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Abstract:

The electronic defect structure of Ti02 (110) before and after exposure to O2, H2 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 01s core-levels.
These effects result from the formation of Ti3+ 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 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 Ti0,(110) before
and after exposure to O and CO was stualed by means of
XpS, XAES, AES, EELS, ES 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. These effects result from
the formation of Ti3™* in a Ti-VO;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 O2 (H2 and CO0), 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 H, and CO (05) exposure to ideal
surfaces. The results are dlscussed guantitatively in terms
of a modified charge transfer model.
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CHAPTER 1
INTRODUCTION AND STATEMENT OF THE-PROBLEM

Titanium dioxide is ' a transition-metal dxide and has
proved its great practical importance in the field of gas
sensors,.éatalygts; high-temperature-resistgnt
'semicéndubtérs, maSers;_photodebompqsition of water and ﬁhe
photo-ogidation of a number of organic and inorganic
molecules (see chapter 2).

The underlying physical and chemical mechanisnms,
however, are not well understobd yet. It is believed that
surface point defects are responsible for ﬁhe catalytic
activity of titanium dioxide surfaces, in the sense that
theynprovide adsqrption sitesifor foreign gases and
.determing charge-transfer reaction rates (see chapter 2).

In this thésis, different methods for preparing
stoichiometric and defective titanium dioxide surfaces will
bg presented. The interaction of various gases such as
oxygen; hydrogen and carbon monoxide with these surfaées
will be‘investigated by studying_changés in the surface
electronic étructure. Measurements of changes in surface
conducti&ity and work function as_wéli as different
electron spectroscopies 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 pol&morphic-struéfures of titanium dioxide
(Ti02) are known to Ee rutile, énatase and brookite
[1,2,3]. The rutile structure to Be investigated in this
thesis is the most stable structure under atmosphéric
conditions at room temperature. It exhibits a tetragonal
unit cell, which contains two titanium Til+ and féur oxygen
02- ions (Figure 1 and reference ). Its coordination is

6:3 (oxygen-to-titanium neighbors).

The space group of the rutile structure is Dﬂﬁ’ whose
irreduciple representations, as'ﬁell as those of its small
groups, haye been given by Dimmoék énd Wheeler and by Gay
.et al. [2,5,6].

Each titanium ion in the unit cell has two oxygen

Q .
neighbors at a distance of 1.988 A and four oxygen

. [-] . ‘ .
neighbors at a distance of 1.944 A (Figure 1). 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].




Figure

2-520A

-\S>-

2-520 A

4-594A

Unit cell of rutile TiO2 (see reference 4).

Black and white circles represent Ti¥* and
02- ions, respectively.

2-959 A
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‘'From general group theoretical results [7] it is

well-known that an octahedral ligand field causes the five

g

symmetry and threé states of tpg Symmetry, but leaves the

degengrate Ti3d'states to split into two states of e

three‘Oép stateg unaffected., This effect is:retrieved in
the bulk electronic structure, since the octahedral
environment is nearly preservéd in the cr&stal, leading t§
two valence- and two conduction subbanés.of eg(3z2-r2,xy)
and tzg(xz,yz,xz-yz) symme try [2,8]. Due to the i
cpmparatively high ionicity of‘Tioz of 60-70 % [2] on
Philip's ionicity scale, estimated froﬁ Raman Séeétréséopy
[9] and Positron Annihilatioﬂ [10] studies, the vg;ence_and
conduction bands aré mainly derivéd from-OZb and Ti3d
orbitals, respectively. The féirly large optical band gép
was determined to be.3.05 eV near room température [11].
The pure stoichiometfic Ti0, crystal is thus a transparent
insulator showing.a bulk conductivity of approximately
10-13Q =1em-1 [12,13]. |

- The phase.diagram of the Ti-0 system is complicated
[14,15]. Below 2100 K (the melting point of Ti0o)) there'
exists at least eight.intermediéte titanium oxides
(TinOppqs n=3 to 10) betweeh Tip03 (titanium sesquioxide)
and TiO,, - '

On reduction by'heating‘in vacuum or hydrogen at 870 K

for an hour, oxygen is partially lost from the Ti02 lattice

(the equilibrium oxygen partial bressure above Ti0, at
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870 K being about 10-18 mbar [15,16]1), and the crystal
becomes-first-yellow and tﬁen blue in color. In ;his case,
transport measurements indicate that the crystal becoﬁés an
n-type semiconductor, and Paramagnetic Resonance studies

show the presence of Ti3f species [4,15]. The oxygen
concentration can be restored by heatiﬁg the-reduced
crystal in an oxygen atﬁosphere of about 250 mSar at 870 K
for 1 hour, as shown by the color change of the crystal
from blue to yellow [i5]. |

In 1952, Cronemeyer [11] found that tﬁe blqe color of
the Ti0, crystal arises from an optical absorption'maximum
at 0.73 eV and that further reduction of ru£ilg leads tolan
opadue crystal, From weight losses and Hall coefficient
data he caldulated'the bulk density of‘eonduction-bahd
electrons to be 1020 em=3 in opaque crystals.

From further Infrared Absorptlon studies [17]
Cronemeyer concluded that oxygen vacancies can be
considered as doubly ionizable donors (two electrons are.
trapped at each oxygen igcancy), ﬁhich are reéponsible for
_the conductivity of-nonstoichiometric rutile. The existence
df several donor levels in the band gap of defective rutile
was mainly derived from the temperature dependence of'the
conductivity and Hall ﬁobility [11{18,19]. Measurements gf
dielectric constants [20,21], Inféred (IR) and Optical
Absorption results [11,17j as well as studies of the

dependence of the conductivity ahnd Hall mobility on the




| O AN YR ¢

6
degreé of reduction of rutile [16] led to the assumption
that these donor levels can indeed be‘assigned.to
differently ionized bulk oxygen vacancies [22].

In this ﬁodel, each bulk oxygen vacancy Vo is
associated with two Ti3+ épecies (2Ti3+ Vo) and.can be
ionized twice; The corresponding ionizatiqn 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 conduetion-baﬁd edge EC [13]1. |

Ti3+ ions in the bulk of rutiie ﬁay also be described
as donofs. Théy are assumed to be located at regﬁlaf

lattice sites [21,23] as well as intersfitial sites

[24,25]. Electron Spin Resonance (ESR) data [26,27] as well

as studies of the infernal friction [28,29] support both
hypotheses.

Oxygen interstitiais were only observed at oxygen
pértiél pressures above 1'mbar [30] and lead to
acceptor-type levels in the band gap, and even-to p-type
conduction at highér oxygen pressures [30]. '

Thé oxygen vacancy concéntration obtained by a high
temperature treatmenﬁ (see ébové) with the help of reducing
gases (H, or Hy0 [11,31], CO or CO, [25,32]) is "frozen" by
quenching down to temperatures below 800 K [33;34].
Although the thermodynamically stable oXxygen Vacaﬁcy.
concentration was determined to-be 1ess‘than'

3.4x1012 -.¢cm=3 at temperatures below 600 K [35,36]1, no
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changes in the bulk stoichiometry are observed below 800 K
during the exposure of oxygen. Reveréible uptake .and

removal of oxygen is only observed above 800 K [37].

The diffusion of titanium in the TiOp bulk was studied

by Carnahan et al. [24], who derived a diffusion activation’
enépgy of 1.04 eV from changes in optical absorption.

Hépl and Duembgen [38] studied the diffusion of oxygen
in TiO,p by means of gas/solid isotope-exchanse experiments
with 18O-lapelled oxygen. In the fempéfatufe range between
980 and 1570 K, -they calculated a diffusion activation
energy of 2.65 eV and a diffusion coefficient of
é.Ox10f3xexp(_é,65 eV/kBT) cmZ)sec for oxygen diffusion
(see also referépcé 1).

Many physical properties of rutile Ti02 such as .
electrical condﬁetivity, Hall mobility and dielectric
conséant are highly anisotropic [15] .and have been
investigated extensively dﬁring the last degades.

Different models such és the multiple-band model and
"the po;aron hopping model have been suggested to explain
thé charge-carrier transport mechanism and thus the
conductivity of rutile,

The scatﬁering 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 scattebing at acoustic and optical phonops hés been
cbnsidered, in terms of a multiple-band [16,18,40,41] as
wé;l as a polaron quél [42-34,49]. .

-Becker and Hosler [18].deduced the existence of
multiple-bénd conduection in n-type rutile for temperatures
above 40 K from studies of Hall coefficients and electrical
conductivifies from 2 té 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 énd surface conductivity could bé neglected.’

Bogomolov and Zhuze [42] performed eigctricai
conductivity and Hali>mobility measureﬁents on slightly
reduced single-crygtal rutile (parallel and perpendicﬁlér
to the cfaxis) in the range of 78 to 700 K. From their low
_Hallhmobility‘values they concluded fhat the electrical
conductivity of-rutiie‘can be described in terms of a
hopping ﬁodel of polarons with large effective‘masses,
rather than by a multiple-band model.

Inl1968, Goto anq Okada [44]. presented results
obtained. from high-ffequency eénductivity measurements.
Their results sﬁbwed an increase iﬁ the bulk conductivity
above 100 MH=z apd a saturation above 24 Gﬁz.'The magnitude
of theldispérsion turned out to be independent of
teﬁperature. They.attribﬁted the highffrequency
conductivity in (reducéd) rutile to the hopping conduction

of small polarons localized around lattice defects.
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Since'1970, both the multiple-band ano the polaron
model have been accepted as coexisting models [45],
according to which free charge carriers are found in
conduction bands and_eiectrons trapped at defects are

considered as polarons.

' Whitehurst et al. [46] as well as Raalte [47] observed
an 1nstab111ty in the electrlcal conductivity of
nonstoichionetric ceramic and crystalline titanium dioxide.
The condﬁctivity was found to oecrease slowly for as muoh
as several hundred hours at constant measuring temperatures
lying between 273 and 373 K, following quenchlng from
temperatures between 470 and 670 K. Whitehurst's
experimentélhcurves showed that the conductivity varied

with time at the measuring temperature according to: .
0= 0g-+ B x ——————— (1)

where 0,05 and oo are, respectively, the conducivities at
time t, at t=0 (immediately after quenching) and at

equilibrium (t->®). The factor B is a constant.during a
given isothermal experiment but, in general, depends on Og

and 0, as well as temperature. .

Whitehurst et al. interpreted their results in terms

" of the ‘theory of reaction rates on the assumption'that_
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electrons are trapped out of conduction states into empty

traps.- They calculated extremely small trapplng cross

sections of about 2x10'27 cm?2 [46].

Extensive studies on bulk Hall mobilities of TiOp have

been presented in the literature duringithe-last two
decades. The Hall uobility 13 strongly'depends on the
crystal temperature T, but does_not show a dependence on
the charge carrier concentnation abovefzoo K [18,48]. The

temperature dependence can be expressed as
L= a1XT'a2 ' SN (2)

‘where a4, ap are constants [42,48].
In order to describe the mean mobility over a-widen
temperature range, a more complicated expression is

favored:

g =_a1xT-32x[ekp(a3/Tj-a4]_ ' o (3) .

where a3 = const. and ay = 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:

a1 = 1050685 ~0m2K2o5/Vsec’ a2 :'2.5’ a3 = ‘au = 0 (u)

Dlelectrlc constants of rutile T102 were determlned
experimentally by Parker [50],.Domin1k et al. [21] ‘as well

as Hollander et al. [20]. Measurements were done parallel
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and pefpendieular to the c-axis, in temperature and
frequenéy ranges from 1.2 to 1060 K and 102 to 105 HQ,
respectively. The dielectric constanté ¢ used in this
thes;s (see chapter 5) were derivgd from results given in
referepce 50. The following approximate temperaturg

dependence was obtained in a temperature range from 300 to

420 K: - ' -
€ Z €4xT + €2 , (5)

‘where €9 =:;0.066 K-1 and-eg = {40.7;

From measurements of electrical and optical properties
Frederikse [41] and Brecfe?ridge ét al. [16] determined
.effective masses of conduction band‘electrons. Using the
expressions for.the conductivity, Héll coeffiéient,'and
thermoelectric power of a nondegenerate electron gas [#1],
Frederikse calculated the effective electron mass merf af
the bottom of the‘conduction band to be 25m,, where
me 18 the rest mass of an electron. The above relationship
will be used in the discussion in chapter 5.

Recalculations of ﬂadelqu potentials in
stﬁichiometric rutile TiO, are réported by Iguchi et al.
[51]; They determined Madelung po;entials of 29 .53 eV at
the Ti%*+* site and -41.20 éV at the Oé- site, leading to the
value of 141.5 eV for the Madelung energy'per‘TiOZ

'"molegule" and also to the value of 4.810 for the

Madelung constant.
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Soffer [52] as~well as von Hippel et al. [4]
discovered during Iﬁfrared-Speetroseopiﬁ experiﬁents that
TiO2 erystals grown by the Verneuil method always cdntaiﬁ
fesidual hydrogen, indicated by a narrow double band near
3300 cm~1, the typical OH stretching vibrétibn. Various
feactions in hydrogen and oxygen and the effects of
reduction on electron mobiiization and the Optical
-Absorption spectrum were studied subsequently.'Theoretical
studies [53] oﬁ the solubility of hydrogen and deuteriumt
as ﬁell as‘diffusion experiments [54,55] involving hydrogen
and deuterium, have also been reported during the‘last few
years. Johnson et al. [54] have meésured diffusion
coefficients D for hydrogen both parallel’énd perpeqdiculgr

to the c-axis; their results are:

Dy = 1;8x1Q~3xexp(_o,59 eV/kBT) cm2/sec and

0.38xexp(-1.28.eV/kBT) cm2/sec.

Dy
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Suyrface Structure Including Surface Defects

Titaniﬁm‘&ioxide surfaces have‘béen studied by several
su;face science groups in the past [2,15,56=97]. From the
basic science point of view, studies at (110)
Single-cryétal TiO, surfaces are of particular interest
(geomet#ic model‘in Figure 2, and refefence 80). First,
this surface is éh;'thermodynamically most stable surface
of Ti0, [65,79,86,94] and is expected to make possible the’
study of reversible soliq-gas interactions. Secondly, ideal
Ti0p Surfaces show no intrinsic surface states in the band
gap [65,79,861. |

States may, however, be induced by the fOrﬁétion of
either point defects of the‘ideal TiQ, lattice, such as
vacancies or interstitial étoms,-or of extrinsic defecté
associated with foreign atoms [45,57,59,62,63,65,791.
Electronip states in éhe gap have been éssocigted with the
existence of intrinsie, paramagnetid defects [65,79,801],
and earlier studies. on the defect formétion at Ti0,5(110)

[56,79] indicated that filled band-gap defect surface

' states correspond to 2Ti3* ¥,  vacancy complexes, although -

the detailed geometry of those complexes is not precisely

known.

Ll i =




Figure 2.

Left: geometric representation of the TiOg(l110)
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).
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_The mést.probable type of surface péint defect ét
Ti0o(110) is shown in Figure 2 (black circles: Ti ions,
white circles: O'ions) by the missing 0 ion (iabelled B)
that bfidges two sixfbld-coordinated Ti ions. When a
bridéing 0 ion is removed,‘the two neighboring Ti i§ns:
become fivefold-coordinated.

However, observations on nearly perfect T102(110) and
(100)-sﬁrfacés [79] show that fivefold coordination may not
be suffieieht to completely populate band-gap surfaée
states in n-type material resultiqg in only partially
filled donor leveis (sée reference 79 and.chapeer 5). For
this defect the two Ti ions are very poorly screened from
each other, which is éomewhat analogous to the situaﬁion
in bulleiZO3- This poorly screened pair pf Ti ions at thé
defect site may well share ah electron %n'a similar manner,
giving rise to a band-gap surface state.'This‘sitUation is
illﬁstrated in Figure 2, which also presents schematic
energy diagraﬁs of:TiOZ as well as Ti, The thick solid line
. labelled-B represents the point-dgfect (see geometric
model) inducéd donof le?el in the TiO, bénd gap between the
"O2p-derived valence band- (VB) and the_Ti3d-derived

conduction band (CB, corresponds to A for the

. stoichiometric surface). The Fermi level, Ep, indicated by -

the dashed line, was found to be close to the donor level .

and changes its relative position t6 the latter one as.a
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"funection of tempefature [79]. Thus both pértially énd
compietely filled donor levels are possible,
Point defects at‘Tioz(i10) as indicated by B in

Figure 2 can easily be ‘created by hiéh temperaturé
tfeatments (see referenées 79-81 and chapter 4) ahd lead

to discrete'ehergy (donor).levels in the band gap. Heavy
ion bombardment, howéier, may result in the formation of
line defects accompanied by defect energy bands in the band
gap. Thié phenomenon is illustrated by é in Figure 2 and
haS'been'obsérved dufing UPS (Ultraviolet Photoemission
Spectroscopy) experiments by Henfiqh.et éi._[56] as well as
Chung et al. [15]. Argon-ioq bombardment led. to an ‘
additional band-gap emission 0.7 eV:below the TiO»o
‘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 T102(110) surfaces [56] (to be discussed

in more detéil in chapters M'and'5f also showed an
additional e;ectronic loss- feature at_a loss energy of

1.9 eV. This'feature was assigneélto a d-to~d transition
involving defect-induced oeccupied Ti3d states in the band
gap as well as empty Ti3d states in the conduction band
ksee also chapter 5) and has also béen detected by Goepél
et al, [50,81]. ‘
Stiil further ion bombardment brodgced,ordering of

Ti3+ pairs into a T1203-1ike surface structure according to
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UPS and ELS spectra [56]. The intensities of the
Qefgctfinduced UPS and ELS features dropped signifieahtly
during ?he exposﬁre to 108 L [Langmuir (1L = ‘
1.33x1df5 mbar seé)] of oxygen at room tempeféture as was
shown by Henrich ét al. f56]f

The formation.of surface defects at‘TiOé(110)

apparently results in less positively (compared to the Ti4+
ions in the bulk) charged titaniﬁm species at the surface
due to tﬂe occupation of originélly empty Ti3d states
indicated by B and €C in Figﬁre 2. . '

In a further step of surface chemical reduction, thg

presence of neutral titanium atoms at the surface will be

of interest and is emphasized by big dark circles (lébelled‘

Df and a schematic titanium energy diagram in Figure 2. The
situation encountered after the deposition of titanium
atoms on TiO,(110) will be. discussed extensively in
chapters 4 and 5. _ _ . .

Low Eneréy Electron'DiffPaétion (LEED) sfudies have
been reported, e.g., by Henrich et al. t56], Chuﬁg et al.
[15]; Kao. et al; [87] as well ﬁs Firment [72].'The
stoichiometric Ti0p(110) surface showed a stable (1x1)
unreconstructed structure after anﬁealing at 670 K for 15
minutes [15,87] and a (1x2) paéfern after an extended

annealing at 885 K for 1§ hours [871. A TiO5(110) surface-
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sputtéfed 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 measuremeﬁts, Chung et al; t15]

found that the work function increased from 4.6 eV for the
T102(110) argon-bombarded surface té 5.5 eV for the
well-annealed (110) surface. This result'is-coﬂsisténf with
£hgt of Henfich et él. [56] reported for the (1105.surface.
On the other hand, the work function of an initially
well-ordered Tioz(i10) surface.ygs unaffeéted by oxygen-ion
. bombardment up £o 7.2x1015 ions/cm2 [15]. Together with the
work funétion measurements and the knowh:values.of |
electron affinity and band gap for TiO, (4 and 3 eV
respectively), Chung.et ai.‘#léo calculatéd a surface band
bending of 1.710.2 eV for bo£h the annealed or
oxygeﬂ-ion-bombarded (110) surface and Q;Qio.g eV for the
argon-ion~-bombarded surfacé.

| Auger Electron Spectroscopy (AES) studies on Ti0,(110)
surfaces have been reported, e;g., by Chung et al. [151],
Davis et al. [77], Knotek et al. [60] as well as Nishigaki
[761. Chung et al. found an increase in the OKVV/TiLMM
ratio from f1;3 on the'afgonlioﬂ;bombarded surface to “1.7
on the‘annealed T102(1TO) surface. This ratio turned out to
be fairly reproducible ovef many sputtering-annealing
-cyclés, indioéting éxyéen deficiency at érgon-idn-bombérded

surfaces.
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During his AES gxperiments on Tioé(11o) surfaces
Nishigaki discovered that the line shape of the Auger
transition TiLMV dhanged upon argon;ioh bombardment. He
interpreted this'ppenomenon,in terms Qf Ti3+ species at
sputteréd surfaces, inducing an additional int;a-atomic
Auger proéess invo;ving occupied Ti3d states. Simi;ar
features have'ﬁeen observed in the course of X-ray-induced
Auger Electron Speétfoscopy (XAES)'stuAies performed on
TiO5(110) samples by Goepel et al. [801].

The origin of the TiLMV"Auger line on.stoichiometric
and'defective TiO5,(110) surfaces is explained in
Figure 3 (see also reference 80). A.T12p3/2 (=L)
core-hole level is reoccupied byla Ti3p (=M) electron. The
de-excitation energy gained in this process causes the
emission of a valence-band (V) electron and thus the Ahger
line TiLMV, bue to ﬁhe fact that the valence band of TiOo
is mainly oxygen-deriyed, the TiLMV Auger transition in
TiOo ié interatomic, in&oiving.both-titanium and oxygen
ions. In‘the presende of surface defects, however,
Ti3d-derived .states are found in the band gap (see above)
aﬁd maﬁe.possiblg an additional intrafapomic TiLMV Auger
transition (see arrows in Figure 35.involving titanium
energy levels only. Owing.ﬁo thé'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 énergy in the TiLMV 1line.
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The:results obgained by Nishigaki and Goepei 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 04 deéorption from |

-Tiog, 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‘ievel
of a neighboring titanium atom produéed by electfon
stimulation [in Electroﬁ Stimulated Desorption (ESD)
Spectroscopy, see reference 61]. The sputtering ﬁfbduces
Ti3+ ions, .and the titanium core-hole in the sputtered
laygr is then de-excited through the dominant iﬁtra-atpmic
Auger decay without accompanying the fémoval of the
adjacent oxygen charge. This procéss does not induqe oxygen
desorption, causing a large drop in the yield [T76].

TiLMV Auger 1iné-shape studies oh various titanium
oxides, such as TiO, Ti203 and TiOZ.(anatase and rutile)
have been reported by Davis et al. [77]). Again, it could be
shown that this Auger transition is a seqsitive indicator
of thé average stoichiometry of the surface being studied.

Photon-ahd Electron—Stimuiape@ Desorﬁtion
experiments (PSD and ESD) have been performed on clean ‘and
oxidizea Ti(0001)‘surface$ by Bertel et al. [66-681, who
studied the decay channels of the 3p resonancés in 3d

transition metals and. also discovered that clean Ti(0001)
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_surfgces~cén.easily.be‘oxidized.at room temperature during
4 56:100?E ekﬁosures of oxygen. Subsequent UPS and ELS
measunements demonstrated the presence of a profeetive TiO2
overl#yer, which turned out to be stable up to 520 K [68].

X-ray Photoeiectron Spectroscopy (XPS)'studies on.
titanium dioxide have been reported e.g. by Scrocco [971,
Sham et al.l[88],-Murata et gl._[78],‘Kao et al. [87] as
well as Goepel et al. [79,80].

- Sham et al. perforﬁed angie-resolved XPS studies an
clean and hydrated TiO, (rptile) surfaces and observed one
Set of Ti2p peaks énd more thap one 01$.for the clean Tioé
sample, suggesting that ox&gen ions terminate at the
surface. Thése'ions are.strongly polarized by the surface
cations which are believed io be»half-buried under the very
first layer of oxygens. Thﬁs,the Ti ions éxperience.a
§maller‘change of potenti;l than surface oxygen ions and
the binding;enepgy shift for surface Ti“+ ions cannot be
r‘esolved'[8‘8].~

Goepel et al. discovered that high temperature
~low-oxygen-pressure treatments or moderate ion bombardment
of TiO,(110) samples lead to the formation of surface
defects with characteristiec shif@s in the cation (Ti2p and
Ti3p) cofe-ievels of 1.7 eV towards léwer bihdipg energies
and in the anion (01s) cpre-ievel towards‘higher binding
epergy.‘Simultaneouslyl atténuation‘of nonbonding 02p

valence band states was observed [79,801].
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High-resolution Electron-Energy-Loss Spectroscopy
(EELS) experiments on Ti02(100) and Ti0,(110) surfaces have

been carried out by Kesmodel et al. [82] and Rocker et al.

[81], respectively. The existence of highly intense surface’

optical'(Fuohs-Kliewer) phonbns'(éee referehcgs 98,99 and
Appendix B)-coﬁld be shown on both surfaces. Rocker et al.
were able_to'detect-three different vibrational modes at
46, 54 andﬂ95 meV loss energy as well as the OH stretch
vibration ét.455 meV ioss eneréy on suffaées that had been
exposed to atomic hydrogen [81]. They also observed small
priﬁary-energ& dependent Shifts-of the Fuchs-Kligﬁer
phonons towards lower losg epergies upon défect formation.
An attempt was>made to explain the physical origin of these
peaks in terms of damped harmonic oscillgtors (see chapter
5). |

The surface electronic_struoture of Ti02(11o),
Ti02(100) and Ti02(001) surfaces have been investigated
fheoretically by Kasowski et al., [86] as well as Munnix et
al. [2,83q85]. Linear combination of Muffin-Tin Orbitals
(LCMTO) energy-band methods [86] as well as‘soatbering
theoretic methods [83-851 héve been applied_to study
stoichiometric TiO, surfaces.

A recent theoretical study on defective TiO5(110)
sufaces has been perfsrmeq by Munnix and Schmeits [85j,
showing that the ekperimentaliy observed gap state (see

above) on defective surfaces is indeed due to an oxygen
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v;cancj. This sta£e, however, is.hot due to the removal of"
an O étom'%roﬁ a sﬁfface bridging site, as frequently
proposed, but results from a subsurfacenéxygén vacancy
[851. |

In geﬁérai, the surface 6bnductivity of a
semiconductor is givén bj eontribuﬁions from conduction ih
intrinsic and extrinsic (e.é. adsorbate-induced) surfaee-
states:as ﬁéll as condﬁction in space=-charge la&ers
[13,79,100,101]. Theoretical L102] and experimental
[65,103] investigations showed no evidence for the‘presence
of iﬁtrinsic surféée states in the band géﬁ of rutile, due’
to surface-atom reconstruction immediately foliowing ;he
creation of the surfaée. Conduction in intrinsie surface
states can thus be néglected.

Due to éxtremely low coverages obtained during gas
exposufes, cdnductivity in extriﬁéic (adsorption-induced)
surface states at TiO, surfaces has not been observed yet,
either [104]. |

Surface Hall mobilities can be estimated within the
frame of'afspace-charge model (see references 100,104 and
chapter 5) and are ﬁqqally determined to be smaller than
the bulk Hall mobilities, because of additional scattering

processes at the surface f100,104].
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. Adsorption on Stoichiometric Surfaces

Oxyzen Agsérétign

The first UPS studies of adsorptioﬁ of oxygen on Tioz\
surfaces were performed by Henrich et al. [56,58,105]. .
Subsequently, Lo et al. [59] studied the interaction of Oj
and other .gases with the Ti0p(100)-(1x3) surface.

Henrich‘et al., [56,58,105] found éompléx adsorption
featu}es on-TiOé(110) 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 10b_L gave complicated
épeetra, indicating the bresence of several adsorbed
phases. Tﬁe sim;l#rity of calculated differenée spectra to
the TiOp valence~-band emission suggested tﬁat oxygen
adsoﬁption ;eads to 02~ species at the su?face, siﬁce the
bulk valence band is derived predominately from 02- ions
[58].

" Lo.et al. [59] found that the UPS spectrum of a
Ti05(100)-(1x3) surface after oxygen adsorption'shpwed
three new/emiséions with energies of =-5.2, -6.8 and =10.3
eV (refefréd to the Fermi level). Their pfevious stuaies
[15] had_shown fhat.the -10.3 eV emission peak only occurs
fop“é disordered fioz surface,'and thus they céncluded that

édsorbed'oxygeﬂ forms a disordered overlayer, consistent
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with their LEED observations which showed that the

(1x3) pattern degraded after oxygen adsorption [59]. -

The adsorption of oxygen on'T102(110) surfaces was

also studied by Feierabend '[13] and Goepel et al. [79] who

measured pronounced decreases Aog 1n the surface

conductivity as well as increasesz&¢ in the work function

during oxygen exposure. The strong temperature dependence

~of the conductivity changes indiéated thét 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 TiO, surface. With the help of a

charge-transfer model, attempts were made to separate
surface and bulk -contributions of thegggs effécts [79],’

Separate-Thermal-Desorption+Spectroscoﬁic (TDS)
studies yielded relative oxygen coverages of up to
®= 0.015 after 3000-sec exposures (Pgp = 6-7X10'6 mbar,

T = 303 K). The activation eneréy of'desorption was
determined to be Edes = 0,97 eV.

‘The partial charge (see chapter 5) tran%fefred from
the TiO» substrate to eéch chemisorbed oxygen ﬁolecule was
assumed to be § = -1, according to studies performed by
Hupfeld [106] as well as Goepel et al., [101,107,108]. From

this point of view, oxygen is believed toé adsorb as

O51,chem‘
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From the initial time derivative Oféﬁas(t) aﬁ initial
sticking coefficient.of Sgp = 8x10-5 (T = 303 K) was
estimated (see also chapﬁer 5) for oxygen adsorption. By
analogy to results obtained on Zn0(1050) surfaces
[101,107,108], it was furthermore assumed that no changes
in the electron affinity (and thus noé changes in the normal

component of the surface dipole moment) occur upon the

adsorption of oxygen on Ti0p{(110).

Hydrogen Adsorption

The nature and extent of the interaction.of hydrogen
with transition-metal-o%ide surfaces are still largely
unknown [65]. The interaction of hydrogen with different
TiO2 surfaces was first investigated by Henrich et al.
[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 hydrégen to‘a T102(100)-(1x3) 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
stoichiometriec T102(100)_(1x3),

During Electron-Stimulated Desorption (ESD)
experiments on TiO, surfaces Knotek [63] found evidence
that an annealed TiOjp surface, which has no adsorbed
hydroxyl species, is compensated by H;atoms, béhded in both

hydride-type bonds with Ti ions, as well as hydroxyl-type
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bonds‘ﬁifh subsurface or bridgebonded oxyéens.'sﬁch-a
"oompehsated" surface turned out to be very unreactive with
adsorbates. Furthermore, hydrogen was found at high levels
in the neér-surface region as a contaminant [63].

'Feierabend [13] énd Goepel et‘al.'[79]'hgve reported
measurements of-surface'conduqtivity and work function
changes ppbh'thé exposure of a Ti0,(110) sample to
.molecular hydrogen. Surface conduetivityvinereasgs
indicated donor-fype adsoéptioﬁ of hydrogen species.
Separate Thermal-Desorption—Sﬁeetrosgopic (TDS) stu@ieg
yielded an isosteric heat of qgt = 086 eV and an
activation energy of desorption of Edes - 1,06 eV. The
partial charge resiqing on each adsorbed hydrogen specieé
was caleulatéd to be § = 0.01. From both surface
condudtivity aﬁd work function changes, an
‘adsorbate-induced dipole moment knormal component) of
:Had/cs = =12 Debye was calculated (eg = ungnown_surface
dielectric constanf). An in;tial sticking coefficient of

SHo = 1x10-6 was estimated for hydrogen adsorbed on

“

Ti05(110) at room temperature.

Hater Adsorption

The adsorption of water on TiO2 surfaces was studied
by Henrich et al. [57,581; Lo et al. [59] as well as

Bermudez et al. [92].
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At low wétgr éxposures (1-10‘L, at room ﬁemperafﬁre),
Henrich et‘al: [57] found evidence for the presence of OH
free radicals. on stoiehioﬁetric_T102(11o), At high
exposures (up to 108 L, at room temperature), a spectrum of
slightly pertprbed gdsorbed Hy0 wasAobservedy with tﬁe |
aq ﬁolecular orbitai shifted d.7 eV towards tighter
binding. This suggested that Hy0 binds to the surface of
TiOgvfié its.a1: in-plane 0 lone-pair érbitél.

Lo et al. [59] détected three distinct new UPS

emissions after exposing a stoichiometric

‘T102(100)-(1x3) surface to 105 L of waﬁer. These peaks were

loqatéd 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 wateh, suggesting that water adsorbs as an intact
molecule on the stoiehiometnié 1102(160)-(1X3) surface.
Sham et al. [88] performed xés studies on clean
(seraped) and hydrated (expoéed to HpO0, e.g. 1 mip. at’

1.3x10-3 mbaP,HéO)'TiOZ (rutile) surfaces and detected

several 6xygen sites that were attributed to surface oxygen

ions as well as chemisorbed and physisorbed Hy0. Besides
molecular H20 overlayers, two types of surface OH speéies,

namely Ti-OH and acidic OH(s), were discussed.
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Adsorption on Defective Surfaces

" Oxyzen Adsorption

The adsorption of oxygen on defective TiO, surfaces
was studied by ﬁenrich-et ai. [56,58,105] and Lo et al.
[59]. Apart from a decrease in the inpensity of the
aeféct-induced band-gap peak (see above), neither Henrich
et al. nor Lo et al. found essential differénces_between
the UPS spectra obtained on stoichiometric and défective
(argon-ion-bombardéd); Ti3+-rich TiO0, supface;..Lo et al.
[59] observed that the work function.change upon oxygen
adsorption increased from 0.2 eV on a stoichiomepric
 Ti02(100)-(1x3) to 0.3 eV on é defective T102(100)-(1x3)

surface.

Hydrogen Adsorption

The adsorptioﬁ of hydrogen on defective TiO2 suffaces
was studied by Henrich ét al. [58,65], Lo et al. [59] as
well as Knotek et.al.'[62-6ﬁ] and ﬁocker et al. [81].

Lo et al. [59] again observed thrée new UPS emissions
after a 105 L hydrogen exposure to an argon-ion-bombarded
Tioé(1oq)-(1x3) surface,  but £he energetic positions of
these peaks were shifted relative to the:peak positions
obtaiﬁed on a stoichiometric surface. The new.binding
energies turned out to be ~4.3, -7.6 and -10.0 eV. In‘
addition, ﬁhe work furction had increased by 6.1‘eV during

hydrogen exposure (compared to a decrease of -0.4 eV on a
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étoichibmetrie'surface, see above). These phenomena were
interpﬁeted as indicating the bresénce of Ti3*+ species at
. the surface which lead to acceptér-type chemisorption of.
hydrogen by forming Til+-H- compiexes at the surface [59].
The results obﬁained by Lo et al. are strongly
supported by ESD and electron-excited Auger Stimulated
Desbrption'(ASD) expe?iments carried out by Knoték [62,63].
‘Rocker et al. [81] observed O-H stretch vibrations in
EELS spectra obtained on hydrogen~exposed (1000-L, a; room

temperature) Ti0,(110) surfaces with point defects.

Water Adsorption

The interaction of water with defective TiO, surfaces
was investigated by Henricﬁ et al. [57,58], Lo et al. [59]
as well as Bermudez et al. [92]. | |

On argon-ion-bombarded TiO,(110) surfaces, Henrich et
al. observed the same UPS features that they had already
found on stoichiometric surfaces (see above), but on
.defectivé'surfaces the binding energy shift of ﬁhe aq
orbital was determined to be-1.0 eV, compared to 0.7 eV on
tﬁe stoichiometric surface (see above). This indicates that
the bonding between a water molecule and the Ti0,(110)
surface.is stronger if the surfgce has dgfects.-

Lo et al. [59] observed éignificant binding energy
shifté of the three water~induced UPS emiséiéns when

comparing the stoichiometric to the Ti3*-rich Ti0,(100)
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surface. The'peaks wére f&und at binding energies of ~4.2,
f;7.5 aﬁd,é1Q.1 ev; close to the peak positions obtainéd
after exposing defeotive surfaées to'hydrogen (éee abovej.
The simiiarities of tﬁe photoemission‘speetra obtained on -
hydrogen-expoged defectiye surfaoes.to those obfained on
wgter-exposed‘defective surfaces wgfe explaiﬁed in terﬁs of
the presence of OH groups on defective surfaces following
exposure to water. I£ was alSo'assuméd that hydrogen
adsofbs disséciatively on Ti3*+ rich surfaces and forms
surface ﬁydroxyl groups whiéh give charactéristic UPS
spectra [59].‘ .

Furthermore, the TDS spectra obtained by Lo et al.

- [591] shog that adsorbed water is bound more strongly on
Ti3+ rich .surfaces, in agreement with results obtained By
Henrich et al. (see above).

In additional ELS studies perfofmed duriﬁg band-gap
(3.05 eV) UV-light illuminations of a clean Ti0,5(100)-(1x3)
surface, Lo et al.. [59] also demonstrated that one.possible
effect of light in photoaésisted décompositioh of.watef is

to regenerate the Ti3+ active sites after water adsorption.

Adsorption of Other Gases

\

al. [79] also studied CO

Feierabend [13] and Goepel et
and CO, adsorption on TiOp(110) surfaces by means of
Agss A ® and TDS measurements. It was believed that during

CO exposure at low ﬁemperatures (~ room temperatﬁre),
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additional oxygen vacancies due to COp formation can be
formed 6nly in the vicinity of an already existing oxygen
vacancy. As é result of repuléion between the remaining
adjacent oiygen vécancies after this surface reaction, one ’
of these point defects diffuses intp subsurface layers.
This egplained the éxperimentally observea increase inz&as
with incfeasipg tempefature a£ almost'eonstahle¢>[79]°

No changes in the sﬁrfacefcqnﬁuefivity and work
function were obser&ed during fhe e#posure of COo.

Furthermore, rutile (defective) surfaces act as
catalysts for the decoﬁposition of "alcohol [109] aﬁd Ehe
oxidatiohlof isobutane [110] and carbénimonoiide
(109,111,121,

The palladium/rutile system is being discussed as a
gas sensor for hydroéen [1131.

Futher applications of T‘iO2 in the fields of
photodecomposition .of water, photo-oxidation ofnorganic aqd
inorganic compounds as well as gas.sensors and catalysts

are discussed in references 114-1f9.

Deposition of Nickel on Tioa(l]o) o
Kao et al. [87] studied TiO,(110)=(1x1) and’

Ti0,(110)-(1x2) surfaces (see above) as well as the

Ni/Ti0,(110) interface by means of XPS,  UPS, AES and LEED.

" From binding energy shifts of the Ni2p3,/o peak and kinetic

energy shifts of the NiL3Mp3Mp3 Auger peak as a function of
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Ni coverage, they estim;ted the partial charges trénsferred
t6 eaéh Ni atom, at a Ni coverage of half a monolayer, to
| be § = -0.13 on thé Ti05(110)-(1x1) and § = -0.07 on tﬂe
T102(1105-(1xé) surface., Nickel was fpund to'Qifque into

the TiO, bulk above 570 K.
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CHAPTER 3
EXPERIMENTAL TECHNIQUES AND SET-UPS

The defect structure of the T102(11o) surface and its
interaction with éases was studied‘using measurements of
conductivity (Ag) and work funection (Aq)) changes as well
as différénﬁ elecﬁron spectboscopieg such as X-ray
Photoelectron Spectroscopy (XPS), X-ray-induced (XAES) and
electron~induced (AES) Auger Electrén Sﬁectroscopm,'high
resolution Elecfron‘Energy Loss Spectroscopy (EELS) and
Electron Loss Spectroscopy (ELS):. The surface géometric
structure was probed by Low Energy Electron Diffréctioﬁ
(LEED). Thése techniques Qill be described in the
following sub-chaptérs. Further details concerning the
theqretieal'background,of data-évaluation are gi%en‘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) eléctrons strike a
target such as aluminum, magnesium, .copper etc;, X-rays
ﬁith a characteristic energy distripution are emitted due
to the reoccupation of.ionizéd gore-leveis. In addition,

bremsstrahlung is observed. Depending on the core levels

involved.these so~called X~-ray lines are labelled, e.g., by -

Ka1,2'(main ﬁeak) and Ka3,4,5,6, Kg (satellites)_for Mg and
Al, and Lqj for Cu (see e.g. reference 120).

X-rays can be used to probe the electronic spfuctuke
of solids.'Thesé are illuminéted with X-rays of energy hv
-and emit so-called bhotoeledgrons of kinetic enérgy Exin

according to the Einstein relation:

Egin =h - Ep - ¢ (6)

Here, Ep is the binding energy of.an (ionized) core level,
referred to the Fermi level, and ¢ is the work funétion‘of
the sample.

.‘ The measured kinetic enefgieg Eﬁ{ﬁ,.however,‘aﬁe
determiﬁed by the work-funétionrbA of thf analyzer due to
matchiné Fermi level p§sitions of sample (grounded) and

analyzer., This requires a correction term -(¢a~g) on both




| )

Ll

ALY

37

sides of Equation 6, leading to:
ER¥R = hv - By -¢; (1)

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 ;llow the identification_of tﬁe'
sample and the estimation of the concentrations of its
Aqonstituents (see AppendiX'A).

In addition to the core-level lines mentioned above,
we may also observe so-called Auger lines. An Auger line 1is
'produced wheﬁ a X-ray-induced core hole ofvsinding energy
Eb1(z) is reoccupied by an electron of lower binding energy
Ebg(Z). The de-excitation energy gained in this process may
be high enough to remove an electron of binding energy
Eb3(Z+A), This leads to the emission of a so-called Auger

electron with kinetic energy
Ekin(Z) = Eb1(Z) - EbZ(Z) - ‘Eb3(Z+A) -Sb , (8)

Here, Z is the atomic number and 0.5< <3.5 accounts for the
extra (pbsitive) charge [156]. Again, the correction term‘
-(¢A-¢) has to bé added in order to obtain the measured
kinetic energy. Thus the Auger lipe position in the
XPS/XAES spectra ié independent of fhe X-ray energy.
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Another commonly used method (Auger Eleqtron‘.
Speétroscop&, AES) of producing Auger electrons is achieved
by bombarding the sample with electrons of energies up to 3
keV, The re§ulting AES infenéities are higher éqﬁbared to
“the XAES intensities. Further details afé given in -
‘references 120, 156-158. o |
| Tﬁe X~-ray Photo (XPS)- anﬁ X-ray-induced Auger
Electron (XAES)-SpectbOSQOpic'mea&urements presented in
this thesis weré carried out iﬁ a LEYBOLD-HERAEUS (L-H)
ultrahigh vacuum chamber by using X-rays emittea from a
magnesiuﬁ anode in a commercial X-ray gun (L-H RQ10/63).
The X-ray energy of the dominant MgKaq,2 line is 1253.6 eV.
Due to fhe unavailability of a monochromator ﬁeék MgKa3
X;ray satellites ﬁere also obséfved in the core-level
spectré (see chapter ﬁ), and thé regolution ﬁa; strongly
limited because of the fairly large line width of‘the X-ray
sourcé of 0.8 eV. The photoeleétrons were anélyzed‘in a
hemispherical capacitor-type energy analyzer (L-H EA11)
with an input lens column for variable petardation and
variable angle of acceptance. It,was’usually run at 5
constant passfenefgy of AE = 100 eV, but could also be
opérated in é ZSE/E#in =‘éon$ty mode. The XPS-spectrometer
was controlled by a TEKTRONIX 4052 microcomputer.
‘Tﬁe éample was moﬁnted on a‘directlf heated piece of

tantalum foil and theh aftachéd 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 couid 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 méasured with a §hromel-a1umél
thermocouple, spot-welded‘to the sample holder.

The L-H vacuum chamber was equipped with a gas inlét
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,_bhé

working pressure Between 1 and 2x10-10 mbér.

A differentially pumped ion gun (L-H IQE 12/38) with

xy-raster was installed for sputter-cleaning samples in
UHV, |

AES and ELS (see below) measufeﬁents were carried out'
in a high resolution, computer-cbntrblled (PDP11: Digital

Equipment Corporation) Scanhing Auger Microprobe (SAM,

model PHI 595 from PHYSICAL ELECTRONICS) whose minimum beam

size was about'506 K; The resolution of its cylindrical
mirror,analyﬁér (CﬁA)‘was given as AE/Egjin = 0.j'%."The URV
chamber was pumped by a turbo pump (BALZERS TSU 110), an
ULTEK D-I ion pump (eight:25 i/s differential ion pump

elements) and an ULTEK titanium sublimation pump. The
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ultimate pfessure in the PHI 595 chamber waé-iess’than
10-10 mbar, the working pressure iess than 5x10-10 mbar,

The sample was directly heated and held by two
tantalum clips which we?é attached to the carousel of a
x,y,é,@ sample manipulator; The samblé temperature (above:
450 K) was determined froﬁ 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 wés'available for surface freatments ofAthe

samples. e

EELS/ELS

If a low-enérgy (several eV) electron is~scattered

from a target surface it may lose (gain) energy nh g due to

surface or adsorbate phonon creation (annihilation):
Es’n = Eo + nhyg . - - (9)

EO is the incidént electron energy and Es,n the energy 6f
the scattered electron to be'analyzed, whereas thg
vibraﬁional quantum number n indicates single (n =A1) or
multiple (n > 1) losses (gains) [-'or +‘sign1 of frequeney
"ys. Hence the high-resolution intensity analysis of the
scaftered_electrons as a funcfion of their energy Eg,n
(high resolutioﬁ Electron Energy Loss Spectroscopy: EELS)
proﬁes the surface ér adsorbate vibrational structure. In

addition, the elastically'scattered electrons (n = Q) give
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,informatiqn about surface conditions (roughness or
7smoothﬁess, €.e8.) aé well as the density of conduction-band

electrons (see references 121, 122). Further details

conéerning surface optical phonons are given in Appendix B. -

Incident electrons of higher énergy (e.g. 50, 100 or
more eV) are also capable of exciting plasmons in metals or
‘of inducing electronic transitions'from occupied ta
_unoccupied 1evels.‘Hence this spectroscopy, simply.called
Electron Loss Speétroscapy'(ELS), gives insight info'the
electronic structure of the material being studied. Further
detaiis are discuésgd in refereﬁces 121 and 155;

All the EELS and some ELS méasurements 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,® (plqs flip for¢>-moti§n)
hot/cold manipﬁlator allowing fine adjustments. The samplé
was directly heated and heid by £wp tantaium clips. A
platinum/platinum-10%-rhodium thermocouplé was
spot-welded to one of thé elips to assure reproduéible
témpgrafures (450 K < T < 900 Ki, whicéh weré calibrated
with an infrared thermometer from outside the UHV chamber.
The EELS-Spectroﬁeter used_(L-ﬂ-ZZ) was cabable of
workihg at resolutions of about 5 meY with a high oo;nting
rate and low backgrouna. Its eleétron‘optics basically
consisted of four. eylindrical 127° capaéitoys, 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 onvthe relative band
width of the c¢ylindrical capacitors.

The EELS spectrometer was operated in the AE = 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-HOSZI
computer mentioned above;

Most of the higher loss ELS measurements were carried
out in the PHI 595 ultrahigh vacuum chamber, For primarf
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 = B' - R (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 surfacé lattices we

hence find:
‘ 2> 2 .
Gn= Ky - Ky o (11)
In one dimension, this eqﬁation is equivalent to
n||A = aosin(-)f - a:.sin@i . _ (12)

because IEﬁl: 2m /a .énd I?l:liz|=rzn )A for elastic -
s§a£tering, a ié thé distance between two surfgce.atoms and
Oi and ®f are the ;ncidént and scattering angle measdred
with respect to the sﬁffaee normal. In two dimensions a. is
‘'given as a linear combination of reciprocal Basg vectors
determineq by inter-row spacingé (in geﬁeral not equal,ﬁo
the latticenconsténts). The coefficients in this line;r
expansion are used lo'label the diffraction 'spots [(OO),-
(01),'(02), (10), +..] which can be observed; €.g., OD
a fluorescent screen; Due to the facé that only vectors inl
K-space are.considered in,the'diffraction condition, the
obsefved pattern is virtually a "magnifiea£ion" Qf the
two-dimensional reéippocal latfiée.

| This'£echnique,,called Low Energy Electron

Diffraction (LEED), thus gives information about the




Ly
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. Cﬁnstructive interference can_be
observed whenever the third component of Equation 10 1is

fullfilled:

- - 5
n, G = Ki- K, (13)

which is equivalent to:

2 d cos® = QLA S (14)

Here, d is the (vertical) spacing between two planes and
®@=0; =@ (i.e. the (00)~beam).
If now the primary electron energy (corresponding to a
defined A) is plotted versus the (00)-spot intensify, the
resulting maxima in this so-called I-V éurve determine the
integers n, and hence the interplanar (vertical) distance.
A more quantitative, theoretical analysis involving
anisotropic and multiple scattering (dynamic theory) aléo
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 electroﬁs are

produced in electron guns, whereas the scattered electrons
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aré-detected,ﬁith-the use of fluorescent scfeens,

‘multiehanhel'ahalyzers.or Faraday cups. The LEED pictures

shown in the foliowing chapteh-were obtained with a
commercial Y.grid fAﬁIAN LEED optics (model 981-0127) which
displays the LEED pattérn on a fluﬁréscent screen for
further photograhic analysis (radius of'fluéféscent screen:
6.35 em, angle of gcceptance from the targe£: 120° at the

collector screen).
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anguggizftx Measurements

(Theacohduétivity and the Hall mobility of
semiconductéré afe ofteﬁ defermineq by applying the
u-boint van-der-Pauw method [128,129]. This me thod maﬁes
possible the,élimination of influenees from électrieal‘
contacts duriﬁg conductivity measurements. fhé method holdé
for flat‘saﬁples of arbitrﬁry shape, if iﬁe following

conditions are fullfilled:

a) The four contacts are at. the éircumferencelof the
sample. |

b) The contacts are sﬁfficienfly.spall.

¢) The sample thickness.is homogeneous.

d) The su;face of_the'sample is singly connected, i.e.

the sample must not have isolated holes.

" Let the four contacts be labelled by &, B, C, D.
A current iAB enters the sample through the céntacts 4 and
leaves it through the contact B. A potential difféﬁénee
Vp. - vé is measured between contacts D énd C.‘We'then

define the resistance RAB,CD as follows:

RpB,CD = ======- - ©(15)

Tﬁe resistance RBc;DA can be determined in a similar way.

It was shown in [128,129], that in .this casé the
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,qonduciivity-' of the sample is given by:

EXP( - mRpg cp d o ) + EXP( -7 Rgc,pa do ) = 1 (16)

Here, d is the thickness of the samplé. The above equation

is equivalent to:

1 d R Rne R

AB,CD *+ HBC,DA -AB, CD ) .
.z omme mmmllcccalllllD P eesllo) , (17).
o ln2 2 RBC DA

The function f is given via the following transcendental
equation:

R - R ' EXP( 1ln2/f ) o
AB,CD BC,Da . n
1n2 —==lolo 22222 -'f arccoshl[ L T ] . (18)

AB,CD + Rpc,Da 2

The Hall mobility pgy is calculated from:
By = (d/B) g ARBD, AC o (19)

ARBD, AC is the c%ange~of the resistance RBD,Aé due to the
magnetic induction B perpendiéular to the sample.

In order fo estimate ;he ordér of magnitude of the
errors introdhced.if,the contacts are of fihite~sizé and/or
not at the circumference of the sample, van der Pauw
derivéd approximétion:fofmulgs for a féw spgcial cases

which are discussed in references 128,129.
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In addition to RAB cp and RBC pA the resistances
RCD AB and RDA BC were measured, too, resulting in four
‘econductivity yaers, which were then averaged to give a
more accurate resmlt for the sample conductivity.

The conductivity measurements presented in this thesis
were carried omt in a PHI 5454 ultrahigh-jaeuum chamber
from PHYSICAL ELECTRONICS,’pumped byﬂan ULTEK'D-I ion punp,
'model 7-89575(eight 25 1/s differential ion pump elements),
as well as a titanium sublimation pump. The ultimate
pressure after a twenty-hour bakeout was about 2x10-10 mbar
whereas the working.pressuretwas-comparatively high
(~2x10-9 mbar) due to the cleaning and annealing.proce&unes

(see next chapter) requlred for the UHV sample preparation.

Four different hlgh-purlty gases (MATHESON), namely oxygem,

hydrogen, carbon monoxide ahd argom‘could be introduced
into the vaoumm chamber through VARIAN leak valves (model
951-5106) . An ion-gun (PHI model 04-161) was used

for sPuttergcleaning the samples; A J-gria VARIAN»LEED
optics (model 981-0127) in connection with a hiéh voltage
power supplj (KEPCO OPS 2000B) and a lock-in amplifier

(ORTEC BROOKDEAL 9503) w1th built- in oscillator made

pOSSlble Auger-eleetron-spectroscOplc measurements to check

the cleanliness of the samples to be studied.
In order to cafry out van-der-Pauw conductivity
measurements, two different sample holders were used for

'two different samples.

il
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Holder 1

A.Yeiiowiéh Ti05(110) single ecrystal wafer (1.15 cﬁ X
1.30 ecm, thickness: 0.65 mm) had féur tiny cavities on one
side, close to the edges. These.cavities éontained small
amoﬁnts of gold so as to assure good electrical éontacts.
The contacts became ohmic only after heating the sample to
above T00 K, but remained ohmic after subsequent cooling.
The sample was fifed to a éapphire oven by four molybdenum
wires (diameter: 1 ﬁm), whoée tiny tips just fit into the
cavities. Insulated stainless steel leaas (diémeter: 0.25
mm) were spot-welded to these molybdenum wires to carrylout
four-point van-der-Pauw conductivity measubeﬁen;s. The.
sapphire oven.consistéd of two polished sapphire ﬁafers
(1;5.cm x 1.5 cm, fhickness: 1.5 mm), which were held
together by two M1 srews. Tungsten wire (diamefer: 0.1 mm)
was wbund 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 insuiate them
from the heatér. A chrpmel-alumel thermocouple was fixed
between sample and top sapphire wafer in order to measure
the'samplé temperature. Two stainless steel wires
(diameter: 1 mm).were spot-welded to small piéces of
tantalum foil which were also ﬁeld by the M1 Srews

mentioned above. They served as electrical leads for the

-
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;tunéstgn filament apd were directly attached to an
electrically insulating piece of machinable ceramic. The
latter was screwed to the shaft of a home-made Xy ¥92,0

sample manipulator.

Holder 2

Conductivity measurements on an opaque TiO0, single
erystal wafer (1 cm x 1.5 cm, thickness: 0.57 mm) were done
with the use of a different, electrically insulating holder
(see Figuré 4). This holder coqsisted»of three sapphire
wafers (2 em x 2 ém, thiekness;,1‘mm) forming a "sandwich",

which was held together by six screws (diameter: 0.864 mm).

The sample was placgd on the bottom one and just fit into a

rectangular (centered) hole (~1 cm k1.5 cm) that had been.
etched into the middle wafer, i.e. this wafer served as an
insulating fraﬁe for the sample. The top wafer was used as
a protectife cover and contained a’sawed-in notech

(~0.9 em x 1.5 cmﬁ, which made it possible to readh'the
surface of the sample with a Kelvin probe (see below).
Four tiny pieces of tantalum foil (thickness: 0.0é5 mm)
"were pushed down onto the,sﬁrface of the sample by the top
sapphire wafer and served as electrical céntaets for
van-der-Pauw conductivity measurements. Previous
experiments on blue and opaque samples (high coﬁductivify)

had shown that these contacts were ohmic.




51

manipulator
_Ta wire // f f/
W-filament-
Ta foil
Sapphire

Ta contacts

TiO2sample

Chromel-Alumel-
thermocouple

Sapphire

Sapphire

Ta foil

Figure 4. Ti02 sample holder (see text: "Holder 2) for
and measurements.
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fInsuiated.stainless's£eel leads (d;ametefz 0.25 mm)
were spot-welded to the tantalum contacts in order to be
"able to carry out conductivity measurements. A thermécouple
(chromel-alumel) was pushed between the sample and the top
sapphire wafer to guarantee reprodpeible sample
témperatures.

The bottom side of the bottom-sapphire wafer és well
as the top side .of the top sapphire wafer were covered with
thin tantaium foil (thickness: 0.025 mm), in ondef to avoid
charging;problems during AES measureﬁénts, on the one h;nd,
and to be able ﬁo heat the holder.by electron bombérdmeﬁt.
Two tant;lum wires (diamefer:'1.25 mm) were spot-welded to
the botfom'pieee of taﬁtalum foil and were directly |
attached to the insulating piece of_ceﬁamié mentioned
above. The latter also held the tungsteh filament used far
electron bombardment. |

The van-der-Pauw resistances definéd above were
directly measured with a 6.5-digit-multimeter
(KEITHLEY 192) - capable of égrforﬁing boywire-resistance
measurements ; and transferred:iﬁto a microeompufer
(TEKTRONIX‘h051) through an IEEE-488 interface bus.

A home-made Rheed-relais‘unit -.aLso contrpllea by the
microcomputer via a RS-232 interface bué - wés capable of
switching the four électrical contacts (see above) in a
cyclic manner,.so that each of the four van-der-Pauw

registances could be measured and stored on magnetie tape.

— p———— T p— At Se———r- T

T
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In addition to these fouflresistances thelmuitimeter also -
 measured either the'ﬁhermgcouple or the ion éauge voltage.
Hence, each van-der-Pauw measurement consisted §f taking
five readings within 4 to 5 seconds. |

Ih.earlief experiments [13,79]Ait was found that the
conductivity of Ti0, samples varies sensitively ﬁifh
temperéture. Tﬁus the sample temperature had to.be.kepﬁ
extremely stable dﬁring the conductiviﬁy measuremgnts. This
problem was solved by using a homé-méde, triac=driven
AC-temperature controller which kept the temperature
fluctuations below +0.01 K. Its.ipput éignal was giveg by
-the thermocouple voltage'and its AC~output terminals were
connected to the sample heater.

The sample was first heated with another AC-power
supp;y in such a way thét'the final equilibrium temperature
peached'wés just below the desired value. Then thé
temperature coritroller was turned on and stabilized the

temperature within a short period of time.

T
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Measurement of Work Egnggion Changes

The minimum energy required to remove an electron from
the interior of a solid to a point just oufside the ;olid
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 vacuun levellof
the solid, but is also influenced by the electric field
éccompanying.the redistribution of surface charge
(often referred to as the double layer [13&]).
as well as adsorbate -dipole layers, and band bending in
semiqonductors. |

The work function of a material can be deterﬁined by
various techniques, such as thermionic, photo- or field
emission (see e.g. t131]).-With'the use of other methods,
such as the diode method or the Kelvin method (see
e.g. [132-1341), shifts A® 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 éample and a reference electrode.

The measurements of work function changes presented in
the next chaptér were obtained by applying the Kelvin
method. In this method, a vibrating reference electrode
(amblitude ”0‘5 mm) of a so-called Kelvin probe is moved
close to the sample (distance <1 mm). This arrangement

‘corresponds to a capacitor with varying distance d between
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its parallel faces and hence varyiﬁg capacitance C(t).

. The current induced is thus given by:
I(t) = VCP ----- : (20)

Vcp is the contact potential differencé.

This curfent provides the input éignal‘of a ;ockéin'
amplifién. An external potential bias is ﬁhen added to the
eircuit in such‘é way that no net current flows, when the
distance d is variied. When this is achieved, ﬂhe bias will
be equal in absolute,value and opposite in sign to the
contact potential.

. The A¢ measurements were carried out with -commercial,.
piezoelectric Kelvin probes (molybdenum;.or gold-plated;
resonance frequency: f60 Hz in the first m;de, 800 Hz_in
the second mode) driven by a Kel&in control unit (BESOCKE,
DELTA-PHI ELEKTRONIK model 05). An'experimental
Kelvin-probe set-up ié shown in Figure 5. |

Witﬁ this éet-up, low noise measurements with a CPD
sensitivity of less than 1 mV were possible, Inlbrder to
guarantee low noise CPD and reference signals.(ehecked gith
an osdilloscope), a doubly shielded cpa#ial-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.Aﬁhe electrical fggdﬁhroughs of the

manipulator) to the lock-in amplifier in the control unit.




Set up proposal for Kelvin probe

flange electr.feedthrough  connections holding shielding
screw tube '

piezoceramic foil

LO
reference reference electrode

electrode
specimen

connection to lock-in
amplifier
spot welded support insulators clamp vibrating reed
3cm

Figure 5. Experimental Kelvin-probe set-up for A<t
measurements.
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The input signal was automatically biased, and the
bias voltage was read by a 6.5-digit—multime£er (KEITHLEY
192), then transferred into a microcomputer (TEKTRONIX
4051) for further analysis.

One important problem éncountered was‘tﬁe sensitivity
6f the Agbmeasuremenfs_to mechanic;l and electrical noise
in the laboratory. For this reason, the experi@ents were
carriéd'out during ﬁhe night} In éddition,—the use of Turbo

pumps was avoided.

T
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' Titanium Evaggrapgr§ and Thicknegs Monitors

.Titanium Evaporators

Two d;fferent kinds of titaniuﬁ evapSrators were used
to deposit thin layers of tifénium on Ti0,(110) erystals.

The first kind of efaporator‘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 ébuld be heated
directly by an AC-power suppiy. This evaporatbr was used in
the PHI 545A system fof a few_conductivity m;asurements
ohiy.‘The distance between the titanium foil and the
T102(110) ;ample - mounted on the sample man;pulator
mentiéned above - was measured to be approximately 6;5 cm,

The advantage of this.evaporator was that the current
needed fqr the titanium evaporation‘could be képt fairly
low, i.e. sample and thickness monitor (see below) didn't
heat up due to radiation. If, e.g., a current between % and
5 A was run .through the titanium foil‘for about 30 secdhds,
roughly a fifth of a mqnolayer of titanium was deposited on
the Ti0,(110) wafer.

The_disadvantage of this evaporatof»turnéd qut to be
fhé faect that the small piece of-tit;nium foil was quickly
uéed up (the evaporation current had to be adjusted
.continually) and burnt out very easily. Mginly for these -

reasons a different, more reliable kind of evaporator was
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used for most of the conductivity measuremeﬁtsfand for all
theAclbal.nﬁd 'e‘iectron-spectroscopic experiments. .

This evéporator cohsisted‘eésentiaiii of a commercial,
cone-shaped tungsten wire basket (TED PELLA INC., maximum
diameter: 5.5 gﬁ, height: 7 mm, 9 turns, wire diameter:

0.5 nm, lehgth of wire lead: 4 em)'which had been mounted-
on .an electricai'ultrahigh-vaéuum feédthrough. The distance
betﬁeeﬁ the:top of the tungsten baské£ and the sample was
-approximatelf 6;5 cm}in'the PHi 545A chamber and between 5
and 7 em in thg L-H chamber (note: one sample was
introduced on é samplg rod, another one on a.manipulator);f

Small amounps-of titanium were filled into thel
tungsten basket up'to a height corresponding to
apprbxihately four wire turns. It was founa that if a lét
more titanium.was'pug into.the basket, an unreaéonably high
curreﬁt haq to bé run through the evaporatdr in order to
siart the evéporation;.Furthermofe, the bottom'tip of the
basket would get very hot and melt the titanium eﬁaporant
(melting point of titanium: 1941 K).

A tungsten/tungsten-26%-rhenium»thermocouple was
'spot-wéldéd to the top pf.the tungsten baéket in prdef t§
reproduce the QVapbrafioﬂ témperéture. Caliﬁrations.with
the'dse of a thickness monitor (seé below) showed that the
evaporation rate of ﬁitanium was constant for mahy

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 thérmocouble ‘
reading of 1070 K), roughly half a ﬁonolayer ofrtitanium
was deposited on the sample moﬁnted on the manipulator of

the PHI 545A chamber,

fhickness Monitprs

The resonant freqqéncies of a vibrational system are
determined by the total mass.of the vibratithbodyg along
with some other physical parameters. Thus,'when'materiéls
are addéd to, or removed from the vibrating syétem; a
change‘in its respnant frequencieé oecurs.bThis phenomenon
can therefore be used for mass determination [135].

Most of the requirements [135] for these éystems‘are
ﬁet by high frequency regonators.made of thin piezoelectric
éuartz-crystal plates with a specific crystallographic
orientation.

A piezoelectrié qu#rtz ecrystal resonator is a
precisely cut slab from a natural or synthetic crystal of
quartz. The mode of vibration which is most sensitive to
the gddition or remgval of maés,-is the high frequency

thickness-shear mode [135], whose wavelength is given by
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twice thé thickness of the plate. This means that the

relative resonant frequency shift is given.by:

ar dM dMg :
B R _ : (21)
fq -~ Mg Mq

Here, My is the mass of the quartz crystal and dMg an

infinitesimal amount of:foreign mass uniformly disﬁributed
over the crystal surface; Here.it was assumed that for
sﬁall mass'éhangeé the addition of‘foreigh mass can bé
treated as an equiva;ent mass change dM‘q Qf the quartz
crystal itself [135]. This aésumption allows us to

calculate the film thickness d of the added material of

density pg*

Af 1
d = - =3 oL (22)

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

The film thickness d is often given in momnolayers. of

the added material, whose monolayer.thickness ag can be

’

determined with the help of the following equation [136]

Af ,
dp = (memm—m-- y1/73 ‘ (23)
Pr np Ny ‘
Ap = molecular or atomic weight of the material

ng = number of atoms in one molecule of the material

b
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pr "density of the material

N, Avogadro's number

For this thesis the thicknesses of evaporated titanium
films were'calibr;ted by using a 10 MHz quartz cfysta; A
(CATHODEON T17231,.T$Cidut, diameter: 1.27 cm, thickness:
0.185 mm, Cq = 2.17x108 sec~lg=tem?2) in ihe PHI 5454 system -
and a water-cooled 5 MHz quartz reséﬁa@or (SLOAN; |
Cq = 5.65x107sec~1g~Tem2) in the L-H vacuum chamber.

The.10.MHz crystal was opérated by. a home-made
oscillator, Its frequgncy was rgad by. a KONTRON frequency
counter (model 6006), which was connected to a .
microcomputer (TEKTRONIX 4051) via an IEEE-488 interface
bus. ‘ |

| The 10.MHz erystal turned out to be a lot more
sensitive to mass és well as.temperature changes than the
5 MHz érystal and was mainly.uéed_for depositihg
sub-monolayer amounts of titanium on T102(110)_sam§les. Its
least teﬁperature-sensitive range was megsured_to be around
340 K. The frequency variation between 328 and 363 K was
ohly_iZ ppm. |

'The fréqqency behavior.of this TTC:érystal before,
during and after the evaporation of titanium is shown in

Figure 6.




U(Hz)

0094750 evaporation of

titanium
9994550
9994350
turn on turn off _ _
evaporator evaporator time (min)

Figure 6. Frequency behavior of a 10 MHz TTC quartz crystal
upon evaporation of titanium (see text).
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}The_quartz ecrystal was moqnﬁed on the other side of
thé electriéally inéulating block of ceramié menfioned
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 depositiqn of titanium
on the Tioé(110) sample. The distance between the top of
the tungsten basket and fhe qﬁartg crystal Qas
approkimate;y 8 cm, roughly 1.5 cm'greater'than the
‘distance between the basket an& the TiOé sampie (see
;bové). Therefore the titahiﬁm depositioq rate had to be
calculated for tﬁe TiO, sample. r

Hhen the evaporaﬁor current was increased to its
desired value, thé.fbequency of the quartz resonator first
increased also, due to nadiation.‘After passing a maximum‘
(see Figure 6) = whiéh was determined to bé aroupd 340 K-
'(see above) - the freduency dropped,‘passed.through a
minimum (beléw‘its fofmér equilibrium'value) and theﬁ
rapidly incpeased. After the evaporator was turned off,,thg
frequenc& dropped-quickly? and again passed through a
minimum apd a maximum and, finally, reached its new
(sﬁallér)~equilibrium value.

But in addition to a lower equilibrium vglue; downward
shifts in the frequencies at the minimum and the maximum
were observed (see figﬁre 6) and this phenoménon
facilitafed’the procedure of finding the resonant frequency

- shift, because instead of waiting for the new equilibrium
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fréquency'to be reached, the new minimﬁmland maximum values
weré_neeorded.and compared Fo the old values (before thé
evaporation). Separate experiments showed thaf the average
frequency shift determined f'rom fhg changes in the maximum
and‘minimﬁm valués was in gopd agreement with thé change. in
the equilibrium frequenéy.

With the hglp of Equations 22 and 23 it was found that
one monolayer of evaporated titanium (2.6 K) corresponds to
a fnequgncy decreése of approximately 25 Hz.

The frequency of the water-cooied 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 fregquency of the quartz
crystal first increased to a maximuﬁ vaiue and then slowly
dropped during the depqsition of titanium. Due to the water
cooling, the new equilibrium frequency was reached very
rapidly, after the evapprator had been turned offa In this

case, one monolayer of titanium corresponded to a frequency

_decréasé between 6-and 7 Hz.

The sample mounted oh the manipﬁlator mentioned above
could pe moved close to the quaffz ecrystal. Hence fitanium
was deposited on the sample and quartz.crystal at the same:
time, whereas the sample in the sample rod describeq above
had fo bglshoved‘in between the évaporator and'quartz

ecrystal, sSo that no titanium was deposited on the latter.
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This made neéeésary fhe detefmination‘of‘an evaporation
rate beforeé depositing titanium on the TiOp saﬁple.
The thickness of evaporated titanium layérs was also
calibratgd by XPS. When small aﬁounts of titanium were |

evaporated onto a TiO, sample, the intensity of the
oxygen O1s core-level as well as the oxygen KVV Augér line

decreased. By assuming an exponential decrease we found:

I(d) = I, EXP( -d/A ) ' " (24)

Ip/I(d) = intensity of the oxygen core-level or Auger

lines from a clean/titanium-covered TiO05(110)

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

Auger electrons emitted.

The- k;netic-energy-dependent IMFP's_were determingd
from the "universal"‘curves published in referencev136.'Fof
01s photoelectrons (Egjp = 720 eV) we found A= 14.6 z'in
titanium and ) = 19.7~K in titanium dioxide. In the case

-

of OKVV Auger electrons (Exin = 510 eV), we caléulated
X to be 12.3 X in titanium and 16.6 Z in TiO,.

With the knowledge of these values, Equation 24
and ‘the measured intgnsities»l(d)'and Ip, .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 T162(110) surfaces will be
discussed. |

In the second part; electron-spectroécopic resqlts on
T102(110) samples obtained by XPS/iAES} AES, EELS/ELS and
LEED will be presented.

Thé third part of this chapter'shows results from a
representative selection of measurements of condugtivity
and work function ehénges.

The experiméental results of this chapter will be

discussed in chapter 5.
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Preparation of Clean Samgleg

'ﬁefofé introducing the polished tiﬁanium‘dioxide
wafers iqto 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 éontaminants-
were removed by argén-ion bombardment for about'15-minutes
at a primary-ion energy énd an_emission curreﬁt of 1000 eV
and 3 mi, respeetively._ln the L-H vacuunm chémber, C.8ey &
target qurrent of approximafely 5x10~-T & could be achieved
by adjusting the argon pfessure in the'differentia;ly
pumped sputter chamber, resulting in a pressure Of'the main
chamber of about 4x10-7 mbar.

Sﬁbsequently, the saﬁples were annealed in o#ygen at
870 K and 6.7x10=~6 mbar‘for about 15 minutes in order to
remove éhe residual amounts of carbon.

In a further step, surface defects produced during
ion bombardment were-anpéaiéd in a 6.7&10-6—mbaf oxygen
atmosphere at.570_K for 30 minutes -in order to produce a
stoichiometric surfgge. The annealing_proéess was
controlled by monitoring the surfaée;sensitivg TiLMf Augen'
line (see below). It was found, however, that surface’ |
defect annealing could be improved by exposing the'samples'
to higher oxygen pressures at some eievated temperature
(<< TiOp decomposgition temperéture.under UHV'dohditions)

for longer exposure.times, e.g., for 1 hour at 570 K and
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5-3:-:“10'.5 mbar O,, This procedure was usually adhered tO'in
 the PHI 545A;Qaeuum chamber, because a poppet valve made it
possible to valve off the ion pump resulting in low working
pressures., |

After fhe ecleaning progedures described abéve,-small'
amounts of potas?ium were still detected in the XPS
spectra. Attempts to remove'thése residual contaminations
were not very successful, because th;'potassium K2p3/2
core~level peak reappeared aftér the temperature treatments
necessary for surface defect annealing. This observation
led.t§ the assﬁmption that pot#ssium probably diffuses»from

the bulk to the surface upon heating.
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";E ectropn-Spectr _-i Results

" The fiéufes presented in this subchapter show results
obtained from XPS/XAES (Figures 7-13), EELS/ELS (Figures
14-20) and AES/ELS (Figurés 21-214) méa;urements on
' Ti0,(110) surfaces. The reciprocal lattice structurés of
clean and titanium-eovered Tibé(11°) surfaces are reflected
in the LEED patterns shown iq Figure 25.

The lower part of Figure T demoqstratés the effect of
thin evaporated titanium 1ayer$ on the Ti2pq/o (left peak,
and Tiép3/2.(r;ght péak) core=level intensities. Curve a
répresents the stoichioﬁetrio TiOz(ﬁ10).§ﬁrface of a
yellowish saméle, which was introduced into the L-H vacuum
ohgmbér via a sample rod (seé chapter 3). The clean
stoichiometric surface was obtained by applying the sample
prepération methods deéqribed above. Thé small peak .to the
very right in curve a (Exin = 803.8_eV)}is due fo the X-ray
satellite MgK 3 (see chapter 3) produced by the Ti2p3/p
core-lévéi.

The peaks in curve a correspond to Til+ ions
predominantly found in stoiohiometrio.TiOQ (indicated by
tHe solid vertical liné) and therefore appear-gt
comﬁératively high binding energies (referred to the upper
valence band edge Ey) or iow photoelectron kinetic

energies, respectively.




Figure 7.

71

Eb (eV, Ev =0)
455 445

795

PHOTOELECTRON KINETIC ENERGY (eV)

Lower part: Ti2p core-level spectra before (@)
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 pe;k positions ﬁould be reprbduced on blue
'Ti05(110) 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 subsunféce region dowh to at least the XPS sampling
depth (”20 X fbr the Ti2p photoelectron kiqetic energies) --
6f the blue TiO, 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 suﬂface, however, ﬁurned out
to be much more pronounced on these sampleé (see chapter
5), resulting in hon;stoichiometfiés at tbe surface after a
certain period of time.

Curve b was'obtained, after 0.7 monolayers of titaniuh
had ‘been deposi;ed‘on the yellowish Tioo(110) sample
according to the evaporation procedure describéd in fhe
previoué chapter. Both core-level lines are broadened and
show additional emissions on their 1oﬁ binding energy.side.
This phenomenoh will be discussed in the next chapter.

Curves ¢, d and e were recorded for titaniuﬁ coverages
of 1.T,.2.0 and 4.5 monolayers and demonstrate the growth
" of the TiZDa/zland Ti2pg/o core-leve;s of metallic
titanium, because the Ti2p3,p line in curve e is found
- apart from a small work function eh;nge of 0.31 eV - at

the peak position expected in titanium (see dashed vertical

line "Tiw),




Lol L [ YA Y

73

"In the ﬁpper part of Figure 7, curve e is compared to

. the experimentally obtained [120] Ti2p speectrum of metallic

titanium represented by the dashed curve. The difference

spectrum calculated by subtracting-fhe dashed'eurve from

curve € is shown as. a ﬁotted line and yields the attenuated
Ti2p core-level emission from the TiO; substrate, covered
with a 4.5-monolayerA£itanium film.

The thin dotted lines undén'eurves a (lgwer part of
Figure 7) and e (upper part of Figure 7) schematically
indicate Gaussian iihe‘shapgé of Ti2p3,p contributions.
These curves are found theoreticaily by fitting Gaussians
to the experiméntally obfained spectra (see chapter 5).

When the titanium-éo&ered Ti0, surface'peppesénted.by
curve.e waé annealed in a 6.7x10-5-ﬁbar oxygen gtmosphere
a£ approximately 920 K fér at least 15 minutes, the
§toiehiometric surface and hencé cur?e‘a could be
reppoduced‘ This indieates thé; either titanium diffuses
into the TiO, bulk, or titanium overlayers are oxidized to
titanium dioxide overlayers’. |

In Figure 8, curve a again represents the
Stoichiometric surfaée,.whereés curve b! Qés obtainéd after

30 minutes of argon-ion bombardment at a primary ion energy

of E, = 1500 eV and an emission current of Iey = 3 mh,

resulting in a -target current of Itarg = 1+1 HA. As in

_Figure 7, we observe additional emissions on the low

binding energy sides of 'the - Ti2p core levels.
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Eb (GVLEv =0)

795 805

PHOTOELECTRON KINETIC ENERGY (eV)->-

Figure 8.

Ti2p core-level spectra before (&) and aft”™r
argon-ion bombardment for 30 (b*) and 60 (cl)
minutes at primary energies of Ep = 1500 and
2000 eV.



I

75

:Fgrtﬁer ion bombardméntﬂét a primary energy of Ep =
2000 eV.and an emissiqn'eurrent of Igp = 3 mA (Itarg =
1;6uA) fér about 30 minutes did not enhance.thesé features
signifioantly.

The similarities of ihe results found.on
titanium~-covered and_sputtgred surfaces'will be discussed
in the next chapter.

The spectra in Figufe 9 illustrate the shift-ahd the
attenuation of thé 01s.core;;evel'peak_of the Ti0p(110)
crystal.upon evaporation of small amounts of-fitaniﬁm.

The curves a to'e oorréspoﬁd to the curves a to e in

Figure 7, i.e. they were ;btained aftér the same surface
treatments and‘could thus be used to calibrate the titanium
layer thicknesses, as was expiained in'the'prévious
chapter. | ‘ |

The vertical solid line indicates the O1s core-level
‘ ‘ L+

position in.stoichiomefpic TiOp, which is composed of Ti
and 02- ions, i.e. the O1s cofe-level b;ndiné energy arises
from-douply negatively chargéd oxygen ions. A ‘distinct
shift in the peak maximum'of up to 0.4 eV towards higher
binding energies wés.observed after
submonolayer—fo-monélayer amounts of titanium héd been

deposited 6n the sample. A'possible explanation for this

phenomenon will be given in chapter.5;
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Eb (eV, Ev =0)
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Figure 9. OlIls core-level spectra before (@) and after (b-e)
evaporation of Ti. The evaporated amounts are the

same as iIn Figure 7.
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Figure-10 presents Ti3p qore-lével Spéctra a to e that
were reqorded after  the surface treatments exblained above.
The curves ﬁere smoothéd, since the signal;to-ﬁoise fatio
was low in these specpra because.of the comparativély low
Ti3§3/2 cross-section (factor of'”1/10 if compaféd to the
Ti2pgyp cross-section [145]). Due to the 1imi£ed resclution
of tﬁe.XPS Spectrometér (see chapter 3) the'expectedly
small spin-orbit splitting between the Ti3p1/2 and Ti3p3/2
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 OZp-deriyed valence band - -
structure after corresponding surface tfeatments is shown
in Figure 11. Due to the small valence bana cross-section
(factor of ~1/400 if compared to the Ti2p3/2 line [145])..
the background noise level was fairly high, whigh again
required curve smoothiné.

The two maxima in the valence-band‘structufe of cur&e
a indicate the existence of tﬁo va;enée sgb-bands‘in
stoichiqmetric’samples (see chapter 5). The intensity of
the maximum.of lower binding energy drops drasfiqally after
the deposition of titanium, aé shown in curves d and e, but
now an additional band ié found several electron volts

above the upper valence.band edge Ey,
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Figure 10. TiBp core-level spectra before (&) and after
(b,d, € evaporation of Ti. The evaporated
amounts are the same as in Figure 7e
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Ej3 (eV, Ev =0)
) 0] -5

VALENCE BAND

PHOTOELECTRON KINETIC ENERGY (eV)-*-

TiCN valence-band structure and XPS band-gap
emission before (@) 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 coﬁerage{tthe more this band
' smears Qut fowards the original valence band, as can be
verified by comparing curves d and e, which correspond to
the'cﬁrves-d and e in figqre 7. The hgriZOntgl and sloping
lineé’will be explained in chapter 5,

In Figure 12, the'changes in the X-ray-induced
TiL3MZ3V Auger line upon evapofation'of titaniuﬁ are
illustrated in curves a to e which Qere obtained after the
surface tpeatments described above. This Auger line is due
to an electronic transition from a Ti3p1/2’3/é (i.e., the
" M33) level to a Ti2p3/z (i.e., the L3) core hole with
supseguent emission of a valence band (V) electron. It
appears to be extemely sehs;tivé to small additions of
titanium atoms, because even submonéléyer amounts of
evaporated titanium cause a secondvpeak.in the Auger line,
as shown in curve b. This peék groﬁs rapidly with |
increasing titanium coverage, ana is apparently the result
of a corresponding Auger trénsitioﬁ in meta1lic titanium.
This can be verified by compafing the Auger eléctpon
kinetic energy to cbrrespondiné experimental data obtained—
on titanium samples [120]. |

The following Figuré 13 demonstrates the effect of

heavy argon-ion bombardment on the TiL3Mp3V 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.
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Eb (eV, Ev=0)
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Ti LMV

415
AUGER ELECTRON KINETIC ENERGY (eV)

TiLlg”™ 3V Auger transition before (&) and aTter
(b-e) evaporation of Ti, 1iIndicating the growth

of an additional intra-atomic Auger peak (see
text). The evaporated amounts are the same as iIn

Figure 7.
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Figure 13. TiLgM23V Auger transition before (@) and after
(0") 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'surféceé are striking. An
explanation for these features will be given in chapter 5,

The dotted lines in Figureg 12 and 13 schemaﬁieélly
indicate background levels as well as the.fwbr(TiOZ_ and
Tifaerived) contributions to the TiLMV Auggr transition.

The following.Figures 14-20 show results ébtained from
EELS/ELS expériments.that were carriea out on a biuish
TiO,(110) sample in the L-H vacuum chamber described in
cﬁapter 3.

| Figure 14 presents a survey spectrum (see also

reference 81) of the delocalized surface optical
(Fuchs~Kliewer) phononé. These are usually found on ionic
semicondgotor surfaces and'were first detected on a
?102(100) surface by Kesmodel.and Gates [82]. The origin of
these phonons wili'be discussed in more detail in chapter 5
and in Appendix B. Three different vibrational modes at |
54, 95 and 46 meV denoted by-;1, 52, ;3 were observed for a
primary éleqtrén energy of E, =-6.4 eV in the specular Beam-
direction with @i = @e = 45°, For the first time, the third
Hm°de Dé could be resolved, beéause of an excellent-
spectrometer resolution of AE = 6.5 meV, Due to an
extremely high counting rate (“"1.'5x10'5 cps in the elastic

peak), multiple and combined losses up to loss energies of

approximately 300 meV were recorded.
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ENERGY LOSS (eV)
Figure U. EELS n

surface optical phonons v1,v2 and Vy The spectra were taken at
a primary energy of E _ 5.4 eV with a FWHM of = 6.5 meV.
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Thése show the.expected Poissson distributiéﬁ'of
intehsities;aé 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 boint’defects. The
dashed lines show results obtained on surfaces with
thermally produced defects, i.e. affér heating the sample
to 1310 K for 10 minutes at an oxygen partial pressure of
.about 1xﬁ0‘10 mbar. The dotted lines indicate results
obtained after 10 minutes of argon-ion boﬁbardmeqt at a
primar& ion energy of Ej; = 500 eV and an emission currént
of Iem = 3 mA, resulting in avtargét current of.

Itarg = 3x1q-7 A. This sample ﬁreétment apparenﬁly.lgq to
pronounced surface-atom disorders accompanied by an-
attenuation of the Fuchs-Kliewer phonéns.

The EELS spectra in Figure 15-Qere recorded for the

Same expérimental conditions as in part a and also include
the corresponding gain_peaks #s well as the effect of
hydrogen exposure. Thé ratios of the gain-ﬁo-loss
intensities‘show the expected Boltzmann behavior to be
discussed later. The dashed curves were obtainga after

exposing the stéichiometric‘Ti02(110) surface to 1000 L
.[1 L(Langmuir) = 1.33x1d‘6 mbar gec] of atomic hydrogeﬁ at
é moleeulan hydrogen pressure of 6.7}:‘10"6 mbar and a sample

temperatufe of 300 K.

I
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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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ﬁjdrogén molecules were dissociated with a hot
tuhgsten filamgnt modnﬁed in close proximity of:the sample.
The resulting loés feature at 455 meV is apparently due to

the formation of surface OH groups, leading to the
».well-kﬁown O-ﬁ streteh vibration. ‘

'The EELS spectra shown-in the following Figufe 16_wefe
obtained at a primary electron energy of‘_Ep = 2T.1 éV’ in
the specular beam‘direction with Ch.= @é = 60°,‘and
demonstrate the screening_of FuchspKligwer phonons by én
overlayer of titanium. The solid cunvés'represenﬁ results
thained on the clean stoichiometric surface and were -
recorded at a spectrometer resolution of AE ='30 meV. The
first peak'to the.riéht of éhe elastic peak‘is.dhe to\the
most intense vibrational mode V5, whereas the modes V1 and
Eé are responsible fpr the shoulder on'the left side of
this peak. Ihe second peak in the spectrum. includes both
the second loss of .the mode Vp and a combination loss of
modes.;] and ;é &see previous figures). The dashed curves
were obtained at a resolution of AE = 32 meV after 4.5
monolayers of titanium had been deposited on the-Ti02(11o).
surface. The&iclearly demonstrate that very thin (several
K).overlayeré of é conducting’material aIméét éomplgfely
gquench highly intense surfaée optical phonons of the ioﬁic
>substrate, This phenomenon was also'ob§erved on
silver-covered galliuﬁ arsenide surfaeeé by Dubois gt él.

[137]1. and will be discussed in Appendix B.
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250

ELECTRON ENERGY LOSS (meV)
EELS spectra of TiOg(110) before (solid curves)
and after (dashed curves) evaporation of 4.5

monolayers of Ti (Ed = 27<1 eV,”~E = 30 and
32 meV).
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The curves in the following'Figure'17 show the effect
of heating énd argon-ion bombardment on the elastic-peak
and thé Fuehs;Kliewef phohons. The experiments were run. at
a primary eiéctrén energy of Ejp = 27.1 eV in the specular
beam direction with @; = @¢ = 60°. The solid- line
represénts results obtained on the Stoichiometric Ti05(110)
sﬁrface and'was-reeorQed at a épectrometer resolutidn of
AE = 30 mgV. Tﬁe dotted spectrum was taken immediately
after argon-ion bombardment (t.; 15 min., E, = 2600 eV, Ien
= 3 mA, Itapg 1-1.5 4 4) and sﬁows slightly attenuated
" Fuchs-Kliewer phonons at a higher background level..Tﬁe
broadening in the elastic peak led to a resolution of
AE = 45 meV. The dashed curve was recorded right after
Heatiﬂg_the ion-bombarded samp;e to 820 K for about 2
.minutes-and-demanstrafes that a short, moderate temberatpre
treatment restores the stoichiometrio surface.

The-;pectré of Eiguﬁe 17'are showﬁ ovér a wider energy
Eange in Figure 18_and now also include a broa& loss.
feature between 0.5 and'z 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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ELECTRON ENERGY LOSS (meV)

Figure 17. EELS spectra of differently treated TiOg(li0O)
surfaces, taken at a primary energy of En =
27.1 eV. The solid curve (& = 30 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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Thé'efﬁgcts‘of a thin titanium-overlayer'are_éhown in
:thé fqlloﬁiﬁg‘Figures 19 and 20. The solid curves again
represent results obtained on a stoichiometric surfaee;
whereas the dotted.liﬁes were recorded immediately after
the evaporation of 0.5 monolayers of titanium., The dashed
curves were obtained aftef the sanme temperatufe'treatment
as in Figures 17 and 18. The dot-dashea line shown in
Figure 19 correspénds to the dashed curves in Figure 16 and
thus represents the situation after the evaporation of -
4.5 monolayers of titanium.

Tbe dotted lines clearly'demonstrate that even
Submonolayer amounts of titanium attenuate the strong
Fuqhs-Kliewer phonons and cause the same broad loss feature
that was observed after ion bombardment. A short
temperature tré&tment,restores the original surface phonon
intenéities, but does not completely dueneh the loss
feature between 0.5 and 2 eV.

The'following four figures show feSults obtained ffom
AES and ELS experiments carried out in the PHI 595 vacuum
chémber desceribed in chapter 3.' .

Figure 21 presents a numerically differentiated Auger
survey spectrum taken at a T192(110) surface after
5 minutes of argon ion bombardment (Ep = 2500 ef, Iem =
25 mA) and 1 minute of heating (up to 800.K). The primary

electron énergy was chosen to be 3000 eV,




Figure 19.
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3 225
ELECTRON ENERGY LOSS (meV)

EELS spectra of clean and Ti-covered Ti02(110)
surfaces. The solid curve is identical to the
solid curve 1iIn 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 iIn Figure 18.
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Figure 21. AES _spectrum of a TiC™ ™1 _ surface with
residual carbon and potassium contaminants (the

sample pretreatments are described in the text™".
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Bésideg'the prinéipal titanium and oiygen Augef lines‘
TiL3Mp3Mp3, Til3Mp3V, TiL3VV and OKVV (K = 1sq,p) 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 inhomogeneousiﬁeating of the samplé (see
chapter 3), one part of the Ti0p Wafer remained
Yellowish/transparent, whereas another part turned
black/opaque. ' '

Figure 22 showg results obtained from ELS measubeqents
done on the transp;rentpart of the sample at a primary

‘electron energy of E, = 300 eV. The solid line represents a

spectrum taken at a clean stoichiometric surface (obtained

after additional annealing in an oxygen atmosphere of
4x10-5 mbar at.800.K) and exhibits the loss features b, a,
d and e at loss energies of 5.5, 10.2, 13.7 and 25.0 eV.
The loss features b,'e énd d had already been'detected in
earlier experiments carried out in the L-H vacuum chamber
{80,81]. The bfoad'feature (a) between‘0.5 and 2 eV
presenéed in Figureév18 and 20 could not be observéd.due to
a low resolution of AE =0.§ eV (see chapter 3). The dashed

curve was recorded immediately after 15 minutes of

argon-ion bombardment (Ep = 2500 eV, Iep = 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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Ep =300 eV

INTENSITY (ARB.UNITS)

Figure 22.

ELECTRON ENERGY LOSS (eV)

ELS spectra of a transparent TiO2(110) 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

'opadpe part of theisample after the same‘sdrface treatménts

as in'Figure‘éz, and exhibit significant increases in the

-intensity of the loss feature c. Argon ion bombardmént

again reduces the intensities of’thé features b and ec.

The ELS spectrum presented in Figure 24 was obtained
on the transbarenf part of fhe'annealed sémple and also
shows the higher 1osseé'f, g, h,'i and j at loss énergies
of 39.3, 47.6, 63.5, 79.5 and jdu.o éV.fThese results were
recérded'ap a primary electron energy of Ep =.1000 eV and a
resolution of AE = 1 ev. |

Figure 25 presents two LEED patterns a and b that

were obtained in the L-H vacuum chamber.

Picture a was taken from afblue TiO2 sample that had

been mounted on a sample manipulator (see previousxchépter)

and reflects the (1x1)=structure of a clean stoichiometric

Ti0,(110) sﬁrface_which had been heated at abéut 1120 X for
f minute. The primary electron energy was chosen ;o be °
Ep =.52 eV (expoguré time: 5 secs., apertﬁreﬁ 2}8). '

A yellowish TiO5(110) sample in a sample rod (see
chaéter 3)waé used to study the infuence of'titanium
overlayers. on the LEED-battern, 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 Ti02Cl110) sample,
taken after the same sample pretreatments as

Figure 22.
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Figure 24. ELS spectrum of a transparent (annealed)
Tio2(110) sample, taken at a higher primary
energy (E = 1000 eV). High-energy loss features
f, g, h, 1 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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' Ho LEED pattern was obserfed after 4.5 monolayers of
titépium'had been deposited on the Tioé(110) surface. A
.Weak, diffuse pattern appeared aftér heéting the sample to
temperatures above 920 K fpr iess”than 1 minute. The LEED
spots became sharper aftér a short (<1 minute) high
temperaﬁqre treatmen£ at temperatures around 1320 K and
formed a.(1x1)-pattern which is shown in‘p;cture b (Ep ='51 ev,
exﬁosufe time: 1 sec., apefture: 1.6). |

Furtherheating was avoided idorder tokeep the bulk

defect concentration of the yellowish sample low (see

chapter 5).
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Results From Measurements Of Conductivity
And Work Function Changes

The figures to be presented in this.subchapter show a

represénté;ive selection of results obtained from‘Aa '
(Figures 26=37) andA¢,(Figure 38-46)'experiments cérried
.out on a yellow1sh T102(110) sample in the PHI 545A vacuum
chamber descrlbed in chapter 3. .

'Measurements of surface conduct1v1ty and work-function
changes performed on bluish samples yielded -apart from
higher bulk conductivities - similarAo and A¢ results.

The two eurveslpresented in Figure é6 ﬁemonstrate.the
effect of thin evaporated titanium films as wellvas
‘afgon-ion bombardment on the surface conductivitf‘as'ofjthe
Ti05(110) sample. The experiments were run at T = 303 K in

a residual gas atmosphere of 1.5x10-9 mbar, and the surface

' conductivity changes Ayy were calculated by multiplying the

_meééured bulk conductivity changes Agsb by the sample.
thickness d (= 0.65 mm), as explained elsewhere [79]. The
curveé were calculateé by'f;tting expoPential funétions to
the experimentally obtainéd data‘po%nts (ind%pated_b&
dots).

The solid line (A) illustrates'inereaSes in the
surface conductivity_(feferred‘tp the stoichiometric
surface) upon the deposition of small amounts of titanium

measured in monolayer (ML) coverages .

L




Figure 26.

© (MLTi)-*-

T=303 K
P =1.5x10'9mbar residual gas

sputter time (h)—»

Surface-conductivity changes Aa 3 of TiOg(110)
upon evaporation of Ti (solid curve A), as well
as argon-ion bombardment (dashed curve B).
Further explanations are given in the text.

70T
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The ¢a$hed-curve (B) represents results obtained
immegiately after several hours (h) of érgon-ioﬂ
bombardment (E, = 1000 eV, Ie.m = 11 mA, Itapg = 1 pA) and
also shows increaées in the surface conductivity. These
results—will be discussed in the next chgpter.

The effect of a 1-minu£e oxygen expoéure at an Oo=
pressure of 6.7x10-6 mbar on the surface conductivity of
the stqichioﬁetrie-T102(1f0)_surface is shown in Figure 27.
The two solid lines qbyained from smoothing the data points
(indic;ted by dots) show pronoﬁncéd'conductivit& decreases
for two different sample temperaturés (348 and 423 K). The
@edrease in fhe sﬁrface conductivity appears to be much
more enhanced at elevated temperatures. A.possible'
explénation fof this phgnomenon will.be given in the
discussion in chapter 5.

The data points in Figure 28 were recorded during
1-minute exposures of moleqular hydrogen at a ﬁz-pressure
of 2.0x10-5 mbar and‘reflect conductivity increaées at
tﬁree different temperatures (303, 348 and 423 K). In this
éaée, however, the conddctivt& changes are more proﬁounced
at lower températures and, in general, are one order of

magnitude smaller than those measured during oxygen

°  exposures.




open leak valve

t(sec)-"

close leak valve

O g-exposure for I min.
Rn =6.7 x 10"6mbar
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Figure 28.

Hg-exposure for | min.
Pu =2.0 x I0"5mbar

423K-

t(sec)-"

Surface-conductivity changes of TiOg(110) upon exposure to
molecular hydrogen at three different sample temperatures.
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The following Figure 29 preéents results obtained
from_surface conductivity measurements done during 2-minu£e
expoéures of carbon monoxide at a CO=-pressure of 2.0x105
mbar., It was observed that the conductivity changes
increased with temperature. The changes were found to be

-negative fof temperatures less or equal to 323 K, énd
positive for temperatures greater or equal to 333 K, i.e. a
sign change occurs between 323 and 333 K. Again, the
conduetivity’changes‘recorded here, in general, are one
order of magnitude smaller thén-those obtained during
oxXygen exposures. |

The effect of small amounts of tifanium, evaporated
onto the Ti0p(110) surface on the conductivity change
during a 1-minute O, exposure (Pgo = é.7x10-6 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 eonauetivity
of the sample: the higher the titanium coverage, the more
pronounced the surface conductivity changés during‘oé
exposure.

In Figure'31, it ean be seeh, however, that higher
titanium 'coverages (1.0, 1.5 and 2.0 ML) reduce the
conductivitj changes that occur during.oxygen ekposure. For
1.5=- and 2.0-monolayer coverages the conductivity ‘decreases
are even smaller than those measured on the stoichiometric

surface (0 ML).




Figure 29.

CO-exposure for Z min.
Fco =2.0x10"5mbar

t(sec)->-

Surface-conductivity changes of Ti0o2(110)
five different -sample temperatures.

upon

423 K

348K-

333 K-

323 K
303 K

CO exposure at
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OMLTI
0.25 MLTI
O2 - exposure fori min
T=348K
Pn0=6.7 x I0'6mbar .0.50 MLTI

Figure 30. Surface-conductivity changes of clean and

Ti-covered TICM(1I0) upon oxygen exposure at
348 K. The Ti coverages range from 0.25 to 0.50
monolayers.
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2.0 MLTi
1.5 MLTi
O MLTi
1.0 MLTi
0 2-exposure for Imin.
T=348K
R2=BTx I06mbar
0.5 MLTi -

Figure 31. Surface-conductivity changes of clean and Ti-covered TiOofiin)
upon oxygen exposure at 348 K. The Ti coverages range from 0.5
to 2.0 monolayers. The curves obtained for 0O and 0.5 monolayer
coverages are identical to corresponding curves of Figure 3o0.
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Figure.32 summarizes the results presented in Figures

* 30 and 31. The maximum values Ags,max ©f the conductivity

changes (corresponding to the last data poinps recorded

during the measuring times) were referred to the maximum

change at zero titanium coverage [yielding A(Aog payx)
b

values] and then plotted versus the titanium coverage

The data points obtained in this manner were,subsequently
connected ~-through solid lines. According to this diagranm,
the conductivity'changés (ﬁitﬁ respect to the change at the
clean surface) first decrease with increasing titanium
coverage, and then - after passing through é minimum value
around 0.5 monolayers - increase, until a sign changé
occurs between 1.0 and 1.5 monolayefs. Only small increases
Aﬂkos,max) were measured for titanium coverages between 1.0
and 2.0 monolayers,

The data presented in Figure 33 were obtained for
similar equpiméntal conditions as in Figure 30, but for a
sample tempefature of 423 K and slightly different-tiéanium
coveraées (0, 0.2, 0.4 and 0.6 ML). We again observe
enhanced conductivity decreases on tit;nium-covered
surfaces, if these are exposed tb‘oxygen.

The curves shown in Figure 314 demonstrate how heavy
argon lon bombardment (Ep = 1000 eV, Igy = 11 m4,
Itarg = 1 A) affects the surface-~conductivity changes

during a 1-minute oxygen exposure (Pgo = 6.7x10=6 mbar,

T = 303 K).




Figure 32.

O2-exposure fori min.

T=348K
PO =6.7 x10"6 mbor

OQVLTi)

Maximum surface-conductivity changes ™ (Aas max) plotted versus
Ti coverage. These changes are referred to fmaximum conductivity
changes (see text) obtained on ideal surfaces and were
calculated from the curves shown in Figures 30 and 3l e
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Surface-conductivity changes of clean and
Zzigc&vered TiOp(110) uPon ©°xysen exposure at
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02-exposure for Imin.
T=303K amealed
PO =6.7x10 6mbar

3h suutter

Figure 34. Surface-conductivity changes of annealed and
heavily 1on-bombarded TiOg(110) upon oxygen
exposure at 303 K.
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:the solid line labelled "annealed" was obtained
on é;stbiehiometric TiOg(]jOi sﬁfface, whereas the data
points 1eading to the éur#e "3-h sputter™ were recorded on
a-Tiog"(ﬂo) surface that had been sputﬁered'fbr 3 hours.
Similarly to surfaces oovéred With_submonplaygr amounts of
titanium,‘we again observe an enhanced conduotivity'
deorease;on alnonastoichiometr;é sufface, when the latter
is_exbosed to oxygen.

The results preéented in Figure 35 show that
monolayer amounts (1_ML) of titaﬁium deposited on a
Ti05(110) Surfaée reduce the conductivity inefease measured
.during the exposure of-molecular hydrogen. The curve
lafelled "0 ML Tin représents results obtainéd on a
stoichiometric surface and shows‘prohouncéd o&nductivity
increases during a 1-hinute exposure of molecular hfdrogen
(Pua = 2.0x1.-5 mbar, T = 303 K). The solid line labelled
"1. ML Ti" results from the same kind of experiment
carried out on a titanium-covered (1 ML) Ti05(110)
surface and_shows much-less-pronoﬁnced increases in the
surface conductivity‘

The following two Figureés 36 and 37 representAog
: experiments_performed during 2-minute éxposures of cafbon
monoxide (Pgy = 2.0x10~5 mbar, T = 303 K in Figure 36 and

T = 348 K in Figure 37).




Figure 35.

Hg "'exposure far Imin.
T=303K
pu =2.0x010""5mbar
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Surface-conductivity changes of clean and
Ti-covered Ti02(110) upon exposure to molecular
hydrogen at 303 K.
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CC)-exposure for 2 min
T=303K
Rco =2.0x10 Smbar
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- The figu}es indicate that - independently of the

samﬁ@e‘température - monolayer.(1 ML ‘'in Figure 36) ﬁnd
mulfilayer (3.5 ML in Figufe137) amounts of ti£anium
deposited on the surface lead to_lgsé-proﬁoﬁnced chanées in
the surface éonduc@ivity.

In,furghef experiments -'nop represgnted bylfigures -
it was found that several hours of heavy argon-ion
bombardment (Ep_= 1000 eV, Iem = 11 mA, Itarg = 1 pA) aiéo
reduces the conductivity changeé measured at different
temperatures during Hy- as well as CO-exposures.

A 1 hour ion bombardment, e.g., causes 42 % smaller
conductivity changes with respect to the stoichiometriec
surface upon CO adsorption at 303 K'énd Pco = 2x10-5 mbar.
The conductivity increases found during Hé exposure at
348 K and Bgo = 2x10-2 mbar were reduced by 17.5 % after
2 hours of aréon-ion bombardment. These phenoﬁena will be
discussed in. the next éhapter.

The following three figures present results obtained

from measurements of work function changes (A¢) performed

.at 303 K on differently treated TiO,(110) surfaces during

oxygen, hydrqgen and carbpn monoxide exposures. In general,
the experiments were started U4 minutgs before the gaé 
exposures in order to‘get‘an'average initial CPD valde..

As soon as the sample was exposed to one of the géses

mentioned above, the CPD values changed rapidly and
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stabilized within éeconds, i.e. remained qonstant until tﬁe
enq;§f'the experiment, which usually took ébout'10 minutes.

The curves shown in Figure 38 reflect(3¢ measurements
done during 1-minute oiygen_exposures‘at én oxygen partial
pressure of 6.7x10=6 mbér. The bottom curve labelled
"annealed" represents fesults obtained on a stoichiometfic
.Ti05(110) surface. The two curves aboﬁe were recorded on
titanium-covered (0.5, 1.0 and 2.0 ML) surfaces, wheréés.
the uppermost curve results from measurements berformed on
a heavily ion-bombarded (t = 2 h, Ep = 1000eV, Ie@ = 11 mi,

Itarg = 1 phA) Ti02(110) surface. The results show that the.

work function of a T102(110) sample aiways increasges during_

oxygeh exposurés. The increases are more pronounced on
titanium-covered and heavily sputtered surfaces.

The graphs'in Figure'39 presént work function
changes recorded during l-minute exposures of moleculaf
hydrogen at a hydroéén partial pressure of 6.7xf0-6 mbar,
The sfpichiometric ("anﬁeéled") Ti02(110) surfage exhibit;
a‘pronouheed decrease in its work ?unction; when'exposed to
hydrogen. But.as soon as the céverage of titaqiup‘deposited
on the surface reaches 0.5 rnonolayers, work fdnétion_
incfeases are observed. These become more pronounced with
inereasing layer thickneés (1 ML). Strong work fuﬁctibn
"increases are also observed on ion-bombarded (f = 1 h,
Ey, = 1000 ev, Tem = 11 maA, Itapg = 1 ph) surfaces

represented by the uppermost curve.
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Figure 38. Work-function changes A<€ of annealed,

Ti-covered and #1on-bombarded TiC”110) upon
oxvcen exDOSure at 303 K.
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The. curves presented in Figure 40 were derived from

mg;surements pefformed during 2-minute:carbon monoxide
exposures at a CO partial pressure of 2.0x10-5 mbar.
Similar to the results shown in Figure 39, the
Stoichiometric ("annealed") TiO,(110) surface exhibits
strong wdrk function decreases, when exposed to carbon
monoxide. Monolayer amounts (1 ML).of titanium evaporated
onto the surface cause less-pronounced work function
decreas;s, whereas multilayer titanium coverages (3.5 ML)
result in work function-increases. Heavily sputtered

(t = 3h, By = 1000 eV, Tem = 11 mA, Itapg = 1 pA) surfaces
also show strong work function'increasés, when exposed to '

carbon monoxide, as illustfated by the uppermost curve.
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Figure 40. Work-function changes & ¢ of annealed,

Ti-covered and ion-bombarded Ti027110) upon CO
exposure at 303 K.
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CHAPTER 5
DISCUSSION

.In the following chapter,.the experimenﬁal-results
presentgd above wili be apalyzed and discusséd iq more
detail, |

In the first part of the discussion, it will be shoﬁn
how some important physical bulk properties, such as bulk
electronic densitieé, bﬁlk Fermi level pésitions, 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 electronié
StPUCtuPé of TiO, samples upon the formatiqn,af'surfaee-

defects;

In the third and fourth parts, the adsorption. of gases

on stoichiometric and defective Ti02(110) surfaces,

respectively, will be discussed in terms of a charge
traﬁsfer,model, This model will also be applied to explain
the transfer of chafges_frbm chemisorbed submonolayér
amoﬁnté of titaniuﬁ to the TiOp suystrate.

The last part of this chapter will présent a model

that describes the diffusion of defects in the bulk of

.
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Tibz' Within the framework of this model, diffusion
-eoeffiqients and diffusion profiles will beAealeulated and

diséussed.

LN . N
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ﬁylk CQangLivigx and Bulk Defects

_-The majority chérge carriers in n-type ruﬁile are
electrons that mainly arise from the therﬁal depopulatioﬁ
of defect (oxygen vacancy)-induced donor levels.in the 5and
gap (see chapter 2). Thefmally-excited electrénic
valence-to-conduction-band transitions are negligible at
low temperatures due to the fairly large gap energy of
3365 eV. Also, acceptor-type bahd'gap étates, which are
iﬁdueed.by oxXygen interstitiéls and cause p-type '
conduction, can be neglected for oxygen partial pressures_

less than 1 mbar (éee chapter 2)., The bulk conductivit& ab

can thus be written in a simple form:

Ob = epp nb ‘(25)
Here, e = 1.6621x10‘19 C (elementary charge), and up is the
temperature-dependent jbulk Hali mobility for
conductionfband eléctrons, and n, is the
temperature-dependent bulk,densipy of conduction-band
electrons, | ’

."The bulk density of conducﬁion-band électrons; n,, can
be computed iq the following way [130,138]:

0.}

ny = 2 j.dE Dc(E) f(E) ' (26)
AR .




wllo 1l

129 .

Ec‘is the energy at the lower conduction-band.edge, and

T £(E) = {1+exp[(E-Ep)/kpT]}-" ’ (27)

is the Fermi function with Ep being the Fermi enersy, T the
temperature and kgy = 8.6173x10;5 eV k-1 Boltzmann'é
constant. Dc(E) is the energy-depeﬁ@ent densit&.of
.conduction-baﬁd levels per unit energy, and - in'the case

of parabolic bands [138] - given by:
De(E) = 2m(2mers/h2)3/2x(E-Ec)1/2 - | (28)

with mere = 25 me being the effective mass of
conduction~band electrons (see chapter 2),
me = 9.1091x10-31'Kg the electronic rest-mass, and
h = 4.1357x10-15 eVsec’PlaﬁcK's constant. The two
different eléétronie spin orientations are considered by
the'factof 2 in Equation 26.

In practice, the semiconductor bulk of TiO, is usually

nondegenerate [138], i.e.

'EC‘EF.> 3kpT

Ep-Ey > 3kgpT

(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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facilita;es the integration of Equation 26. With the help
of ﬁéuation 28 -~ assuming paraboiic conduction bands.- we

obtain:
© Dy = Ng eXD[(EF-'-Ec)‘/kBT] ‘ (29)
with N¢ = 2(2mmerrkpT/h?)3/2,

With known bulk Hall mobility data up (see chaptep.Z)’

.experimentally obtained bulk conductivities op and the help

of Equations 25 and 29 we can now determine the bulk

electronic densities np and the positions of the bulk Fermi.

level Ep relative to the lower conduction band edge Eg.
The bulk conductivity op of a yellowish Ti0p(110)

sample (see chapter 3) was measured for sample tempergtures
ranging from 300 to 600 K. The resulting bulk electronic
densities and Fermiglevel posiﬁions_aﬁe plébted in |
Figure U41. Also shown is the effective Debye length Lp to
be discussed later. For n-type semicopductors with . |
\negligible bulk hole concentration [100], this bulk

property is given by:

Lp = [eecokpT/(e2np)]"/2 | K (30)

1.4185x10-32 C2/(eVem) is the electric-field

constant and ¢ the jemperéture-dependent dieleetrié

constant of rutile (see chapter 2).
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Figure 41.
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Bulk densities of conduction-band electrons, nf

bulk Fermi level positions, Ec-Ept anc® 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 moét important defect in TiO, is the oxygen
'&a;apcy (;ee.chapter.z) associated with two Ti3+ ions. For
two electrpns trapped at the defect, tﬁe ground-étate
configuration may be characterized by 2Ti3+ V8,
. bparamagnetic first ionization stage by éIi3+ VB and the
completely lonized defect by 2T13+ V8+. For simplification;
the label "2T13+" will be omltted in the follow1ng.

In a 31mple model, the 1on1zatlon'of a donor-tybe»

oxygen vacancy can be described quantitatively by applying

the law of mass action [79]:

V8 {=z====> Va + € (31)

VB L=====> V8+ + e~ (32)

The first and second ionization potentials can
formally be attributed to two band-gap donor levels Epq and
ED2' The occupancy of these donor levels is determined by -

the'Fermi function and the corresponding degeneracy .

factors:

' N ' 1
DO .
_________ D e o e - e = e o o e e - . (33)
NDO + ND1 1 + 2 eXp[(ED1-EF)/k T]
: N - 1
D1
————————— D e o o v e S G e = A - - . (34)

ND1 + ND2 1 + 0.5 exp[(EDZ-EF>/kBT]
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'NDO;W¥D1Jéaa NDé'are the bulk dénsities’of completely
'.chd}ied,-singly and doubly ionized donors having
degénefacies‘of 1, 2 and 1; respectively.
With the help of Equations 33 and 34 as well as 29 we

can calculate the two equilibrium constants Kpj and Kpo

attributed to Equations 31 and 32.

Kp1 Np1 np/Npo 2 Nc exp[(Epq-Ec)/kgT] -7 (35)

KDQ Npo np/Npq 0.5 Ng¢ exp[(EDZ-EC)/kBT_] . (36)

The condition of electroneutrality requires:

Dy = Npqp + 2 Npo ‘ - (37)
The total bulk defect (donof-type oxygen vacancy) density

is given by:

Np = Npo + Np1 + Np2 ~(38)

From Equations 35-38 we get:

nb = ND KD1 ------------------- - - (39) -

The unknown parameters Np, Ep1 and Epp can be dal°U1ated.bY-
fitting the experimentally obtained, tempefature-dependent
bulk electronic densities np (see Figure 31) to

Equation 39. Thisaﬁas done fdr.the'sample described abofe

by applying both éhe Gauss~-Marquardt procedure [139] anq

the Simplex Aigorithm [140]. The resuits are:
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F . mp = 1.14x1017 em=3

0.421 eV

Ec-Epq

Ec-Ep> 0.470 eV - ‘ '. - (40)

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

of this chépter).
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Sgrﬁaﬁe Structure Including Surface Defegﬁe.

"The formation of TiS+ (§<4) species at'£he Ti0,(110)
surface upon the deposition of foreign titanium atoms can
be studied by_meaﬁs of XPS, XAES, AES, ELS and EELS.

In the T12§ cobe-level'spectra presented in Figure 7,
additioﬂal emissions are observed on the'ldﬁ-bieding-energy
sides of the parent peaks. These features become more
intense and broader with increasing'tifanium coverage and
can be attributed to less-ionic titanium at the surface,‘
because core'electfons are less etroqgly bound in

leSs-poeitively-charged ions. The'T12p3/2 core-=-level

positions of Ti3+, Ti2+ and metallic titanium are indicated

by correspondingly-labelled dashed vertical lines and have

been measured for Tip03 [1411, Ti0 [142] and titanium metal -

[120]. According to these resulte,-the deposition of
submenolayer amounts-(o 7 ML Ti in curve b).of tifahium
leads to the formation of mainly Ti3+ ions at .the T102(11o)
surface, i.e. charge transfer occurs from the foreign T1i
atoms to 'the Ti0, substrate.

Increasing titanium'coverage, however, reduces the
number of elementary charges transferred per additional’
forelgn.tltanlum atom as can be seen in curve c. Here, the
additional core-level feature already shows a 31gnificant

contribution from Ti2+ ions. The titanium coverage
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boréeépondiﬂg-fo this curve was determined to be 1.1
mongigyéfs (see also chapter ). |
| 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 éxplained
above strongl& suggests that a defect-like structure
involving Ti3+ species.can be created at T102(110) surface
by depositihg subﬁonolayer.amounts of titanium on the
latter. In the loﬁfcoverage‘regime, each foreign titanium
atom apparently chemisorbs as Ti3+ due to an
energeticéllnyavoréd charge t;anéfer from the evaporated
species to the TiOp Sybstrate-'

In the following, a guantitafive.XPS line-shape
analysis of opé of the Ti2p core-level spectra.sﬁdwn in
:Figure'7 will be presented. The fheoretical backgrbund of
this kind of gnalysis will be explained in more detail‘in_'
Appendix A.. |

The X-ray-induced photoelectrons emerging from a
sample lose kinetic energy ih mainly two brocesses that
lead_to additional emissions on the low=~kinetic=-energy

.sides~(high-binding-enérgy sides) of core-level peaks. One

of these loss features is associated with single, extrinsic .
g _ \

surféce-and bulk-plasmon excitations of the photoelectrons.

The second one, which occurs mainly in metals, is due to
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inﬁ;igsie*shgke-up or final-state effects caused by
.emegéihg‘pﬁgtoelectrons (see e.g. refe;ences 143,144 and
Appendix A4).

- In Figures 42 and 43, the XPS core-level line shapes
and positions of the Ti2p levels of sfoichiometric titanium
dioxide -as well as metallic titanium are éhown on the same
energy scalé, yith intensities normalized to the Ti2pg/2
cbbe-level emission of stoichiometric TiO,, Both the
Ti2p1/2 and Ti2p3yz levels of Ti exhibit a striking
asymmetry at iow kinetic energies (Figure Hé). This
asymmetry ié characteristic of XPS core-=level spectra
obtained on metals, due to the fact that emersing
photoelectrons lose kinetic energy‘By creating
electron-holg pairs in the Fermi sea of the metal., This
effeet is independeht 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 TiO, as shown in Figure 43, ,

_With the use of the Simplex Algorithm [140] menti&ned
above the two experimentally obtained XPS line shapes
présented in Figures 42 and 43 (solid iines) 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.

790
PHOTOELECTRON KINETIC ENERGY (&)

Ti2p core-level spectrum (solid line) of
metallic Ti. The dashed curves represent
Gaussians fTitted 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.
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.. These Gaussians are indicated by dashed.lines, their
sﬁms,Li.ek thg theopetically obtained line shapes, by
dottéa iines. The péak‘positions (at maximum intensity)'Eo,
amplitudes A, half widths. E (FWHM), integrals I and per
cent contributions (%) of the individualﬂintégréls to the
total integral of the theoretically obtained l;ne shapes
are lisfed in Tables 1 and 2. The peék numbers'increase
with increasing photoelectron kinetic energy of the '

corresponding peak maxima.

Peak Ey (eV) A (cps) AE (eV) ‘I (eV cps) %

1 -791.30 » 86 .26 1.98 : 181.90 3.9
2 793.25 649..66 1.87 1294.60 28.3
3 795.84 119 .71 1.48 188.00 4,1
5 799.37 1453ﬂ59 1.51 - 2328.90 50.9
#eps = counts perrsecond

Table 2. Gaussians fitted to a T12p spectrum of T102,

Peak Ey (ev) A (eps) AE (eV) I (eV cps) %

1 787 .91 72.18 ~ 1.58 121.40 2.7
2 788 .65 © -560.81 2.06 1230.00 27.0
3 791.08 1T13.21 1.83 220.80 4.8
Y 792.61 133.10 1.87 265.40 5.8
5 794.33 1824.79 ~1.40 2720.20 59.7

e e e e e e e e e e e e o qem——————

Peaks 1 ,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
proéertiés of these fegtufés{ however, cannot be derived
from'thé'Gaussians because of the absence of an undgrlYihg
model.

Figure uu'presents a representative Gaussian fit of

LI

curve c¢ showq in Figure 7. Before fitting the Ti2p spectrum

to eight Gaussians, a linear background and the

‘theoretically obtained peaks 1, 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 Ti2pj/2 and Ti2pz/p» is ‘believed

to have contributions from Ti#+, Ti3+, Ti2+ and Til+ idns,

as suggested by curve ¢ in Figure 7. The parameters of

‘these eight Gaussians are .listed in Table 3.

Table 3. Gaussians fitted to Ti2p spectrum c,

Peak Eg (ev) A (cps) AE (eV) I (eV cps) %

1 788.64 551.T4 2.20 1294.00 12.6

2 790.19 " 297.10 1.60 507 .40 4.9

3 791.82 . 409.12 1.83 . 795.40 7.8

Y 792.143 238.36 2.28 578.90 5.6

5 794.30  1560.83 2.02 3357 .30 32.7
6 796 .20 788.75  2.57 2159 .60 21.1

7 797 .60 460.53 2.01 ' 982.90 9.6

8 798.70 345.81 1.58 . 582.10 547
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Figure 44. Ti2p core-level spectrum c (solid line) of
Figure 7, fTitted by eight Gaussians (dashed
lines). All Gaussian parameters were varied
during the line-shape analysis (see text).
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Thé sum of'peaks 5 to 8 gives a mathematically anq
.phy&icaIﬂy satisfactory fit of the Ti2p3/» emission as
indicated by the dotted line. These peaks.thus represent
the contributions of the differeﬁt bulk'and surface
titanium ions to the Tiép3/é core~level feature., From
Iable‘3 it can be seen that the'per cent eontriputions of.
Tid+ and Ti3+ ions are dominant. ]

The remaining Gaussians 1 to 4 yield a mathematloal
fit of the T12P1/2 emission and thus formally represent the
Tigp1/2.core-level peaks of the different titanium ions.
Their pésitions, relative amplitﬁdés and half widths,
however, differ from the phy31eally expeeted ones
.[120,141,142] Using peaks 5 to 8 as reéference peaks, as
wéll as known and estimgtéd values for the Ti2p épin-orbit
splittings in different titanium idns, féur (physically
more realistie) Ti2pq/2 Gaussians were constructed. These
‘are plotted in Figure 45 together. with peaks 5 to 8 from
Figure 44, and apparently don'@ yield a good mathematical
fit of the Ti2p,,, emission. '

Gaussians are believéd to yield reésonable
mathematiégl énd physical fits of core-level spectra -
obtained on ﬁurely'insulating or semiconducting samples due
to negligible st peak asymmetries. The more meﬁallié thé
material becomes, hoﬁever, the more pronoﬁnced these

asymmetries will be.
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Figure 45. Ti2p core-level spectrum c of Figure 7, Tfitted
by eight Gaussians. Here, the Gaussian

parameters of the T12pi/2 Pea”s were estimated
from the parameters of corresponding Ti2po/2
peaks. Further explanations are given 1iIn the
text.
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The Ti3+. Ti2+ and Til* ions discussed above cause

occupied T13d states in the TiOp band gap resultlng in an

exponential increase of the surface conductlvity (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~Sunjié functions [144] to curve ¢ (only linear

background subtracted) of Figure 7.
These functions account for the intrinsiec shake-up
excitations and will be discussed in Appendix A. Besides

peak position and ampiitude (= proportionality constant

that includes all energy-independent prefactors{ see

Equation 163 in Appendix A), other physical properties such

as the line width y (due to the finite 1ifetime oflthe
core-hole), the so-called Anderson singularity (asymmetry)
index a as‘well as the analyzer broadening and ' .
core hole-lnduced phonon broadening AEph had to be fltted
to the experlmentally 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,

fhe asymmetries of peaks 1 and 5 are small, as
expected because these peaks represent the T12p1/2 and_~
Ti2pg3/p core levels of_Ti”+ ions respect;vely. The
asymmetry, however, increases with decreasing titanium

oxidation number.




Table 4. Gauss-broadened Doniach-Sunjic functions fitted to Ti2p curve ec.

Peak Eg (eV) A (cps) y(eV) a Epn (V) I (eV cps) %

1 788 .62 148.74 1.32 0.05 0.22 352 .99 6.1
2 789 .46 108.15 1.41 0.17 0.22 300.13 5.2
3 791.4%0 171.02 1.36 0.17 0.22 ‘494,10 8.6
y 792.50 187.02 1.00 0.25 0.22 563.24 9.8
5 794.30 785.47 0.90 0.04 -0.22 1640.74 28.5
6 796 .25 392.75 1.00 0.17 0.22 1023.56 17.8
7 797..80 298.96 1.00 0.17 0.22 .. T79.16 13.5
8 798.75 198.71 1.00 0.25 0.22 ' 606.06 10.5

YT
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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
peags:T anq'8 to the T12p3/2 emission ére gréater than
those obtaired for Gapsssiéns.'Agéin, positions and
relative ampiifudes of the Doniaoh;Sunjié functions
repreéenting the correspohding T12pﬁ/2 core levelé don't
agree w;th the physica;ly éxpected ones. Physically more
realistic Ti2py,, peaks are shown in Figure 4T7. Their
positions ana amplitudes were c;lculated from corfesponding
Ti2p3/2 poSitions'and amplifudes and by assuming the same
asymmetry indices fér corresponding Ti2pq/p2 and Ti2p3/2
‘peaks.

In Figure 48, the kinetio .enérgies of the Ti2p3,, peak
maxima'are plotted versus titanium oxidation number. The
crosses (x) indicate experimental data points obtaineq for
Tid+ in Tiop (this thesis), Ti3+ in Tipog [1411,. Ti2+ in
TiO [142] and fof neutral Ti atoms in metallic titanium
[120]. The triangles (A) indicate the Ti2pg3sp Positions
calculated from a Gaussian fit of curve ¢ ;n Figure 44 (see
Table 3). A solid.line was drawn through the centers of
these triangles in.order to illustrate the functional
dependenqe of the_T12p3/2-peak sh;ft on the titanium
oxidation number. The dots (o) represent results obtained
frém a Doniéch-Sunjie-type fit of curve ¢ (see Figure 46
and Table 4), Figure 48 shows resonable agreement between
theoretically and experimentally'obtained Ti2p3/2-peak

positions,
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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.



Figure 48. TiSp~"-peak positions plotted as a function of Ti oxidation

number. The crosses (X) indicate experimental data points (see
text), the triangles (A) represent results obtained from a
Gaussian fit of curve c iIn Figure 44. The dots (=) indicate
results of a Doniach-Sunjib-type fit of curve c iIn Figure 46.

051 |
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-The experimental curves in Flgure 8 (see also chapter
’4) demonstrate the effect of heavy argon-lon bombardment on
the Ti2p core-levels. Slmllarly to the results'obtained on
-titanium-covered. surfaces, additional.emiséions'on‘the
low-ﬁinding-energy sidés of T12p1/2.and Ti2p3/p can be
observed indlcating the presence of dlfferently charged
tltanlum specles at the surface. Argon-ion bombardment
leads to pronqunced gurface-atom disdrdgr and prqbab;y
causéslthe removal of oxyéen atoms with subsequent ehérge
transfer from the Vécancy to the titanium sités,

.The O01s core-level peak exhibits éharactegistic:shifts
towards higher‘bindiqg energy Upoh the deposition of
titanium. This effect is illustrated in Figure 9. An
asymmetric broadening éf the Ois core=level on the
high-binding-ehergy Side (curve a) has already been
observed by Sham and Lazarus_[88]; who performed |
éngle-dependent‘XPS measurements on‘clean'and hydréted
T102(001) samples (sée.also'chgpter 2). On clean (scraped)
samples,.they observed the growth of a new feature on thel
high-binding-energy side of the 01s core-level with
.ihcreasing photoeléctron take~off angle (measured with
respecfhto the surface normal). They aséigned this featufe
to oxidé_ions terminating the .surface. Even-at Zero

téke-bff angle, this feature caused an asymmetry in the Ol1s

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 1is dge to the presence of surface oxide ions.
In generai, XPS core-levei binding energy shifts AEb

arise from four main contributions [159]:

AEy, = AE pem + AEMac.l + A(-eVy) + AEpqyax (MT2

where AEchem is the'chemical shift depending on the chargé
of the ion under.study. AEMad is the change in the Madelung
potentiai energy depending on the ionic environment and
A(-eVs)‘denofes chénges in the band bending (see below).

The term AE represents changes in the final-state

relax _
relaxation energy which is partially added to the
photoelectron kinétic‘energy upoh-reoccupationiof the core
hole. | |
Figure 49 presents a Gaussian fit of curve a of
Figure 9. fhis curve was obtained on a clean stoichiometric
T102(11O) surface (see chapter 4) and exhibits an asymmetry
on its high-binding-energy side. A linear background was
subtracted first and then thrée Gaussians wefe £entativé1y

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 O01s spectrum a.

Peak Ey (eV) A (cps). AE (eV) I (eV.cps) %

1 720,17 108.96 0.94 108.90 2.4
2 721.21 252 .82 1.24 332f80 7.4
3 722.84 2487.98 1.53 bos4.40 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 Tin+ neighbor (see
Figures 1 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 pore-level
binding energies. |

Peak 1 originates from extrinsic many-body effects
(see Appendix A) accompanying the emitted'photoelectrohs.
Its position and in;gnsity depepds on the kind of

background subtraction used.
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Figure 49.
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-*-Eb(eV, Ev =0)
529 524

PHOTOELECTRON KINETIC ENERGY (eV)-%

Ols core-level spectrum a (solid line) of
Figure 9, fitted by three Gaussians (dashed
lines), 1indicating the presence of bulk- and
surface-oxygen species (see text). All Gaussian
parameters were varied during the line-shape
analysis.
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Figure 50'shows a similar fit of curve ¢ of Figure 9.
This curve was obtalued after the deposition of 1.1
moanayeus of titanium . Again, a linear background was
subtfacted, before the three-Gaussian fit-was calculated
for a cqnstant_bulk 0O1s peak pusition. The Gaussian |

parameters are listed in Table 6.

Table 6. Gau331ans fitted to 01s spectrum c (peak 1 fixed).

Peak Eg (eV) A (cps) AE (eV) I (eV cps) %
1 720.53  15T7.44 . 3.50 587.20  11.8
3 722.8% 2229.26 1.51 3571.80 T1.7

Figure 51 presents a sliéhtly differenf Gauésian fit
of curve c. The parameters are listed in Table 7. In thiu
case, the bulk O1s position was varied, too, resulting in a
shift of this peak towards higher binding'éhgrgies.
Simultaneously, peak 2 shifts towards lower binding
energies and exhibits a lower intensity than the

' corresponding peak in Figure 50.

~

Ll
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Figure 50.

721 726
PHOTOELECTRON KINETIC ENERGY (eV)->-

Ols core-level spectrum c of Figure 9 Tfitted 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» fTitted by
three Gaussian. In contrast to Figure 50, all

Gaussian parameters were varied during the peak
analysis (see text).
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This.phenomehon may be explained by a\titanium-induced
band'bending.and formation of bulk-1like oxygen iong due to
the:pfésenqe éf titanium species at the oxygen=-rich (1105

surface (see Figure 2).

Table 7. Gaussians fitted to O1s spectrum c (peak 1 free).

Peak Ey (ev) A (cps) AE (eV) I (eV cps) 9

1 719.83 138.79 2.61 385.00° 7.7
2 - 721.65 328.27 © 1.69 591.00 11.8
3 722.79 . 2392.98 1.58 4015.70 1 80.5

i

The presenée of- titanium species at thé supface 1ead§'
to a charge transfer from these species to surface oxygen
ions. THis:causeg a shift of the sﬁrfacéjderived peak 2
towards the O1s bulk peak'as can be observed in Figure 51.

The negative band bending accompanying the
accumulation layer-at the titanium-covered surface causes
O1s peak shifts‘towards higher binding energies, ThisA'
effect is demonsﬁrated in Figure 52, The solid line
represents the experimentally observed Ol1s binding énergy

ghifts. The hatched area was determined from shifts in the

upper valence-band edge Ev.upon the deposition of titanium

(see Figure 11) and thus indicates the range of

experimentally observed band bendings (for corresponding

titanium coverages).

I I T Y A, W




Figure 52.

Binding-energy shifts of Ols
(triangle A and dotted line,

®(MLTI)

(solid line, see Figure 9), TiSp

see Figure 10),

Ti2pg/2 (crosses X,

see Figure 7) and the TiOg valence band (squares H and hatched
as work-function changes (dashed

line, see Figure 38), plotted as a function of Ti coverage.

area, see Figure 11), as well

69T
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' The triangle (A) indicates the Ti3p coré-level shift

-obseﬁygd for a titanium coverage of 0.7 ML (see curve b in.

Figure 10), whereas the crosses (x) represent the Ti2pg/p

shifts for different titanium coverages. (see Figure 7).

The fact that no shifts in'the_T12p3/2 core-level, but

pronounced O1s and valencé-bapd shifts_aré observed may
indicafé that the presence of a space-cha?ge ;ayer doesn'ﬁ
decessarily léad to_équal cﬁapges of all core-level biqding
energ;es. |

The baﬁd bending is determinéd'by a‘meén elecfrostatic
potential which strongly influences the binding energies of
deiocalized valence-bahd states and can be measured inz&¢
expefiments. The localized core levels, such-as Ojs,
Ti2p3,5 and Ti3p; however, are more affected by spatially
varying local electfic fields,‘leading to différent biﬁding
energy changes. In additidn, the Ti2p3,5 core-level
position of Til+ jons is also influenced by Tiép1/2
emissions arising from ;ess positivély charged tifanium
specigs. |

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

| It was assumed that less-ionic épecies (at constant

interionic distances) qggsé a decrease in_the‘Madelung

potential energy. Furﬁhermore, the final-state relaxation
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effect i@Ybélieved to increase with increasing number of

'electfohgﬁin the. vicinity of the ionic species.

"Tablé 8. AEb contributions
AEi Tib=->s ob=>s T7i(4- §u-x§l""'5?§'$§'§5:
AEchem <O >0 <0 0
AEMag <0 . <0 _ <0 <0
A(-eVg) Al-eVg) A(-eVs) A(-eVg) A(-evVg)
Erelax 30 >0 - K0 4 >0

The dashed curve in Figure 52 was calculated from work .

functibn changes measured upon exposing titaniup-covered
surfaces fo-oxygeﬁ (see Figure 38). The resulés p;étted in
this cﬁrve are referred to the work-function increase
obtained on a clean.T162(11o) surface (curve labelled
"annealedﬁ in Figure 38) and hence demonstrate the effect
of partial anﬁealing of tifanium;covered'éurfacés on the .
TiOs work funétion. Assuming.that corresponding
work-function decreases would be observed upon the
deposition of titanigm (not measurable ﬁith‘the

Kelvin-probe set-up) we compare the resu;ts of the dashed

curve to the XPS core-level and valence-band shifts (Figube‘

52). The dashed curve is'found-entirely within the hatched
area, indibating that most of the work-function dhange
expected upon the'deposition of titanium is probably due to

band bending,
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llfhe experimentally obsefved OTs,shifts'(s§lid éurve)
" are .smaller than the measured.wérk-function changes and
,ban&’bendings; This may be’@ue‘to errors involved in the
determinatioﬁ,of XPS binding-enérgy changes as_well as
Small contributions ffom electron-affinity changes
accompanied by titaniuh-indﬁced dipole moments ﬁéee belbw).

Apﬁlying.the general férmalism:fOp determining
conéentrations of e;gments from XPS da£a (see Appendix A)
and taking numerical valges for total eross sections ahd
inelastic mean free paths from the literature; we |
determined a Ti;to-o ratio of 0.43 for stoichiometric
surfaces -(corresponding to curve a in Figures 7 and 9).. For
defec;ive surfaces the ratio inéreasea and, as an example,
a value of'approximately 0.50 waslobservéd_for heavily
ion-bombarded surfaces [80]. These values are smaller than
expected theorefiealiy for stoichiome£ric and defective
surfaces. Deviations in the orqér of 15 % afe most probably
éaused by inaccurate valués‘for cross sections, which had
to be taken from free-atdm'reéﬁlts [80,145-147] and which
are expected to-debend on the effective ionie charge. Also,
the backgréund subtraction and the assumption of copspan£
,spectpometér sensitivity for both the fi2p3/2 and O1s
core-levels may induce systematic errors;'The relative
increaée,‘however, of the Ti-to-0 raiio during defect
.formatiqn céﬁld be determined'with an accuracy of'about 1 %

[80].
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In Figure 10, additional emissions are observedvon uhe
-low-binding energy side of the Tl3p core-level peak after
‘the- dep031tlon of suece331ve,amounts of tltanium on
Ti0o(110). Due to the nigher.bhotoeleetron kinetie‘
energies, however, the surface sensitivity ef these
featunes is less pronounced [136]. A small Ti3p core-level
shift tewerds'higher binding energies is observed in curve
b. The magnitude of this shift is indicated es a triangle |
(A) in Figune.SZ.

The Ti3p core-level peakirepresenting fhe.
stoichiometric surface (curve a) is derived from
contrlbutlons of the Ti3p¢,5 and Ti3p3/2 states. The
sp1n-orb1t spllttlng for energy quantum number 3, however,
is much ‘smaller than the one observed for Ti2p states (eee
Figure T). By simply applylng Bohr's model to metalllc
titanium, a spin-orbit splitting of T7.96 eV (exp.: 6.15 eV
[120]) was estimated for Ti2p stafes, wherees a spiitting
of only 0.70 eV was calculated fon'Ti3p states., This is
mainly due to the fact that the energetic separation
between spin-1/2 and spin=3/2 states is - according to
Bohr's semielassical'model - inversely proportional tozthe_
sixth power.of the energy quantum number. The
experimentally observed spln-orblt spllttlng for T12p
'states in TiOy is 5.70 eV (see Flgure 7 and reference 120) .
This reeult indicates.that the enperimentally expected

splitting of Ti3p states in TiOp will be even less than
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0.70 eV. Due to the limited spéctrometer resolution (see

chapter 3).the'Ti3p1/é and Ti3p3/2 states couldn't be
resolved and instead, oniy'one broad peak wasvobserved on
stoichiometric Ti0,{(110) (see curve a in Figure 10).

The presence of two non-resoivgd core-level States as
well as .pronounced background noise prevented ap‘accurate
theoretiCal line~-shape analysis.-

The changes in the valence~band structure upon

deposition of successive amounts of titanium on Ti05(110)

are shown in Figure 11. The observation of a new emission
in the TiOp band-gap region (above the upper vélence—band.'

edge Ey of stoichiometric TiOp) as well as the depopulation

of upper O2p~derived valence-band states is consistent with '

the assumption pf occupied Tiéd states charécteristic for
defective sunfaces (see chapter 25. Curve>e was recorded én
a Tioé(110) surface covered with a metallic titanium
overlayer (4.5 ML) anﬁ thus shdws contributions from both
Ti and TiO, yalence bands. . |

The horizontai and sloping lines in spectra a-e
indicate two diffefent.ways of determining the upper
valencé-bgnd édge>of the TiO, 'substrate. The uncertainties
involved are mginly dﬁe to the differént 5ackgroﬁnds and
lead to pronoupced.errors in the determination-of'band

bendings as demonstrated by the hatched area in Figure 52.
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The twq squéres (1) represent the two different values

obtained for the valence~band shift (i.e. band bending) of

cuf&e d in Figure 11.

Due to a high'backgbouhd-noise level and low
valence~band cross sections (see chapter 4), no band-gap
features were'observed on spuétered surfaoés 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’

titahium or ion.bombardment, respeofively. As was already
pointed out in chapterlz, this (eomparativély
surface-sensitive) peak is a local probe for surface
defects and can be attriﬁuted to an intra-atémio-Auger
transitibn involving occupied Ti3d states.

Due to pronounced background noise no attempts‘were.
made to fit theoretical functions to the .observed Auger
line shapes. The dotted lines'ih Figures 12 and 13,
however, sohematiéally indicaté the>background 1evelé as
well as the two different contributions arising from TiOp .
and Ti. | |

In'an earlier study'[80] invol?ing a simple
Auger-linegshépe anaiysis, we determiped shapes and
positioﬁs of the Ti3d-derived band-gap state measured on

1dn_bombapded Ti0o(110) surfaces by means of UPS (see

chapter 2).'In a first approximation, we assumed constant

transition probabilities and the Auger peak TiLMV of
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stoichiométric surfaces to be given by a con&olution
product ofNOur'experimentallx observed T12p3)é, Ti3p and
valénée;band features. We ﬁhen used the defect-induced
excessAfeétures in tﬁe T;3pAand T12§3/2 peaks, assumed a
Gaussian bénd-gap (defect) state and varied its position
and halfwidth to fit tﬁe exberimentally observed TiLMV
'feature!‘Even thié simple model maae possible t6 explain‘
and charaoterizé defect states in the band gap. These were
determined to be located 0;3.eV'below the gonduction-band
edge apd with a halfwidth'of 0.5 eV [80].

The surface optical Fuchs-Kliewér phonons ob;erved on
Ti0,(110) surfaces during EELS studies (see Figures 14, 15
and reference 81) caﬁ be identified by comparing bulk data
‘[148,14§] and_a theoretiéal freatment t82] with typical
results summarized . in Table 9.
| The observed surface opticalfphonon modeé are
éingly-exoited'surface modes'71, gé‘and'gg as well as-
combination and multipile excitatiﬁns of these fundamentalA
modes. The frequencies vy and ;é have also been observed by

Kesmodél et al. [82] in an EELS study on TiO,(100).




Table 9. Surface- and Bulk-Optical-Phonon Loss Energies for Rutile Tioz'

Loss energy Surface data

(meV) Mode assignment
54 %

95 U

46 V3
149 71 + P2
141 V3 + V2
190 20,
244 Vi + 292
285 375
339 V1 + 302
380. 4o,

Theorya Bulk data
IR~active
52.8-56.4 r& (LO) 56 .8
93.8-98.8 g (LO) 100.5
46.2-16.3 [z (T0) . 22.7
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.. In our ‘study [81] with better instrumental resolution

ahd:éigpal-to-noise ratio we could also obser?e fhe 3}
mode. It cdﬁid'be.determihéd even more sensitively frbm.thg
gain feature due to the relative enhancement of lower loss
energies according té_the Boltzmann distribution (see
Figure 15 and Appendix B), which results in a bgttef

_ separation of ;3 and 3] features in the gain speétnum. For
%in particular ﬁelhaVe peen able to also observe.
higher-order_multiple losses which show-the expected
Poisson distribution of intensities (see Appendix B).

At primary enéfgies above Ep = 11 eV, the different
sample preﬁreatmenté (see chapéer k) led to identicali'
values of Vy, ¥, and p3, as listed in Table 9. At lower
primary energies %e observed characteristic shifts of
.surface optical phonons at stoichiometric sﬁrfaces towardé
higher loss energies f81j. For all‘thrée freqﬁencies we

found a shift of approximately.2 meV in the fundamental

mode‘at Ep = 6.4 eV, whereas the multiple losses 202, 3029
and 47, showed shifts of 2.5, 3, and 3.5 meV for
5.5 eV < Ep < 7.0 eV. |

The physical origin of this shift is not quite.cléar
af present. Reduced amplitudes and éhifts towérds iower
loss energies up;n defebt forma;ion ;t‘thé surface may
qﬁalitatively be uhderstoéd by damping of the collective
vibational m6dés in the presence of defect-inducea

conduction electrons with the frequeqcy of phonons at a
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defective suffaee
®p .= (wg = «k2)1/2 3 (42)

for a frequency on the stoichiometric surface wg:? With‘
kK= [3/2m.pp, where 3 is:the daﬁping_constant, and.
mers = 25me is the effective mass of TiOp conduptipn band
electroﬁs (see chapter 2). As an exanmple, ffom the
above-mentioned frequency shift in gé'at Ep = 6.4 eV we
calculate fB= 2.1x10~16 Kg sec-! and fik= 19.6 meV for
samples wiﬁh,high‘éoncentration;of defects.

At stoichiometric surfaces, these defects are annealed
" and defect-free (sub)surface regiops are produced which”
extend about 1000 A into the bulk [79]. The aependencé of
thé surface-bhonon shift and damping on the primafy enefgy
may also be explained by the pfimary-energy dependence of
the Fuchs-Kliewer phonon amplitudes in subsurface layers.
The efective amplitude aé a function of distance from the
surface is given by,exp(-Q”lzl) wifh-the invérse electron
momentum transfer parallel to the surface (see references

99, 150 and Appendix B):
. 4 . . ) " 1 .
or1 =¥l nwg sing /28, L w3

Here, Eg and E, are the wave vector and the energy of the
incoming electron, respectiVély, and @ is the scattering
angle., For ¥, we estimate values of 051 between 925 and

o . . .
1934 A for E; petween 6.4 and 28 eV. Geometric and
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electrpnic perturbations in the firét few mondlayers
extend ;itiié'if compared with Q;1.and the region which
contribu@es to thé-time-dependent glectric field at
Ep > 11 eV.lAs a-eonsequence, sgrfaqe aisprder or defects
do not afféot the. observed optical-phonon frequgnoies at
-highef primarykenergies, wheféas deviations between ideal .
and deféotive surfaces are exbegted for Q;1 (-iOQO i.

The experimeﬁtaily determined Value h is, within
experimental error, .identical with the‘qorrespond;ng
plasmon frequency of free carfiers in these samples of

18 meV. The laﬁter value was estimated from the

concentration of free electrons of 1x101% cm=3 and their - °

effective méss. These plasmons couple with Fﬁchs-Kliewer.
phonons and cause the above-mentioned damping. Owing to thé
line width of our instrument and the largg "bacﬁground"
near”the elastiq peak resulting from Fuchs-Kliewer phonons

we could not resolve plasmon excitations at low energies. ’

Figure 16 demonstrates how U4.5 monolayérs of titanium

debosited on T102(110)“éffect~the Fuchs-Kliewer phohon
intepsities; The observed soteening caused by the
conducting oveflayer has also been feported by Dubois et
al.-[137] who performea experimentél and theoretical EELS
studieé on silver-cofered Te-doped GgAs(100) surfaces. They
observed an intense surface optical bhonon at 36.2 ﬁev and
a weaker plasmon-pﬁonon coupled mode at 12=-13 meV. Botﬁ

. °
modes were completely screened. by a 3-A-thick uniform'
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. overlayer of silver in good agreemenﬁ with their
theoretical predictions.

In their model, they derived an expression for the
inelastiec electron-scattéring éréss éection in the dipole
regime  involving the frequency-dépendent dielectriec ‘
constants of both the GaAs substrate and the si;vef
_oveflayér reé&rded as a.thin dielectric layer. furthér
mathematical details will be given in Appendix B.

The dashed'and dotted lines in Figures 53 and 5%
répresent difference sbectra calculated'from the loss
features shown in Fiéures~18 gnd 20 by subtracting the
solid curiés (corresponding to stéichiometric surfaces) in
these figures from corresponding dashed and dotted curves.

The difference spectra show-broéd défect-induced loss
features between 0.35 and 2 eV loss energies. These
features can be attributed po_electronic traﬁsitibns frqm
6ccupied Ti3d~derived band-gap states to empty Ti3d states
in the conduction band of Ti0o . Theée d-d transitions have
a;ready'been observed in our earlier studies [80,81] and
by Hénrich et al.'[56] (see chapter Z)f

Figure 55 shows the TiOp ‘valence- and conduction-band
struétufes accordinglﬁo the results given in reference é;
It will be used to explain the origin of the ;oss features

b and ¢ presented in Figures 22 and 23.
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Figure 53. EELS difference spectra of TiC”O 10), calculated
from the curves iIn Figure 18 (see text).
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Figure 54. EELS difference spectra of TiOo(l110); calculated
from the curves in Figure 20 (see text).
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Energy (eV)

Bulk density of states (DOS) of TiOET 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 uppér part qﬁ the valence band and the lower part
‘éf tﬁe éonduﬁtion band have tgg symmetry and are derived
from weak pdn interactions between Ti‘and'O ions in the
Ti0p bulk. The lower valenée and the upper eonductién
subbands are of e, symmetry and originate. from strong
pdo interactioné. o

As was pointed out in our earlier studies t80], loss
feature b apparently is due to an electronic transition
frém.the upper paﬁt of the vélenoe band t6 the lower‘part
of.the oonéuction band (see also Figure 3) whiqh are
separated by 5.5 eV (; 1os$ engrgy of feature b). This
explains the attenuation of feature b dpfing'argon-ion
bombardment, because defect formation results in partial
depopulation of the O2p-derived states that form the uppe}
bart of the valence band (see chapter 2 and Figure 11).

Kuftz ét al. [151] suggested a similar interpretation
of their ELS results obtained on differently treated Ti0,
and Tip03 samples.

The feature ¢ at a loss energy of 10.2 eV is also
sensitive‘to the formatioh of defects as shown in Figufes
22 and 23. Furthermoré, the intensity of this feature was
found to be enhancded on sambles with a high bulk-defect
.coneentration (opgque part of the sample, see ehapteré 3
and 4). With the help of the theoreticai curves presented
in Figure 55 this_loas feature can be assigned to an’

electronic transition from the lower part of the valence

LI R O Y 4
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bapd to ‘the upper part of the conduction band, i.e{
transitions bﬁtween merely Ti-derived states (see curve
Tabelled "Ti") or between merely O-derived stéfeg (see
curve labelleq non) ;s well as cross transitions involving
both Ti- and O-derived states.

| Kurtz ét al. [151] also observed thiS"loss_featufe on
oxygen-éxposed Tip03 (thus having a TiOp, overlayer) and on
vaouuﬁ;fraetured Tioz,.buf not on freshly elea&ed Ti203.
‘Hence,. they interpretgd this featﬁre as being
ehahaete;istio for T14+_specie$-ahd due to & 02p => Ti3d
oharge-transfer.excitaﬁion. This interpretation, however, .
doesn't explain the enhanced intensity of feature ¢ on.
opaque (high bulk defect concentration) TiOp samples as
shown in Figure 23. B

Loss.featuée d is not sensitive to ihé formation of
suffaoe 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 eleotrpnié transitions that also
involve lower~lying oxygen (02s) and'titahium (Ti3p, Ti3s)
“core-=levels. Featﬁres e; f and h may be due to 02s => Ozb,
Ti3p => Ti3d and Ti3s => 02p transitions, respéctively,
whereas the highly intense feature g is probabl& derived
'from'a transition involving the Ti3p corefleQelland

higher-lying, unoccupied titanium or oxygen levels that
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~don't contribute to the valénce and conduction bands. The
physical origin of features i and j is not well‘understood.
at presént.'m |
The LEED pattefns presented in Figure 25 have been

usedltﬁ'roughly estimate surface interatomic distances of
differently tneatéd TiO,(110) .surfaces (see chapteriu) by
appiyiné phe formalism explained in chapter 3.

_For the annealed surface repfésented by pattern a the
spacings in the k1x1)-structufé'wére calculated to be
c = 2.83 Z and a'=~4.35.2 (compare to the values given in
Figure'1).

The analysis of thg more diffuse pattern b turned out

.to be more difficult, because of the. big sample rod (see
chapters 3 and ), The’temperature treatments after th;
evaporation of 4.5 monolayers of titanium aéparently led to
a (1x1)=-structure whose direct-lattice constants were
estimated to be ¢ = 2.86 Z aﬂd a = 4,40 Z. These results
indicate that the original (1x1)—stfucture.of a T102(11Q)
surféce can probably be retrieved by further temperature

treatmehts, suggesting that either tifanium diffuses into

the TiOp bulk or the titanium overlayer is oxidized to TiOp-

by'bulk'oxygep at high temperatures (compare to results

- obtained on oxidized Ti(0001) metal surfaces [68]).
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Adsorption on Stgighigmetrig Suyrfaces

I_Qngrfgge Spagce=Charge Regign

A space;charge region near the surféce of a (semi)
conducting solid may be produced by.an'elecffip fiéld,
outsidé the solid, established by‘an external source or by
the proximity of-énother solid witﬁ ; different'work
funection. AlﬁernatiVely, the space-charge region maj result.'
from the presence of a localized (adsorbate-induced)
eharéed layer a£ the surface proper, due uSuélly to éurf#ce
states [100].

The majority (maj’ and/&r miﬂority (min)
charge~carrier (electrons and hqlesj densities in the
spaee-chargé region near a semiconductor surface (s) differ
from the bulk (b) values; and ‘hence we may encounter three

different kinds of spéce-eharge layers [100]:

majs > majp * accumulation layer

- ming < majp : depletion layer
majg < majp and -
"ming > majp : inversion layer

Although electrons in a single crystal are free to
move about, they are not able to leave the erystal surface
"easily. This impliés that their energy is lower inside the
80l1id 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 éhapter 3). In semiconductors, it is found useful
to define a second quantity, the eieetron-affinity'x, as -
the work required to remo&é an electron from the bottom |
edge of the coﬁduction band at the surface to a point in
free space juét outside the semiconductor. The -
cornespoﬁ&ing changes'in_potential as oné moves from the
solid iﬁfo free space are very'stéep since they arise"from
short-range-binding forees.exerted 5y the crystal laﬁticé
on the electron (t&ﬁically, 108 V/em over an inferatomic
spacing).<Such potential steps are sometimeS'réferred to as
micropotentials, to sfress their microscopic'characper |
[1007..

The glectrostatic field established by the aCcumulatéd‘
space-charge is usually much weaker than the erystéi field,
so that the macropotential from which it.is derived leaves
the micropotential assoeiéﬁed with ¢ aﬁd.x ppaetiealiy
unaffected. Thus the:macropoﬁéntial is-superimpoéed on the .
short-rangé.micropotential, and the energy-band edges
assﬁme the shape of the macropotential [100]. The lower
‘conduction'band edge EC ;n the space-charge region, e.g.,
dén now be exptessed in terms'of'its bulk Qalue EC,E ahd

‘the macropotential V:

EC = EC,b -~ eV ' ()-l)-l)
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The term -eV is commonly referred to as band bending.

.- : The potential W is defined as follows:
eW = Ep - E1 . o (45)

Here, E; denotes the Fermi-level energy of the intrinsiec
(no defect~induced band-gap states) semiconductor and is
" given by:

1 1 Ng -
(Ey + E¢) - = kpT 1n(==)

El = = .
2 Ny
or 1 3 _ meff,C
: =-‘_(EV + E¢) - -« kT 1n(-=====) (46)
2 4 . Weff,V

"EV, E¢c are tﬁe energies at the upper.(lower) valence
(conduction) band edges, Ng i; defined in Equation 29 and
Ny is a similar expression for valencé-band holes, merrf,C
and merr,y are the effective masses of -.conduction band
electrons and valence band holes [130].

Accérding to Equation 46, the intrinsiec fermi level
also assumes the shape of‘the-macropotential and is thus
paraliel to the éonduction-randvvalence-band edges, in
coﬁtrast to the constant Fermi-level enefgy_EF,

The macrépotential or.botential bafriér V can be

defined as follows:

Wp is the bulk value of W. The reduced (dimensionless)
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potentiais u and v are giveh by:

e W e V
u = -;— V = === ’ . (48)
kpT . 'kgpT

In the case of nondegenerate semiconductors (see

above), we can express thé‘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 pp) by adding -eV to the argument of the exponént;al

term therein:

n = nbvexp(V) = nr exp(u)
and P = pp exp(-v) = ny exp(-u) - (49)
with Ny = (NcNy)1/2 expl-Eg/(2kpT)] = np = pp (50)

for intrinsic semiconductors [130].

_Eg = E¢ - Ey is the band-gap energy.

The bulk value of u is thus given by:
Up = ln(np/n1) : ' (51)

and ban be determined from experimental (see above) np and

theoretical ni data.
In the presenée of donor-type defects (see épove), we

can write the excess charge density p -~resulting from the

space-charge region - as follows:
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. p=melln=np} - [Npq(v)-Npil- 2 [Npa(v)=Nppl - [p-ppl}- (52)

with Npo(V) = =--=-teeccccmmcc oo om
. : 1 + A exp(-v) + A B exp(-2v)
. B Np
and : Np1(V) = =smecccocmmmm e
1 + exp(v)/A + B exp(=-v)
ND .
and : NDZ(V) S mmeee e r st e r A —————— (53)
‘ 1 + exp(v)/B + exp(2v)/(A B)
~where . A = 2 expl(Ep1-Ef)/(ksT)]

B

0.5 exp[(EDZ-EF)/(kBT)J

. { .
as was derived from Equations 33, 34 and 38 by adding -eV

to éorrequnding energy terms. For the first'time, thé term
for Npg(Vv) is not neglected as has been done in earlier |
studies [13,79]. The temperature-dependent quantities A and
"B can be determined from measﬁredlapd calculated Eg-Ep and
E¢c-Ep¢1/Ec-Ep, data, respectively (see ‘above). .

The barrier height can now be calculated by solving

Poisson's equation:

da2y '

p : .
Ly ' : _ (54)
dz2 . €€ '

Here, z is the spatial coordinate perpendicular to the
surface’(Z:O at ﬁhe sufface, and 2z>0 in the bulk). is the

dielectric constant in the space-charge region and ise¢




. S

183
assumed to .be equal to the bulk dielectric constant [100].

: Equations 48, 49, 52 and 54 lead to:

d2y 1 sinh(up+V)
mem .= memm | cmmemc————— - tanh(uy)
dz2 L6 cosh(up’
1 . - B
- m———— [ND1(v)_ND1+2(ND2(V)—ND2)]} (55)
np+Ph )
where Lp = {eeokpT/[e2(np+pp)]}1/2

is the effective Debye length as given in Equation 30,

with negligible bulk hole concentration (Pp~0).

Equation 55 can be integrated once, yiélding:

dv Fd - for v>0 -
- = ;——— " (56) .
dz Ly + for v<O0

with Fd = 21/2 { _-.._.__..___._ - vtanh(ub) _1
cosh(up h
Np (AB+A+1) exp (2v)

T § T Gttt

Np+pp AB+Aexp(v)+exp(2v)
| A(2B+1) -

-V m-—mee- 13172 (57)
AB+A+1 .

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

The space~charge density Qg is defined as the total

net charge accumulated in the space-charge region per unit
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sgrfacg area {100] and is calculated as follows:

0o
Qse = g.dzp [v(z)] : (58)

From Equations 54-58 we get:
Qsc = ;e(nb+pb)_LD Fg - (59)
with _ © F§ = Fd(z=0).

The excess surface-carriersAdensities Aﬁ‘and'AP are
defined as the number (pér_unit surface area) of mobile
electrons-AN ana holes AP in fhe space-~charge layer with
respect to their numbers at flat bﬁnds‘(bulk'vaiugs,'z-x»’

3

~and v=>0). We get:
o [0.0]
AN = g.dz (n-ny) and AP =-grdz (p-pb) (60)

From the above equations we derive:

with vg = v(z=0).

In a simble scattefing model in which the surface acts
as a completely diffuse (random) scatterer, Many et al.
[100] derived expressions for electron mobilities‘#s in

accunmulation and depletion layers:
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~us - [1+pF3(14vg) 1727y T-1 for accumulation layers
Ky 1-Anplexp(vg)-11/AN for depletion layers : (62)
with A= pblmers, ckpT/(27e2)11/2  and  r = ) /Lp-

For the TiO sample investigated in this thesis,
. . o _ .
the electronic mean free path A is less than 1 A and Lp is
-, -] .
of the order of 1000 A at room tempgrature (see Figure 41).

This means };hat the surface mobilities yg are roughly equal

to the bulk mobility Ky,

'Furthermore, the bulk hole concentration Pp in these -~

samples is negligible and doesn't have to be accounted for

in the above-presehted space-charge formalism. From the

relation

Dhpp = NeNy exp[-Eg/(kBT)] (see reference 130)

and experimental values fof np and Eé (see above) we
estimate Py to be of the order of 1027 cm~3 close ‘to room

" temperature.

In the case of TiO,, the chemisorption-induced part of

the surface-conductivity change, Ao Sh®®, is thus given by:

Ao §hem = epg AN o (63)

Here, we neglected conduction in -surface states (see

chaptgr 2);
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ﬁgqpemiegrption-ihduced changes Abghem can be.derived
freweéeasured‘aoghem data by multiplying the iatter ones by
the sample thickness d. This hold for van-der-Pauw bulk
conductivity changes obtained on thin samples.[79;100,104].

‘Partial charges & are formally attributed to

adsorption eomplexes.end given by the eurface.eharge Qés
per uniﬁ area (which is‘traéped during chemisorptioh

divided-by the surface concentration of adsorbed particles

Nad,s and the elementary charge e [79,1081:

5’= __9ss__ O (6L4)

The electroneutrality condition requires:

st + .QSC = 0 | (65)

Changes in concentration of free electrons uﬁon
éhemisorption are foemally described by the’format;on of
donor; or aceeptor-type,extrinsic defects, These defecte
introduce electrénic states ip the band gap (originally
empty in ideal Ti0p(110). They may be characterized by an
energy.Eggf (of, in generaI, unknown degeneracy), which 1is
related to the pertial charge via Fermi statisties [T79]:

F(EGET-Ep) = {1+exp[(ESET-Ep)/(kpT)13-7

-5 for acceptors

1=-5 for donors

= (66)
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D;pole moments attributed to adsorption complexes are
inthqduced'to formally explain the diserepancy betﬁéen the
theorefically expected bapd bending ~-eVg and the

experimentaliy determined changes in work function Ag¢:

Ag= -eVy + AX ' ; (67)

In the iow-coverage range with negligible dipole~dipole
interaction,,the eléctron-affinity changez&x is assumed to

arise from the dipole~induced ﬁotential diffefence [13,79]
AVgipole = Ax/e - : (68)

which is related to the normal component aq ©°f the
adsorbate-induced dipole moment (orientation of'z-axis as

above):

Avdipole S emmemasee —— . . (69)

with eg being the surface dielectric constant..Values for

-eVs, AX and #ad can thus be obtained from simultaneous

Aas,Atb and TDS (yleldlng nad,s’ exper'lments.

In the case of .degenerate semiconductors (see above),
the spaee-charge formallsm described above has to be
modified, bégausé now the Ferﬁi funétion in Equation 27 may
"not be replaced by aisiﬁple Boltzmann function; Thus the

-

integral in_Equatiqn-26 has to be solved numerically, which
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eompiicayes the sdbéequent brocedures tﬁatllead to the-
spaée-gharée properties explained above.-
'_Tfpical_gheoretical-résults for Ao s, Qsc aﬁd
Hg thained'for‘a'ndndegenerate TiOo(110) sample at 305 K

are plotted versus band bending in Figure 56.

Qhemiggrpﬁion.gi Ti;&nium
' Chemisorﬁtion of evéporated titanium on TiO05(110) has
been ob;eﬁved for submonglayer‘coverages as discussed
above.‘
-The'increase of the TiO5(110) surface conductivity
accompanying the charge transfef is represented by the
soiid line in Figure 26. The solid and dashed lines were

obtained by fitting the expréssion

Aos = @ exp(b®)

with a = 1.4T4x10-5()-1 / b = 4,152 ML=1 (solid line),
- a = 4.227x10=7TQ =1 / b = 0.885 h=1 .(dashed line),
and ® = nad,s/nad;smax being'thé relative 'Ti coverage

to the corresponding data points indicated by dots.

From the surfacg conductivify changes observed during

the depositibn of 0.25, 0.5 and 1.0 monolayers of titanium

on 1102(110), corresponding partial charges and band

.bendings were calculated using the formalism derived above

for degenerate semiconductors, with a maximum coverage of

Dad, smax = 2.08x1012 em-2, estimated from Figufel1.
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Figure 56. Space-charge densities Q3c (solid line), excess
(surface) conductivities (dashed 1line) and
surface Hall mobilities 3 (dotted line) of

Tiog(liQ), plotted as a function of band bending
-eV3e
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. “The results are plotted as solid lines in Figure 57

and .indfcate the formation of an accumulation layer
'(ﬁegati§e ﬁand bendings) néar the Tioé(11o) surface upon
the deposition of titanium. The pogitive partial charge
residing on each fofeign titanium specieg expectedly drops
between 0.25 and 0.50 ML, but ﬁhen inceases ﬁp'to a
coveragé>of 1.0 ML. This phenomenon is possibly dué to a
"short-circuit?® caﬁsed by the conducting titanium overlgyer
as ﬁell as an increased electron mobility in this layer. Iﬁ
cannot be described'within the framéwork of the
space~charge/charge~transfer médel.

With the known energetic separa£ion between ﬁhe lower
bulk conduction-band edge and the Fermi level of
Ec,p-Ep = 0.337 eV (T = 303 K), it was also possible to
determine thé Ti—coverage-depéndent quantities_Eggf-EF,
Ec,s-ESET and E¢, g-Ep with Ec,s Peing the lower
eonduction-bénd edge at the surface. These space-éharée
~ properties are also shown:in Figure 57 as,dasﬁed, dotted
and dbt-dashgd lines, resbecpively. |

The dot-dashed curve representing Ec,s-EF has a zero
between 0.5 and 0.75 ML Ti, i.e. due to the strong band
bending the lower condudtion-band edge reaches the Fermi
level, fesulting in a two-dimensionai electron gas, which
apparehtly causes the pronounced incyeasg in surface

conductivity observed in Figure 26.
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Partial charges 5 (upper solid line), band
bendings -eVs (lower solid line) as well as
energetic separations Egff-Ep (dashed line) ,

s-Efal (dotted

line) and Ec s-Ep (dot-dashed

11he), plotted versus Ti coverage (see text).
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The distgnce between the conduction-band edge EC,s and
the ‘adsorbate-induced surface state ESLf also decreases.
This phenémenon cauées correlation effects between the
surface state and céﬁduction;band'statés and leads to
cparge transfer from the conduction band back to the
titanium species. -The reéﬁlting negative partia} chérges on
the foreigﬁ ;itapium atoms may.explain the core-level shift
of the Ti2p3s/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, 0.053 and
0.01§ Debye were calculated for titanium coverages of 0.25,

0.50 and 1.0 ML. The low values indicate that the adsorbeq

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 ig believed that the foreign titanium atoms adsorb
~in such a way that the TiOp.bulk lattice is continued in
z-direction, perpendicular to the (110) surface. This can
be demonstpated with thé help of the geometric model in

Figﬁre 1.
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The adsorptlon of oxygen at an oxygen partial pressure
of 6.7x10-6 mbar and temperatures of 348 and 423 K was

monitiored by Aas and Agb measuremehts as explabined in

—chapter 4,

The surface COnductivit& decreases shown in Figure 27
as well as the work-fuﬁctien increase shown in Figure 38
("annealed").suggest acceptor-type chemisorption of oxygen
molecules leading to 03,chen speeies at .the T102(11o)
surface. The transfer of electrons from the Tioé conduction
band to the adsorbate leads to a decrease in the surface
conductiv1ty as well as an overlayer of negative charges'
localized at the chemisorbed oxygen species. This
negatively charged Qverlayer causes a depletion la;er near
the surface and thus increases the work function of the

Ti02 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-semiconductor surfaces [79,108] we know that

oxygen chemisorbs as Oi,ehem with & = =1 (see chapter 2),

i.e. the acceptor-type surface state will always be found
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far below ﬁhgﬂFermi level [106]. These results, in

connection with measured Agg values and the space-charge

forﬂalism, make possible the detérmination of oxygen,

coverages and initial sticking coeffiéients, as well as

oxygen-induced dipole moments.

In order to separate the two Ag ¢ contributiohs ffoﬁ

chemisorption and bulk diffusién, we assume that the

initial time-derivative ofAqg g is solely determined by 0o.

chemisorption:

dAO’s_

dt lt=0  dt £=0

- (70)

' From the above-preseated space~charge theory we know:

: 0 . exp(v)-1
Aqghem = €Mg np Lp dV cmeemqe—-
' ' Vg +F
and hence:
dAoghem € us np Lp .
"""" = =====---== [1-exp(vg)]

Using the approximations dt ~ At ~ 5

changes, see also Figure 38) and dv

+Fs At

'ésee:Equation 63)

dvg

--- : (71)-

dt

secs. (assuming rapid

“QAvg 7 vg, we get:

e usg Lp np [1-exp(v§)] Vs

(712)
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WIth'the.expehimentally determined value .

———— ~1.6x10-9Q =1sec-1
dt t=0

as well as yg., nb' Lp- and Fd-data at room temperature,

Py

and Equation 48 we calculate the barrier height (band

bendlng) at the surface to be:
FeVs = 39.4 mevV k (73)

.From Equations 59, 64 and 65 with S = -1:w¢ then
derive the absolute oxygen room-temperature coverage nad;s
at an oxygen partial presshre of 6.7x10=-6 mbar:

7

Nag,s = 2.66x1011 em=2

or o ®(0p) = 1.8x10-4 - S (7h)

with nad’smax = 1.’48}{1015 Cm-2 [13]'

This result is in good agreement with experimentally (TDS3)
obtained oxygen coverages o6n Ti05(110) samples [79].

From Equations 63 and 73 we also calculate:
‘Aoghem = -4,436x10-9¢ -1 3 (75)

- From the experimentally determined maximum (after 75'
secs.) surface-conductivity.change at room température and

pos = 6.7x10~6 mbar of

Aos,max = -1.812x10-7¢Q -1 ’ . (76)
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'wg_deﬁerminé4the maximum Agg contribution from bulk oxygen

‘diffusion to -be:,
Aos,34EF = -1.768x10-7 g -1 (77)

because  Ags,max = AcEROP + foa, $1EF. (181

Thus only 2.5 % of the measured surface-conductivity
ehapge is due to oxygén-ohemisorption, whereas 97.5 % are
caused by bulk oxygen diffusion and subsequent bulk-defeé?
annealing..

In.oonneétion with the measured work-fﬁnctibn increase
(see Figure 38) of :

35 meV ' ' (79)

A

and Equation 67, the calculated band bending (see above)

leads to an electron-affinity change of
Ax= =4.4 meV _ (80)

resulting in an oxyéen-induced dipole moment whose normal

component (see Equations 68 and 69) is .calculated to be

(apart from the unknown surface dielectric constant €s)t

pad/es = -%.39 Debye - ' (81)

o .
with 1 e A= 4,802 Debye.
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Thg oxygen sticking coefficient Spo is defined by the

folloﬁing equation:

______ = R =S , '
02 Z . (82)
dt 2 402 _
'yhere _ Zpo2 = po2 (énmongT)'”2

is the collision number for oxygen molecules of mass mga at
temperature T at an oxygen partial pressure Ppoo. This is

the number of oxygen molecules striking a unit surface ‘area

-ber unit time. At room temperature, with

po2 = 6.7x10-6 mbar we get:

Zoo = 1.778x1015 cm-2 sec-! o (83) "

From Equations 64, 65 and 82 with § = =1 we derive:

S02 = mmmmm  mmmmm emmmmnl | | (84)

With the help of the space-charge formalisﬁ and the

approximation d(-eVg) ~ A(-eVg) and dt ~ At ~ 5 secs. we

calqulate the initial sticking coefficient
So2(t=0) = 8.11x10-5 (85)

This result confirms the general fact that gases don't

stick well at metal-oxide semiconductor surfaces [79,108].
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Hydrogen qagﬁﬁgjgg

The adsorptlon of hydrogen on stoichlometrlo Ti0,(110)

surf‘aces was also studled by means of‘ AO‘ and D¢
measurements. The results are shown in Figures 28 and 39.

Surface-conductivity inereases at different -
temperatures as well as the work-function decreases at room
temperature indicate donor-type edsorption of hydrogen
speeies. |

The interaction of hydrogen with the oxygen-rich (110)
surface leads to the formation of surface OH groups witt‘
subsequent charge transfer to the TiO, substpage, The
resulting band berding explains the observed oonductivity‘
and work-funetion changes.

.The sdrface-conductivity changes measured during.
hydrogen adsorption are smell 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 contripution-of[xas
arises f‘rom.hydrogen 'chemi'sorptioh, whereas small Aa‘s
increases ere due to bulk‘diffusion of hydrogen forming
donor-type defects, i.e. bulk OH-bonds with'hydrogen atoms
bridging two oxygen atoms [T79].

Thelsolubility of hydrogen in TiOp apparently
decreases with increasing temperature{'because of -
less-pronouneed‘conductivity changes observed at elevated

temperatures.

T S RSO —
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Due tpAtﬁe unavailability of data from desorption
techniqués sﬁch as TDS, thg determination of hydrogen
coverages, par£ial charges and surface dipole moments wasj

not possible;

Carbon Mgﬁgxige Adsorptio

Stﬁqies of surfaﬁe-gohductivity and wﬁrk-function
changes on annealed Ti02(110) during CO adsorption are
repreéented-by Figures 29 and 40.

The surface-conducti@ity decreases at 303 and 323 K
indicate acceptor-type chemisorption, which is probably due
to the forma£ion of cdg comp;exes.at the surface. The
adsorbing CO mplecules reaét with surface oxygen ions, the
resulting COp moiequle accepts - in the*thefmodynamical
average - a negative bartial charge § from the TiO,
conduction band leading to a decregse in the surface
conductivity. |

The observed work-function qecrease during CO exposure
leads to the assumption of avlarge negétive
eiectron-affinity change, which compensates for the
eipected'positive band peﬁding at the surface and is due fo
the formation of surfage'dipoles.

From this point of view, the C-0 bond axis of an
adsorbing.CO mélecule (the C-atom interacting‘with surface
oxygen)is ﬁdt perpendicular to the surface,»because the

high electrbnegétivity of oxygen would result in a
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_negéfive;y ehgrged top layer accompanied by an increase in

work'fuﬁction. It is thus believed that the C-0 bond axis
is almost parallel to the surface, resulting in a negative
normal component of the adsorbate-inducéd'net-dipole

moment.
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"'hdggrgtign on Defective Syrfaces

Oxygen Agﬁgrpgign

'Aq and A9 results obtained on a defective Ti0,(110)
surface during. oxygen adsorption are shown in Figures
30~3% and 38, '

Thé'observad surface-conductivity decreases are more
pronounced on ion~-bombarded (Figure 34) and
titanium~covered (Figure% 30 and 33) surfaces up to
0.6~monolayer coverages, if compafeq to results obtéined on
idéal surfaces. This phenomeﬁon may 5e explained by the
p%esence.of another meénanism._

In addition to oxyéen chemisorption and bulk oxygen
diffusion, the chérge transfer invqlvéd in surface-defect
annealing contributes to the overall surface-conductivity
changes measufed on defective T102(110) surfaces-Quring
éxygen exposure. This effect increases with increasing
temperature (see Figure 33), because surface-defect
annealipg is more pfonounced at elevated tehperatures (see
_previous chapters).

This mechanism is.also ref;ectéd in the enhanced
work-function increases observed on defectiveAsamples (see
Figﬁre'38). The,origiﬁally lower - if compared to
stoichiometric surfaces - work fuﬁotion of defective
surfaces (due to the presénoe-of positively charged

titanium species at the surface) is drastically increased
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'ﬁpop sqfface-defect'annealing, which is accompanied by a
chargeltransfer from suffaee-titanium to adsorbing oxygen
'speéieé. - |

The magﬁitude of the surface-conductivity ghanges
dropped between titanium coverages of 0.5 and 2.0
monolayers at 348 K, as shown in Figures 31‘and-3é.'This'
phenomenon is not.well understood at present.
Hypothetically, it may be assumed that a'cdmpleté_byerlayer-
of tiﬁanium‘reduces.ﬁhe Qz-bulk-diffusion efféc£ and héqce

the measured conductivity changes.

Hydrogen Adsorption
The adsorption of ﬁydrogqn on defectivé
(titanium-covered) surfaces results in less-pronounced
surface-conductivity increases, if compared_to
corresponding'reéults obtained on iéeal surfaces. This 1is
illdstfated.by the curves shown in Figure 35 and may be
explained by'two competing mechanisms:
1) donor-type adsorption and formation of donor-type
QH complexes at the surface and'inlthe bulk (see
above). | -
2) . acceptor-type adsorption leadiné to Till+-H-
'complexeg‘af thelsurféce (see chapter'2).
This concept of compgting effects arising from donor- and

acceptor-type adsorption of hydrogen is strongly supported
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by-_A¢'flf‘es'uits' -obtained on Tioz‘(1l1—0A) surfaces with
differéﬁt“defecf concentrations (see Figure 39).
',At—titanium'coverages:of abouf 0.5 monolayers,

extreme;y émall work-function changes were obéerved,
suggesting equal concentrations of positi&e;y_énd
negativql& charéed surface hydrqgén sSpecies,

Acceptof—type cnemisérption domihates for higher
titanium coveragés or after heavy argon-ion bombardment,
indicating a dominant concentration of Till+oH™ |
Sspecies at the surfaée. | |

Our earlier EELS studies [81] showed that atomic
hydrogen preferentially adsorbs on defective T102(110)
surfaces and leads té O-H.stretch vibrations at a loss
energy of 455 meV (see chapter 2). The Til+-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 enérgy'range, a

large background from contniButions of multiple 7é'

excitations was observed [811].

For a quite similar reason, the substrate-OH vibration
couldn't be 6bsérved, either. We therefore calculated its
value in a simple claséicél moéel. JIn this cglculatiéh, we
assumed that 0-H force copétants B(0=-H) known from thé
liierature for free 0O-H radicals [hka;H) = 458 meV] to a
firét approximation do not chahge in the 0-H adsorption

coﬁplex. We aiso'assumed that the mass of the surface
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oations at the adsorption‘site is large if compared to the

mass of oxygen and calculated two eigehfrequencies from:

1 . B+ K
@O gy = - | B, ]
my mQ
: 1 ‘ + K K .
oo B LRI LB i e
T4 mg o m mgmQ

with K -as” the fqrce constant of the substrate~-OH vibration.

Assuming w(O0H) ;4 << @ (0-H) free we found:

[w(0H)ad]l? = [w(0-H)freel? - [w(0-H)aql2- (87)

With the experimental value for m(O-H)ad we calculated

hw(OH)aq = 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
Ti05(110) surfaces was studied by means of Ao and A¢
.measuremehté. fypioal fesults are shown in Figures 36, 37
and_HO. | |

The measured surfape-conductivity‘decreases at 303 K
(Figure 36) are less pronouﬁced than those optaiﬁed on
annealed sunfades. This indicates that fewer CO

chemisorption sites - namely surface oxygen ions -~ are
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a&ailable on defective surfaces, due to the strong.

)

-interactign between Ti%+ spécies‘and surface éxygen.

',A£ highly defective surfaces, the worﬁ'funetion
increases upon CO e%posure at 303 K. This observation
éuggests that phe bondiné geometry of chemisorbed éo”
complexes ehanges in the preseﬁce of;a largé amount of
surface titanium species. The C-0 bond axis is.not parallel
to the surface any more, reéulting in a strong positive
dipole barrier which causes a work-function increase.

At elevated temperatures and high titanium coveréges
(Figure 37), the conductivity increases are comparable to
the values'obtained on annéaled samples. The 002 molecules -
created at the surface desorb into the gas phase, leaving
additional point defects'at the surface.

At elevated pemperatures,-surfage titaniﬁm species
eithgr diffuse into the bulk or are annealed by bulk.oxygen.
diffusing to éhe surface (seevbelow). This explains thé

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 - 6 and dipole moments p,q €Xperimenatally

obtained (or expected) for 02, Ho and CO chemisorption on

stoichiometric (st) and defective (d) Ti02(110) surfaces.

Table 10. Partial Charges and Dlpole Moments #ad (Debye).

Gas 55t Hg&/‘s 54 #ad/fs
0, B -4.39 _ . . >-4.39
- H 0.01% -12% <0.01 >=12
c 0.006 -5% <0.006 >=5

o
see references 13 and 79.
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Diffusion of Defects

The diffusion of oxygen into the Ti0, bulk and the
diffusion of defects (oxygeh vacancies) can be aescribed
by the wel;-known diffusibn equation (Fiqk)s second law
[152]), because due to the large effective Debye lehgth
(essentia}ly flat bands, see above) the surfaée-and
subsurface ¢éfect concentration won't differ much from- the
bulk defect‘cancentration:

dAc(z,t) 32Ac(z,t)
2 D cenmnmea- . - (88)

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 Ac(z,t) =_O corresponds to a

highly defectivg crystal of bulk defect concentration Np,

whereas Ac(z,t) = Acg corresponds to a sample with an

e;tremely low oxygen-iaeaney concentration (ahnealed~

sample). -

For a TiOy, sample in an oxygen atmosphere of constant

. pressure (T=const) providing an equilibrium oxygen

concentration at the TiOy(110) surface we can write:

Ac(0,t) = Acg and Ac(z>0,0) = 0 (89)




208
Theée,éfe‘the poundary condition; necessary for éolving fhe
:aboyg_péftial.differential equation (88), whieh can be
accﬁmplished with the help of standard‘maﬁhématical
teéhniques (é.g; Laplaqe transformation and éubsequent
contour integration).
A particular sélution of Equation 88 - considering

Equation 89 - is given By:'
Ac(z,t) = Acg {1-erf[z(4Dt)=1/21} (90)
- ° x ’
with erf(x) = 2,-1/21'dt exp(-t2), the error function.

The average defect-concentration change Ac'(t) in the

sample of thickness d is defined in the following equation:
’ d . . . : A
Ac'(t) = d=1 fdz Ac(z,t) 91
. 0 ; ,

= Acg {1-erf[d(4Dt)~1/2]1+[4Dt/(#d2)11/2 [1-exp(-d2/(4Dt))]}

Another guantity of interest is the time~dependent

"center-of-mass" of bulk defegts:

d .
f dz z Ac(z,t)
A .

Z(t) = mmmm——- m——— C (92)
j.zdz Ac(z,t) .
0 .

[o N
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-From Equations 90 and 92 we calculate:

z(t) = - m———— . (93)
2 fg(t) ' ‘
with £i(t) = 1-[1-2Dt/d?] eff[d(unt)'1/2]

—[4Dt/(7d2)]1/2 exp[-d2/(4Dt) ]

and £,(t) = 1-erf[d(4Dt)=1/2]

+[4Dt/(md2)11/2 {1-exp[-d2/(4Dt)]}.
From Equation 93 we get:
Z(t->w) -> d/2 and. Z(t->0) -> (xDt/4)1/2 => 0.

In the following, the spatially-averaged changes in

the defect concentration Ac'(t)"given in Equation 91 will

14

be related to the experimentally obtained bulk-conductivity

changes Aop(t), measured.at T = 348 K upon oxygen

exposure (po2 = 6.7x10~-6 mbar). But beforehand, we have to
determine the.(temperatube-dependent)'number'n(e') of
conduction~band electrons associgted with one point defect.

Both donor levels Epy and Epp (see above) contribute
to ;he conductivity according to their positiop with
respect to the Fermi level. With the use of Fermi

statistices, we find:

n(e-) = 2-f(Epq-Ep)-f(Ep2~EF) (94)

where f(E) is ‘the Fermi function given above. With the
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eaiculated_ED1, Epo and Ep values at T = 348 K we get:
n(e=) = 0.15 ' _ (95)

Thus each oxygen vacancy gives 0.15 electrons to the

TiO, conduction band at T = 348 K. This result can be

verified by comparing the bulk density of conduction-band

electrons ny = 2.31x1016 cm=3 at T = 348 K to the

bulk-defect concentration Np = 1.14x1017 cm=3 (see above):
Ny ~0.15 Np = 1.71x1016 em=3.

The Fermi function as well as the two donor levels.ED1

and Ep, are plotted in Figure 58 at three different

témpératures. The solid lines were obtained for 348 K
[n(e=)=0.15], the dashed lines for 300 K [n(e-)=0.05] and
the dotted lines for 600 K [n(e=)=1.61]. The figure
illustrates that both donof levels are only partiélly
iohized at 1o§ tempeératures, whéreas bofh of them are
nearly depopulated at 600 K [n(e=)=1.611].

'We can now compare Agp(t) measured at 348 K. to’
Acl(t):. |

g0

Aob(t) ~ —- n(e=) Ac'(t) o (96)
. i |

with oo = op(t=0)
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T=300K

Figure 58. Fermi Tunction 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.

1 T2
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The diffusion coefficient D as well as the maximunm
chanéé A?E in the défect~concentration (corresponding to
the equilibrium value afte£ annealiné) is determined by
fitting Equation 96 to the experimentally gbtained.Aéb(t)

values., With the use of the Simplex Algorithm we get:
D = 2.77x10=7 cm2sec=! and Acg = -1.85%1017 cmn-3 (97)

And indeed, |Acg| ~Np, the original bulk defect
.concentration. '

The shapes of the functioﬂs z(t) and Ae't) are plottga
in Figure 59,-Here, the bottom hﬁrizpntél axis represents’
the highly defective sample, the upper'axis fhe annealéd
sample with E(t:w) = d/2.

Diffusion profiles Ac(z,t)/Acgp for different times (10
to 1,000,000 seés.) are shown in Figure 60; Again, the
lower horizontal axis at Ac(z,t)ﬂ&cE = 0 represents a high
bulk defect concentration, whereas the upper axis with
Ac(z,t)/Acg = 1 corresponds to a stoichiometric sample.
| The diffusion coefficient calculated above disagrees
with resulfs obtained by Haul et al. during.
isotope-exchange experimeﬁté with 18O:-labglled oxygen (see

chapter 2). From their extrapolafed data an oxygen

diffusion coefficient of 8.38x10-%2 cm2sec-1 is calculated

for T = 348 K. Extrapolation of results measured in the
temperature range between 980-and.1570 K, however;

underestimates tybical low=temperature and surface effects,




Figure 59.

d=0.065 Cm

E =-1.85 x 101I0n"
D=2.77x K071
T=348K

t(h)

Average bulk-defect-concentration changes, Ac®, and

nCenter-0f-lnassn of bulk defects,

z,plotted as a function of

time. This figure illustrates bulk-defect annealing and is
explained in more detail iIn the text.

“A c' (1)



Figure 60.

Diffusion profiles,

d=0.065cm~"=
AcC E =-1.85 XIOICm" _

D=2.77x10'7w

T=348K

d/2
DISTANCE FROM THE SURFACE z

Ac/Ace”’

of bulk defects at

different times.

174%4
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‘Roém;temperature chemisorption of oxygen, e.g., with
_sﬁbéequeht charge transfer_leads to electrochemical
potential gradients at the surface. Ihe resulting
attractive forces between positively'charged bulk-oxygen
vacancies and negatively charged oxygen chemisorption
_compiexes enhances the diffusion of bplk defects “
(electromigration‘of defects).

Furthermore, inhomogeneous_di;tribution of charged
bulk defects accombanied by . locally varying-bahd energies_A
as well as'lattice distortions near the sﬁfféce (amorphous
structure in subsurface regions) may i0wer the diffusion '
activatioﬁ energy.

In addition, published'resﬁlts of investigationé of
bulk defects in rutile TiOp are contradictory (see chapter
2). Some results favor the oxygen vacancy (2Ti3+ Vb) as the
dominant defecf L11,17,1§1] while others [23-25,168,169 1
favor a ti£anium interstitial (Ti3+), and yet others favor
a combination of the two [21,36,162].

Paramagﬁet;c Resonance results on reduced rutile
indicate the presence of Ti3+ ions on normal and
interstitial sites fé1,26] as well as centers with-
unexplained spectra [21].

Internal friction results [28,29,160] cannot be
explained qh the basis of oiygen vacancies at all, but can
be explained on the basis of associated Ti3;linterstitial

pairs [21].
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.-Kevane [561] considered oxygen vacancies and their
éffects on electrical condqction in some metal oxides
thréugh_;n exaét solution of @he equilibrium relations
between oxygen partial pressure in the ambient gas and
concentrations of oxygen vacaﬁcies and conduction electrons
in the oxide.

From'qonduct;vity aé well'as.;nfrared and Optical
Absorption studies Cronemeyer [11,%7] concluded that the
domiﬁant deféet in rutile is.an oxygen vacancy.

Dominik et al. [21] observed three distinet dielectric
relaxation processes in rutile. They assigned pneiprocess—
to an oxygen vacancy, another one to an interstitial T13+'
ion.

In this circumstance, the nature of the diffusing

element (titanium or oxygen) involved in bulk .defect

"diffusion ié not clear at present. The results presented in

this thesis do not distinguish between titanium

interstitials and oxygen vacancies aé dominant defects;
because the measurable electrical propgrties'arising from
both kinds of defects are identical. Also annealing of
su}face defects.monitored by XPS (see above) can be

discussed in two ways:

1) bulk oxygen diffuses to the surface at elevated
temperatures aﬁd anneals surface defects, resulting

in a new oxide overlayer.
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2) titanium species at the surface diffuse into the-
bulk at elenated temperatures, léaving an almost
ideal'surface. |
LEED studies (see ébove) are not suitable for
cnnracterizing the type of snrface defect, either. Diffuse
spots_observed aftér the deposition of titanium (see
chapter 4) became‘moré intense.upon heating, sugéesting
diffusion of titanium into the bulk or diffusion of oxygen
to the surface (with subsequenﬁ surfacé-defect anneaiing).
High-témnerature treatments of defective T}02(110)
) surfanes were done atvdifferent tenperatdres T (870, 1070
and 1220 k). Aésuming that the corresponding annealing
times r ("'15, 2 and 1 min.) [r ; time fon réobtaining a

sharp LEED pattern] are approximately given by

r= ro exp[AE/(kpT) 1,

]
an activation energy of AE 22 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 ehergy measured

for 0 diffusion (2.65 eV, see chapter 2).
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. In order to simplify the data analysis and

‘interpretation the defect structure of TiO, has been

discussed in this thesis on the basis of oxygen vacancies.

Further isotope-exchange experiments to study the
defect diffusion in TiOp are desirable. They might give an
unequivocal explanation of the nature'of the dominaqt

defect in rutile.
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CHAPTER 6
'SUMMARY AND OUTLOOK

In,this thesis, electronic bulk- and surfaﬁe-defect
structures éf TiOp samples and the intefacfion ofAdifferent
gases with st01ch10metrlc and defective T102(110) surfaces
were 1nvest1gated extensively by various experlmental
teéhniqueé.

Bﬁlk conductivity measurements as a function ofisampie
temperature and the assumptioh of Honor-type oxyggn H
vacancies as main bulk defects led to the determination.of
a bulk-defect concentration of 1.14x1017 em=3 as .well as
two donor-level positions 0.421 and-O.AYO eV below the
lgwer conduction-bgnd edge.

With the use of surface-sensitive probes, such as XPs;
-XAES,'AES, EELS and ELS as well as measuremepts of
surface-conductivity changes Ao g, the formation of
surfaée-defect-related'Ti3+ spéciés was monitored Quring
high-température tfeatment, argon-ion bombardment and .
depositiqn of squonolayer_amounts'of £itanium on the
surface. |

fhe presence of sufface defects led fo broadenings
and/or additional peaks in the Ti2p-, Ti3p-, |

O1s-core-levels and TiLMV Auger transition as well as
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"changes in the valence~band structure accompanied by a weak
pand—gap-state emission. E;ectronic transitioné from this
band-gap state to the TiO, conduction band were observed in
ELS. |

Relative concentrations and core-level binding
energies of differently charged surface titanium species
wefe determined by fitting symmetric Gaussians as well as
asymmetric Doniach-Sunjié fﬁnctions to experimentally
obtained XPS core-lével spectra. Good agreement was,foﬁnd
between theoretically and experiﬁental;y determined
Ti2p-core-level-bihﬁing energies in titanium ions at ‘
_T102(1105 and different titanium ox;deé, respectively. 71l
ions representing stoichiometric surfaces and
defecﬁ-relatedATi3+ species were found to éive the‘dominant
contributions to the titanium core-level spectra.

The formation'of surface defects was accompanied by an
increaée in the surface conductivity of TiOx(110).
Submonolayer amounts of titanium deposited on this surface
resulted in titanium partial charges of § = 0.057 and

= 0.047 at titaniuﬁ coverages of 0.25 and 0;50 monolayers

as well as adsorbate~induced surface states betﬁeen 0.410

and 0.415 eV below the lower conduction-band edge.
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ihe'intéraction of géses‘with étoiehiometric and
'deféc£ive Ti0,(110) surfaces were studied by means of
measurements of conductivity Agg and work-function?ﬁ¢
changes.'

Oxyéen chémisorption-with o} ='-1 oq stoicﬁiomgtric
surfaces led'to negative Ao s valueé and,_in cénnection with
a,Spacé-charge-lgyer.model, to calculated room-temperature
valués for the relatife oxygen‘coverage, the initial ‘
sticking éoeffieient and the oxygen-inducedlsurface dipole
moment of 1;8x1074, é.11x1q-5 énd 4.39 € 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, whefeas the
rémainihg part arose from bqlk-defeét annealing.

On deféetive_éurfaces between 0 and 0.6 ML tifénium
coverages at 348 and 423 K, the surface-conddctivity
éhanges upon 02.expo§ure were enhénced if combared to the
reéults obtained on stoichiometric~§urfaees. | .

" In a simple diffusion,model applied-to the diffusion
of bulk oxygen a diffusion conétant'of 2.77x10~7 cm2 sec‘1
at T = 348 K was calculated by fitting the experimentally
“determined Aob-data to theoretical éhanées in the oxygen

vacancy concentrations derived from Fick's second law.

Also, a maximum defect-concentration change, corresponding -

to the annealed (stoichiometric) sample in thérmodynamic
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equilibrium, of -1.85x1017 cm=3 was calculated, in good
'dgreément with.the above-given bﬁlk-defect eoﬁeéntration.
| Poéitive'work-function changes were 6bser§ed'on
stoichiometriéAand defective surfaces upon ox&gen'
chemisorption. The changes were more pronouhced oﬁ.
defecfive surfaces. |

From the Ao g- and A¢-data‘ it was..conclzluded that
defect-related Ti3+ species at tﬁe'(110) surface strongly
interact with adsorbing oxygen;_leading to the annealing of
these épgcies‘acéoﬁpanied b&.pronouncedzgos-decreases gnd
Ab-increases. | l

POSitiVeAﬂ's and negative A¢ changes were observed on
stoichiometric surfaceé upon hydrogen exposure,.suggesting
donor-typé_ehe;isorption of -hyrdogen species and the
formation of OH groupé.at these surfaces,

Wofk-function increases, however, and
less-pponounéedz&as increases were found on slightly
defective surfapes, confirming the‘earlier assumption of
the presence of Tilb+-g- species at defective TiO, surfaces.

The chem;sorption of .CO molecules at‘stoichiometric
surfaces led to negative A¢ andl&as values'be;oﬁ 323 K as
well as positive Ao bhanges above 333 K. The phenomena’
were explained by the formation of "COp molecules at the
surfacé, acéompanied by strong adsorbate;induced:dipole
moments as weil as an increase in the surfacé-defecﬁ |

concentration. At elevated temperatures, the COé 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 less-pronounced Aog decreases at low temperapﬁres were
recorded. These fesults indicate that fewer Cd
chemisorption sites ; namely sﬁrfacé oxygen iong - aré
available on defective sﬁrfaces, due to the.strong
interaction between Ti3; species and surface oxygen.
-Furthermore, the obser?ation of work-function inéreases
suggests changes in the bonding geometry of chemisorbed CO
complexes in the presence of a high concentration of
surface titanium species.

Due to thé unavailability of equipment, coverages,
adsorptioﬁ ?ates, stickiﬁg 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, €.8e) to ;he determination 6f
partial charges and surface dipole mpments.‘With the help

of Thermal Desorption Spectroécopy (TDS) or other

desorption techniques, these parameters will be determined

in future studies.
Furthermore, angle-resolved photoemission expériments
on TiOp surfaces will be performed to probe surface

electronic band structures including defect~derived bands
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in the‘baqq gép. Angle-resolved XPS studies will make

poseible fhe‘separete study of surface and bulk species.
Fufther isotope-exchaege experiments may'explain the

Physical origin of the dominant defect in rutile Tid2_
Additional studies on the catalytic.acti#ity of

differently treated (stoichiometriec, defective,forAeovered

by foreign atoms) TiOp Surfaces and the design of new

T102 gas'eensors will be of further interest.
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APPENDIX A

XPS LINE SHAPES AND CORE-LEVEL INTENSITY MEASUREMENTS
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XPS Line Shapes

ﬁhen a core electroh is suddenly removed from an atom
in a'metal, the response.of.the_remainingﬂelectrons and
nuclei is quiteidifférent from that observed in a system
made up of a single atom with 6ne electron, like atomic
hydrdgeﬁ, or even one with many electrons, liké argon.
Although understandably attractive and of great utility,
" simple one-electron models cannot give insight into such
phenomena in many-body systems [163]. |

Nozidres and de Dominicis [164] explained the
experimentally observediskew liné shape of metal core
levels as the result of Kondo-1like many-electroh
. interactions of the metallic Eondhction electrons with the
accompanying deep hole in phe final étate. Subsequent
theoretical and experimental stﬂdies performed by Doniach
and Sunjié [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 éoupling.

The kinetic ehepgy (k.of a X-ray-induced photoelectron
is.a direct measuremght of the energy E; of the hole state
(measured relative to the Fermi.level) left behind in the

metal:

(k=ﬁ("+'Eg"Eh'¢ (98)
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where ho is the4X-raY energy, Eg the initial ground state
energy of the metal, and_¢ is the work functibn.‘Thus the
maximﬁm'photoélectrOn eneréy fﬁax corresponds to the
ground state of the hole+metal-system, while photoelectrons
emitted-below the animum cofrespand to events in which the
h61e+Fermi-sea-system is left in an e#cited,state.

Excited states with energies very close to (a fraction

of an electron#olt) the ground state are those in ﬁhieﬁ the .

Fermi sea is excited by the ereation of low~energy
conduction electron-hole pairs (i.e. charge~density
fluctuations). It turns out that since the energy for
creatiné pairs goes continously to ze}o as the momentum
tjansfer to the pair,_ap infrared cafastrobhe oceurs in
which it'is véry favorable to produce a'largé ﬁumber of
very-low-energy pairs:_Thus the photoemission cross section
do/de is changed from a S-functioﬁ (for § =function ingbing
'X-Paf speetrﬁm) in the_absenee of pai? formation to g'
singular (though integrable) curve tailing off on the 
low-energy side of €max (see daghéd_curve A in

Figure 61) [144].




Figure 61.

<*=0-3

Theoretical XPS Iline shapes (see reference 144) with (solid line

B) and without (dashed

line A

lifetime broadening (see text).

ove
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In practice, this event will be rounded out by
lifetime effects (see solid curve B in Figure 61). However,
in fhe éhotqemission; the resulting tailing of the line.
shape has to be distinguished from events in which the
éscaping electron loses energy to the.Fefmi sea. We ean;
conceptually, distinguish twéltypes of such energy loss:
energy loss to the bqlk'metal (e.g. plaémon emission), and
energy loss to surface stateé §f the métai (e.g. surface
plasm&ns)} |

We may assume fhat the probability of bulk energy loss
by the escaping photéelectron is a‘functioniof thickness 6f:
the mgtallic target, and éoes to,iero as the film thickness
goes to-zero. This will not apply to surface energy loss,

" but presumably the probability of fhis proeess will
decrease with increasing photon energy.

In contraét, the excitatiqn of'the Fermli sea
accompanying the'fipal hole state are an intrinsic property
of the metal, so théy should not depend either on film
thicﬁness‘(abéve a few atomic layens)'or.on.incident photon

enenéy [1447].
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The photoemission seatterihg‘eross 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 foliows [144]:

do 1 @ i .
--= ~ Ref{- f.dt <b(t)b*(0)> exp[-(fw-ex’ t] (99)

This cross séction is thus given as the Fourier

transform- of the hole-ho;e cor:elation function: b+ is the

hole creation operator and
b*(t) = exp(iHt/B)b+exp(-iHt/H).

Nozigéres and de Dominicis (ND) [164] derived an
asymptotiq formula for this correlation function, valid for

long times, i.e. energy transfers
€= €y - epax << D

where D is the conduction band width. For s-wave scattering

at the core hole of binding enérgy o they found:
<b(L)D+(t£)> = mmmmmm—m———— . (100)

(iDt/h)%

Here, a= (8/7)2 is the Anderson singularity index and &
the phase shift for scattering of conduction electrons from

the hole potential.

y N
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. Equations 99 and 100 yield (with fiw = ¢; + cméx)t

doND 9(-55 '
R A (101)
de 0 I'(a) te)1-%

1, @(x<0) = 0.

where P is the gamma function and @(x>0)
This w¢ross section is plotted versus energy_transfer as
curve A in Figure 61.

For a general potential, Nozidres and de Dominicis

showed that @ is given by:

S
™8

(21+1) (6y/m)2 > 0 L (102)

=

=0

Here,8, is the phase shift of the l-th partial wave [164].
Friedel's sum rule [163] limits a to values no,greater than
- 0.5. |

The above gingular 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
treatmgnt of the interaction with the X-ray figld..Doniaéh
‘ and Sunjieé (DS) [144]‘acpounted for this gffect by
multiplying the right side of Equation 100 by an
exponential lifetime:factor exp(-yt/h), with 2y beihg the
full width at half (peak) maximum (FWHM). This new
cqrrelation.function led to the following modified

scattering cross section:
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doD3 1 [(1-a) e
ettt Syt cos[--= + (1-a)arctan()] (103)
de p? [52+y2](1-a)/2' 5 .

Here, ¢ is measured relative to the‘maximum'enefgy €pax in
the absenée of lifetime broadening (see.Figure'61,
curve B).

Suaden greation of a core hole céuses thg
initial-state wavé functions té.contraet, producing excited
eigenstates of the ion. The contracted positive ion coupleé
to the surrounding nuclei and excites phonons. The
eigenstateé 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 tﬁe sudden
approximation, the distribution of the closely spaced
states is strictly Poisson [165]. In the classical limit,
i.e., when the mean number T of such sfates is very 1argé,
the distribution becomes Gaussian and the strength'of the
(re;axed) adiabatic trans;tion is therefore very weak.
[163].

| The presence of phonons thus leads to an additional

broadening of the XPS line shapes predicted by Doniach and

Sunji&. It can be accounted for by convoluting the
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expression in Equation 103 with a Gaussian whose half-width
is givén by the phonon bfoadeniﬁg.
Another effect that was considered when fitting
experimeﬁtél XPS spectra to theoretical line shapes (see
chépter 5) is the influence of the X-ray source and the

spectrometer. The transfer function of the 1at£er one can

often be approximated by a Gaussian [163] which also has to

be convoluted with the Doniach-Sunjié& function given in
~Equation-103.. | |

Hence the experimentaliy observed XPS line ;hapes
disougse& in chapter 5 were fitted to Doniach-Suﬂjié
functions, tﬁioe convoluted with different Gaussians
(quivalent td one conv@lution product containing one
"effective" Gaussian). |

In the fitting procédures discusseﬁ in chépter 5,
bulk- anq surface-plasmon oontribufions were subtracted as
a linear background. These are often also approximated by
a Shirley background (proportidna; to the total péak
"integral) or Lorentzians of variable height énd width‘
[153,163]. Further details concerning XPS background

. analysis are given‘in‘refereﬁces 153, 154 and 166.

Core-lLevel Intensity Measurements

The total X~ray core-level 1nten51ty I(Eﬁln nl) - i.e.
the measured current (counts per second) - of

photoelectrons of kinetic energy E%ih excited from the
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energy level nl of species i (with.concentraﬁion N;) in the

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

doy(nl,hv)

I(Ef:“:in,nl) = Sb(hu) Nj --..EEZ _____ A Aef‘f(EIi{in)
5 . AE

X F(Eﬁin’Ea).T(Eﬁin,Ea) D(E) — (104)

' 2y ‘

Here, ¢(hv) = AwkIp ne->x /(#m) is the number of

characteristiq X~ray photons of energy h per

second.irradiéting an effective surface

area A.

Aw is the solid angle within which the
-effective‘afea A can,be.Jiéwed from the
X-ray source.

Ng_.>x is the number of photons of energy hy

-created per iﬁcident electron.
I, is the primary electron beam curfent'
. (electrons per second) 6h the anode.
kK is an attenuétion factor determined by
filters interposed between theix-ray source‘
and the samplé. |

Accofding to Green et al.'[167],2we have:

ne_;x‘ Y {U0-1)1-63 for K, L and M shells,

where Uy = Eg/Ey, with Eg/e being the
‘V@ltage applied between géthode and

anode. E, igs the ionization energy of"
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the X shell.
Using the results obtained by Green
et»ai. for K-shell X-rays, we derived
the following abproiimation formula
for M:

M= My g}+63 exp(-2/Zp)

where Z is the atomic number and

2o = 12, Mg ~ 2.52x10~" (keV);1g63._

dbi(nl,hv) oi(nl,hy) Bi(nl,hy)
"""" === = Sem-m——-- [1 - ====-=-==-= Py(cos6)] is

the angular distributioh'of photoelectrops ionized by
unpolarized lighﬁ impinging on‘a (ni)-subéhell [1a71.
oi(nl,hy) is tﬁe total c¢ross section for
photoionization of a (nl)-subshell elgctron of
species i ﬁith photon current ¢(hv). It has been
'ealculatéd relativistically for K, lihes‘of Mg and Al
in the single-potentyaliHartree-élater’atomic mddei'
by Scofield [145]. The nesulfs'are believed to be
reliable as long as the X-ray energy is at least

by 500 eV greater than the[electron bindihg énergy
for the level (nl). The dipole approximation for:
photoionization used by Scofield starts to.bfeak down
for X-rays in the keV-range. For photoelectrons ofl

speed v, corrections (A) to o;(nl,hv) go as v2/c?
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while corrections (A) to the angular distribution go
as v/e [147].

Examples: h

1.0 keV ===> Ay(ai) ol 0.1} %, afld'.

.
i}

2.5 keV ===> A(a’i) ~ 1.0 %, and

- K(dag/d0) =~ 10 %.

Bi(nl,h ) is an asymmetry factor calculated by

Reilman et al. [1471.

6 is the . angle between the difectioﬁs saﬁple‘- X-ray

source énd sample - analyze}.

Pg(%j = (3x2=1)/2 is a Legendre polynémial. Note: The

Bi-debgndent term in doj/dQ) drops out for

6 = 5'4 hyrogn,

A(lis the solid angle of acceptance of the analyzer.

Aeff(Eﬁiﬁ) = A(EL;,) cosa is the attenuation length

of electrons with kinetic energy Eﬁin in species i.
X(E&in) is the inelastic mean free path (IMFP) of
electrons witﬂ kinetic energy E&in in species 1i.
Seah and Dench [136] analyzed'experimentally
obiained IMFP's of,electﬁons in elements, organic
and inorganic compounds,.as well aé adsorbed
gases. They derived approximation forgulas
relating the IMFP's to the electron kinetic

energies. For organic compoundé, e.g., they found:
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MEL 1) = A(Efin)=2 + B(aEgyp)1/2.

Here; A = 2170 ML(év)Z and B = 0.72 ML/(nm eV)1/2;
The letter m"am represents the monolayer (ML)
thickness of the organic compound (see chapter 3).
The above equation predicts a minimum value fora ,
which, however, couldhft be'located exactl& due to
insufficient experimgntél results in the kiﬂetic
energy range from 10 fq 100 eV [136].

| ais the angle between_the surface normal and-the
Asuﬁface - énalyzer di;ection;

.F(Ef;,,Ea) is an electron-optical factor that has to

be included, if electrons are decelerated from their

initial energy Ei:. to some energy E, before entering
the energy anal&zer,

T(Ef;,,Es) is the transmission func£iop_of the
analyzer. |

D(ﬁ) is the counting efficiéncy of the electron (with -
energy E) detector.

AE is the analyzer energj ﬁindow.

2y is the photoelectron line width.

The ratio AE/2y has to be replaced by 1‘in

Equation 104, if AE >> 2.
Equation 104 makes possible the determination of

concentrations Nj from experimentally obtained intensitieg

I(Eﬁin,nl).‘This, however, requires detailed knowledge of

v
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-anal&zer and X-ray source characteristies. In chap£er 5 we
therefore calculated relative titanium-to-oxygen
conéentfaeioné and assumed'that'most of.the above-listed

" parameters, such as #,AQ) ,F, T, D and AE/2y, wouldn't
_chaﬁge Significahtly between photoelectron k;netic energies -
from 720 eV (O1s-core level) to 795 eﬁ (Ti2pgzsa2-core
level). ' ' . '

Further.details céncerhing 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

Lk
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'Bagig Theérz of EELS

During‘the past two decadés phyéicisté.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),.howevef, penetrate many aﬁpmic léyers\
into the matgﬁial so that information aescrip£ive‘bf the
near viciqity of thg surface éppeafs as a small featufe
superimposed on a large Signal from the bulk of the
material.

Particles that séﬁple only the outermost layer or-
two (electrons, atoms) have limited penetratioﬁ, because
‘théy strongly interact with the atoms of thé material.
Electrons with energy in ‘the range of a few electron vélts
sample only a few atomic layers. As:they approaeh or exit
from the crystal, they interact with the~vibra£iona1 modes
of - the crystal surface, ‘or possibly with other elementary
excitations (e.g. adsorbate vibrations) localized there.
The energy spectrum_of,electrons'back-reflepted from the
surface is thus a rich source of infofma£ion §n its |
dymamics [122j. |

‘High Resolution‘Electron-ﬁnergy-Loss Spectroscépy

[(HR)EELS] makes possible the study of the vibrational
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motion of atoms and mpleculeslon and near the surface by
;he analyéié of the energy‘spectrum of low-energy'eleétfons
backscattered from it. » |

An electpoh incident on the crystal with energy Ei‘may
excite a quantizéd vibrationél mbde with energy fwg Before
beihg backscatpered into the facuum. It thus emerges with .
energy Eg = Ej - ﬁwo: so an analysis of the energy spectrum
of the.baciscattered electrons provides direct information
on the vibrational frgquencieé of the substréfe,'or on
those of atoms:and molecules adsorbéd.on thé surface.

The method_is sensitive to the. surface because, with’

the incident kinetiec energj E; chosen suitably, the

electron penetrates,.at most, two or three atomic layers

into the crystal. The backscatteéed'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 ﬁonoenergetic'beam of.electrons with low kinetic
energies is difected towapd the surface, and the energy
spectrum and angular diétributiqn of electrons
backscattered from the surface are measufed. The
experimental préblem-is to aéhieve high,reéolution'through

production of a very monoenergetié énd well=-collimated

electron beam, along with sensitive detectors. This must: be

dohe without degrading the signal beléw the detectable -

level.
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At present, .the beét resolution.that may be obtained
is 30 cm=1 (3.7 meV), although to detect weaﬁ signals it
is~$ometimes hecessary to operate at lower resolution. The
resolution achie&ed in.electron-energy-losg spectroscopy is
" thus substan£ially less than is customarily'encountéred in
optical,spectroscopies,'though it is adequate for the study
gf both the vibrational modes of adsorbed molecules, and of
the substraté [122]. | ’

The discussion of the ineiastic electron sca;teqing
process requires_éne.to address the nature of the
interaction between the incoming electron and the vibratiﬁg
atoms of the solid.-In general, this 1s a complex problen,
since the electron strongly interacts with the substrate,:
and any attempt to Aescribe this coupling in simple terms
necessérily leads to é schematic and limited picture.
Nonétheless, it proves useful to distinguish between three
limiting cases, though one recognizes thét thefe are no

sharp and precisely defined boundaries between them [1221]:

Dipole Scattering

As én atom on a surface on‘in a molecule vibrates, it
modulates the electric dipole moment of its envifonmeht 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 deflectiqn'angles. One observes a number of
ihelasﬁics sharply peaked about the specular direction,
wheh,dipoie scattering is éresent. Thelprincipal_features

of this mechanism will be outlined in simple terms below.

Intermediate Negative-Ion Resonances

Negative-ion resonances are freqﬁently obéerved in
elastic collisions between electrons and molecules in the
gas phase [170]. On a surface, the lifetime of such
resoﬁances i; rather short when a chem;sorbed molecule is

coupled to the subtrate-electron 'states. Negative-ion

resonances for molecules adsorbed on surfaces have not béen:

observed yet, except in a few experiments [122],

Impact SQaL#ering

For small defection angles, with dipole scattering
dominant, it ié.possible to obtain a simple and usefgi fornm
for fhe scattering.crdss section.withouf.resort to a |
microscopic description of the electron-substrate
interaction (sée below). At large deflection angles, it is
_necessa?y 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 impaét scattering regime.
I. era' i PQtenLiai |

Suppose we consider the scattering of an electron from

: —
a small molecule. Let the position R} ©f each nucleus be
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wriﬁten'ﬁ? = ?iO) + Gﬁ, where'ﬁio) is a véctor to the
equilibrium -position of ﬁqcleus.l, and Ei is the amplitude
of £he vibrational motion about its equilibrium_position.
Suppése the electpon interacts with the molecule
through a superﬁosition of tﬁo-body potentials (néglecting

the fact that charge flows within the molecule,; as the

‘nuclei shift away from their equilibrium position):
= = =
V(x) = %:Vl(x-Rl) : (105)
- : S
If by V(1)(Q) we denote the contribution to V(Q) - the

P T :
Fourier transform of V(x) - of first order in the nuclear

‘displacements EE, we have:

-3 - -). - -b-b
V(1) (Q) = 12;'v1(q) exp[i Q+R§0)IT Qeouy (106)
- o - o
Here, Q = K(i) - K(s) is the change in wave vector of the

electron. If we consider very small angle scatterings,

where [Q} dy << 1 with dp a measure of the size of the
molecule, we then get:
- L= =
1im  v(1)(Q) = i 4me Q-p/Q2
1Q1->0 ‘ :
= ' =

Here, p = ), e Zy u; is the oscillating portion of the

1

-

electric dipole moment of the molegule; and Zl is the net

' : =
charge surrounding the nucleus located at R&O)-
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From_éhié argument; we can see that in the limit of'
very sméli wave vector transferé, the cross section foh
ineiastic scattering'of thé electron from the vibrational
motion of ﬁhe molecuie is contfol;ed.by 6nly oné parametef,
the cdmpoﬁent ? of the electric dipole moment which
oscillates at the frequency wg of the normal modé
responsible fér the scattering.

Oscillafing electyic—dipdle moments in crystals,
however,.are not only bréduced by the vibrational motions-
of nucléi, but also by other excitations such as
fluctuatiéns in the electronic dégrees of freedém.‘Examplés
‘are fluctuations in the free carriers in meta;s or dpped'
semiconductorg, and interﬁand'tfansitions in insulators
[122]. |

From Equation 106, we can éee that when |3|d0 is not .
small, the calculation 6f the electron scattering éroés
section requires detailed and microscopic knowledge of the
nature of the electron-molecule interaction,_as well as the
geohetry. This isltﬁe impac@ scattefing rééime, ﬁhere_ﬁhe
cross section for inelastic scattering -cannot be eipressed
simply in terms of.a small nﬁmber of phéﬂbmenoiogical
parameters. Further details diséussing tﬁis particulér
regime are given in reference 122. |
lgg‘Di e=Scatteri Crggg_SegLignA

The sméll-angie—dipole-scattering theory applied to a

two=layer system consiéting of a semi-infinite substrate
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with complex dielectric constant ¢,(w) and a surface layer
of thickness 'd with dielectric constant f5(05 yielde a
scaﬁtering efficiency S per unit solid angle'dﬂ(ﬁs) pef
unit (loss) energy dfiw. This quenfity is denoted by
dzs/dﬂ(ks)dﬂw end has been calculated for small angular
deviafiens of the seattered electron from the specular
direction. Furthermore, retardation effects have been
ignored. It has been assumed that information about the
'charge fluctatioﬁ at-a point X' is transmitted instantly to
the point ? where the electron is located. The theory

yields [122]:

IR A SUPY IR VL
dQ(KS.)d‘ﬁa) n2 ag-Ki Ej cos@®; :

[(6Es1n®l—Gcos@leos¢)2+6231n2¢]1/2
K o o o o i e e e e o e e e e e o e e o -

[62+9312

x[1+n(w)] In{smmmmm e m } . (1om)
T+6(Q,,0)

" Here, |Ri|2 is the intensity of the specuiarly reflected,
elastic beanm normelized te the incident intensiiy. Ki,-Ei
and ®; are the megnitudes of the wave vector, the energy
and the angle (measured with respeet to the erystal normal’)
_of the incident elecfron, reseectively. The angle between
the wave vector K(S) of the scattered electron, and that of

the specular beam is denoted by (<< 1 here), while ¢
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measures the azimuthal orientation of K(S), as one "looks

down" the specular beam [122]. Furthermore, g = fw/(2E;), -

n(w) = {exp[fic/(kgT)]1=1}-1 and
';(Q'. ’6)) = fs(w) X e - e o .' (10'8)'

with A(w) = Leb(w);es(m)]/[eb(¢)+fé(w)], ag is the Bohr
radius ‘and Q“ the magnitﬁde.of the change in wave vector
parallel to the surface (see above).

In the limit Q,d<<1, which is well satisfied for

0= 0F in typical electron energy loss studies of adsorbate .

layers, the expression in Eqpation 107'may be decomposed
into two‘tefﬁs. The first, d2s,/d (ﬁs)dh , descfibés
eléctron scattefing by electric field fluctuations iﬂ the‘
vacuum above the cryétal produced by excitations in the
bulk. The second term,'d2ss/d9(ﬁs)dnw, is prdportional tét
the layer thickness d (see above) and descirbes scattering
by electric fields pfoduced by fluctuations within the

surface layer. We have [122]:

R 2 mmmioome- $ommmmeieee 0 (109)
dQ(K ) dtiw df)(Kg) dfiw d(Kg) dhw

The first term on the right side of the.above equation

can be obtained by simply replaciﬁg ?(Q",m) by eb(é) in

Eqﬁation 107. The second term.is calcﬁlated by multiplying

‘the expression on the righflside of Equation 107 by the
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thickness d. 'Furthermore, the contents of the braces has to

be replaced by

-1 e2(w)-e2(w)

€5 (w) L€, (@)+1]2

In an actual experiment, it is not dzs/aﬂ(ﬁs)dﬁw that
is meésured, but rather this quantity ihteérated over the -
éélid aﬁgle subténdgd by thq entraﬁce slit of the analyzer.
We suppose this to‘be circular, centered on the specular
directisn, and that it catchés all eiectrbns scattered into
the aﬁgulan range 0 <@ < fc. With the:pdiar axis of a
spherical coordinaté éystem ﬁligned along the épécular
direction [dQ(ﬁ;)::G d@dp] Qe then get the following
expression for the differeptial cross section for inelastié.
scattering of electrons from bulk_exditatiods [122]:

asp 4 IRg12 (1-20p) V2 1+ n(w)

e D wm e em e ma o on o am A - —— X =emmmm—e——

dffw ﬂ2 aO-Ki co s, w

X Im{memeean b ox Fp(f,) (110)

describes the number of inelastically scattered electrons

collected by a spectrometer that picks up all electrons
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with:scaﬁtééing angles 0 < @ <'90. Here, é = @/9g is a

reduced scattering angle.

Surface Optigcal Phonons

When electrons are scattered from the surfaee‘of an
ionic insulator, a surface mode is usually féund.-This is
the éurface optical phonon with frequency wg that lies
between that wgg of:the bulk long-wavelength transverse
optical phénon, and the frequency w10 of_the bulk
longitudinal optical phonon. We may describe the
contribution to the EELS cross section from this mode wifh
the help of Equation 110,

For a cubic material with one infrared active bulk

transverse optical (TO) phonon, the digleetric function may

be written [j22]:
fb(w) Z € 4+ mmmmmmme cmmmmemcccccem————— (111)

Here, n is the number of unit cells per unit volume; e* the
Born or transverse effective charge, and Mr the reduced
mass of the unit cell. If €(0) =€ 4-ﬂﬂne§2/(Mrm%o) is the
'}static dielectric constant of the material, theg the loss

function Im{;1/[1+gb(w)]} has ‘a peak at the frequency

wg = wpg [---=-- 1172 (112)
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providiﬁg'th%’damping function y(w) is sufficiently small.

The frequency wg necessarily lies above wrQ but below the

1ongitudinal optical phonon frequency
®WLo = WTO [f(O)/gn]1/2 (see reference 122).

In the limit of small damping, we can approximate the -

loss function as follows [122]:

-1 €(0)-c¢
In{memmm—- } 2 & g comacia- ® e
T+e€p (w) 2 [6(0)+1]_[§n+1]
x [6(hwgohw)- (hwg+hw)], ' ' '(113;)

Here, we éllow for the possibility of inelast;c scattering
with phonon abserption, as well as-that with phonon
emission; Then the probability, normalized. to that for
specular reflection, for én electron ‘to scatter from the

surface with emission of a surface optical phonon is given

by:
s{tot+) 2 1+8g e(o)'_e(Jo ' Fb(éc) :
------- 2 = X mmmmmmmem X mmmem=® x —2-0S0 €114)
IR;j)2 m agKjcos@i €(0)+1 T+e,
Here, ng = {expl[h s/(kBT)]-T}~1 and g << 1 (see Equation

110) . Similarly, the probability for scattering wi;h phonon

absorption is:

: R X —mmien 2y 2228 (115)
IR; 12 4 agKjcos®; €(0)+1 1+ €40
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According to the above equations, the loss and gain

intensities to be observed vary with (cos@i)'1 and'E-i”2

(thé'factor‘Ki in the:denominators is proportional to
El(Z). Furthermore, the ratio of tﬁe’energy gain scattering
to energy loss is, for one-phonon events, predicted'tb be
equal to expl[-fiwg/(kpT)]. These predictions of -the theory
have been verified'experimentally‘on varioué samples in the
past [122]. | \

Thé theory presenﬁed abovg may also be applied to
surface plasﬁons and interband electronic transitions with
appropriate choices of. €p(w) and 'ss(co).. Further details are
given in reference 122.

It can be seen that for either emission of a,ﬁlasmon
or a surface optical phonon at thé absolute zero of
temperature the scattering probability integrated over the

solid angle and normalized to ‘that of the specular beam is

given by:

/4 e(0)~¢ 1
ST — X mmmo %X e (116)
aoK.icos®i' €(0)+e,  Trg

. The formﬁlé épplies to a metal upoﬁ ietting the static
"dielegtric constant ¢(0) become infinite [122],

| Suppoée we leé Sg+) be the total probability that ihe
electron excites n'quanté as it passes by-the surface,
.losing the energy nhwg in the process; We then have, for

scattering from thermal excitations:
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si*) = 1y IRg12 | (117)

In the limit of zero temperature, I, is given by a Poisson

distribution:
', = ('l"n/n!)exp('-r) o : (118)

The Poisson distribution of surface-optical phonon
intensities has béen observed. in earlier EELS studies, e.8.
on TiO, samples (see chapters 2 and 5).

Within the framework of the theory presented above, .
the surface mode of a”semi-infinite dieiectric was deriveh
simply by examining the positions of the poles of’the
approppiate electron-energy~-loss expression (see above).
For an ionic crystal, where the frequency-dependent
dielecﬁrie function ié given by Equation 111, this mode may
be deri%ed equally well within the so=-called
lattice-dynamical theory, as was first done by Fqchs and
Kliewer [98]., For this reason, the 'surface optidal pﬁonons
are often referred to as"'Fuché-Kliewer" phonons,

Wiﬁhin the 1attice dynamical framework,.the surface
optical modes are aescribed by a maeroécopie theory. The
equation of motion of the differept ionic sublattices is

derived from classical eLecfrodynamical theory and'yields

the transverse and longitudinal frequencies To-and Lo &S
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well as Equaéion 112, Further mathematical and physical
details are given in references 98 and 122.
The surface optieal.(fuehs-Kliewer) phonons are

accompanied by a long-range electric field [99,122]:

Ex = Eg sin(QMx- t) exp(-Q,izl)

E,

Eo cos(Q,x- t) exp(-Q,lzl) sén(z) | (119)

Hefe, the k-axié is parallel tq the surface and the z~axis
parallel to the surface mormal, i.e. tﬁe erystal fills the
halfspace with z<0.

From the'aﬁove eguation we see that.the character of
~ the phondns is mixed: transvefée-longitudinal, and that the
electric field decays into the crystal and into the vacuum
with a penetratibn'depth of thé inverse magnitude of the
wave vectsr transfer 1/Q For small changes in the wave
vector 8;->0 (see above),.the electrié field due to the

phonons thus pénetrates deeply into the crystal,

Screening of Surface Optical Phonons

Dubois et al. [137] discovered that the surface
optical phonon (36.2‘meV loss éhe}g&) of a (100) Te-dopeq
GaAS sample was completely s;reened by a 3;A-thiék uniform
overlayer of silver (monolayer thickneés of silver: 2.57 A,

see chapter 3). Their experiment dnly measured small-angle
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~deviations (+1 5 from the specular direction, gnd thus
"the dipoiar scattering theory was applied to the Ag/GaAs
system. ) . » '
The GaAs substrate can be viewed as a dielectrie [137]

with frequency-dependen£ dielectric constant 5iven by:
€p(w) = €(P) 4 mocme T ool (120)
0 ' ' )

Here, W7o is the transverse-optical phonon frequéncy 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
. ’ . wp .
€s(w) =,c£s) - ;E;:;;; B _ (121)

with wé as the conduction-electron plasma frequency. [ and
Yare phonon and plésmon dgmping constants, respectively.

The ihelastic.electron-;cgttering ecross seqtion is now
calculated ffoﬁ Equations 107 and 108 by integrating'gverA
-an appropriate 'solid ahgle.aé described above.

The theofetical results éhowed decreasing
surface—optical'pﬁonon inténsities with increasiﬁg silver
coverage, in gooa agreement.with preceding experimenfs'
[1371. The oEserved featureé can be exﬁlained as folloﬁs.

In the absence of phonoﬁ and plasmon damping (I"'=y=0),

the condition 1+¢(Q,,w)=0 (pole of the loss function, see
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Equation 197)'Yie1da:

€s(w)+1 €g(w)+€p(w) ' - '
------- X =mmccemm——— = exp(-ZQ“d) (122)

We are interesved in the regime where Q;d<<1, and w<«%“ so |

les(@) | = |-wd/w?| >> 1. Thei the above equation can be

written as follows:

1 4 =e-a- x [T+ep()] = 1 - 2Q,d (123)

This equation leads'tqlthe-dispersion relations

1 1

02(q) = - 2+(Q)] = - (103-02(0,)12
+ 4 (02-0h0)w?(Q,)}1/2 (124)
2 €hP)+1 . g ‘
with - WA X memmem——— 125
Ws w%o X Géb)_'_" . ( )

as the surface-optical phonon frequency'for a GaAs-vaeuum

interface, and
02( Q) = ——————— A . ' (126)

is the dispersion relation of the low-frequency surface
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mode.of the cbﬁduetion electrons in a thin metal film with
vacuﬁm.above, and substrate with frequency-indeﬁendent
dieiectrie const;ntﬂ;b) below.
'An.important’parameter'[137]113 the wave vector Q; ror
which the low-fréquency collective mode of the film crosses

the Gals surface-optical phonon frequency. This is

determined by setting Wg = w(Qo), and hence we get:

1 .
QO = - x??g X (1+€6b) . (127)
d wg .

p
With the help of Equation 124 it cén easily be shown thatf

02(Q =>0) ===> ©2(Q)

2
©5(Q,=>0) ——>ws

and : wE(Q“>>Qo) Z 070

2
@(Q,>>Q0) Z w?(Qy),

since wg Z®To for G’aAS. |

As Q->0, the ®_ pranch approaches @ which shows that
for Q"<<QO, the GaA§ surface opticgl phonQn is not effected
by the presence of the Ag film. It thus produces electric

fields with éﬁrength unaffected by the overlayer. When

Q,>>Q, in essence the GgAs-surfacé modé is driven down in
'frequency to @pg. But any oscillation of the lattice of an
”idnie crystal will fail tofgenerate a macroscopic electfic‘

field, if the oscillation frequency is wrge This is true
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independent of the spatial variation of the lattice motion,

o o/
because the macroscopic field E(x) generated by lattice

e . _
displacements u(x) is given by (see references 122 and 137,

as well as Equation 111 with = 0):
g_’—’ -» . )
e’E(x) = Mp(wfg-w2)u(x) _ (128)

Thus thé crucial issue is whether Q,>Qp, or Qu<Qqg:
where Q, is the maximum ‘wave vector accepted by the
spectrometer. If Qo<Qp, the feature near ws br WTO is
produéed by éca;tering off the w; branch. These modes
geher;te an electric field comparable ;n'strength‘po that
associated with the bare GaAs surface, and thé surface
obtical phonon is observed at full strength in thé.loss
sSpectrunm.

On the other hand, if Q:>>Qp, nearly ali electroﬁs
collected by the spectrometer have suffered ﬁpmentum
traqéfers very large compared to Qu, and in this region of

phase space, we have no collective modes near wg or WTO

which generate a macroscopic field, the loss peak is abéent'

or weak [137].

By setting Q, equal to Qp, a critical film thickness

d, can be defined as follows (see Equation 127):

1 oo
dy = == X === x [1+56b)] _ (129)
Qe m% ‘

Then, if d>>d,, the GaAs surface optical phonon is
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_ suppressed by the Ag film, while if d<d,s it is present
wi;h;substgntial strength. | ‘

With 0y = 10% cm™l, haqg 2 33 meV, he, = 3.5 eV, and
eéb) ~ 13, we get dg :_O.i A, i.e one monolayer of Aé is
quite sufficient to suppress thé scattering from GaAs
surface-optical phondns [137].

In the case of a titanium-covered TiO,(110) surface,
similar featurés havé beén observed. .he surface—opfical
phonon'intensities dropped significantly upop ﬁhe
dgpositipn of small amounts of titanium (sée chapters 4
énd 5). From Equation 43 and the data presented in
chapters 2 and 4 (E;=E,=27.1 eV, ®;=60" ,hwg=95 meV, etc.),

as well as hwp(Ti) ~ 12.5 ev, we caléuléte Q¢ :4x105 cm~1

—

and d,(Ti) Z 0.1 3.,Iheﬂlow value indicates that even
submonolayer coverages of titanium significantly screen the

very strong Fuchs-Kliewer modes on TiOé(llO) surfaces.
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