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Adsorption of sulfur on TiQ(110) at room temperaturd@RT) and 350 °C has been studied with ultraviolet
photoelectron spectroscopy. A Ti(110) (1x1) surface with a small amount of oxygen vacancies was
prepared by sputtering and annealing in ultrahigh vacuum. Oxygen vacancies induce a defect state that pins the
Fermi level just below the conduction-band minimum. Sulfur adsorption at room temperature leads to the
disappearance of this vacancy-related band-gap state, indicating that the surface oxygen vacancies are filled by
sulfur. Sulfur-induced valence-band features are identified at binding energies of 3.4 and 8 eV. Adsorption of S
at 350°C forms a (%1) superstructure at high coverages0.9 monolayer(ML)] that is visible with
low-energy electron diffraction. In a previously proposed model for this superstructure, sulfur replaces half of
the in-plane oxygen atoms and all the bridging oxygen atoms are removed. In agreement with this model, the
oxygen 2 peak is decreased significantly and the defect state is increased. Two additional valence features are
observed: one at 2.7 eV and one at 3.9 eV. Due to those features the band gap vanishes. In resonant photo-
emission, these features show a similar, but weaker, resonance profile than the vacancy-related defect state.
Hybridized Ti-derived states extend across the whole valence-band region. Generally, a higher resonant photon
energy is found for valence-band states with lower binding energies, indicating mairiyS8transitions in
the upper valence band. Adsorption of sulfur reduces the strength of the resonances.
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[. INTRODUCTION Several photoemission studies of the clean,{Q0) sur-
face have been performed previously. In Refs. 13 and 14 the
Because sulfur is a common poison for catalytic reactionsglean, almost stoichiometric surface was investigated, and
the adsorption of sulfur compounds on metal and metal oxid#e results were compared &b initio calculations. For ob-
surfaces has received considerable atteritfom particular,
the adsorption of sulfur compounds on titanium oxides has @ clean TiO(110) surface
been studied extensively® 2
We have studied the interaction of elemental sulfur with
the TiO,(110) surface. In our previous work we found three bridging O 5-fold
different adsorption sites for sulfur and a variety of structures  in-plane 0 coordinated Ti
with long-range order that depend on sulfur coverage and A

sample temperature during adsorptfofi.The experiments O Titanium

were performed with a clean UHV-annealed J{®10) sur- @) Oxygen
face that exhibits a few percent of oxygen vacanfseg Fig.
1(A)]. At low concentrations these vacancies are dispersed @ sulfur

across the surfacé At room temperature scanning tunneling 6-fold coordinated Ti
microscope(STM) studies indicate that sulfur binds to the

titanium rows’ However, it could not be determined if the

sulfur also adsorbs at the point defects. A very recent high- S on titanium rows
resolution photoelectron spectroscopy study indicates that
this is the casé® Adsorption on the hot surface in the tem-
perature range of 350400 °C leads to the formation of a
(4X1) superstructure at a coverage sf0.9 monolayer
(ML). In Ref. 10 a model was proposed in which sulfur
replaces 50% of the in-plane oxygen atoms while the bridg-
ing oxygen atoms are removed. In order to test this model F|G. 1. (A) Atomic model of the clean Tig{110) surface(B)
and to clarify the binding sites for S adsorption at roomatomic model and STM imag@®5 A x 95 A, 1.4 V, 0.2 nA of S
temperature(RT), we performed photoemission measure-adsorbed at RT on Ti110) (Ref. 9. The sulfur atoms, visible as
ments of the valence band and the shallow core levels.  white spots, are located on the bright titanium rows.
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taining a deeper understanding of the interaction between Il. EXPERIMENTAL PROCEDURE
titanium and oxygen, it is valuable to make use of the reso-
nant photoemission effect for photon energies near the 3 The measurements were performed at the Center for Ad-
—3d and 3 —4s transitions of Ti. This effect is explained in  vanced Microstructures and Devic6SAMD) on the PGM
detail in Refs. 15 and 16. Resonant photoemission of théeamline. The angle resolved photoemission spectra were
clean surface was studied by several grd(i’S and fim  taken at normal emission witipolarized light. The angle of
deposition of various elements was analyzed in Refs. 21-25%ncidence of the photon beam was 45°. The photon energy
Additional investigations using resonant photoemission forranged between 29 and 95 eV. All spectra were normalized to
Ti compounds were performed in Refs. 26 and 27. In thishe photon flux using a tungsten grid placed within the opti-
work we exploit the resonant photoemission effect to invescal beam path. The Fermi level was calibrated by measure-
tigate the bonding between surface atoms and adsorbatenents of the Fermi edge of a piece of Ta in electrical contact
The measurements were performed with photon energies afith the sample.
29-94 eV, covering the range for thgp33d and 3—4s All measurements were carried out on a dark blue,TiO
transitions in Ti. crystal that was reduced by heating up to 700 °C for several
Because resonant photoemission has already been eheurs. The sample was cleaned by ion bombardment with
plained in detail in the references mentioned above, we onlg-keV Ne" ions at room temperature and subsequent anneal-
summarize briefly the main concept. It is based on thdng in UHV for 10 min at 650 °C. This sample treatment
quantum-mechanical interference between two excitatioproduces a (X 1) surface which exhibits point defects with
processes that transform a certain initial state to the same density of a few percedt.The base pressure in the prepa-

final state via two different pathways. ration chamber was in the low 18%-mbar range.
The direct photoemission process produces electrons with The elemental sulfur was produced by electrolytical dis-
the kinetic energyE: sociation of AgS in a sulfur cell. The cell was constructed as
described in Ref. 28. The cell itself was constantly heated to
3p®3d"+hy=3p°3d" 1+e " (E). (1)  atemperature in the range of 15065 °C. The dosing pro-

cedure is described in detail in Ref. 10. A coverage of one
Concurrent to Eq(1), optical adsorption may lead to ex- Mmonolayer is defined as one S atom per substrate unit cell.
citation of the 3 to the & (or 4s) level: The photoemission measurements were performed at RT
after adsorbing a saturation coverage of S on the clean sur-
face. According to previous low-energy electron diffraction
(LEED) and STM measurements no superstructures are
_ _ _ _formed by S when adsorbed at R To minimize the effect
The excited state decays and an electron is emitted WitR photoinduced desorption during the measurements of S

3p%3d"+hv=[3p®3d"*1]*. 2)

the same kinetic energy as for procéss when adsorbed at RT, the sample was moved laterally after
. L taking 2—3 spectra. For adsorption of S at 350 °C, the for-
[3p°3d""1]*=3p°3d"~'+e " (E). (3 mation of a (4< 1) superstructure was confirmed with LEED

before taking the photoemission spectra. No photoinduced

For photon energies in the resonant region, the peak indesorption was found during the photoemission measure-
tensity should exhibit a characteristic, asymmetric peaknents from this superstructure. Upon normalization to the
shape(Fano profilg.’® In relatively light transition metals photon flux the analysis of all spectra was done after sub-
such as Ti, additional excitations accompany the optical adstracting an integrated backgrouf@hirley backgroundto
sorption causing changes in the resonafide.addition, the  account for the inelastically scattered electrons. Only the
resonance is moved to higher photon energies than expectegiectra in Figs. 3 and 11 are presented without background
from the separation of the contributing energy levép-  substraction.
proximately 47 eV for the B—3d transition instead of 33
eV) d%a to the exchange interaction betweem &d 3 IIl. RESULTS
levels:

Because the photoexcitation and recombination process is A Valence-band spectra of £i0,(110) adsorbed at RT
spatially localized, resonant emission in the mainly @ 2  An STM image for S/TiQ(110) adsorbed at RT is shown
derived valence band is only possible if oxygen states arén Fig. 1(B) together with a geometric model that is based on
strongly hybridized with the titanium orbitals. This is the previous result.Sulfur adsorbs on the bright titanium rows
case for the Ti—O bonds of Tg0110) and resonant photo- as indicated in the model in Fig(RB). Usually a few percent
emission is found for the whole valence bdddin a  of point defects(i.e., missing bridging oxygen atomsre
molecular-orbital picture bonding orbitals with strong Td 3 present on the surface after annealing in Ulfée Fig.
character dominate at higher binding energy. For lower bind4(A)], and are known to be very active sites for adsorption.
ing energy, nonbonding orbitals with mainly @ Zontribu-  Generally, defects are imaged as bright spots on dark rows.
tion are found® The minimum peak intensity for resonant However, depending on the tip state, they may not always be
photoemission is found at a photon energy of approximatelyisible! This makes a statistic evaluation of defect sites in
36 eV. A resonant enhancement is found up to photon eneSTM images difficult. In addition, sulfur atoms appear as
gies of approximately 60 eV. very large protrusions, possibly shielding neighboring va-
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hv=>524eV is sufficient to produce a saturation coverage which is about
......... clean UHV annealed 0.7 ML for adsorption of S at RT. This indicates that S oc-
O adsorbed at RT cupies the defectisee Sec. IV A in addition to the titanium
4-| — Sadsorbed at RT rows shown in Fig. (B).

1 Another effect that is seen in Fig. 2 is the shift of the
whole VB for S and Q adsorption at RT as compared to the
clean UHV annealed surface. The shift to lower binding en-

1 : ' ergies for S is about 0.4 eV and for O at RT it is in the range
5] g ! of 0.2-0.3 eV. This shift is most likely caused by a band

1 { b bending effec as discussed in Sec. IV A.

The intensity of the VB emission was significantly low-
defect state ered by the adsorption of sulfur at both RT and 350°C. The

| primary reason for this phenomenon lies in the different
¥ 2 LT photoionization cross sections of sulfur and oxygen. The
o e e atomic cross section for photoionization of the @ @rbital
0 3 6 i 2 0 at a photon energy of 40.8 eV is &a0° b3 For the same
Binding Energy [eV] photon energy the cross section for ionizing theSasbital
in a S atom is ten times lower with 06L0° b. The kinetic
emission of TiO,(110) athy=52.4 eV (in resonance Annealing energy of the photoelectrons in our spectra are cI_ose to the
in UHV creates point defects in the rows of bridging oxgyen asminimum of the We”'knowr.] universal curye for inelastic .
mean free path lengths, which ensures a high surface sensi-

indicated by the defect state in the band gap. The defect state di . . .
appears when sulfur or oxygen is adsorbed at RT. Adsorption ofivity. The presence of S causes inelastic scattering of the

oxygen and sulfur adsorption at room temperature cause a rigighotoelectrons from the underlying layeitsus attenuating

shift of the spectra to lower binding energy by 0.2 and 0.4 ev,the valence bandand any new features related to the |$ 3
respectively. peak are very weak because of the low cross section.

To investigate how sulfur adsorption at different sites in-
cancy sites, and are quite mobile when adsorbed at roorfiuences the valence band, sulfur was adsorbed at RT on the
temperature. Therefore STM alone is insufficient to decide iftlean surface with and without oxygen defects. The defect-
these vacancies are possible S adsorption sites. Photoemfsee surface was prepared by first dosing oxygen at RT on a
sion experiments of the valence bafuB) are well suited to  clean, UHV annealed surface that exhibited the defect state.
address this question. The presence of oxygen defects on tB®th adsorption experiments provide surfaces with sulfur ad-
TiO,(110) surface leads to an excess of electrons in theorbed on the titanium rows. The only difference is that in
neighborhood of the defect that results in a defect dlate  the first case the defects are filled by sulfur while in the
beledg; in the photoemission spectra shown belawithin ~ second case the defects are occupied by oxygen. Comparison
the band gap. The formal oxidation state of the titanium catbetween the valence bands of these two surfaces in a photon
ions next to a defect is reduced frort+40 3+. It is known  energy range from 34 to 74 eV shows no significant differ-
that O, adsorbs dissociatively at RT at oxygen vacancies anénces in the specti@pectra not shown
fills these defect$’ The adsorption process is not precursor In order to analyze the valence-band features that are
mediated, i.e., only these oxygen molecules that directly hit @aused by sulfur adsorption on the fivefold coordinated Ti
vacancy dissociate and adsorb on the surface by occupyirgfoms, we adsorbed S on the defect-free surface and com-
the defects. When oxygen is dosed at room temperature thgared it with the clean defect-free surface. Again, the defect-
surface remains unchanged except for the population of thisee surface was prepared by UHV annealing with subse-
defects. quent adsorption of oxygen at RT. The complete series of

Photoemission spectra of the VB region were measureslalence-band spectra for the defect-free surface and S at RT
before and after sulfur and oxygen adsorption at RT. In Figare presented in Figs(8) and(B). The valence emission of
2 three spectra from three differently prepared surfaces arde clean defect-free surface and the surface after sulfur ad-
compared at a photon energy of 52 eV, which is within thesorption are shown Fig. 4 for a photon energy of 39 eV,
range of the Ti resonance energies. At this photon energy, thehich is below resonance. For easier comparison the curve
defect state within the band gap is enhanced due o 3after S adsorption is shifted by 0.2 eV to higher binding
—3d excitation and can be compared more easily for theenergies to compensate for band bending effects and ensure
different surfaces. The VB of the clean UHV annealed sur-an overlap of the valence bands in the graph. At least five
face shows a defect state at approximately 1.1 eV below thdifferent peaks could be distinguished in the valence band
Fermi level. After dosing 210 Langmuifgé) molecular oxy-  for both surfaces. The peak positions in the case of sulfur
gen at RT the defect stafeee Fig. 2 has almost completely adsorption(after the 0.2-eV shijtare at 4.3—4.6 eVA), 5.3
vanished, in agreement with the expected filling of oxygen—5.6 eV(B), 6.5-7 eV(C), 7.5-8 eV(D), and 8.5-9 e\(E)
vacancies on the surface at RT. Adsorption of S at RT on thglus an additional shoulder around 3 eV, see the labels on the
clean UHV annealed surface leads to similar results. Thepectrum forhv=38.7 eV in Figs. 4 and (B). (For some
defect state has completely vanished after exposure to legdoton energies it was difficult to identify the features. We
than 100 L. According to previous experiments this exposuréherefore give a range for the binding energy of the different

Intensity [arb. units]

FIG. 2. Photoemission spectra of the valence bamormal
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peaks. This accounts for dispersion as well as the uncertainijhe second S-related feature in our spectra is located around
in the determination of the accurate peak posijidine peak 8 eV. This is the only binding-energy region within the va-
positions for the defect-free clean surfdogygen adsorption lence band where the emission from the sulfur covered sur-
at RT) are within the same range as for sulfur except for peakace for low photon energies{(48 eV) is clearly higher than
C which is located at slightly lower binding energies aroundfor the clean surface. The ratio of the valence-band emission
6.3 eV. This stands in good agreement to the values in Refor S adsorption/O adsorption exhibits a peak around a bind-
14 for a clean surface with very few oxygen defects. At soméng energy of 8 eV for all photon energies. This is an addi-
photon energies an additional shoulder at 7 eV becomes visional indication for a S-related emission in this area.
ible but it never appears as distinct peak. To estimate the resonant behavior of the various features
Despite the low cross section for photoemission from Sin the valence band, the peak heights were plotted against
3p, two features are identified in Fig. 4 as being caused by $hoton energy. In Ref. 18 the valence band was fitted with
adsorption. The first one is a small shoulder at around 3 e\three Gaussians, attributed to bonding and nonbonding orbit-
which appears at the valence-band maximum of,TiChis  als as well as “overlap” and the intensity variation as a func-
region shows a somewhat higher intensity for all photon ention of photon energy was followed. The angle-resolved
ergies as compared to the clean surface. In a photoemissi@pectra presented in this work show much more structure;
study of Ty ., S, (Ref. 27 the emission from SR orbitalsis  therefore peak fitting would clearly be unreasonable. How-
assigned to a peak at a binding energy of 3.4 eV as well asver, we are aware that using peak heights is a rough ap-
intensity in the regions around 2.2 and 5 eV. The shoulder iproximation, and only the general trends of the valence-band
Fig. 4 at 3 eV can therefore be related to a sulfprf8ature.  resonances will be deduced from the results. The peak
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hv =387 eV : :
Peak height at resonance / Peak height below resonance
1.2 ] O adsorbed at RT (defect-free surface)

E S adsorbed at RT Peak at O atRT S at RT | Clean UHV S(4 x 1)

1 respective annealed
_ 1 B BE (s.text) BE [¢V]| Ratio
= 1 g 16 09 (g1)| 10.4
; 0.8 Co 1 524 eV ! !
El ] 1 band gap 26(gp)| 5.2
2 0.6 ] 1 479V
E J ] band gap 3.6(g3)| 4.1
= 4
= 0.4 ] 1N 434 eV A 3.6 43 4.2 48 (@) | 2.7

] 1\ 8 B 4.5 3.8 4.9

0.2 H 1
y 1 C 4 4 4.7 63 (b)| 3.2
] 34ev
0 D 52 3.8 5.5 81| 2.1
T L | T T LI I TrrrTTrTi
(1) 8 6 4 2 0 4 3 210 E 2 4 24

Binding Energy [eV]

FIG. 6. Ratio of peak heights in resonance to peak heights be-
emission of TiO,(110) athy=38.7 eV (below resonange The IO,W resonance (v between 34 and 39 g\for feqtures A-Elsee
spectrum with adsorbed S is shifted by 0.2 eV to higher bindingF'g' 9, the defect state,gof the c!ean surfacéFig. 10 and the
energy to compensate band bending effects and to facilitate conf#*1)-and S superstructufeee Figs. @) and g.
parison of the two spectra. The right plot shows the small shoulder
at 3 eV for different photon energies. detailed evaluation was not possible. It appeared, however,
that this peak does not have the resonant behavior of the rest
heights of the valence-band features A—E for the cleamf the valence band.
defect-free surface after adsorption of oxygen at RT are The spectra from the clean surface in FigAbshow a
shown in Fig. %A). The corresponding plots for the sulfur- similar photon energy dependence as the spectra after ad-
covered surface are shown in FigB. In Fig. 5B) all peaks  sorption of sulfur at RT. Differences are found mainly for the
show resonances at different energies. There appears to bgeaks with the highest intensity, located around 5.4 and 6.3
general trend that peaks at higher binding energies show @V. After sulfur adsorption the peak at 5.4 eV is higher than
maximum in the resonance profile at lower photon energieshe peak at 6.3 eV for most photon energies. For the clean
Only the peak at 8.9 eV represents an exception with asurface both peaks show a similar intensity. The peak at 8 eV,
additional maximum at higher photon energies. The photonvhich is assigned at least partially to emission from sulfur,
energy dependence of the S shoulder at 3 eV was not plotteghows a resonant behavior similar to the clean surface. As a
Because of the small peak size and overlap with the VB aneasure for the strength of the resonances, we calculated the
ratio between the peak height in resonance and the peak

FIG. 4. Photoemission spectra of the valence bamormal

(A) O, adsorbed at RT S adsorbed at RT height at a photon energy of 34 diear the minimum in the
1 1 resonancefor each peak. Figure 6 gives the values for the
5 1 respective peaks.
] Mev 4
o _\/\\\%&Y . B. Valence-band spectra of the TiQ(110 (4X1)-S
g ] %‘ 3_’ M superstructure
g § 1 High coverages of sulfur adsorbed at 350 (€aturation
S S . .
% 37 2 6.6 eV coverage approximately 1 MUead to the formation of a
s ] B (4X1) superstructure. A model has been proposed in our
Ajj ] 6.6 eV § 2 previous work!® which is consistent with the STM, X-ray
3 2 & photoelectron spectroscopiXPS), and LEED results. An
] 1 S4cv STM image of the superstructure and the model is shown in
1 546V o Fig. 7. The bridging oxygen atoms are removed and 50% of
1 . 4deV the in-plane oxygen atoms are replaced by sulfur. Detailed
| 1 explanations of this model can be found in Ref. 10. In the
1 PR | following, some aspects of this model are investigated with
0 R ARRARRR AR RaRS (| e s surface sensitive photoemission spectra.

R e
30 40 50 60 70 80
Photon Energy [eV]

30

T T
40 50 60 70 80
Photon Energy [eV]

The removal of the bridging oxygen atoms induces a
change in the coordination number of the neighboring Ti

FIG. 5. Peak heights of selected features in the valence ban@toms as compared to the clean surface. When a single oxy-

[see Figs. @) and (B)] versus photon energyA) Adsorption of

gen atom is missing from the clean surface the coordination

oxygen at RT.(B) Adsorption of sulfur at RT on the defect-free number of the Ti atoms underneath the vacancy changes
surface. The curves are offset for clarity.

from 6 to 5. For Ti atoms underneath the former bridging
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S replaces in-plane oxygen, (4 x 1
P P ygen, (4 1) @> hv =38.7 eV
1 : - clean UHV annealed
4x1)-8
— 0.8+ - A
_g 0.6
o S-SUripes m————ppp- = .
O Titanium O Oxygen . Sulfur é :
g ]
<[001]
- lIIlIllIIIIIIIIIIlIIII

10 8 6 4 2 0
Binding Energy [eV]

®

hv =47.9 eV
3
] clean UHV annealed
25{ <(4 x1)-S
E 2]
o ]
& 1.5
FIG. 7. Atomic model and STM imag®2 A x 92 A, 1.6 V, 0.3 2 1
nA) of the TiO,(110) (4% 1)-S superstructure that forms when S é 1]
is adsorbed at 350 °C on Tj(0110) (Ref. 10. Sulfur replaces 50% R= ]
of the in-plane oxygen atoms. All the bridging oxygen atoms are 0.5
missing. The bright rows in the STM image represent the sulfur ] \
StripeS. 07l]”[!l[?ll]lll]k‘lvlk[‘[’llr]

10 8 6 4 2 0

oxygen rows in the (%1) superstructure, the coordination Bingding Bnerpy [eV]

number changes to 4. In addition, a large number of oxygen
atoms are re_placed by the Ie_ss electronegative sulfur. B‘?th FIG. 8. Comparison between photoemission spectra of the va-
the coordinative undersaturation and the less electronegatiyg, .o bandnormal emissionof a clean UHV annealed Ti0110)
ligands cause a reduction of the! Tiatoms as evidenced in 4,4 after adsorption of S at 350 ¢4 1)—S superstructute(A)

strong TP+ shoulders in XPS from the (41)-S surfacé? hy=38.7 eV (below resonandeand (B) h»r=47.9 eV (in reso-
It should also give rise to a change in the defect state in thgance.

band gap. Generally, the removal and replacement of the
surface oxygen atoms should be visible in the form of a The attenuation of the valence band caused by sulfur in
smaller Is or 2s oxygen peak. With XPS only a very small the (4X 1) structure is much higher than for sulfur adsorp-
decrease of the O sl peak was found in previous tion at RT. The higher saturation coverage in comparison to
measurement¥. Because the XPS signal at a binding energyadsorption at RT, combined with the low photoionization
of 530 eV (kinetic energy of 720 eV for Mdc« line) comes  cross section of sulfur, leads to the weak emission from the
from several atomic layers this result does not exclude aWVB. For some photon energies, the intensity of the VB is
oxygen depletion of the topmost layer. Synchrotron-basednly 1/5 of the intensity of the clean surface.
ultraviolet photoemission measurements, which are more The ratio of the valence bands of theX{4)—S surface to
surface sensitive, should show if the conjectured depletion othe clean surface shows the smallest attenuation for binding-
surface oxygen indeed takes place. energies around 8 eV, similar to adsorption of S at RT. This
The valence-band spectra of the clean UHV annealed suwould again point to sulfur derived emission in this binding-
face and the surface after dosing sulfur at 350 °C are showenergy region.
in Fig. 8 for two different photon energies. The photoemis- The defect statg, of the (4x1)—S superstructure is lo-
sion spectra in grapfA) were taken at a photon energy of cated at approximately 0.3 eV lower binding energy than for
38.7 eV (below resonangewhile graph(B) was measured the clean surface. The emission from the defect state as well
with a photon energy of 47.9 elih resonance The valence as the stateg, andg; are significantly increased for reso-
band of the (4 1) superstructure is changed dramatically asnant photon energies. To provide an overview of the reso-
compared to the clean UHV annealed surface. Two newance behavior of spectra from the X4)-S surface,
peaks at around 2.7 and 3.9 gXsible more clearly in graph valence-band spectra are shown in comparison with the clean
(B), labeled agy, andgs] appear in the band-gap region of UHV annealed surface for photon energies between 31.7 and
the clean TiQ. 74 eV in Figs. 8C) and (D).

115418-6



SULFUR ON TiG,(110) STUDIED WITH RESONAN . .. PHYSICAL REVIEW B 64 115418

@ S adsorbed at 350°C, S adsorbed at 350°C, Defect State
09 peaks in VB 07 peaks within band gap 0.35 _ ‘
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FIG. 9. Peak heights of valence-band peaks at selected positions g 10, Peak heights of thg, defect state versus photon en-
[see Fig. 8D)] versus photon energy for the X4L)—S superstruc-  ggy for the clean UHV annealed surface and the (4—S super-
ture. (A) Three positions in the valence bafa-0, (B) band-gap  strycture in dependence of the photon energy. The peak positions
states. The curves are offset for clarity. are at binding energies of 1.1 and 0.8—0.9 eV, respectively.

In the spectra for the clean UHV annealed surface, fivgjependence of the defect state intensity;)( of the
peaks were assigned at the binding energies 4.6-4@&V (45 1)_s surface and the clean UHV annealed surface, re-

5.4-5.8 eV(B), 6.5-6.9 eV(C), 7.7-8.1 eV(D), and 8.9~ spectively. The onset of the resonance differs by approxi-

which are found for the defect-free surface after adsorptio%ate'y 2.4 eV. The resonance for the clean surface is stron-
of O at RT, except for an offset of approximately 0.1-0.2 evrgi{tés:;]:lzg' 6 but the overall shape of the two curves is

due to band bending as shown in Fig. 2. In FigCB3the
peaks A—E are labeled for the spectrum with a photon energy
hv=238.7 eV. The resonant profiles of these peaks are rather
similar to the clean defect-free surface expect for a some-
what higher peak C. The influence of sulfur adsorption on the shallow core
Regardless of the photon energy, the shape of the valendevels is examined in the overview spectra in Fig. 11. These
band of the (4<1)—S surface is much less defined than forwere taken with a photon energy of 95 eV to monitor the O
the clean surface, and a reliable assignment of peak positiois and Ti 3p peaks. As mentioned above the saturation cov-
as well as the determination of the total number of peaks ierage for adsorption of S at RT is about 0.7 ML, whereas
not possible. To extract information about the photon energydsorption on the hot surface leads to saturation coverages of
dependence, the intensity of the upper and lower VB edgegpproximately 1 ML. Figure 1A) compares adsorption of S
around 4.8 and 8.1 eV, respectively, and of the center arounatt RT with adsorption of O at RT on the clean UHV annealed
6.3 eV are plotted in Fig.(@). The labels a—c in the spec- surface. In Fig. 1(B) the spectrum of the clean UHV an-
trum athvy=43.4 eV in Figs. 8) and §B) mark the energy nealed surface is plotted together with the spectrum after
positions where these data were taken. The defect state (gadsorption of S at 350 °C.
and the two additional peakg{, g3) within the band gap In all spectra the shape of the & peak has an unusual
can clearly be identified and are labeled in Fi¢B)Bas well  appearancgarrow in Fig. 11B)]. It seems to consist of two
as in Fig. 3D) at a photon energy of 43.4 eV. The heights of peaks which are separated from each other by approximately
these three peaks are plotted against the photon energy 44 eV. The literature values for the G 2nd the O § peak
Fig. 9B). They show maxima at rather low photon energiespositions are given as 23 and 531 eV, respectivelJhe
with a similar resonance profile. In contrast, the threeXPS O 1s binding energies of the clean UHV annealed
valence-band peaks follow the scheme that lower bindingiO,(110) surface was determined as 530.5 eV in previous
energies exhibit resonances at higher photon energies. TheeasurementsThe high binding-energy part of the Os2
resonance strength was again determined by the ratio of thgeak of the clean UHV annealed surface is located at 22.5
highest peak heighfat resonandeand the peak height at a eV. The offset of 0.5 eV between the value given in Ref. 32
photon energy at the minimum in the resonance. The valueand the measured value of the ® deak would be consistent
are presented in Fig. 6. The defect state and the two addie the offset of the O & position. The origin of the small
tional peaks in the former band gap exhibit very distinctpeak(in our measurements at approximately 18.1) &v/ad-
resonances with the ratio for the pegkbeing twice as high dressed in Ref. 33. The authors conclude that it represents a
as the new peakg, andgs;. The resonances of the valence satellite of the valence band due to inelastic scattering of
band are not as pronounced as those of the clean surfagghotoexcited O B electrons and it is not correlated to oxy-
Figure 10 shows a direct comparison of the photon energgen X derived emission. To estimate the attenuation of the O

C. Photoemission from the shallow core levels
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@ hv=95ecV OITi ratio after adsorptioribefore adsorption it is again de-
fined as 1 changes to 0.6. The peak shape of the Jif@ak

VB has changed and a strong low binding-energy shoulder has

appeared. The O2peak of the (4 1)—S structure does not

appear to be shifted as compared to the clean, UHV annealed

surface.

o
©
|

clean defect free TiO,
S at RT on defect free surface

o
o

Ti 3p

IV. DISCUSSION
A. Sulfur adsorbed at RT

The photoemission data provide strong arguments for the
adsorption of S on point defects at RT as shown in Sec. Il A.
Another possible explanation for the reduced intensity from
; | EPENENENENNENEIUNIMININESM——— the defect state could be an electron transfer from the defects

50 40 30 20 10 0 to the S atoms on the Ti rows. However, the following argu-
ments support that the filling of the defects by sulfur is the
most probable mechanism. Sulfur replaces bridging oxygen
fiy 05 6V atoms when adsorbed on the hot surface indicating that this
position is an energetic favorable adsorption site. Measure-
ments of Cl adsorption on TiQRef. 39 exhibit many simi-
larities to the adsorption of S on T}OCI adsorbs at RT on
the Ti rows and replaces bridging oxygen atoms at elevated
temperatures. Similar to S, Cl adsorption at RT causes the
Ti 3p disappearance of the defect state in photoemission experi-
ments. STM images show adsorption of Cl at defects. Addi-
tionally, ab initio calculations of Cl on Ti@ (Ref. 35 reveal
that Cl adsorbed on a defect is energetically the most favor-
able position. As conclusion the photoemission measurement
results are pointing to S adsorption at defects, indicating the
high reactivity of these sites.

To quench the defect state in the band gap, less sulfur is
needed than molecular oxygen. This demonstrates a differ-
ence in the adsorption process between oxygen and sulfur.
Because molecular oxygen does not adsorb on stoichiometric

FIG. 11. Photoemission spectra of shallow core levels ofT'OZ(llo) at RT, vacancies are only f',”ed when hit Qirectly
TiO,(110) with hy=95 eV. (A) Comparison between oxygen ad- PY @n @ molecule. In contrast, sulfur fills the vacancies due
sorption at RT with sulfur adsorption on the defect-free surface af® WO different processes. Similar to oxygen the vacancies
RT. (B) Comparison between the clean UHV annealed surface andr€ filled when directly hit by sulfur. Additionally, sulfur
the (4x1)—S superstructure. The Osii 3p ratio of the clean Sticks to the fivefold coordinated Ti atoms of the stoichio-
surfaces was defined as unity. After adsorption of S at RT it change®ietric TiO,(110) surface. Sulfur bound to these Ti atoms is
to 0.9 and after adsorption at 350 °C to 0.6. very mobile, as seen in STM, and diffuses mainly along the

[001] direction? If it passes an oxygen vacancy it can hop
2s peaks of the sulfur covered surfaces we compared therénto it. The precursor-mediated process naturally accelerates
fore only the peak heights of the GsZeature at approxi- adsorption, and lower doses are required to fill all the de-
mately 22.5 eV. fects. The chemical similarity of S and O probably causes a

After adsorption of S at RTS on the Ti rows both the  similar appearance in STM when adsorbed on a defect. This
oxygen and the titanium peak are slightly attenuated and thimhibits a reliable detection of sulfur on a defect site by
peak shapes remain the same. In agreement with the bai¥TM.
bending effects observed in the valence-band region, the O The rigid shift of the valence band displayed in Fig. 2 is
2s peak shifts by approximately 0.4—0.5 eV to lower binding readily explained by charge transfer processes and the result-
energies as compared to the clean UHV annealed surfacig band bending effects in-type semiconductor®. When
The Ti peak exhibits a peak area of approximately 80% otaking the (approximately defect-free surfacéannealed in
the value for the clean defect-free surface. The oxygen pealdHV and dosed with oxygen at RBs a reference, the spec-
height is reduced to approximately 72%. If we define thetrum with defectgbefore the adsorption of oxyggis shifted
O/Ti ratio before adsorption as 1, the ratio after adsorption igowards higher binding energies by 0.2—0.3 eV. The point
approximately O/Ti= 0.9. For adsorption of sulfur on the defects donate electrons to the substrate, causing an accumu-
hot surface the oxygen peak height and titanium peak arelation layer in the near-surface region and downward band
are attenuated to 42 and 69%, respectively, of the values fdrending. This effect is reversed when the defects are filled by
the clean UHV annealed surfadwith point defects The  either O or S. After dosing S at room temperature, a high
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amount of sulfur binds to the surface Ti atoms. Sulfur has ahe defect statgFig. 9(B)]. Since no resonances exist for S
high electronegativity, and is expected to carry a fractionalevels in the given photon energy range they are clearly hy-
negative charge when adsorbed on Jius accepting elec- bridized with Ti 3d orbitals.
trons from the substrate. The resulting depletion in the near- A rough estimate for the strength of the resonances of
surface carrier concentration leads to an upward bending dfifferent regions in the VB for the various surfaces is given
the bands by 0.1-0.2 eV as compared to the O-dosed suf Fig. 6. To a very first approximation these values can be
face, or 0.4 eV as compared to the UHV annealed, defectiviaken as a qualitative measure for the degree of hybridization
surface. with Ti levels. For example, the defect staje on the clean

All valence-band peaks show resonant behavior for rRTUHV annealeq surface show; the strong_est resonance of all
adsorption of O as well as of S. The only possible exceptioﬁhfe features, n agree”;‘g“t with calculations that show that
is the small shoulder around 3 eV. The resonant photoemi his is a pure Ti @ state.™ The lower resonance strength of
sion results confirm a hybridization between the titanium anc}he peaky, and_g_s supports the assumption th"?‘t the_se peaks
oxygen states in the entire valence band in agreement withe (_me to hybridized Sgstates and not pure Tid3orbitals.

. : Additionally, the low resonant photon energy for all the

the analysis of the clean surface in Refs. 16 and 19 an and-gap peaksgq_s) confirms that these aredaderived
theoretical calculation® In Refs. 17 and 18 two main reso- 9ap p do-3

. : states, and are not related te.4
nant processes are described. The pi-3d and the The defect statg; is shifted to a 0.2—0.3-eV lower bind-

—4s excitations are both contributing to the photon energy, energy as compared to the clean UHV annealed surface.
dependence of Ti-derived valence-band features. Accortrpis could be caused either by a rigid shift of all peaks due
ingly we find in our measurements a large photon energy, pnand bending, or it could represent a property of the (4
range(onset at 34—39 eV to approximately 60)efdr reso- . 1)_g superstructure. The valence band edges are not well
nances. The Ti ¢ level is located at approximately 8 €V gnoyugh defined to determine whether band bending takes
above the 8 level. Therefore higher photon energies arépjace, but the O € peak position seems similar to a clean,
requir_ed_for excitation into agifinal state. T_he tendency for yefective surface, discounting band bending as a cause for
low binding-energy peaks to resonate at higher photon enefne ypwards shift of this peak. There are indications that the
gies confirms a hybridization of this VB region with Ts4  ghjft is an intrinsic effect of the defect state. According to
orbitals™”** This tendency was found for all surfaces ana-Ref. 40 the defect state of clean Fioves to lower binding
lyzed in this work. Although the photon energy dependencgnergy when the surface becomes more reduced. This would
of the small S shouldefassigned to a peak around 3.4)eV e the case for the (41) superstructure. As seen in the
was difficult to evaluate, it seems to lack resonant behaviory,qdel in Fig. 7, whole rows of oxygens are missing, which
This would point to a nonhybridized sulfur state at the 10W|eayes the neighboring Ti atoms fourfold coordinated. In
binding-energy edge of the VB. Chlorine on Hi@dsorbs on  comparison, Ti atoms located next to isolated bridging oxy-
the titanium rows at RT, similar to S, and calculations prediciyen vacancies are fivefold coordinated, and are expected to
a nonhybridized Cl peak close to the VB at the low bindinghaye a higher oxidation state than fourfold coordinated Ti
energy(BE) edge™ The S shoulder in the spectra could in- aioms. The Ti atoms in the (1) rosette structure of TiO
dicate such a peak, provided that the type of bonding is simit11() (Refs. 41 and 4pare also fourfold coordinated. The
lar. Low energy ion scatteringLEIS) and STM measure- {efect state of this structure exhibits a shift to lower binding
ments point in this directiod’ The estimated peak position energy similar to one from the (41)—S surface while no
for this peak around 3.4-3.5 eV fits nicely to the photoemisy,5nq bending is fountf
sion measurements of {Ti, S, in Ref. 27. This paper assigns Since the surface of the ¢41) superstructure is more
to emission from mainly sulfur 8 orbitals features at 2.2, reqyced than a clean UHV annealed surface, a more intense
3.4, and 5 eV but not at approximately 8 eV where we foundjjefect state should be expected. The curves in Fig. 10 for the
additional sulfur-derived features. Since it apparently is noE11 defect states of the (4¢1)—S structure and the clean sur-
present on a surface composed only of Ti and S it possiblyace exhibit a similar total height. However, the strong at-
emerges from the interaction of S with oxygen. tenuation of the VB by adsorbed sulfur has to be taken into
account when comparing the intensity of the peak for both
B. The TIO.(110) (4X1)— surfaces. Therefore a similar signal intensity of the Ti 3
- The TiO,(110) (4X1)-S superstructure related defect state for the slightly defective, UHV-annealed

Adsorption of sulfur on the hot surface gives rise to twosurface and for the (4 1)—S superstructure indicates a more
new peaks around 2.7 and 3.9 ¢%ee Figs. 8 and(B)] reduced surface for the §41)—S superstructure. The spectra
between the defect stagg and the upper edge of the valence in Fig. 3D) give an impression of the large size of the
band. Thus the band gap of the clean Ji®filled. Pure Ti$S  defect-relatedy, peak of the (4« 1)-S surface. The high
crystals exhibit a band gap of only 0.3 8According to the  intensity of theg; peak stands in agreement with the missing
model in Fig. 7 sulfur binds to Ti atoms after replacing the oxygen atoms in the model in Fig. 7. The shifted onset of the
in-plane oxygen atoms. Since the binding energies of thelefect state resonance of 2.4 eV in Fig. 10 reflects the
additional peaks are close to the values for emission from $hanges in the environment of the reduced Ti atoms; both the
3p in Ti1, S, given in Ref. 27, it is reasonable to assign coordination number and the ligands have changed.
them to levels at least partially derived from S. The reso- A strong attenuation of the TigBemission is found upon
nance behavior of these peaks is similar to the resonance & adsorption on the hot surfacgig. 11). Compared to the
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clean surface, the TiiB peak area is reduced to 69% of its ~ When oxygen adsorbs at RT at the bridging oxygen va-
original value. This needs to be compared to a reduction teancies the defect state within the band gap totally disap-
80% for adsorption at RT. The stronger attenuation is inpears as expected. Adsorption of S at RT leads to the same
agreement with the higher sulfur coverage for hot adsorptiomesult. This indicates that sulfur occupies the reactive oxygen
(1 ML as compared to 0.7 ML In addition to the sulfur vacancies on the surface, in addition to the adsorption site on
included in the (4 1)—S superstructure, a certain amount offivefold coordinated Ti sites identified with STM. The shape
unstructured, excess sulfur is usually present on a saturated the valence band is the same when either element, oxygen
hot surfacesee the bright spots in the STM image in Fig. 7 or sulfur, is occupying the oxygen defects.
and further decreases the “nonsulfur” emission. After adsorption of S at RT emission from sulfur-derived
The O X peak decreases to 42% of its original value,states was found at approximately 3.4 and 8 eV. As indicated
much more than the Ti 8 feature. Furthermore, the peak by resonance effects when the photon energy is scanned
position of the S P peak in previous XPS measureméfits across the Ti B ioniziation threshold, the whole valence
clearly indicates sulfur bonds to Ti and not to oxygen. Theband(except for the sulfur-related peak at 3.4)a¥ hybrid-
strong decrease in the O/Ti ratidefined as 1 for the clean ized with Ti states. On both the clean and the S-covered
surfacé to 0.6[for the (4x1)—S superstructuténdicates a  surface, the resonant photon energy depends on the binding
decrease in the concentration of surface oxygen, in confirmanergy of valence-band features: the higher the binding en-
tion of the (4X1)—S model as presented in FigBjJ. ergy the higher is the photon energy for resonances. This
The strong Ti shoulder at the low binding-energy side ofmay indicate a hybridization of the lower binding-energy
the Ti 3p peak in Fig. 11B) indicates the presence of*Ti  part of the VB with mainly Ti 4 orbitals and of the higher
cations. This is in agreement with previous XPS redlits binding-energy part with Ti 8 orbitals.
which showed a strong 31 2pg,, signal, contributing up to Generally, the valence-band emission after adsorption of
15.6% to the total Ti P, peak area. sulfur at RT or 350 °C is strongly attenuated. This is caused
The strength of the resonances of the main valence-barly the low photoioniziation cross section of the § Grbitals
peaks are clearly decreased after adsorption of sulfur on th&hich, in free atoms, is ten times smaller than for oxygen at
hot surface(see Fig. 6. This could point to a reduced hy- the photon energies used in this study.
bridization of the O » and Ti orbitals, as fewer Ti atoms Sulfur adsorption on the hot surface results in a<@)
have O neighbors. It is not clear why the comparatively highsuperstructure. Peaks around 2.7 and 3.9 eV are found which
emission at 8 e\peak C in Fig. & which was assigned to a can be assigned to sulfup3orbitals. These resonate at simi-
contribution of sulfur, exhibits a weak resonance. Definitelar photon energies and exhibit a similar profile as the
conclusions cannot be drawn easily because the strength wécancy-derived defect state, indicating a strong hybridiza-
the resonance is affected by several paramétebetailed  tion with Ti 3d orbitals. The defect state is strongly en-
calculations would be necessary to understand the origin dfanced and shifts to lower binding energies by 0.3 eV, as it is
the emission at 8 eV in combination with the resonance beexpected for a more reduced surface. Again a relatively high
havior. intensity is found around 8 eV which is assigned to sulfur
levels. The oxygen & peak is strongly reduced due to the
V. SUMMARY removal and partial replacement of surface oxygen by sulfur.
o o The strength of the resonances for the main valence band
Normal emission photoemission spectroscopy measurgsiter sulfur adsorption are clearly decreased, possibly indi-
ments with photon energies between 29 and 95 eV wergating less hybridization with OfRorbitals. The results sup-

analyzed for five differently prepared Tj10) surfaces: port the model for the (4 1)—S superstructure proposed in
the clean UHV annealed surface with surface oxygen vacarmzef. 10 and depicted in Fig. 7.

cies, after adsorption of £at RT on this surfacéwhich fills

the vacancies after adsorption of sulfur at RT on the surface
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