of two non-resolved core-level states as 
well as pronounced background noise prevented an accurate 
theoretical line-shape analysis.

The changes in the valence-band structure upon
deposition of successive amounts of titanium on Ti0 2 (110) 
are shown in Figure 11. The observation of a new emission 
in the Ti02 band-gap region (above the upper valence-band . 
edge Ey of stoichiometric TiOg) as well as the depopulation 
of upper 02p-derived valence-band states is consistent with 
the assumption of occupied Ti3d states characteristic for 
defective surfaces (see chapter 2). Curve e was recorded on
a TiOg(Iio) surface covered with a metallic titanium 
overlayer (4.5 ML) and thus shows contributions from both 
Ti and TiOg valence bands.

The horizontal and sloping lines in spectra a-e 
indicate two different ways of determining the upper 
valence-band edge of the TiOg substrate. The uncertainties 
involved are mainly due to the different backgrounds and 
lead to pronounced errors in the determination of band 
bendings as demonstrated by the hatched area in Figure 52.



The two squares (□) represent the two different values 
obtained for the valence-band shift (i.e. band bending) of 
curve d in Figure 11.

Due to a high background-noise level and low 
valence-band cross sections (see chapter 4), no band-gap 
features were observed on sputtered surfaces or surfaces 
covered by very small amounts of titanium.

Figures 12 and 13 illustrate the rapid growth of a. 
second peak in the TiLMV Auger line upon deposition of 
titanium or ion bombardment, respectively. As was already 
pointed out in chapter 2, this (comparatively 
surface-sensitive) peak is a local probe for surface 
defects and can be attributed to an intra-atomic Auger 
transition involving occupied TiBd states.

Due to pronounced background noise no attempts were . 
made to fit theoretical functions to the observed Auger 
line shapes. The dotted lines in Figures 12 and 13, 
however, schematically indicate the background levels as
well as the two different contributions arising from TiOg 
and Ti.

In an earlier study [80] involving a simple 
Auger-line-shape analysis, we determined shapes and 
positions of the TiBd-derived band-gap state measured on 
ion-bombarded TiOg(110) surfaces by means of UPS (see 
chapter 2). In a first approximation, we assumed constant

Jtransition probabilities and the Auger peak TiLMV of

165
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stoichiometric surfaces to be given by a convolution 
product of bur experimentally observed TiEpgy2 . TiSp and 
valence-band features. We then used the defect-induced 
excess features in the TiSp and Ti2p3 / 2 peaks, assumed a 
Gaussian band-gap (defect) state and varied its position 
and halfwidth to fit the experimentally observed TiLMV 
feature. Even this simple model made possible to explain 
and characterize defect states in the band gap. These were 
determined to be located 0 . 3  eV below the conduction-band 
edge and with a halfwidth of 0 . 5  eV [80].

The surface optical Fuchs-Kliewer phonons observed on
TiO2 (Iio) surfaces during EELS studies (see Figures 14, 15 
and reference 8 1 ) can be identified by comparing bulk data 
[148,149] and a theoretical treatment [82] with typical 
results summarized.in Table 9.

The observed surface optical-phonon modes are
singly-excited surface modes ^ 1 > and v 3 as well as 
combination and multiple excitations of these fundamental 
modes. The frequencies Vf and ^2 ^ave also been observed by 
Kesmodel et al. [82] in an EELS study bn TiO2 (IOO).



Table 9. Surface- and Bulk-Optical-Phonon Loss Energies for Rutile TiO2 .
Loss energy 

(meV)
Surface data 

Mode assignment
Theorya Bulk data 

IR-active
IR datab INS datac

54 52 .8-56.4 (Lo) 56 .8 53 .2
95 V2 93.8-98.8 r7 (LO) 100.5 I 00 .6
46 jy 3 46.2-46.3 F5 (TO) . 22.7 23 .4

149 Vl + V2141 vg + V2190 2?2244 + I no285 3^2
339 V1 + 3%)380. 4^2
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.In our study [81] with better instrumental resolution 

and -signal-to-noise ratio we could also observe the Vg 
mode. It could be determined even more sensitively from the 
gain feature due to the relative enhancement of lower loss 
energies according to the Boltzmann distribution (see 
Figure 15 and Appendix B), which results in a better
separation of i/g and Vf features in the gain spectrum. For 

in particular we have been able to also observe 
higher-order multiple losses which show the expected 
Poisson distribution of intensities (see Appendix B) .

At primary energies above Ep = 11 eV, the different - 
sample pretreatments (see chapter 4) led to identical.
values of i/f f , and £3 , as listed in Table 9 • At lower 
primary energies we observed characteristic shifts of 
surface optical phonons at stoichiometric surfaces towards
higher loss energies [81]. For all three frequencies we

'found a shift of approximately■2 meV in the fundamental 
mode at Ep = 6.4 eV, whereas the multiple losses 2^2 > 3v2’ 

and 41/g showed shifts of 2.5, 3, and 3.5 meV for 
5.5 eV I Ep 7.0 eV.

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 .1

■ ' . ,' : !

vibational modes in the presence of defect-induced 1 Iconduction electrons with the frequency of phonons at a I

. I

t
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defective surface

t̂ D = (toI - * 2) 1/2 (42)

for a frequency on the stoichiometric surface gj3 t with
K= f where /3 is the damping constant, and.
meff = 25me is the effective mass of TiOg conduction band
electrons (see chapter 2). As an example, from the
above-mentioned frequency shift in Pg at Ep = 6.4 eV we
calculate /3= 2 . Ix 10 -'16 Kg sec”1 and Hk = 19.6 me V for
samples with high concentrationtof defects.

At stoichiometric surfaces, these defects are annealed
and defect-free (sub)surface regions are produced which

oextend about 1000 A into the bulk [79]. The dependence of 
the surface-phonon shift and damping on the primary energy 
may also be explained by the primary-energy dependence of 
the Fuchs-Kliewer phonon amplitudes in subsurface layers. 
The efective amplitude as a function ok" distance from the 
surface is given by exp( -Q,, I z I ) with the inverse electron 
momentum transfer parallel to the surface (see references 
99, I 50 and Appendix B):

Q-1 =Ikk0U w s sin# /2Ep (43)

Here, k^ and Ep are the wave vector and the energy of the 
incoming electron, respectively, and 0 is the scattering 
angle. For we estimate- values of Q-1 between 925 and

O
1934 A for Ep between 6.4 and 28 e,V. Geometric and
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electronic perturbations in the first few monolayers
extend little if compared with Q~1 and the region which

11
contributes to the time-dependent electric field at 
Ep > 11 eV. As a consequence, surface disorder or defects . 
do not affect the observed optical-phonon frequencies at 
higher primary energies, whereas deviations between ideal .

Oand defective surfaces are expected for Q-I <1000 A.
The experimentalIy determined value h is, within 

experimental error, identical with the corresponding 
plasmon frequency of free carriers in these samples of 
18 meV. The latter value was estimated from the 
concentration of free electrons of Ixl01 & cm-3 and their 
effective mass. These plasmons couple with Fuchs-Kliewer 
phonons and cause the above-mentioned damping. Owing to the 
line width of our instrument and the large "background" 
near the elastic peak resulting from Fuchs-Kliewer phonons 
we could not resolve plasmon excitations at low energies.

Figure 16 demonstrates how 4.5 monolayers of titanium 
deposited on TiOg(IlO) affect- the Fuchs-Kliewer phonon 
intensities. The observed screening caused by the 
conducting overlayer has also been reported by Dubois et 
al. [137] who performed experimental and theoretical EELS 
studies on silver-covered Te-doped GaAs(IOO) surfaces. They 
observed an intense surface optical phonon at 36.2 meV and
a weaker plasmon-phonon coupled mode at 12-13 meV. Both

J bmodes were completely screened by a 3-A-thick uniform
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overlayer of silver in good agreement with their 
theoretical predictions.

In their model, they derived an expression for the 
inelastic electron-scattering cross section in the dipole 
regime involving the frequency-dependent dielectric 
constants of both the GaAs substrate and the silver 
overlayer regarded as a -thin dielectric layer. Further 
mathematical details will be given in Appendix B.

The dashed and dotted lines in Figures 53 and 54 
represent difference spectra calculated from the loss 
features shown in Figures 18 and 20 by subtracting the 
solid curves (corresponding to stoichiometric surfaces) in 
these figures from corresponding dashed and dotted curves.

The difference spectra show broad defect-induced loss 
features between 0.35 and 2 eV loss energies. These 
features can be attributed to electronic transitions from 
occupied Tigd-derived band-gap states to empty Ti3d states 
in the conduction band of TiOa• These d~d transitions have 
already been observed in our earlier studies [80 ,81] and 
by Henrich et al. [56] (see chapter 2).

Figure 55 shows the TiOg valence- and conduction-band 
structures according to the results given in reference 2. 
It will be used to explain the origin of the loss features 
b and c presented, in Figures 22 and 23.
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x 2 5 0

5 0 0  I0 0 0  I5 0 0

ELECTRON ENERGY LOSS (m e V )-

2000

Figure 53. EELS difference spectra of TiC^O 10), calculated from the curves in Figure 18 (see text).
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x 2 5 0

5 0 0  1000 1500

ELECTRON ENERGY LOSS (m e V )-

2000

Figure 54. EELS difference spectra of TiOo(IIO); calculated 
from the curves in Figure 20 (see text).
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Figure 55. Bulk density of states (DOS) of TiOEf together with partial oxygen (0) and titanium (Ti) 
densities of states. 0 DOS's are decomposed into 

,y,x orbital contributions and Ti partial 
DOS's are decomposed into subbands of eg and tgg symmetry (see reference 2).
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The upper part of the valence band and the lower part 

of the conduction band have tgg symmetry and are derived 
from weak pd? interactions between Ti and 0 ions in the 
Ti02 bulk..The lower valence and the upper conduction 
subbands are of eg symmetry and originate, from strong 
pdcr interactions.

As was pointed out in our earlier studies [80], loss 
feature b apparently is due to an electronic transition 
from the upper part of the valence band to the lower part 
of the conduction band (see also Figure 3) which are 
separated by 5.5 eV (= loss energy of feature b). This 
explains the attenuation of feature b during argon-ion 
bombardment, because defect formation results in partial 
depopulation of the 02p-derived states that form the upper 
part of the valence band (see chapter 2 and Figure 11).

Kurtz et al. [151] suggested a similar interpretation 
of their ELS results obtained on differently treated TiOg 
and TigOg samples.

The feature c at a loss energy of 10.2 eV is also 
sensitive to the formation of defects as shown in Figures 
22 and 23. Furthermore, the intensity of this feature was 
found to be enhanced on samples with a high bulk-defect 
concentration (opaque part of the sample, see chapters 3 
and 4). With the help of the theoretical curves presented 
in Figure 55 this loss feature can be assigned to an 
electronic transition from the lower part of the valence
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band to the upper part of the conduction band, i.e. 
transitions bwtween merely Ti-derived states (see curve 
labelled "Ti") or between merely O-derived states (see 
curve labelled "0") as well as cross transitions involving 
both Ti- and 0-derived states.

Kurtz et al. [151] also observed this loss feature on 
oxygen-exposed TigOg (thus having a TiOg overlayer) and on 
vacuum-fractured TiOg, but not on freshly cleaved TigOg. 
Hence, they interpreted this feature as being 
characteristic for Ti2*+ species and due to a 02p => TiBd 
charge-transfer excitation. This interpretation, however, - 
doesn’t explain the enhanced intensity of feature c on
opaque (high bulk defect concentration) TiOg samples as 
shown in Figure 23.

Loss feature d is not sensitive to the formation of 
surface defects and was attributed to a 02p = > 03s 
transition by Kurtz et al. [151].

The features e-h of higher loss energies shown in 
Figure 24 are derived from electronic transitions that also 
involve lower-lying oxygen (02s) and titanium (Ti3p, Ti3s) 
core-levels. Features e, f and h may be due to 02s => 02p, 
TiBp => T13d and Ti3s = > 02p transitions, respectively, 
whereas the highly intense feature g is probably derived 
from a transition involving the TiJp core-level and 
higher-lying, unoccupied titanium or oxygen levels that
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don't contribute to the valence and conduction bands. The 
physical origin of features i and j is not well understood, 
at present. .

The LEED patterns presented in Figure 25 have been 
used to roughly estimate surface interatomic distances of 
differently treated TiOg(IlO) surfaces (see chapter 4) by 
applying the formalism explained in chapter 3•

For the annealed surface represented by pattern a the 
spacings in the (1x1)-structure were calculated to be 
c = 2.83 A and a =4.35 A (compare to the values given in 
Figure I).

The analysis of the more diffuse pattern b turned out 
to be more difficult, because of the big sample rod (see 
chapters 3 and 4). The temperature treatments after the 
evaporation of 4.5 monolayers of titanium apparently led to
a (Ixl)-structure whose direct-lattice constants were

o "estimated to be c = 2.86 A and a = 4.40 A. These results 
indicate that the original (1x1)-structure of a TiO2(IIO) 
surface can probably be retrieved by further temperature 
treatments, suggesting that either titanium diffuses into 
the TiOg bulk or the titanium overlayer is oxidized to TiOg 
by bulk oxygen at high temperatures (compare to results 
obtained on oxidized Ti(OOOI) metal surfaces [68]).
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Adsorption on Stoichiometric Surfaces

The Surface Space-Charge Region
A space-charge region near the surface of a (semi) 

conducting solid may be produced by. an electric field, 
outside the solid, established by an external source or by 
the proximity of another solid with a different work 
function. Alternatively, the space-charge region may result 
from the presence of a localized (adsorbate-induced) 
charged layer at the surface proper, due usually to surface 
states [100].

The majority (maj) and/or minority (min) 
charge-carrier (electrons and holes) densities in the 
space-charge region near a semiconductor surface (s) differ 
from the bulk (b) values, and hence we may encounter three 
different kinds of space-charge layers [100]:

m a j g > majJ3 : accumulation layer

mirig < m a j . depletion layer
majs < majJ3 and

mins > majb : inversion layer

' Although electrons in a single crystal are free to 
move about, they are not able to leave the crystal surface 
easily. This implies that their energy is lower inside the 
solid than outside. The work required to remove an electron 
at the Fermi level to a point in free space just outside 
the solid is defined as the work function $ of the solid
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(see also chapter 3). In semiconductors, it is found useful
to define a second quantity, the electron affinity y, as

»

the work required to remove an electron from the bottom 
edge of the conduction band at the surface to a point in 
free space just outside the semiconductor. The 
corresponding changes in potential as one moves from the 
solid into free space are very steep since they arise from 
short-range binding forces exerted by the crystal lattice 
on the electron (typically, IO^ V/cm over an interatomic 
spacing). Such potential steps are sometimes referred to as 
micropotentials, to stress their microscopic character 
[1 0 0 ]..

The electrostatic field established by the accumulated 
space-charge is usually much weaker than the crystal field, 
so that the macropotential from which it is derived leaves 
the micropotential associated with <j> and y practicalIy 
unaffected. Thus the macropotential is superimposed on the 
short-range micropotential, and the energy-band edges 
assume the shape of the macropotential [100] . The lower 
conduct ion-band edge Ec -̂n th® space-charge region, e. g . , 
can how be expressed in terms of its bulk value Eq  ̂̂  and 
the macropotential V:

EC = EC,b “ eV (44)
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The. term -eV is commonly referred to as band bending.
• - The potential W is defined as follows:

eW = Ep - Ej (45)

Here, Ej denotes the Fermi-level energy of the intrinsic 
(no defect-induced band-gap states) semiconductor and is 
given by:

1 ' HCEj .= - (Ey + Eq ) - - kgT ln( --)2 2 Nv

or I 3 meff,C
= -.(Gv + Ec) - - kgT Iri(------) (46) .

2 4 meff,V

eV , Be are the energies at the upper (lower) valence 
(conduction) band edges, Ne is defined in Equation 29 and 
Nv is a similar expression for valence-band holes, meff c 
and mefffv are the effective masses of conduction band 
electrons and valence band holes [130].

According to Equation 46, the intrinsic Fermi level 
also assumes the shape of the macropotential and is thus

Iparallel to the conduction- and valence-band edges, in j
' Icontrast to the constant Fermi-level energy Ep.

The macropotential or potential barrier V can be 
defined as follows:

. v = W - Wb (47)
,!Wb is the bulk value of W. The reduced (dimensionless)
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potentials u and v are given by:

e W e V
u = — — — v = — (48)

kBT kBT

In the case of nondegenerate semiconductors (see 
above), we can express the conduction-band electron density 
n and the valence-band hole density p in the space-charge 
region with the help of Equation 29 (and a similar equation
for pb) by adding -eV to the argument of the exponential
term therein:

n = nb exp(v) = n% exp(u)
and P = Pb exp(-v) = n% exp(-u) (49)

with nI = (NcNy)IZ^ e x p [ - E g / ( 2 k B T ) ] = np = Pb (50)

for intrinsic semiconductors [130] .

. E g  = Ec - E v is the band-gap energy.

The bulk value of u is thus given by:

ub = ln(nb/ni) (51)

and can be determined from experimental (see above) nb and
theoretical nj data.

In the presence of donor-type defects (see above), we 
can write the.excess charge density p -resulting from the 
space-charge region - as follows:



I

182

p= -e{[n-nb ]._ [Nd i (v ) -Nd i ]- 2. [ND2( v ) -N02 ] - Cp-Pb]} (52)

Ndwith Ndo  ̂ = ------------------------------I + A exp (-v) + A B  exp (-2 v)

. ' N dand NDl(v) - --------------------------
I + exp(v)/A + B exp(-v)

, t Nd
and Nd 2 (  ----- ------------------------- (53)I + exp(v)/B + exp(2v)/(A B)

where A = 2 exp[(Ed I-Ep)/(kBT^
B =  0.5 exp[(ED2-EF )/(kBT)] '

i
as was derived from Equations 33» 34 and 38 by adding -eV 
to corresponding energy terms. For the first time, the term 
for Nd o (v) is not. neglected as has been done in earlier 
studies [13,79]. The. temperature-dependent quantities A and 
B can be determined from measured and calculated Ec-Ep &nd 
Ec-Ed i /Ec-ED2 data, respectively (see above).

The barrier height can now be calculated by solving 
Poisson's equation:

■ d2v p■■■■• S —  ̂̂  i|. ̂
dz2 f f o

Here, z is the spatial coordinate perpendicular to the 
surface (z=0 at the surface, and z>0 in the bulk). is the 
dielectric constant in the space-charge region and is f
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assumed to be equal to the bulk dielectric constant [100]. 
Equations 48, 49, 52 and 54 lead to:

d2v I sinh(ub+v)--   - —— { —— — — — — — — — — t anh (u b)
dz2 L§ cosh(ub)

I
_____ [ND 1 ( V ) _ ND1 + 2(ND2(V)_ND2) ]}" (5 5)
nb+Pb

where Ld = {f f Q̂ cBt/C ®2̂  nb+Pb) ̂  ̂ ^

is the effective Debye length as given in Equation 30, 
with negligible bulk hole concentration (Pj3-Q).

Equation 55 can be integrated once, yielding:

dv Fd - for v>0
-- = + --  (56)
dz LD + for v<0

, , , „ cosh(ub+v^with Fd = 2 1/2 { ,---------- _ Vtanh(Uj3) - 1
cosh(ub)

nD (AB+A+I)exp(2v)------ - [ln(------------------- )
nb+Pb AB+Aexp(v)+exp(2v)

A(2 B+ I)
- v -------]} V 2 (5 7 )

AB+A+I

The shape of the bands in the space-charge region is then 
calculated by numerically■integrating the above equation.

The space-charge density Q3c is defined as the total 
net charge accumulated in the space-charge region per unit
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surface area [1 0 0 ] and is calculated as follows:

/so = ^ dz p [v(z) ] (58)

From Equations 54-58 we get:

Q s c  =  T e ( r i b + P b )  L 0 Fjjf (59)

with pd = Fd(z=0).

The excess surface-carriers densities and are 
defined as the number (per unit surface area) of mobile 
electrons and holes in the space-charge layer with 
respect to their numbers at flat bands (bulk values, z->oo 
and v->0). We get:

OO 00
= 7* dz (n-nb) and A P = . f dz ( p-Pb) (6 0)0 . 0

From the above equations we derive:

0 exp (v) -I 0 exp(-v. ) - 1
d N = H b L o f d v --------  and &P = PbLof d v ---3"-----  (6 1)Vs ^Fd vg TFd ■

\ ■ 'with V 3 = v(z=0).

In a simple scattering model in which the surface acts 
as a completely diffuse (random) scatterer, Many et al. 
[1 0 0] derived expressions for electron mobilities in 
accumulation and depletion layers:



p-s' [1 + r?F£(1 + v3) 1/2/va]-1 for accumulation layers 
■ —  =

I - X r i b C e x p  ( V s ) - I  l / A N  for depletion layers . ( 6 2 )

with A = Mbtmeff, CkBT/( 277e2) ] 1/2 and r = A /Ld *

For the TiOg sample investigated in this thesis,
Othe electronic mean free path A is less than I A and Lp is

o .of the order of 1000 A at room temperature (see Figure 41). 
This means that the surface mobilities p s are roughly equal 
to the bulk mobility Mb.

Furthermore, the bulk hole concentration pb in these - "
*samples is negligible and doesn't have to be accounted for 

in the above-presented space-charge formalism. From the 
relation

nbPb = NcNv exp[-Eg/(kpT)] (see reference 130)

and experimental values for nb and Eg (see above) we 
estimate pb to be of the order of 10“^^ cm-3 close to room 
temperature.

In the case of TiOgl the chemisorption-induced part of 
the surface-conductivity change, A a 3^em» is thus given by:

A o g hem = ©Ms AN (63)

Here, we neglected conduction in surface states (see 
chapter 2).
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. Chemisorption-induced changes A a g hem can be derived 

from ..measured A c  Ehem data by multiplying the latter ones by
the sample thickness d. This hold for van-der-Pauw bulk 
conductivity changes obtained on thin samples [79*100,104]. 

Partial charges 5 are formally attributed to

adsorption complexes and given by the surface, charge Qsg
.

per unit area (which is trapped during chemisorption 
divided by the surface concentration of adsorbed particles 

nad,s arId the elementary charge e [79,1 08]:

s ,  . . h i . .
e nad,s

The electroneutrality condition requires:

^ss + Qsc = -0

(64)

(65)

Changes in concentration of free electrons upon 

chemisorption are formally described by the formation of 
donor- or acceptor-type extrinsic defects, These defects 
introduce electronic states in the band gap (originally 

empty in ideal TiOa(11Q)* They may be characterized by an 
energy. (of, in general, unknown degeneracy), which is
related to the partial charge via Fermi statistics [79]: 

f(E!sf”EF) = {! + exp [(E^f-Ep)ZfkgT)]]-1

-5 for acceptors

1-5 for donors
(66)
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Dipole moments attributed to adsorption complexes are 
introduced to formally explain the discrepancy between the 
theoretically expected band bending -eVg and the 
experimentally determined changes in work function :

A<£= -eVg + A Y  (6 7 )

In the low-coverage range with negligible dipole-dipole 
interaction, the electron-affinity change A Y  Is assumed to 
arise from the dipole-induced potential difference [13,79]

A^dipole = A Y /e (68)

which is related to the normal component ad the 
adsorbate-induced dipole moment (orientation of z-axis as
above):

' "ad,s ^ ad
A^dipole = ---------

f s f O
(69)

with ( s being the surface dielectric constant. Values for 

- eJ s , AX and can thus be obtained from simultaneous
A p s > A &  and TDS (yielding nad,s^ experiments.

In the case of degenerate semiconductors (see above), 
the space-charge formalism described above has to be 

modified, because now the Fermi function in Equation 27 may 
not be replaced by a'simple Boltzmann function. Thus the 
integral in. Equation 26 has to be solved numerically, which
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complicates the subsequent procedures that lead to the 
space-charge properties explained above.

. Typical theoretical results for Acr s, Qsc and 
^s obtained for a nondegenerate TiOg(IIO) sample at 305 K 
are plotted versus band bending in Figure 56.

Chemisorption of Titanium
Chemisorption of evaporated titanium on TiOg(IIO) has 

been observed for submonolayer coverages as discussed 
above.

The increase of the TiOg(IIO) surface conductivity 
accompanying the charge transfer is represented by the 
solid line in Figure 26. The solid and dashed lines were 
obtained by fitting the expression

A cts = a exp(b © )

with a = I .41-4x10-6 Q -1 / b = 4.152 ML-I (solid line),
a = 4.227x10-7ft -I / b = 0 .8 8 5 h-1 (dashed line) ,

and 0 = nad,s/nad,smax being the relative Ti coverage
to the corresponding data points indicated by dots.

From the surface conductivity changes observed during 
the deposition of 0.25, 0.5 and 1.0 monolayers of titanium

on TiOg(IIO), corresponding partial charges and band 
bendings were calculated using the formalism derived above 
for degenerate semiconductors, with a maximum coverage of 
nad,smax = 2.08x1015 om-2, estimated from Figure I.
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Figure 56. Space-charge densities Q3c (solid line), excess 
(surface) conductivities (dashed line) and
surface Hall mobilities ^ 3 (dotted line) of 
TiOg(IiQ), plotted as a function of band bending 
- eV3 •
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. 'The results are plotted as solid lines in Figure 57
and .-indicate the formation of an accumulation layer
■

(negative band bendings) near the TiO2(IiO) surface upon 
the deposition of titanium. The positive partial charge 
residing on each foreign titanium species expectedly drops 
between 0.25 and 0.50 ML, but then inceases up to a 
coverage of 1.0 ML. This phenomenon is possibly due to a 
"short-circuit" caused by the conducting titanium overlayer 
as well as an increased electron mobility in this layer. It 
cannot be described within the framework of the 
space-charge/charge-transfer model.

With the known energetic separation between the lower 
bulk conduction-band edge and the Fermi level of 
EC,b-Ep - 0.337 eV (T = 303 K), it was also possible to 
determine the Ti-coverage-dependent quantities Bgg^-Ep,
EclS-ElIf and Ec,3-EF with EC,s beinS the lower 
conduction-band edge at the surface. These space-charge 
properties are also shown in Figure 57 as. dashed, dotted 
and dot-dashed lines, respectively.

The dot-dashed curve representing Ec,s-Ep bas a zero 
between 0.5 and 0.75 ML Ti, i.e. due to the strong band 
bending the lower conduction-band edge reaches the Fermi 
level, resulting in a two-dimensional electron gas, which 
apparently causes the pronounced increase in surface 
conductivity observed in Figure 26.
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energetic separations Egff-Ep (dashed line) ,

s-Efa1 (dotted line) and Ec s-Ep (dot-dashed 11he) , plotted versus Ti coverage (see text).
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The distance between the conduction-band edge Ec g and 
the "adsorbate-induced surface state Efg^ also decreases. 
This phenomenon causes correlation effects between the 
surface state and conduction-band states and leads to 
charge transfer from the conduction band back to the 
titanium species. The resulting negative partial charges on 
the foreign titanium atoms may explain the core-level shift 
of the Ti2p3/2 Peak with respect to the expected position 
in metallic titanium (see curve e in Figure 7).

With the use of the band bending (Figure 57) and 
(Figure 38) results expectedly small (see above) 
titanium-induced dipole moments of 0.121, 6.053 and 
0.019 Debye were calculated for titanium coverages of 0.25, 
0.50 and 1.0 ML. The low values indicate that the adsorbed 
titanium species interact with two surface oxygen ions (see 
Figure 2) and cause a small upward shift in the positions 
of these ions. This relaxation effect reduces the 
adsorbate-induced dipole moments.

It is believed that the foreign titanium atoms adsorb 
in such a way that the TiOg bulk lattice is continued in 
z-direction, perpendicular to the (110) surface. This can 
be demonstrated with the help of the geometric model in 
Figure I.
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Oxygen Adsorption

• The adsorption of oxygen at an oxygen partial pressure 
of 6 .7x 1 0 - 6 mbar and temperatures of 348 and 423 K was 
monitiored by A a s and ̂ 0  measurements as explained in 
chapter 4.

The surface conductivity decreases shown in Figure 27
as well as the work-function increase shown in Figure 38

("annealed") suggest acceptor-type chemisorption of oxygen
• , ' ■ 

molecules leading to QlfChem species at the TiOg(IIO)
surface. The transfer of electrons from the TiO2 conduction
band to the adsorbate leads to a decrease in the surface
conductivity as well as an overlayer of negative charges
localized at the chemisorbed oxygen species. This
negatively charged overlayer causes a depletion layer near
the surface and thus increases the work function of the
TiO2 substrate.

The enhancement of the surface conductivity changes at 
higher temperature (see Figure 27) indicates that also bulk 
diffusion of oxygen and subsequent bulk-defect annealing 
strongly contributes to these changes. This phenomenon will 
be discussed in more detail in the last part of this 
chapter.

From earlier studies on oxygen adsorption on 
metal-oxide-semi conductor surfaces [ 79 *1 0 8 ] we know that 
oxygen chemisorbs as O ^ ohem with S = - I  (see chapter 2), 
i.e. the acceptor-type surface state will always be found
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far below the Fermi level [106]. These results, in 
connection with measured values and the space-charge
formalism, make possible the determination of oxygen, 
coverages and initial sticking coefficients, as well as 
oxygen-induced dipole moments.

In order to separate the two contributions from
chemisorption and bulk diffusion, we assume that the 
initial time-derivative- Of^0. g solely determined by Og 
chemisorption:

dAaa dAaghem
dt |t=0 dt It=O (70)

From the above-preseaited space-charge theory we know:

0 exp(v)- I
Aaghem = eMs nb Lp Jdv — — — — 3 — — — (see Equation 63)

vs ±Fd

and hence:

dAaghem e ^ 3 nb Lq
— — — — ——— — — — — — — — — ——— [1 — exp(va)-I ———dt " ±.Fg dt (7D-

Using the approximations dt ~ At ~ .5 secs, (assuming rapid 
changes, see also Figure 3 8 ) and dvg ~ Avs ~ V3 , we get:

dAa£hem ; __ e Hs Ld nb [1-exp(v3)] vs
t = 0 ±.FS At

's
dt

(72)

-I
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With the experimentally determined value 

d&yehem
-------I “  - I . 6 x 10 “9 q  ~ 1 se c-1dt Jt=O

as well as /Us- , nfc,-, Lp- and F^-data at room temperature, 
and Equation 48 we calculate the barrier height (band 
bending) at the surface to be:

-eVs = 39.4 meV (73)

From Equations 59, 64 and 65 with g = -I we then 
derive the absolute oxygen room-temperature coverage na(j s, 
at an oxygen partial pressure of 6 .TxiO-G mbar:

nad,s = 2 .6 6x 1 0 1 1 cm- 2

or Q(Og) = I.8x10-4 (74)

with nad,smax = I.48x1015 cm-2 [1 3].

This result is in good agreement with experimentally (TDS) 
obtained oxygen coverages bn TiO2 (IIO) samples [7 9 ]..

From Equations 63 and 73 we also calculate:

Acrghem = -4.436x10-9q  -I (7 5 )

From the experimentally determined maximum (after 75 
secs.) surface-conductivity change at room temperature and 
p02 = 6 .7x 1 0 - 6 mbar of

A <7 s , max = -1 .8 I 2x 10~7 Q ” ̂ (76)
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determine the maximum A a 3 contribution from bulk oxygen 
diffusion to be:.

A</s,Mxf = -I-768x10-7 $2-1 (77)

because Atfs, max = A ffŜ iem + Atf s, maxf * (78)

Thus only 2.5 % of the measured surface-conductivity 
change is due to oxygen chemisorption, whereas 97.5 % are 
caused by bulk oxygen diffusion and subsequent bulk-defect 
annealing.

In connection with the measured work-function increase 
(see Figure 38) of

A<£= 3 5 me V (79)

and Equation 67, the calculated band bending (see above) 
leads to an electron-affinity change of

Ax= -4.4 meV (80)

Zresulting in an oxygen-induced dipole moment whose normal 
component (see Equations 68 and 69) is calculated to be 
(apart from the unknown, surface dielectric constant f s):

fiad/fs = -4.39 Debye 
o.with. I e A = 4.802 Debye.

(81 )



I
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The oxygen sticking coefficient Sq2 is defined by the

following equation:

dnSid, s
------ = R =  S02 Z02dt (82)

where z02 = P02 (27rmo2kB T )-1/'2

is the collision number for oxygen molecules of mass rngg 
temperature T at an oxygen partial pressure P02. This is 
the number of oxygen molecules striking a unit surface area 
per unit time. At room temperature, with 
P02 = 6.7x10-6 mbar we get:

z02 = I.778x101 5 cm-2 sec-1 (83) '

From Equations 64, 65 and 82 with § = -I we derive:

1 dQsc d(-eVg) ;S02 = ..... ...... (84)
Z02 e d(-eVg) dt •

With the help of the space-charge formalism and the i
approximation d(-eVg) ~A(-eVs) an  ̂ dt ~ &.t ~ 5 secs, we

■ ! 
calculate the initial sticking coefficient j

S02(t = 0) = 8.I 1x10-5 (85)

This result confirms the general fact that gases don’t
• • ■ ■ ' ■ Istick well at metal-oxide semiconductor surfaces [79>108].



198
Hydrogen Adsorption

The adsorption of hydrogen on stoichiometric TiO2(IIO) 
surfaces was also studied by means of Acr and 
measurements. The results are shown in Figures 28 and 39.

Surface-conductivity increases at different 
temperatures as well as the work-function decreases at room 
temperature indicate donor-type adsorption of hydrogen 
species.

The interaction of hydrogen with the oxygen-rich (110) 
surface leads to the formation of surface OH groups with 
subsequent charge transfer to the TiO2 substrate. The 
resulting band bending explains the observed conductivity 
and work-function changes.

The surface-conductivity changes measured during 
hydrogen adsorption are small compared to those obtained 
during oxygen adsorption (compare to Figure 27), and they 
decrease with increasing temperature. These observations 
lead to the assumption that the main contribution of /\<7g 
arises from hydrogen chemisorption, whereas small ̂ cts 
increases are due to bulk diffusion of hydrogen forming 
donor-type defects, i.e. bulk OH-bonds with hydrogen atoms 
bridging two oxygen atoms [79].

The solubility of hydrogen in TiOg apparently 
decreases with increasing temperature, because of 
Iess-pronounced conductivity changes observed at elevated 
temperatures.
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Due to the unavailability of data from desorption 

techniques such as TDS, the determination of hydrogen 
coverages, partial charges and surface dipole moments was 
not possible.

Carbon Monoxide Adsorption

Studies of surface-conductivity and work-function 
changes on annealed TiPa(HO) during CO adsorption are 
represented by Figures 29 and 40.

The surface-conductivity decreases at 303 and 323 K 
indicate acceptor-type chemisorption, which is probably due 
to the formation of COa complexes at the surface. The 
adsorbing CO molecules react with surface oxygen ions, the 
resulting COa molecule accepts - in the thermodynamical 
average - a negative partial charge S from the TiOg 
conduction band leading to a decrease in the surface 
conductivity.

The observed work-function decrease during CO exposure 
leads to the assumption of a large negative 
electron-affinity change, which compensates for the 
expected positive band bending at the surface and is due to 
the formation of surface dipoles.

From this point of view, the C-O bond axis of an 

adsorbing CO molecule (the C-atom interacting with surface 

oxygen)is not perpendicular to the surface, because the 
high electronegativity of oxygen would result in a
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negatively charged top layer accompanied by an increase in
work function. It is thus believed that the C-O bond axis
is almost parallel to the surface, resulting in a negative
normal component of the adsorbate-induced net-dipole 
moment.
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Adsorption on Defeotive Surfaces 

Oxygen Adsorption

and results obtained on a defective TiOg(IIO) 
surface during- oxygen adsorption are shown in Figures 
30-34 and 38.

The observed surface-conductivity decreases are more 
pronounced on ion-bombarded (Figure 34) and 
titanium-covered (Figures 30 and 33) surfaces up to 
0.6-monolayer coverages, if compared to results obtained on 
ideal surfaces. This phenomenon may be explained by the 
presence of another mechanism.

In addition to oxygen chemisorption and bulk oxygen 
diffusion, the charge transfer involved in surface-defect 
annealing contributes to the overall surface-conductivity 
changes measured on defective TiOg(IlO) surfaces during 
oxygen exposure. This effect increases with increasing 
temperature (see Figure 33), because surface-defect 
annealing is more pronounced at elevated temperatures (see 
previous chapters).

This mechanism is also reflected in the enhanced 
work-function increases observed on defective samples (see 
Figure 38). The originally lower - if compared to 
stoichiometric surfaces - work function of defective 
surfaces (due to the presence of positively charged 
titanium species at the surface) is drastically increased
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upon surface-defect annealing, which is accompanied by a 
charge transfer from surface titanium to adsorbing oxygen 
species.

The magnitude of the surface-conductivity changes 
dropped between titanium coverages of 0.5 and 2.0 
monolayers at 348 K, as shown in Figures 31 and- 32. This 
phenomenon is not well understood at present.
Hypothetically, it may be assumed that a complete 'overlayer 
of titanium reduces the 0 2-bulk-diffusion effect and hence 
the measured conductivity changes.

Hvdrosen Adsorption
The adsorption of hydrogen on defective 

(titanium-covered) surfaces results in less-pronounced 
surface-conductivity increases, if compared to 
corresponding results obtained on ideal surfaces. This is 
illustrated by the curves shown in Figure 35 and may be . 
explained by two competing mechanisms:

1) do nor-type adsorption and formation of do nor-type 
OH complexes at the surface and in the bulk (see 
above) .

2) acceptor-type adsorption leading to Ti4+-H- 
complexes at the surface (see chapter 2).

This concept of competing effects arising from donor- and 
acceptor-type adsorption of hydrogen is strongly supported
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■by results obtained on TiOg (II O) surfaces with 

different defect concentrations (see Figure 39).
At titanium coverages of about 0.5 monolayers, 

extremely small work-function changes were observed, 
suggesting equal concentrations of positively and 
negatively charged surface hydrogen species.

Acceptor-type chemisorption dominates for higher 
titanium coverages or after heavy argon-ion bombardment, 
indicating a dominant concentration of Ti^+-H" . 
species at the surface.

'Our earlier EELS studies [81] showed that atomic
hydrogen preferentially adsorbs on defective TiOa(^  ®) 
surfaces and leads to O-H stretch vibrations at a loss 
energy of 455 meV (see chapter 2). The Ti4+_H- species 
expected on defective surfaces (see above), however, could 
not be detected in EELS, mainly because of a Ti-H 
vibrational-loss energy of 260 meV. In this energy range, a
large background from contributions of multiple u g 
excitations was observed [81].

For a quite similar reason, the substrate-OH vibration 
couldn’t be observed, either. We therefore calculated its 
value in a simple classical model. ,In this calculation, we 
assumed that O-H force constants /3(0-H) known from the 
literature for free O-H radicals [ho(O-H) = 458 meV] to a 
first approximation do not change in the O-H adsorption 
complex. We also assumed that the mass of the surface
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cations at the adsorption site is large if compared to the 
mass of oxygen and. calculated two eigenfrequencies from:

*(0H)ad
1
2

# +  K 
mo

I
+ [ - 4

Bm + ?_l_l
mH mO

)2
mHinO

] 1/2 (86)

with K as the force cohstant of the substrate-OH vibration. 
Assuming Cu(OH)ad << <m (0-H) free we found :

[o>( OH) ad J ̂ = [eu( 0-H) free ̂  - [<u( 0-H j ad ̂  * (87)

With the experimental v̂ alue for cu(0-H)ad we calculated 
hw(0H)ad - 52 meV. This value is comparable to substrate-OH 
vibrational loss energies measured on other samples such.as 
platinum (see explanations given in reference 81).

Carbon Monoxide Adsorption
The interaction of CO molecules with defective 

Ti0 2 (1 1 0 ) surfaces was studied by means of Aa and A<£ 
measurements. Typical results are shown in Figures 36, 37 
and 40.

The measured surface-conductivity decreases at 303 K 
(Figure 36) are less pronounced than those obtained on 
annealed surfaces. This indicates that fewer CO 
chemisorption sites - namely surface oxygen ions - are
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available on defective surfaces, due to the strong, 
interaction between Ti°+ species and surface oxygen.

. At highly defective surfaces, the work function 
increases upon CO exposure at 303 K. This observation 
suggests that the bonding geometry of chemisorbed CO 
complexes changes in the presence of a large amount ofx
surface titanium species. The C-O bond axis is not parallel 
to the surface any more, resulting in a strong positive 
dipole barrier which causes a work-function increase.

At elevated temperatures and high titanium coverages 
(Figure 37), the conductivity increases are comparable to 
the values obtained on annealed samples. The COg molecules 
created at the surface desorb into the gas phase, leaving 
additional point defects at the surface.

At elevated temperatures, surface titanium species 
either diffuse into the bulk or are annealed by bulk oxygen 
diffusing to the surface (see below). This explains the 
observation of almost equal conductivity changes on 
annealed and defective surfaces.
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The following Table 10 presents a survey of partial 
charges 8 and dipole moments /Î d ©xperimenatalIy 
obtained (or expected) for O2 , H2 and CO chemisorption on 
stoichiometric (st) and defective (d) TiO2(IIO) surfaces.

206

Table 10. Partial Charges and Dipole Moments Mad (Debye).
Gas S st MacKf s Sd MadyK  s

iiii
CM CMO I 
O OSO IIIO

-1*_0.01s0.006s
-4.39
-12s
-5*

-Is
<0.01
<0.006

. >-4.39>-12 
>-5

osee references 13 and 79.
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Diffusion of Defects

The diffusion of oxygen into the TiO2 bulk and the 
diffusion of defects (oxygen vacancies) can be described 
by the well-known diffusion equation (Pick’s second law 
[152]), because due to the large effective Debye length 
(essentially flat bands, see above) the surface and 
subsurface defect concentration won't differ much from the 
bulk defect concentration:

D is the diffusion coefficient, t the time and z the 
spatial coordinate perpendicular to the sample (z=0 at the 
surface and z>0 in the bulk). Ac(z,t) denotes the 
space- and time-dependent change in the defect 
concentration caused by defect annealing due to diffusion 
of oxygen into the bulk. Thus A c (z, t) = 0 corresponds to a 
highly defective crystal of bulk defect concentration Nd , 
whereas Ac(z,t) = A ce corresponds to a sample with an 
extremely low oxygen-vacancy concentration (annealed 
sample).

For a TiOg sample in an oxygen atmosphere of constant 
pressure (T= const) providing an equilibrium oxygen 
concentration at the TiOg(IIO) surface we can write:

dAc(z,t) ^2Ac (z, t)
D (8 8)

dt

Ac(0ft) = Acg and ^c(z>0,0) = 0 (89)



These are the boundary conditions necessary for solving the 
above partial .differential equation (88), which can be 
accomplished with the help of standard mathematical 
techniques (e.g. Laplace transformation and subsequent 
contour integration).

A particular solution of Equation. 88 - considering 
Equation 8.9 - is given by:

&c(z, t) = Acg { i-erf [z(4Dt)-V21) (90)
x

with erf(x) = 2T7-1/2 f dt exp(-t2), the error function.
jO

The average defect-concentration change Ac'(t) in the 
sample of thickness d is defined in the following equation:

a
Ac’(t) = d-1 IdzAo(Zft) (91)

= A ce { 1 -erf [d(4Dt)~1/2] + [ltDt/(n-d2)]1/2 [ I-exp (-d2/(4bt)) ]}

Another quantity of interest is the 
"center-of-mass" of bulk defects:

time-dependent
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From Equations 90 and 92 we calculate:

z(t) =
2 f 2 ( ̂ )

(93)

with fl(t) = 1-[ 1-2Dt/d2] erf[d(4Dt)-V2]
-[4Dt/(?d2)]1/2 exp[-d^/(4Dt)]

and f2 (t) = 1-erf[d(4Dt)-1/2]
+ [4Dt/(jrd2) ]1/2 {l-exp[-d2/(4Dt)] } .

From Equation 93 we get:

z(t->oc) -> d/2 and z( t- >0) -> (zrDt/4) 1/2 -> 0.

In the following, the spatialIy-averaged changes in 
the defect concentration Ac* (t) given in Equation 91 will 
be related to the experimentally obtained bulk-conductivity 
changes Aab(t), measured.at T = 348 K upon oxygen 
exposure (p02 = 6 .7x 1 0 - 6 mbar). But beforehand, we have to 
determine the. (temperature-dependent) number n(e-) of 
conduction-band electrons associated with one point defect.

Both donor levels E^ ̂ and Epg (see above) contribute 
to the conductivity according to their position with 
respect to the Fermi level. With the use of Fermi . 
statistics, we find:

where f(E) is the Fermi function given above. With the

n(e-) = 2-f(ED1_EF )-f(ED2-EF) (94)
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calculated Ed i , ED2 and Ep values at T = 348 K we get:

n(e-) = 0.15 (95)

Thus each oxygen vacancy gives 0.15 electrons to. the 
TiOg conduction band at T z 348 K. This result can be 
verified by comparing the bulk density of conduction-band 
electrons nb = 2 .31x1016 cm-3 at T = 348 K to the 
bulk-defect concentration Nd = 1.14x1017 cm-3 (see above):

nb 20.15 Nd = 1.71x1016 cm-3.

The Fermi function as well as the two donor levels Edi 
and ED2 are plotted in Figure 58 at three different 
temperatures. The solid lines were obtained for 348 K 
[n(e-)=0.1 5], the dashed lines for 30 0 K [n(e-)=0.05] and 
the dotted lines for 600 K [n(e”)=I.6 I]. The figure 
illustrates that both donor levels are only partialIy 
ionized at low temperatures, whereas both of them are 
nearly depopulated at 600 K [n(e-)=I.61].

We can now compare Aab^k) measured at 348 K. to 
Ac * ( t )  :

CTQ
Aa b (t ) 2 — n(e-) Ac'  ( t )  (96)

'Nd

with o o = a b(t = 0)



T=GOOK

T=GOOKT=300K

Figure 58. Fermi function plotted for three different temperatures as a
function of energy. Also shown are the corresponding energetic 
positions (referred to Ep) of donor levels Edi and ED2.

21 I
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The diffusion coefficient D as well as the maximum 

change Acg in the defect concentration (corresponding to 
the equilibrium value after annealing) is determined by
fitting Equation 96 to the experimentally obtained A<fb( 
values. With the use of the Simplex Algorithm we get:

D s 2.77x10-7 cm2sec-1 and Acg = -1 .85x1017 cm-3 (97)

And indeed, |Aog| ^Nd , the original bulk defect 
concentration.

The shapes of the functions z(t) and & c't) are plotted 
in Figure 59. Here, the bottom horizontal axis represents 
the highly defective sample, the upper axis the annealed 
sample with z(t=oo) = d/2.

Diffusion profiles Ac(z,t)/Acg for different times (10 
to I ,000,0 00 secs.) are shown in Figure 60. Again, the 
lower horizontal axis at ^c(z, t)/^cE = 0 represents a high 
bulk defect concentration, whereas the upper axis with
Ac ( z , t) /A c E = i corresponds to a stoichiometric sample. ■

The diffusion coefficient calculated above disagrees 
with results obtained by Haul et al. during
isotope-exchange experiments with 18 0-labelled oxygen (see 
chapter 2). From their extrapolated data an oxygen 
diffusion coefficient of 8.38x10-^2 cm2 sec-1 is calculated 
for T = 348 K. Extrapolation of results measured in the 
temperature range between 980 and I 570 K, however, 
underestimates typical low-temperature and surface effects.



d = 0 .065  cm 
E =-1.85 x IO17Cm' 
D = 2.77x IO'7-i 
T = 3 4 8 K

t(h)
Figure 59. Average bulk-defect-concentration changes, Ac', and

nCenter-Of-Inassn of bulk defects, z, plotted as a function of 
time. This figure illustrates bulk-defect annealing and is 
explained in more detail in the text.
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n. 0.5
d = 0 .065  c m ^ ^ =  

Ac E =-1.85 x IO17Cm'^ _ 
D = 2.77 x I0‘7w  
T = 3 4 8 K

d /2

DISTANCE FROM THE SURFACE z

Figure 60. Diffusion profiles, A c/Ac e’ of bulk defects at different times.
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Room-temperature chemisorption" of oxygen, e. g. , with 

subsequent charge transfer leads to electrochemical 
potential gradients at the surface. The resulting 
attractive forces between positively charged bulk-oxygen 
vacancies and negatively charged oxygen chemisorption 
complexes enhances the diffusion of bulk defects 
(electromigration of defects).

Furthermore, inhomogeneous distribution of charged 
bulk defects accompanied by locally varying band energies 
as well as lattice distortions near the surface (amorphous 
structure in subsurface regions) may lower the diffusion 
activation energy.

In addition, published results of investigations of 
bulk defects in rutile TiOg are contradictory (see chapter 
2). Some results favor the oxygen vacancy (2Ti3+ V0) as the 
dominant defect [11,17,161] while others [23-25,168 , 169 ]. 
favor a titanium interstitial (Ti^+), and yet others favor 
a combination of the two [21,36,162].

Paramagnetic Resonance results.on reduced rutile 
indicate the presence of Ti3+ ions on normal and 
interstitial sites [21,26] as well as centers with 
unexplained spectra [21].

Internal friction results [28,29,160] cannot be 
explained on the basis of oxygen vacancies at all, but can 
be explained on the basis of associated Ti3+ interstitial 
pairs [21].
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Kevane [161] considered oxygen vacancies and their 

effects on electrical conduction in some metal oxides 
through.an exact solution of the equilibrium relations 
between oxygen partial pressure in the ambient gas and 
concentrations of oxygen vacancies and conduction electrons 
in the oxide.

From conductivity as well as Infrared and Optical 
Absorption .studies Cronemeyer [11,17] concluded that the 
dominant defect in rutile is an oxygen vacancy.

Dominik et al. [21] observed three distinct dielectric 
relaxation processes In rutile. They assigned one process 
to an oxygen vacancy, another one to an interstitial Tx^+ 
ion.

In this circumstance, the nature of the diffusing 
element (titanium or oxygen) involved in bulk defect 
diffusion is not clear at present. The results presented in 
this thesis do not distinguish between titanium 
interstitials and oxygen vacancies as dominant defects, 
because the measurable electrical properties arising from 
both kinds of defects are identical. Also annealing of 
surface defects monitored by XPS (see above) can be 
discussed in two ways:

I) bulk oxygen diffuses to the surface at elevated
temperatures and anneals surface defects, resulting 
in a new oxide overlayer.



2) titanium species at the'surface diffuse into the 
bulk at elevated temperatures, leaving an almost 
ideal surface.

LEED studies (see above) are not suitable for 
characterizing the type of surface defect, either. Diffuse 
spots observed after the deposition of titanium- (see 
chapter 4) became more intense upon heating, suggesting 
diffusion of titanium into, the bulk or diffusion of oxygen 
to the surface (with subsequent surface-defect annealing).

High-temperature treatments of defective TiO2(Iio) 
surfaces were done at different temperatures T (870 , 1 070 
and 1220 K). Assuming that the corresponding annealing 
times T (~ 15, 2 and I min.) [r = time for reobtaining a 
sharp LEED pattern] are approximately given by

T z r Q exp [ A E / ( kBT)-I »
»

an activation energy of AE 2.2 eV was estimated for the 
annealing process. This activation energy is greater than 
the activation energy for Ti diffusion (1.04 eV, see 
chapter 2), but less than the activation energy measured 
for 0 diffusion (2.65 eV, see chapter 2).



. . In order to simplify the data analysis and 
interpretation the defect structure of TiO2 has been 
discussed in this thesis on the basis of oxygen vacancies.

Further isotope-exchange experiments to study the 
defect diffusion in TiOa are desirable. They might give an 
unequivocal explanation of the nature of the dominant 
defect in. rutile.
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CHAPTER 6

. SUMMARY AND OUTLOOK

In this thesis, electronic bulk- and surface-defect 
structures of TiOg samples and the interaction of different 
gases with stoichiometric and defective TiO2( no) surfaces 
were investigated extensively by various experimental 
techniques.

Bulk conductivity measurements as a function of sample 
temperature and the assumption of donor-type oxygen 
vacancies as main bulk defects led to the determination of 
a bulk-defect concentration of I.14x1017 cm-3 as well as 
two donor-level positions 0.421 and 0.470 eV below the 
lower conduction-band edge.

With the use of. surface-sensitive probes, such as XPS, 
XAES, AES, EELS and ELS as well as measurements of 
surf ace-conductivity changes Acr s , the formation of 
surface-defect-related Ti3+ species was monitored during • 
high-temperature treatment, argon-ion bombardment and 
deposition of submonolayer amounts of titanium on the 
surface.

The presence of surface defects led to broadenings ' 
and/or additional peaks in the Ti2p-, TiSp-,
01s-core-levels and TiLMV Auger transition as well as
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changes in the valence-band structure accompanied by a weak 
band-gap-state emission. Electronic transitions from this
band-gap state to the TiOg conduction band were observed in 
ELS.

Relative concentrations and core-level binding 
energies of differently charged surface titanium species 
were determined by fitting symmetric Gaussians as well as 
asymmetric Doniach-Sunjifc functions to experimentally 
obtained XPS core-level spectra. Good agreement was found 
between theoretically and experimentally determined 
Ti2p-core-level-binding energies in titanium ions at 
.TiOa^110) and different titanium oxides, respectively. Ti^+ 
ions representing stoichiometric surfaces and 
defect-related TiB+ species were found to give the dominant 
contributions to the titanium core-level spectra.

The formation of surface defects was accompanied by an 
increase in the surface conductivity of TiOg(IlO). 
Submonolayer amounts of titanium deposited on this surface 
resulted in titanium partial charges of S = 0.057 and 
= 0.047 at titanium coverages of 0.25 and 0.50 monolayers 

as well as adsorbate-induced surface states between 0.410 
and 0.415 eV below the lower conduction-band edge.
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The interaction of gases with stoichiometric and 

defective TiOg(IIO) surfaces were studied by means of 
measurements of conductivity A ct3 and work-function A<£ 
changes.

Oxygen chemisorption with S = - I  on stoichiometric 
surfaces led to negative Aas values and, in connection with 
a space-charge-layer.model, to calculated room-temperature 
values for the relative oxygen coverage, the initial 
sticking coefficient and the oxygen-induced surface dipole 
moment of 1 .8x10—4, 8.11x10-5 and 4.39 f s Debye. From 
initial time-derivatives of surface-conductivity changes it 
was derived that only 2.5 %, of the measured conductivity 
changes were due to oxygen chemisorption, whereas the 
remaining part arose from bulk-defect annealing.

On defective surfaces between 0 and 0.6 ML titanium
coverages at 348 and 423 K, the surface-conductivity
changes upon Og exposure were enhanced if compared to the 

■results obtained on stoichiometric surfaces.
In a simple diffusion model applied to the diffusion 

of bulk oxygen a diffusion constant of 2.77x10-7 cm2 sec""  ̂
at T = 348 K was calculated by fitting the experimentally 
determined Aa^-data to theoretical changes in the oxygen 
vacancy, concentrations derived from Pick's second law.
Also, a maximum defect-concentration change, corresponding 
to the annealed (stoichiometric) sample in thermodynamic
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equilibrium, of - I . 8 5 x 1 0 1 7  cm"3 was calculated, in good 
agreement with the above-given bulk-defect concentration.

Positive work-function changes were observed on 
stoichiometric and defective surfaces upon oxygen 
chemisorption. The changes were more pronounced on • 
defective surfaces.

From the A cts- and -data it was concluded that 
defect-related Ti3 + species at the (110) surface strongly 
interact with adsorbing oxygen, leading to the annealing of 
these species' accompanied by pronounced ̂ t7 s-decreases and 

increases.
Positive Ac s and negative &</> changes were observed on 

stoichiometric surfaces upon hydrogen exposure, suggesting 
donor-type chemisorption of hyrdogen species and the 
formation of OH groups at these surfaces.

Work-function increases, however, and 
less-pronounced Acrs increases were found on slightly 
defective surfaces, confirming the earlier assumption of 
the presence of Ti1I+-H- species at defective TiOg surfaces.

The chemisorption of-CO molecules at stoichiometric 
surfaces led to negative and Aors values below 323 K as 
well as positive A a g changes above 333 K. The phenomena 
were explained by the formation of COg molecules at the 
surface, accompanied by strong adsorbate-induced dipole 
moments as well as an increase in the surface-defect 
concentration. At elevated temperatures, the CO2 molecules
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desorb into the gas phase and surface defects diffuse into 
the bulk, thus, increasing the conductivity.

At highly defective surfaces, work-function increases 
and Iess-pronounced Aor3 decreases at low temperatures were 
recorded. These results indicate that fewer CO 
chemisorption sites - namely surface oxygen ions - are 
available on defective surfaces, due to the strong 
interaction between Ti3+ species and surface oxygen. 
Furthermore, the observation of work-function increases 
suggests changes in the bonding geometry of chemisorbed CO 
complexes in the presence of a high concentration of 
surface titanium species.

Due to the unavailability of equipment, coverages, 
adsorption rates, sticking coefficients, isosteric heats 
of adsorption, desorption energies and temperatures of 
adsorbing and desorbing gases couldn’t be determined 
experimentally. These properties, however, are of great 
interest, because they lead, e.g ., to the determination of 
partial charges and surface dipole moments. With the help 
of Thermal Desorption Spectroscopy (TDS) or other 
desorption techniques, these parameters will be determined 
in future studies.

Furthermore, angle-resolved photoemission experiments 
on TiOg surfaces will be performed to probe surface 
electronic band structures including defect-derived bands
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in the band gap. Angle-resolved XPS studies will make 
possible the separate study of surface and bulk species.

Further isotope-exchange experiments may explain the 
physical origin of the dominant defect in rutile TiOg.

Additional studies on the catalytic activity of 
differently treated (stoichiometric, defective, or covered 
by foreign atoms) Ti02 surfaces and the design of new 
TiOg gas sensors will be of further interest.
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APPENDIX A

XPS LINE SHAPES AND CORE-LEVEL INTENSITY MEASUREMENTS



2.38
XPS Line Shanes

When a core electron is suddenly removed from an atom 
in a metal, the response of the remaining electrons and 
nuclei is quite different from that observed in a system 
made up of a single atom with one electron, like atomic 
hydrogen, or even one with many electrons, like argon. 
Although understandably attractive and of great utility, 
simple one-electron models cannot give insight into such 
phenomena in many-body systems [ I 63] •

NoziSres and de Dominicis [164] explained the 
experimentally observed skew line shape of metal core 
levels as the result of Kondo-Iike many-electron 
interactions of the metallic conduction electrons with the 
accompanying deep hole in the final state. Subsequent 
theoretical and experimental studies performed by Doniach 
and Sunjit [ 144 ] and Citrin et al. [163], respectively, 
improved this model by also considering a Lorentzian 
lifetime broadening, as well as Gaussian broadenings due to 
the spectrometer and electron-phonon coupling.

The kinetic energy f ̂  of a X-ray-induced photoelectron 
is.a direct measurement of the energy Eh 0f the hole state 
(measured relative to the Fermi level) left behind in the 
me tal:

f k = "ffcj + Eg — Ej1 -  C p (98)
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where hw is the X-ray energy, Eg the. initial ground state 
energy of the metal, and 0 is the work function. Thus the 
maximum photoelectron energy fmax corresponds to the 
ground state of the hole+me tal-system, while photoelectrons 
emitted below the maximum correspond to events in which the 
hole+Fermi-sea-system is left in an excited state.

Excited states with, energies very close to (a fraction 
of an electronvolt) the ground state are those in which the. 
Fermi sea is excited by the creation of low-energy 
conduction electron-hole pairs (i.e. charge-density 
fluctuations). It turns out that since the energy for 
creating pairs goes continously to zero as the momentum 
transfer to the pair, an infrared catastrophe occurs in 
which it is very favorable to produce a large number of 
very-Iow-energy pairs. Thus the photoemission cross section 
da/de is changed from a 5-function (for 5 -function ingoing 
X-ray spectrum) in the absence of pair formation to a 
singular (though integrable) curve tailing off on the 
low-energy side of emax ^see dashed curve A in 
Figure 61) [144].



<* = 0-3

Figure 61. Theoretical XPS line shapes (see reference 144) with (solid line 
B) and without (dashed line A) lifetime broadening (see text).
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In practice, this event will be rounded out by- 

life time. effect s (see solid curve B in Figure 61). However, 
in the photoemission, the resulting tailing of the line, 
shape has to be distinguished from events in. which the 
escaping electron loses energy to the Fermi sea. We can, 
conceptualIy, distinguish two types of such energy loss: 
energy loss to the bulk metal (e.g, plasmon emission), and 
energy loss to surface states of the metal (e.g. surface 
plasmons).

We may assume that the probability of bulk energy loss 
by the escaping photoelectron is a function of thickness of 
the metallic target, and goes to.zero as the film thickness 
goes to zero. This, will not apply to surface energy loss, 
but presumably the probability of this process will 
decrease with increasing photon energy.

In contrast, the excitation of the Fermi sea 
accompanying the final hole state are an intrinsic property 
of the metal, so they should not depend either on film 
thickness (above a few atomic layers) or on incident photon 
energy [144].
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The photoemission scattering cross section can be 

written - to lowest order in the X-ray field and by 
neglecting all interactions of the escaping electrons with, 
the other electrons in the metal - as follows [144]:

dor I 'CO i
~ Re{- J dt <b(t)b+ (o)> exp [ - ("Ku- (k ̂  (99)

k 77 0 h

This cross section is thus given as the Fourier 
transform of the hole-hole correlation function: b+ is the 
hole creation operator and

b+(t) = exp ( iHt/fi) b+exp (-iHt/H) .

NoziSres and de Dominicis (ND) [164] derived an 
asymptotic formula for this correlation function, valid for 
long times, i.e. energy transfers

( - fk “ f max D

where D is the conduction band width. For s-wave scattering 
at the core hole of binding energy q- they found:

exp(-ifnt/t)
<b(t)b+(t)> = ------------- (1.00)

(iDt/h)°

Here, a = (&/n)2 is the Anderson singularity index and 5 
the phase shift for scattering of conduction electrons from
the hole potential.
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Equations 99 and 100 yield (with fitu Z f0 + fmax) :

doND ®(-f)
df Da r(a) |6|i-o

(101)

where P is the gamma function and Q(x>0) = I, Q(x<0) = 0. 
This -cross section is plotted versus energy transfer as 
curve A in Figure 61.

For a general potential, Nozi&res and de Dominicis 
showed that tz is given by:

CL = ( 2 1 + 1 )  (S I /77 ) ̂ > 0 ( 1 0 2 )
1 = 0

Here,5j is the phase shift of the 1-th partial wave [164]. 
Friedel’s sum rule [163] limits a to values no greater than
0.5.

The above singular line shape will in practice be 
modified by the finite lifetime of decay of the hole states 
due to electron capture. The detailed theory of the 
resulting time-dependence would require a higher order 
treatment of the interaction with the X-ray field. Doniach 
and Sunjifi (DS) [144] accounted for this effect by 
multiplying the right side of Equation 100 by an 
exponential lifetime factor exp(-yt/h), with 2y being the 
full width at half (peak) maximum (FWHM). This new 
correlation function led to the following modified 
scattering cross section:
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daDS I r d - a )  n a
----~ — — — — — — — — — — — — — — — — — go s[ —— — + (I —ot) arct an( —) ] (I 03 )
df Da [f2+y2](1-a)/2 2 Y

Here, t is measured relative to the maximum energy * x in 
the absence of lifetime broadening (see Figure 61, 
curve B ) .

Sudden creation of a core hole causes the 
initial-state wave functions to contract, producing excited 
eigenstates of the ion. The contracted positive ion couples 
to the surrounding nuclei and excites phonons. The 
eigenstates of this ion are thus thought of as being 
shaken-up" from the initial state according to the 

Franck-Condon principle. In this language, phonons are 
vibrational analogs of electronic satellites of the 
final-state system.

For vibrational transitions in the sudden 
approximation, the distribution of the closely spaced 
states is strictly Poisson [165]. In the classical limit, 
i.e., when the mean number IT of such states is very large, 
the distribution becomes Gaussian and the strength of the 
(relaxed) adiabatic transition is therefore very weak. 
[163]..

The presence of phonons thus leads to an additional 
broadening of the XPS line shapes predicted by Doniach and 

Sunjit. It can be accounted for by convoluting the
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expression in Equation 103 with a Gaussian whose half-width 
is given by the phonon broadening.

Another effect that was considered when "fitting 
experimental XPS spectra to theoretical line shapes (see 
chapter 5) is the influence of the X-ray source and the 
spectrometer. The transfer function of the latter one can 
often be approximated by a Gaussian [16 3] which also has to 
be convoluted with the Doniach-Sunjifc function given in 
Equation 103.

Hence the experimental Iy observed XPS line shapes 
discussed in chapter 5 were fitted to Doniach-Suhjifc 
functions, twice convoluted with different Gaussians 
(equivalent to one convolution product containing one 
"effective" Gaussian).

In the fitting procedures discussed in chapter 5, 
bulk- and surface-plasmon contributions were subtracted as 
a linear background. These are often also approximated by 
a Shirley background (proportional to the total peak 
integral) or Lorentzians of variable height and width 
[153,163]. Further details concerning XPS background 
analysis are given in ref erences 1 53 , 1 54 and 166.

Core-Level Intensity Measurements

The total X-ray core-level intensity I (Ejiin ̂ ) - i.e.
the measured current (counts per second) - of 

photoelectrons of kinetic energy EjLĵ  excited from the



246
energy level nl of species i (with concentration Ni ) in the 

sample may be written as follows [143,146,147]:

do^C nl, Iw)
 ̂̂ iin, nl) - 4>Chv) Nt -- ------- A £2 ^eff^fein^d £2

AE
% p CEfcin,Ea ) T(EfclnfEa ) D(E) —  (104)

2Z

Here,- 0(hv) = AwxIp n@_>x /C^n) is the number of
characteristic X-ray photons of energy h per 
second irradiating an effective surface 
area A.
Aw is the solid angle within which the

< ■effective, area A can be viewed from the 
X-ray source.

ne->x is the number, of photons of energy hu 
created per incident electron.

Ip is the primary electron beam current 
(electrons per second) on the anode.

K  is an attenuation factor determined by
filters interposed between the X-ray source 
and the sample.

According to Green et al. [1673, we have: 
ne->x = M ( U g - I )  I'63 for K, L and M shells, .

where U q  = E q / E x , with Eg/e being the 
voltage applied between cathode and 
anode. Ex is the ionization energy of
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the X shell.
Using the results obtained by Green 
et al. for K- shell X-rays, we derived 
the following approximation formula 
for M :

M =. mO E^*63 exp ( -Z/ Z0 ) 
where Z is the atomic number and 
Z0 2 12, M0 2 2.52x10-4 (keV)“1•63..

dCTj, ( nl, hv) ai ( nl, hi/) ^ iCnl,hi/)
----------= ---------- [I ------------ P2 ( co aQ) ] is

dQ 4 TT 2

the angular distribution of photoelectrons ionized by 
unpolarized light impinging on a (nl)-subshell [147].
<7i (n I, hi/) is the total cross section for 
photoionization of a (nl)-subshell electron of 
species i with photon current <p{hv) . It has been 
calculated relativist!calIy for Ka lines of Mg and Al 
in the single-potential Hartree-Slater atomic model 
by Scofield [145]. The results are believed to be 
reliable as long as the X-ray energy is at least 
by 500 eV greater than the electron binding energy 
for the level (nl). The dipole, approximation for 
photoionization used by Scofield starts to.break down 
for X-rays in the keV-range. For photoelectrons of 
speed v, corrections (A) to Or̂ (nl, hi/) go as v^/c^
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while corrections (A) to. the angular distribution go 
as v/c [147].
Examples: h =1.0 keV ===> &(a ±) Z. 0.4 %, and

AC daj./dfl) I. 6 % •

h = 2.5 keV == = > ACci^ — 1.0 % t and
ACda1Zdft) 2 10 %.

ĝ1 (nl, h ) is an asymmetry factor calculated by 
Heilman et al. [147] •
8 is the angle between the directions sample - X-ray 
source and sample - analyzer.
p2 C x ) = (Sx^-I)/2 is a Legendre polynomial. Note: The 
(Si-dependent term in daj,/dft drops out for 
#= 54 44'08".
Aft is the solid angle of acceptance of the analyzer. 
^eff(E£in) = X(Ekln) cosa is the attenuation length 
of electrons with kinetic energy Ekln in species i. 

X(Ekln) is the inelastic mean free path (IMFP) of 
electrons with kinetic energy Eiin in species i. 
Seah and Dench [136] analyzed experimentally 
obtained IMFP * s of electrons in elements, organic 
and inorganic compounds, as well as adsorbed 
gases. They derived approximation formulas 
relating the IMFP’s to the electron kinetic 
energies. For organic compounds, e.g., they found:
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= A(Eiin)~2 + B^aE^in)1/2•

Here, A = 2170 ML(eV)2 and B =  0.72 ML/(nm eV)1/2. 
The letter "a" represents the monolayer (ML) 
thickness of the organic compound (see chapter 3).

. The above equation predicts a minimum value for A , 
which, however, couldn’t be located exactly due to 
insufficient experimental results in the kinetic 
energy range from 10 to 100 eV [136]. 
a is the angle between the surface normal and the 
surface - analyzer direction.

• F (E jîin > Ea) is an electron-optica I factor that has to 
be included, if electrons are decelerated from their
initial energy E ^ n to some energy Ea before entering 
the energy analyzer.
T(Ejj^nfEa) is the transmission function, of the 
analyzer.
D(E) is the counting efficiency of the electron (with 
energy E) detector.
AE is the analyzer energy window.
2y is the photoelectron line width.
The ratio AE/2y has to be replaced by 1 in 
Equation 104, if AE >> 2y.

Equation 104 makes possible the determination of 
concentrations Ni from experimentally obtained intensities 
T(E^in,nl). This, however, requires detailed knowledge of
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analyzer and X-ray source characteristics. In chapter 5 we 
therefore calculated relative titanium-1o-oxygen 
concentrations and assumed that most of the above-listed 
parameters’, such as , F, T, D and AE/2y, wouldn't
change significantly between photoelectron kinetic energies
from 720 eV (Ols-core level) to 795 eV (Ti2p3/2~core 
level).
Further details concerning quantitative XPS-data analysis 
are discussed in the references cited above.
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APPENDIX B-

ELECTRON ENERGY LOSS SPECTROSCOPY (EELS)
AND SURFACE OPTICAL PHONONS
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Basic Theory of EELS

During the past two decades physicists and chemists 
have explored both the nature of the. outermost atomic 
layers of solids and the manner in which atoms and 
molecules bind to the surface. Many common probes of solids 
(photons, neutrons), however, penetrate many atomic layers 
into the material so that information descriptive of the 
near vicinity of the surface appears as a small feature 
superimposed on a large signal from the bulk of the 
material.

Particles that sample only the outermost layer or 
two (electrons, atoms) have limited penetration, because 
they strongly interact with the atoms of the material. 
Electrons with energy in the range of a few electron volts 
sample only a few atomic layers. As they approach or exit 
from the crystal, they interact with the vibrational modes 
of the crystal surface, or possibly with other elementary 
excitations (e.g. adsorbate vibrations) localized there.
The energy spectrum of electrons back-reflected from the 
surface is thus a rich source of information on its 
dymamics [122].

High Resolution Electron-Energy-Loss Spectroscopy 
[(HR)EELS] makes possible the study of the vibrational
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motion of atoms and molecules on and near the surface by 
the analysis of the energy spectrum of low-energy electrons 
backs cattered from it.

An electron incident on the crystal with energy may 
excite, a quantized vibrational mode with energy Ifoo before 
being backscattered into the vacuum. It thus emerges with, 
energy E3 = - Ifog > so an analysis of the energy spectrum
of the backscattered electrons provides direct information 
on the Vibrational frequencies of the substrate, or on 
those of atoms and molecules adsorbed on the surface.

The method is sensitive to the. surface because, with 
the incident kinetic energy Ei chosen suitably, the 
electron penetrates, at most, two or three atomic layers 
into the crystal,. The backs cattered electrons thus carry. 
information on only the near vicinity of the surface [122] .

In an electron-energy-loss study of surface 
vibrations, the sample is placed in ultrahigh vacuum. A 
highly monoenergetic beam of electrons with low kinetic 
energies is directed toward the surface, and the energy 
spectrum and angular distribution of electrons 
backscattered from the surface are measured. The 
experimental problem is to achieve high resolution through 
production of a very monoenerge tic and well-collimated 
electron beam, along with sensitive detectors. This must1 be 
done without degrading the signal below the detectable
level
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At. present, the best resolution that may be obtained 

is 30 cm-I (3*7 meV), although to detect weak signals it 
is sometimes necessary to operate at lower resolution. The 
resolution achieved in electron-energy-loss spectroscopy is 
thus substantially less than is customarily encountered in 
optical spectroscopies, though it is adequate for the study 
of both the vibrational modes of adsorbed molecules, and of 
the substrate [122].

The discussion of the inelastic electron scattering 
process requires one to address the nature of the 
interaction between the incoming electron and the vibrating 
atoms of the solid. In general, this is a complex problem,, 
since the electron strongly interacts with the substrate,1 
and any attempt to describe this coupling in simple terms 
necessarily leads to a schematic and limited picture. 
Nonetheless, it proves useful to distinguish between three 
limiting cases, though one recognizes that there are no 
sharp and precisely defined boundaries between them [122] :

Pinole Scattering
As an atom on a surface or in a molecule vibrates, it 

modulates the electric dipole moment of its environment in 
a time-dependent fashion. An electron in the vacuum above 
the crystal senses a long-range electric field of dipolar 
character, and this produces small-angle scatterings 
substantially more intense than the scattering observed at
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large deflection angles. One observes a number of 
inelastics sharply peaked about the specular direction, 
when dipole scattering is present. The principal features 
of this mechanism will be outlined in simple terms below.

Intermediate Negative-Ion Resonances
Negative-ion resonances are frequently observed in 

elastic collisions between electrons and molecules in the 
gas phase [170]. On a surface, the lifetime of such 
resonances is rather short when a chemisorbed molecule is 
coupled to the subtrate-electron states. Negative-ion 
resonances for molecules adsorbed on surfaces have not been 
observed yet, except in a few experiments [122] .

Impact Scattering
For small defection angles, with dipole scattering 

dominant, it is possible to obtain a simple and useful form 
for the scattering cross section -without resort to a 
microscopic description of the electron-substrate 
interaction (see below). At large deflection angles, it is 
necessary to turn to a fully microscopic picture to 
theoretically describe the cross section. This 
large-deflection-angle regime, outside the dipolar region, 
is often referred to as the impact scattering regime. 
Interaction Potential

Suppose we consider the scattering of an electron from
—&a small molecule. Let the position Ri °f each nucleus be
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written + ui, where is a vector to the
equilibrium position of nucleus I, and u^ is the amplitude 
of the vibrational motion about its equilibrium position.

Suppose the electron interacts with the molecule 
through a superposition of two-body potentials (neglecting 
the fact that charge flows within the molecule, as. the 
nuclei shift away from their equilibrium position):

v(?) =E V1( ^ 1) (I 05)

If by V(I)(Q) we denote the contribution to V(Q) - the 
Fourier transform of V(x) - of first order in the nuclear 
displacements u^, we have:

V(T)(Q) = i E  V1C i2) exp [ i o'* Ri0  ̂] Q^i (106)

Here, Q = K (i) - K(3) is the change in wave vector of the
electron. If we consider very small angle scatterings,

—*
where I Ql dg << i with do a measure of the size of the 
molecule, we then get:

Iim v( 1) ("q ) . = i 4Tre Qh p/Q2
l^ l-> 0

Here, p = 2-r ® Z1 Ul is the oscillating portion of the

electric dipole moment of the molecule, and Z1 is the net 
charge surrounding the nucleus located at R^O)•
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/

From this argument, we can see that in the limit of* 
very small wave vector transfers, the cross section for 
inelastic scattering of the electron from the vibrational 
motion of the molecule is controlled by only one parameter, 
the component p of the electric dipole moment which 
oscillates at the frequency cuq of the normal made 
responsible for the scattering.

Oscillating electric-dipole moments in crystals, 
however, are not only produced by the vibrational motions- 
of nuclei, but also by other excitations such as 
fluctuations in the electronic degrees of freedom. Examples 
are fluctuations in the free carriers in metals or doped 
semiconductors, and interband transitions in insulators 
[ 1 2 2 ].

From Equation 106, we can see that when IQldg iS not 
small, the calculation of the electron scattering cross 
section requires detailed and microscopic knowledge of the 
nature of the electron-molecule interaction, as well as the 
geometry. This is the impact scattering regime, where the 
cross section for inelastic scattering cannot be expressed 
simply in terms of a small number of phenomenological 
parameters. Further details discussing this particular 
regime are given in reference 122.
The Dipole-Scattering Cross Section

The small-angle-dipole-scattering theory applied to a 
two-layer system, consisting of a semi-infinite substrate

I
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with complex dielectric constant and a surface layer
of thickness d with dielectric constant fs (g>) yields a 
scattering efficiency S per unit solid angle dO(.Kg) per 
unit (loss) energy dficu. This quantity is denoted by
d2s/dj}( Kg) dtfG) and has been calculated for small angular 
deviations of the scattered electron from the specular 
direction. Furthermore, retardation effects have been 
ignored. It has been assumed that information about the 
charge fluctation at' a point x * is transmitted instantly to 
the point x where the electron is located. The theory 
yields [122]:

d2s 2 ! R .• ! 2

dQ(Ks.)d-fia>

Here, |R ̂ 12 is the intensity of the specularly reflected,
elastic beam normalized to the incident intensity. 
and Q i are the magnitudes of the wave vector, the energy 
and the angle (measured with respect to the crystal normal) 
of the incident electron, respectively. The angle between 
the wave vector K Is > of the scattered electron, and that of 
the specular beam is denoted by #(<< I here), while 0

--- --------- - x (1-20E)
w2 aQ ■ Ki Ei co SQi

[ (0 Esin©i-9cos©icos0)2+52sin2 >̂] 1
1 ........... ................. ........"

™ I
x [ 1 + n(o)) ] Im{---------- } (107)

I + ?(Qll »<u)
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measures the azimuthal orientation of K^3), as one "looks 
down" the specular beam [122]. Furthermore, 0E = IfcV(2Ei) , 
n(<u) = {exp [fio/(keT) ] - I } and

I + A(<u) exp (-'2Qu d)
f (Qll ,o) = 6g(w) x .......... ....... —  ■ . (108)I' — A (to) exp (-2Q„ d)

with A(cu) = [fb(&;)-Cg(W) ]/[fb(<u)+ fg(w)], aQ is the Bphr 
radius and Q11 the magnitude of the change, in wave vector 
parallel to the surface (see above).

In the limit Q d<< I , which is well satisfied for• I
6 Z. 6 E typical electron energy loss studies of adsorbate 
layers, the expression in Equation 107 may be decomposed 
into two terms. The first, d^g^/d (Kg)dh , describes 
electron scattering by electric field fluctuations in the 
vacuum above the crystal produced by excitations in the 
bulk. The second term, d2sg/dfi( Ks) dilw, is proportional to 
the layer thickness d (see above) and descirbes scattering 
by electric fields produced by fluctuations within the 
surface layer. We have [122]:

d2s d2gh d2g
---------- -- __________ + (109)
dO(Ks)d%w dH(Ks)d-fiw dO(Ks)dhw

The. first term on the right side of the above equation 
can be obtained by simply replacing e (Q(1 ,<u) by < b(o)) in 
Equation 107. The second term is calculated by multiplying 
the expression on the right side of Equation 107 b̂ r the
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thickness d. Furthermore, the contents of the braces has. to 
be replaced by

is measured, but rather this quantity integrated over the 
solid angle subtended by the entrance slit of the analyzer. 
We suppose this to be circular, centered on the specular 
direction, and that it catches all electrons scattered into 
the angular, range 0 < 0 <  0c. With the polar axis of a 
spherical coordinate system aligned along the specular 
direction CdQ(Kg) = 8 d0d0] we then get the following 
expression for the differential cross section for inelastic 
scattering of electrons from bulk excitations [122]:

-1 f § (&>) - ( s Ctu)x
es (<o) [ f  b (<0.) + 1 ] 2

P *In an actual experiment, it is not d SZdQ(K3)dilw that

dSb 4 IRi I2 (1-20e) 1/2 I + n(<u)
x

■fta>
-I

x Im { I % FbWc) (HO)
1+ f b (w)

The function

FbIfl=) = J
[(sin©i-0cos0icos$)2+02sin20 ] 1^2

describes the number of inelastically scattered electrons 
collected by a spectrometer that picks up all electrons



with scattering angles O < # < 0 O. Here, $ = Q / q % is a 
reduced scattering angle.

Surface Optical Phonons

When electrons are scattered from the surface of an 
ionic insulator, a surface mode is usually found. This is 
the surface optical phonon with frequency <us that lies 
between that &>Tq of the bulk long-wavelength transverse 

optical phonon, and the frequency (O-^q  of. the bulk 
longitudinal optical phonon. We may describe the 
contribution to the EELS cross section from this mode with 

the help of Equation 110.
For a cubic material with one infrared active bulk 

transverse optical (TO) phonon, the dielectric function may­

be written [122]:

4 TT n e #2 I
f (&>) = c ' + ------- - - — --------------  (111)

00 Mp 6 ) ^ 0  — OĴ  - iojy(oj)

ftHere, n is the number of unit cells per unit volume, e the 

Born or transverse effective charge, and Mp the reduced 

mass of the unit cell. If e(0) = ^ 00 + 477 n e # 2 / ( M r(oj q ) is the
static dielectric constant of the material, then the loss 
function Im{-1/[ 1 + cb(cu) ]} has a peak at the frequency

Cl)
S

f(0 ) +1

+ 1
1 / 2cuTO I ( 1 1 2 )



providing the damping function y (to) is sufficiently small.
The frequency <us necessarily lies above a>TO> but below the 
longitudinal optical phonon frequency

OJLo = 6>T0 [((O)Zf^] 1/2 (see reference 122).

In the limit of small damping, we can approximate the 
loss function as follows [122]:

. ~1 . 77Im{-----} - w X
l +  ( b ( w )

f ( 0). - f
2 [ f ( 0) + 1 ] [e^ + 1]

x [ 5 ( ha)s_ h<y) - ( h<us+ho>) ]. ( 113 )
Here, we allow for the possibility of inelastic scattering 
with phonon absorption, as well as"that with phonon 
emission. Then the probability, normalized, to that for 
specular reflection, for an electron to scatter from the 
surface with emission of a surface optical phonon is given 
by:

Sfctot+) 2 1 +  n s  J ( O ) - J 00
IRi I 2 a g K i CO s @ i  f  ( 0 ) + I

^b (0 o) 
1 + („

(IU)

Here, ng = {exp[h s/(kBT)]-I}-I and E << I (see Equation 
110). Similarly, the probability for scattering with phonon 
absorption is:

Sfctot-) 2 Ba J(O)-J08, . Fb (^0 )

I R i  I 2 JT S g  K i C O s Q i  J  ( 0 ) +  I U f 00
(115)
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According to the above equations, the loss and gain 

intensities to be observed vary with (cosQi)-  ̂ and 
(the factor in the denominators is proportional to 
e |/2). Furthermore, the ratio of the energy gain scattering 
to energy loss is, for one-phonon events, predicted to be 
equal to exp[-Titus/(Icbt) ̂ • Theae predictions of the theory 
have been verified experimentally on various samples in the 
past [122].

The theory presented above may also be applied to 
surface plasmons and interband electronic transitions with 
appropriate choices of. f̂ (cu) and e3(co). Further details are 
given in reference 122.

It can be seen that for either emission of a plasmon 
or a surface optical phonon at the absolute zero of 
temperature the scattering probability integrated over the 
solid angle and normalized to that of the specular beam is 
given by:

77r = -...—
aQKlCO S©1

X
I

1-Moo.

( 1 1 6 )

The formula applies to a metal upon letting the static 
dielectric constant ((O) become infinite [122]»

Suppose we let S^+ ) be the total probability that the 
electron excites n quanta as it passes by the surface, 
losing the energy nticus in the process. We then have, for 
scattering from thermal excitations:
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sn+) = rn lRii2 (117)

In the limit of zero temperature, Tn is given by a Poisson 
distribution:

Tn = (f n/n!)exp(-f) (118)

The Poisson distribution of surface-optical phonon 
intensities' has been observed, in earlier EELS studies, e.g. 
on TiOg samples (see chapters 2 and 5).

Within the framework of the theory presented above, 
the surface mode of a semi-infinite dielectric was derived 
simply by examining the positions of the poles of the 
appropriate electron-energy-loss expression (see above).
For an ionic crystal, where the frequency-dependent 
dielectric function is given by Equation 111, this mode may 
be derived equally well within the so-called 
lattice-dynamical theory, as was first done by Fuchs and 
Kliewer [98]. For this reason, the surface optical phonons 
are often referred to as M Fuchs-KliewerM phonons.

Within the lattice dynamical framework, the surface 
optical modes are described by a macroscopic theory. The 
equation of motion of the different ionic sublattices is 
derived from classical electrodynamical theory and yields 
the transverse and longitudinal frequencies Tq ■and L0» as
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well as Equation 112. Further mathematical and physical 
details are given in references 98 and 122.

The surface optical (Fuchs-Kliewer) phonons are 
accompanied by a long-range electric field [99,122]:

Ex = E0 sinfQggX- t) exp(-QH lz|)
Ez = Eq Cos(C)llX- t) exp (-Q11 I z I ) sgn(z) (119)

Here, the x-axis is parallel to the surface and the z-axis 
parallel to the surface mormal, i.e. the crystal fills the 
halfspace with z<0.

From the above equation we see that the character of 
-the phonons is mixed: transverse-longitudinal, and that the 
electric field decays into the crystal and into the vacuum 
with a penetration depth of the inverse magnitude of the 
wave vector transfer V Q 11* For small changes in the wave 
vector Q^->0 (see above), the electric field due to the 
phonons thus penetrates deeply into the crystal.

Screening of Surface Optical Phonons

Dubois et al. [1373 discovered that the surface 
optical phonon (36.2 meV loss energy) of a (100) Te-doped 
GaAS sample was completely screened by a 3-A-thick uniform 
overlayer of silver (monolayer thickness of silver: 2.57 A,
see chapter 3). Their experiment only measured small-angle
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deviations (+1 ) from the specular direction, and thus 

the dipolar scattering theory was applied to the Ag/GaAs 
system.

The GaAs substrate can be viewed as a dielectric [137] 
with frequency-dependent dielectric constant given by:

f b(&*) « Cb)
CĴ Q-CO2 -iCoT

(1 2 0 )

Here, cUfO is the transverse-optical phonon frequency of the 
material. This is., overlaid by a silver film, regarded as a 
thin dielectric layer of thickness d described by a
dielectric constant

2
f s (<u) = f J; 3 ̂

(Up (121)• OO (o (co+ iy)

with COp as the conduction-electron plasma frequency, p and 
yare phonon and plasmon damping constants, respectively.

The inelastic electron-scattering cross section is now 
calculated from Equations T 07 and 108 by integrating over 
an appropriate solid angle as described above.

The theoretical results showed decreasing 
surface-optical phonon intensities with increasing silver 
coverage, in good agreement with preceding experiments 
[137]. The observed features can be explained as follows.

In the absence of phonon and plasmon damping (P=X=O), 
the condition I + e (Q 11 ,w) =0 (pole of the loss function, see
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Equation TO7) yields:

fg(w) + 1 f s (<u) + 6]) (cu)— ——— — — — x — — — — — — — — — — — — exp(—2Q||d) 
fs(cu)-1 es((y)-fb(<u) (1 2 2 )

We are.interested in the regime where Q,,d<<1, and <M<«Upf go 
I fs(a>)| Z_ |-cu|/<y2| >> i. Then the above equation can be 
written as follows:

I + % C1 + fb(<y)] = I - 2Q11 d (123)

This equation leads to the -dispersion relations

with

I I
<y+(Q11) = - [CU 2+a>2 (Qu) ] + - { [<u2_^2( Q(() ] 2

+ 4 (cu|_(y^Q)CL>2( Qil) } I/2 (124)

cu§ = tufro x
(&b)+1
f ( b ) + 1CO

(125)

as the surface-optical phonon frequency for a GaAs-vacuum 
interface, and

cu2 ( Q n)
2CUpQ11 d

;;';(b) (126)

is the dispersion relation of the low-frequency surface
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mode, of the conduction electrons in a thin metal film with 
vacuum above, and substrate with frequency-independent 
dielectric constantg(b) below.CO

An important parameter [137] is the wave vector Qq for 
which the low-frequency collective mode of the film crosses 
the GaAs surface-optical phonon frequency. This is 
determined by setting <ug = Cu(Qg) > and hence we get:

I cofp n . .
Qq = - x --  x (I+e&  ̂ (127)

d ctiI

With the help of Equation 124 it can easily be shown that

CO- ( Q|| - ̂ O) ---> co 2 ( Q|| )
cc>+ ( Q|l ->0) -— > co 2

and W 2( Q11 >>Qq ) - CU?O
"+(Q,, >>Q0) ~ co2(Q||) »

since coa Hco ^or GaAs.
As Q||->0, the 0)+ branch approaches cos which shows that 

for Q||<<Qo» the GaAs surface optical phonon is not effected 
by the presence of the Ag film. It thus produces electric 
fields with strength unaffected by the overlayer. When 
Qt|» Q 0 , in essence the GaAs surface mode is driven down in 
frequency to coTq. But any oscillation of the lattice of an 
ionic crystal will fail to generate a macroscopic electric 
field, if the oscillation frequency is o>T0* This is true
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independent of the spatial variation of the lattice motion,

— 3 — #because the macroscopic field E(x) generated by lattice 
displacements u(x) is given by (see references 122 and 137, 
as well as Equation 111 with = 0):

Thus the crucial issue is whether Qg >Qq , or Qc <Qq > 
where Qc the maximum wave vector accepted by the
spectrometer. If Qc<Qo> the feature near <o3 or t>T0 
produced by scattering off the a>+ branch. These modes 
generate an electric field comparable in strength to that 
associated with the bare GaAs surface, and the surface 
optical phonon is observed at full strength in the loss 
spectrum.

On the other hand, if Qc>>Qq , nearly all electrons 
collected by the spectrometer have suffered momentum 
transfers very large compared to Qq, and in this region of
phase space, we have no collective modes near <ys or o)T0 
which generate a macroscopic field, the loss peak is absent 
or weak [137].

By setting Qc equal to Qq , a critical film thickness 
dc can be defined as follows (see Equation 127):

e E (x ) = Mr (6><rQ-<y2) u (x ) (1 2 8)

Qc *p
(129)

Then, if d>>dc, the GaAs surface optical phonon is
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suppressed by the Ag film, while if d<dc, it is present

V
with substantial strength.

With Qc I IO6 cm-1, I^t o ~ 33 meV, Iitup : 3.5 eV, and 
( (b) ~ 23 f we get dc % 0.1 A, i.e one monolayer of Ag is 
quite sufficient to suppress the scattering from GaAs 
surface optical phonons [137] .

In the case of a titanium-covered TiC^(HO) surface, 
similar features have been observed, xhe surface-optical 
phonon intensities dropped significantly upon the 
deposition of small amounts of titanium (see chapters 4 
and 5). From Equation 43 and the data presented in 
chapters 2 and 4 (E2=Ep=27.1 eV, @2=60 ,h<ug=95 meV, etc.) , 
as well as Iitup(Ti) ~ 12.5 eV, we calculate Qc ~4xl05 cm- 1

o 'and dc (Ti) ~ 0.1 A. The low value indicates that even 
submonolayer coverages of titanium significantly screen the 
very strong Fuchs-Kliewer modes on TiC^ (HO) surfaces.
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