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The interaction of TiO,(110) with O,, H,, CO, and CO, was studied by means of low-energy elec-
tron diffraction, x-ray photoelectron spectroscopy, electron energy-loss spectroscopy, thermal
desorption, electron paramagnetic resonance, and measurements of changes in surface conductivities,
Ao, and work functions, Ag, for 300 < T < 1000 K with particular emphasis on surface reactions in-

volving intrinsic surface defects 2Ti3*-

6"'. The defects are thermodynamically stable at high tem-

peratures and act as donors and specific adsorption sites for H, and CO. Surface and subsurface re-
actions involving O,, H,, CO, and CO; can be separated from each other by analyzing the Ao and
Ag effects in a charge-transfer model, which takes into account surface and bulk electronic states in
the band gap attributed to the different defects formed during the interaction.

I. INTRODUCTION

Studies of electronic charge transfer during adsorption
of H,, O,, CO, and CO, at TiO, surfaces are of principal
interest for an atomistic understanding of practically im-
portant TiO, applications, e.g., in heterogeneous catalysis,
photochemical decomposition of water, the design of
specific gas sensors, etc.! From the basic science point of
view, studies at (110) single-crystal TiO, surfaces are of
particular interest. First, this surface is the thermo-
dynamically most stable surface of TiO, (Refs. 2—4) and
is expected to make possible the study of reversible solid-
gas interactions. Second, ideal TiO,(110) surfaces show no
intrinsic surface states in the band gap.’~> States may,
however, be induced by the formation of either intrinsic
point defects of the ideal TiO, lattice, such as vacancies or
interstitial atoms, or of extrinsic defects associated with
foreign atoms.*~!° Third, we expect our earlier charge-
transfer model'""!? to adequately describe chemisorption
effects in the electronic structure of ideal, i.e., defect-free
TiO,(110) in terms of “localized” variations in the elec-
tronic charge redistribution in the valence-band range and
of ‘“delocalized” changes in the concentration of
conduction-band electrons, the latter resulting from donor
and acceptor states of extrinsic point defects in the band
gap. Experimentally observed deviations from results ex-
pected on the basis of this charge-transfer model can,
therefore, be attributed to changes in the concentration of
intrinsic point defects.!

Intrinsic point defects can easily be created in TiO,.
Their concentration determines charge-transfer effects
during chemisorption, e.g., due to their influence on the
bulk Fermi-level position. Point defects at the surface in
particular may act as specific adsorption sites for certain
molecules.**!° TiO, is known to have high diffusion coef-
ficients for point defects in the bulk®!*~2° and even to
decompose at high temperatures and low oxygen pressures
or at elevated temperatures in the presence of reducing
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gases,»®9—1117=25 thereby forming suboxides TiO, with

x <2.172627 We, therefore, expect reactions between sur-
face complexes and bulk defects in subsurface regions to
occur even at temperatures as low as 300 K. We also ex-
pect a control of concentrations of intrinsic defects at the
surface to be possible by high-temperature pretreatment
under thermodynamically controlled conditions and subse-
quent quenching.

In this paper we present studies on the interaction of
TiO,(110) with O,, H,, CO, and CO, that were performed
with different concentrations of intrinsic defects at the
surface. We will develop a concept to separate chemisorp-
tion steps from chemical reactions involving intrinsic de-
fects at or near the semiconductor surface. For interac-
tions with O,, Hy, and CO in particular, intrinsic surface
defects will be shown to act as “active sites” for chem-
isorption and/or decomposition of the molecules.

The concept to be developed in this study can be applied
to any semiconductor chemisorption system if the concen-
tration of intrinsic electronic states is negligible in the
band gap of ideal surfaces. This is generally the case for
compound semiconductors with high ionicity in the ab-
sence of intrinsic point defects. Binary metal oxides in
particular represent the most important class of semicon-
ductors of this kind, and amongst them TiO,(110) will be
shown to serve as an ideal “prototype surface” to study
gas-solid interactions involving surface defects.

II. EXPERIMENTAL

Most of the studies were done in a modified Varian 120
low-energy electron diffraction—Auger-electron spectros-
copy (LEED—AES) system at a base pressure less than
107! mbar. Thermal desorption spectroscopy (TDS),
LEED, AES, and measurements of changes in surface po-
tentials, A@, and conductivities, Ao (the latter with the
four-point van der Pauw method?®), during chemisorption
of particles were carried out at TiO,(110) single-crystal
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surfaces with an experimental setup as described in detail
earlier.?® X-ray photoelectron spectroscopy (XPS) and
electron energy-loss spectroscopy (EELS) were done in a
separate chamber. In a UHV molecular-flow apparatus,
TDS experiments could be performed with high accuracy
(BOmin=10"* monolayer).*® Another independent UHV
setup made possible the determination of paramagnetic de-
fects and/or chemisorption complexes by means of elec-
tron paramagnetic resonance (EPR).’!

III. RESULTS

A. Sample preparation and intrinsic defects

The TiO, crystals were cut to wafers 10X 10X 0.8 mm?
in size, polished, high-temperature and oxygen treated to
remove the main carbon contaminations [ P(O,)=5x10"*
Pa, T=600 K, t=2 h], subsequently argon bombarded
under UHV conditions (6 107> Pa, 500 V, 0.3 uA,
600 K, 20 min), and then exposed to oxygen (4 X 1073 Pa,
2 h, 600 K) to anneal the nonstoichiometry, i.e., the oxy-
gen deficiency due to defects near the surface which result
from Ar*-ion bombardment.* Defects could also be pro-
duced by an entropy-driven preferred desorption of molec-
ular oxygen under UHYV at high temperatures (7" > 900 K).
As we will see in the following, this thermal treatment
leads to one type of well-defined defect.

We identified intrinsic defects with different techniques.
In EPR, thermally produced defects give rise to a sym-
metric signal with a g value close to the free-electron value
and negligible difference in the g value between surface
and bulk defects as checked by the time dependence of
EPR spectra during subsequent annealing of the defects in
0, at 300 K. As will be shown in more detail below, these
defects are most probably oxygen vacancies with one free-
electron-like charge trapped in their first ionization stage.

In line with earlier studies,® we observed even more
pronounced changes in the stoichiometry and significantly
higher defect concentrations after ion bombardment. In
XPS high concentrations of surface defects lead to pro-
nounced shifts in the Ti2p core levels to lower binding en-
ergies (curve b in Fig. 1) if compared with the defect-free
surface (curve a in Fig. 1). In addition, defects lead to a
separate peak in the Auger L;M,;V transition with a ki-
netic energy 420.1 eV above the main peak at 414.8 eV,
which is attributed to transitions at defect-free surfaces.
The EELS results indicate electronic states to occur in the
band gap 0.3 eV below the conduction band in the pres-
ence of surface defects. These states can be shown to
determine the energy of the separate AES peak mentioned
above.»?

In subsequent oxygen-exposure experiments, rapid reac-
tions restore the stoichiometry at the surface and anneal
defect-related structures in EELS, AES, and XPS, as well
as in EPR, as mentioned above. As an example, curve ¢ in
Fig. 1 shows XPS results with a reduced surface-related
Ti2p,,, feature at 458 eV if compared with curve b. In
this experiment, oxygen was added at low temperatures
(T=150 K, P=2X10"* Pa) and the XPS change was ob-
served immediately thereafter. This annealing process is
expected to basically involve surface defects only. After
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FIG. 1. XPS electron binding energies for Ti2p,,, and

Ti2p3,; at different concentrations of intrinsic defects. Curve a
represents the stoichiometric surface, curve b is the surface with
a high defect concentration obtained by Ar*-ion bombardment.
Thermally produced defects after high-temperature annealing in
UHYV lead to an increase of the feature near 458 eV only. Curve
c is the partially annealed surface. Further details are explained
in the text.

longer exposure times at elevated temperatures (t>20
min, T =600 K), subsurface defects are also annealed, and
the original EELS or XPS spectra (curve a) of the ideal
surface are obtained again. Details on these electron spec-
troscopic studies will be published elsewhere.*

An analysis of our LEED experiments leads to an esti-
mate of concentrations of irregularly bound surface atoms
after various sample pretreatments. This concentration is
1 to 2 orders of magnitudes higher after Art*-ion bom-
bardment (for experimental conditions as mentioned
above) if compared with the situation after high-
temperature UHV pretreatment to produce surface defects
at T <1310 K. Comparative studies of the spatial distri-
bution of LEED reflexes at different LEED voltages, of
the energy range of XPS core-level shifts, of the spectrum
of g values in EPR, and of Ao and Ag effects during low-
temperature exposure of O, to defect surfaces (cf. Sec.
III B), gave clear evidence that a variety of different types
of defects is produced by Art bombardment, whereas
high-temperature—low-oxygen pressure pretreatment leads
to reproducible surface structures which can be explained
by the occurrence of one type of defect, i.e., oxygen vacan-
cies.

In contrast to earlier TiO, studies, in which defects were
produced by Ar*-ion bombardment,*® we are now able to
produce well-characterized defect structures of TiO,(110)
in a thermodynamically controlled way. The following re-
sults and discussion will deal exclusively with such
prepared TiO, surfaces.

B. Oxygen-exposure experiments

The most sensitive experimental tools to detect small
concentrations of intrinsic defects are measurements of



28 INTRINSIC DEFECTS OF TiO,(110): INTERACTION WITH . ..

conductivity (Ao) and surface potential (A@) changes dur-
ing the interaction of oxygen with defect surfaces. These
Ao and A changes are pronounced since the defects are
F-center-like surface donors (cf. Sec. IVB 1) that can be
annealed by oxygen.

Characteristic results on the pressure dependence at
constant temperatures (303 K) and on the temperature
dependence at constant pressures (6.7X107° and
6.7X 10~* Pa) are given in Figs. 2 and 3, respectively, for
TiO, samples prepared at 600 K in 4 10~3 Pa O, for 2 h.
In contrast to the surface potential, the conductivity drift-
ed even under the best vacuum conditions, as indicated in
curve 0 of Fig. 2. This drift is determined by the O, par-
tial pressure in the residual gas and cannot be influenced
by CO, H,, or CO, partial pressures up to 10~7 Pa. At
temperatures above 373 K, Ag changes are insignificant,
whereas the corresponding Ao changes become pro-
nounced (cf. Fig. 3). For higher concentrations of intrin-
sic defects, prepared by sample pretreatments at higher
temperatures and/or lower O, partial pressure, corre-
sponding Ao and Ag@ changes are larger. An analysis of
the different temperature dependences of Ao and Ag in
Sec. IVB will make possible the separation of chemisorp-
tion steps from surface and bulk reaction steps involving
annealing of intrinsic defects during oxygen exposure.

C. Interaction with H,, CO, and CO,

Chemisorption of those particles forming donor- or
acceptor-type surface complexes is also expected to lead to
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FIG. 2. Changes in the conductivity Ao and surface potential
A@ during exposure of TiO,(110) to molecular oxygen at dif-
ferent pressures P with a, P=6.7X 10~ Pa; b, P=1.2X 10~
Pa; ¢, P=6.7X107° Pa; d, P=6.7Xx 10~* Pa. Measurements
were done at 303 K.
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FIG. 3. Changes in conductivity Ao and surface potential Ap
during oxygen exposure at different temperatures.

Ao and Ag effects due to charge transfer involving con-
duction electrons. These effects are expected to depend on
the concentration of the above-mentioned charged intrin-
sic surface defects. We have, therefore, studied the in-
teraction of different gases for different concentrations of
intrinsic surface defects at TiO,(110).

Figure 4 shows characteristic Ao and Ag results for the
interaction of TiO,(110) surfaces with H,, CO, and CO, at
various pressures and temperatures. The CO, shows nei-
ther Ap nor Ao effects at pressures up to 10~° Pa and
temperatures between 300 and 500 K. The Ag effects of
CO are also negligible in this temperature range, whereas
corresponding Ao effects can be measured as shown by
the dash-dotted lines in the upper part of Fig. 4. The A¢
effects during H, interaction are independent of the tem-
perature between 303 and 348 K and become negligible
above about 370 K.

Subsequent TDS experiments make possible the deter-
mination of coverages of adsorbed species. The TDS re-
sults, after different exposure times ¢ during adsorption,
indicate adsorption equilibria to be established for all
gases except O, after ¢ >500 sec. Figures 5—7 show the
coverage © of H,, CO, and CO, adsorption species as a
function of pressure at constant temperature, i.e., adsorp-
tion isotherms, as determined from the integrated pressure
increase during TDS experiments in the molecular flow
apparatus after 3 10° sec exposure time. In TDS only
the previously adsorbed molecules H,, CO, and CO,, and
no reaction products, such as H,O (after H, exposure) or
CO, (after CO exposure), were observed. During CO ex-
posure, however, small amounts of CO, were observed in
the mass spectrometer (less than 10 ppm of the CO pres-



3430
Ao
(105'em") T(K)
2 } 348
1 } 323
) 303
0 e 373
_____ Hy
— — ¢o
co,
A R
(m‘\‘;) e STNR _-.I_
| \
20} i
PP . Jo S 303-
10F g |7 348
P 67x0fPa
0 " = 9104 P €0.CO3 o |['
I
/openmgo' leak-walve oI —
0 2000 5000
t(sec)

FIG. 4. Changes in conductivity Ao and surface potential Ag
during interaction of TiO,(110) with H,, CO, and CO,. Further
explanations are given in the text.

sures), which decayed with relaxation times in the order of
50 sec.

The value ©=1 in Figs. 5—7 corresponds to
n4=1.48 10" particles per cm®. This corresponds to
one adsorption complex per titanium surface atom. From
adsorption isotherms and

dInP

d(1/T) W

st = —

e
we determined isosteric heats of adsorption g, (H,)=83.3,
45(C0O)=179.8, and g;,(CO,)=63.3 kImol~".

The CO, adsorption isotherms are independent of the
surface nonstoichiometry, i.e., the concentration of oxygen
vacancies prepared by high-temperature pretreatment,
whereas the H, as well as CO adsorption isotherms depend
on the high-temperature pretreatment. The results in
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FIG. 5. Adsorptions isotherms for H, interaction with
TiO,(110).
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FIG. 6. Adsorption isotherms for CO interaction with
TiO,(110).

Figs. 5 and 6 are obtained after high-temperature pretreat-
ment at 600 K, P(O,)=5%10"* Pa, and t=2 h. Higher
(or lower) temperatures as well as lower (or higher) oxygen
pressures at constant temperature lead to an increase (or
decrease) of corresponding equilibrium concentrations of
adsorbed H, and CO in subsequent low-temperature
(T <373 K) adsorption experiments. In all cases, the TDS
experiments after low-temperature gas exposure did, how-
ever, indicate constant coverages © (“equilibria,” although
Ao and/or Ap may not be constant) to be obtained after
500 sec with © given by the high-temperature pretreat-
ment as well as by pressure and temperature during subse-
quent low-temperature exposure. For maximum TDS
temperatures below 575 K, coverages of H,, CO, and CO,
could be reproduced in s@as&gquent adsorption experi-
ments. Activation energies E  of thermal desorption are
listed in Table I.

IV. DISCUSSION

A. Chemisorption and the charge-transfer model

We will tentatively evaluate the results on changes in
surface conductivities Ao and surface potentials Ag for a
given coverage © of adsorbed particles by assuming a sim-
ple charge-transfer model to be applicable to describe
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FIG. 7. Adsorption isotherms for CO, interaction with
TiO,(110).
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TABLE 1. Partial charge 8, dipole moments u*, isosteric heats of adsorption gy, activation energies of desorption £ m, and initial
sticking coefficients Sy, attributed to the interaction of different particles with TiOx110). For comparison, results from our earlier
studies on ZnO(1010) are also given. Values at 300 K, P=6.7X 10~* Pa, t =3 X 10° sec exposure time.

5 u*/e, (Debye) gs (kYmole™') E™ (kJmole~)) So
TiO, ZnO TiO, ZnO TiO, ZnO TiO, ZnO TiO, ZnO
(110) (1010) (110) (1010) (110) (1070) (110) (1010) (110) (1010)
0, -1 -1 0 0 94 106 8x10~5 2x10-¢
H, +1x1072 +1 12 —1.8 83 102 96 1Xx10~%  0.3(H)
CO, 0 —4x1073 0 10 63 70 96 87 1x10"2 0.6
Cco +6x1073 5 80 98 2x10-3

changes in the electronic structure of TiO,(110) during
chemisorption.'"!? In this model changes in concentra-
tions of free electrons upon chemisorption are formally
described by the formation of donor- or acceptor-type ex-
trinsic defects. These defects introduce electronic states in
the empty gap of ideal TiO,(110). They may be character-
ized by an energy E and an ionization probability given
by Fermi statistics. The key parameters characterizing the
chemisorption complexes are the partial charge 8 and the
dipole moment .

1. Partial charges §

According to the relations
8=0s/ ensa d
and

eff
Ess _EF

SES —Ep)= — 7

1+exp

~|1-8
(3)
for acceptors and donors, respectively, the occupation
probability f(ES¥ —Ey) determines the partial charge &
formally attributed to defect formation. Here e is the ele-
mentary charge, Er is the Fermi level, and Q is the sur-
face charge per unit area, which is trapped during the

chemisorption of n® particles per unit area. The general
expression for Qy; is

Qu=e| [ Do(EN(E;~EME

— [ Du{BES(E—EpdE |, @)
with Dp(E) and D, (E), respectively, the donor and accep-
tor densities of surface states per unit area.

We will now determine 8 from experimental Ao and ©
results. In a first step, we determine the changes AN in
the effective density of free electrons per unit area in the
space-charge layer from experimentally determined Ao re-
sults. We introduce the excess surface conductivity'!

Ao;=Aocd=epn, AN +eu, AP . (5)

The value Aoy, in contrast to Ao, is independent of the
sample geometry. In Eq. (5), . and p, denote mobilities
of electrons and defect electrons, respectively, AP is the

analog of AN for defect electrons, and d is the sample
thickness. The further evaluation is simplified significant-
ly by the experimental fact that AP is negligible for all
preparation conditions of our samples.

A large amount of work has been done® to study con-
ductivities and mobilities in TiO, for various bulk defect
concentrations. In our evaluations, values for the mobility
1.(T) are taken from the literature by assuming that bulk
mobilities are not changed near the surface. For compar-
able sample preparation and the temperature range be-
tween 300 and 600 K relevant for our studies,
e =1.0x10° (T/K)~23 cm? (V sec) ! holds.>*

In the next step, we determine energy positions and con-
centrations of bulk donors (acceptors can be neglected)
from the experimental temperature dependence of bulk
conductivities and mobilities of our samples. The follow-
ing equilibrium conditions hold for donor-type bulk de-
fects:

(6a)
(6b)

VoleVot +e,
VO+—‘—_>V02+ +e,

where ¥ is the doubly occupied, Vo* is the singly ion-
ized, and V2% is the doubly ionized oxygen vacancy. If
the energy difference between the lower conduction-band
edge and the Fermi level is large as compared to the
thermal energy kT, the bulk concentration of free conduc-
tion electrons, n,, is approximately given by

ny=N_.exp[(Er—E_)/kT], (7a)
with
N.=2Q2amgkT /h?)*"% . (7b)

Here m=20m, (Ref. 35) is the effective mass of
conduction-band electrons and E. the conduction-band
edge.

The equilibrium constants K;; and K, attributed to
Eqgs. (6a) and (6b) are as follows:

NDlnb EDI_EC
Kpy=——F—=2N, _, 8
D1 N3 €xp T (8a)

Npony Ep,—Ec
Ko Ny, 2 eexP kT ’ (8b)
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where NJ is the density of doubly occupied, Np; of singly
ionized, and Np, of doubly ionized donors, and Ep, ,—E¢
is the first (second) ionization potential of the donor-type
oxygen vacancy relative to the conduction-band edge with

Np=Np+Npi+Np3, 9)

as well as the charge neutrality condition

n,=2Np,+Np; . (10)
By assuming that no acceptors are involved we find
2Kpr+ny

. . (1
ny+nyKp1+Kp1Kp;

ny=NpKp,

With n, from experimental conductivity and mobility
data, Eq. (11) can be solved numerically by fitting the un-
known parameters Ep;, Ep,, and Np to the temperature
dependence of n,.

In the third step, changes in space-charge densities Q.
per unit area are calculated as a function of excess surface
conductivity Ao,. Each value Ao, (and hence Q) corre-
sponds to a certain band bending V; induced by chem-
isorption. We normalize V,(©=0)=0 in the absence of
absorbed species. In the calculation we solve the Poisson
equation by taking into account the spatial variation of ef-
fective ionization of bulk donor and acceptor states near
the surface for each value V; as follows: For our semicon-
ductor with donor-type flaws having two ionization stages,
the change in the space-charge density due to band bend-
ing is given by

Gsc= —e[n (Z)—NDl(Z)—Zsz(Z)
—(ny—Np,—2Np))], (12)

where z is the coordinate perpendicular to the surface with
z=0 at the surface, and lim,_,_n(z)=n, and
lim,_, ,Np,2(z)=Np,, (both values being constant deep
in the bulk). Any variation of the electrostatic potential
parallel to the surface is neglected.

The band bending V(z) with V;=V(z =0) is related to
g via the Poisson equation

sz(Z) _ —Qqsc
dz? e

(13)

Introducing v =eV /kT, assuming
n(V)=N.f(E,—eV—Eg) ,

and forming analog expressions for Np »(¥), we can solve
Eq. (13) for dV/dz analytically and, hence, find the
space-charge density Q.. per unit area by integrating

eeokT | qv
dz

Q= [ aul2)dz= (14)

z=0
The excess surface conductivity Ao, can be expressed by
0 n(v)—n,
Aoy=p.e f”s de .

This equation can be evaluated numerically.
Quantitative results will now be given. Figure 8 shows

(15)
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FIG. 8. Concentration n, of free electrons, Debye length Lp,
and position of the Fermi level with respect to the conduction-
band edge Ec— Ef as a function of temperature.

the bulk concentration of free electrons n, for different
samples as a function of temperature as determined from
conductivities and mobilities for ¥V;=0. From n,=f(T),
we determine the position of the Fermi level E relative to
the conduction band Ec from Eq. (7). We calculate the
Debye length Lp as a characteristic screening length for
trapped surface charges from

Lp=[2eekT /(e?n,)]? . (16)

Results for (Ec—Er) and Lp calculated for sample I at
various temperatures are also shown in Fig. 8. Following
the evaluation scheme as described above, the bulk con-
ductivity data are described by donor-type flaws with two
ionization  energies, Ep —Ec=-—325 meV and
Ep,—E-=—515 meV, and with concentrations between
3.8%10' cm—3 (sample I) and 2.44 X 10' cm~3 (sample
III). As will be discussed in the next section, these donors
are most probably oxygen vacancies Vo° and V¥, respec-
tively, associated with titanium. Donor concentrations
gradually decrease during annealing of the defects in low-
temperature (7T=300 K) reactions with oxygen from the
residual gas. This shifts curve I in Fig. 8 after long
measuring times to lower values of n, with examples
represented by curves II and III. At elevated temperatures
and high O, partial pressures, curve I can be shifted down
in significantly shorter times. At temperatures above
T=900 K and P(O,) <107 Pa, curve I is shifted up as
the result of formation of additional bulk defects, the ther-
modynamically stable concentration of which increases
with T and decreases with P(O,).

Charge neutrality requires Q,. = —Q, with Q as the
surface concentration of trapped charges. By using Egs.
(2) and (3), the values for partial charges 8 and surface
state energies E §§f in Table I have been determined from
Q. and n™ (or ©). Here n®® was taken from TDS results
in Figs. 5—7.

2. Dipole moments u*

Dipole moments attributed to the adsorption complexes
are introduced to explain formally the discrepancy be-
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tween the theoretically expected band bending V; and the
experimentally determined changes in the work function

Adp=e Ap=—eV,+AX . (17)

We assume in the low-coverage range with negligible
dipole-dipole interaction

p*=e,e0AX /n3® , (18)

where ¢, is the dielectric constant at the surface. In this
approach u®® describes changes in the electron affinity AX
at the surface during adsorbate formation.

Results for u® are also shown in Table I together with
g Tesults, activation energies of desorption E g as deter-
mined from TDS and initial sticking coefficients Sy. The
latter determine rates of adsorption in the zero-coverage
limit'*36 and were calculated from d(Ao,)/dt for 6— 0
by using Eq. (2) and assuming that the above calculated 8
values attributed to the chemisorption complex can be ex-
trapolated to zero coverage, i.e., ¥;=0. The results for H,
and CO adsorption correspond to measurements at TiO,
samples after high-temperature pretreatment as in Figs. 5
and 6.

3. Electronic states of intrinsic and extrinsic defects

Figure 9 shows a survey on the different bulk and sur-
face electronic states determined so far to formally
describe bulk conductivities and conductivity changes as
well as surface potential changes during the exposure of
TiO,(110) to different gases. High-temperature pretreat-
ment of the sample leads to thermodynamically stable
donor concentrations in the bulk with ionization energies
Ep, and Ep,. During cooling to low temperatures these
defects are quenched and lead to kinetically controlled an-
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FIG. 9. Schematic energy diagram characterizing surface and
bulk electronic states of TiO,(110). Surface-state positions
(EX —Ef) at 300 K are as follows: 700 meV (O;'~) (Ref. 2),
—115 meV (H'*), —133 meV (CO'*’), —25 meV (Vo,(+), for
corresponding band bending eV, (after 3 10° sec exposure time
at P=6.7x107* Pa) of —270 meV (0,'~)), + 31 meV (H'*),
+ 11 meV (CO'*). For further explanations, see text.
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nealing processes in the presence of oxygen. As shown in
more detail in Fig. 8, the bulk Fermi level E is tempera-
ture dependent. As a result, even the upper bulk-donor
level is not completely ionized at 300 K, as can be deduced
from the value of f(E) of the Fermi function in the right
part of Fig. 9. The paramagnetic species observed in
EPR, therefore, represent the fraction f(E) of the total
defect concentration only. The band gap is free from in-
trinsic surface states attributed to the ideal surface. The
band bending, which depends on the coverage of certain
adsorbed species, is not shown in this schematic figure.

Acceptor states formally attributed to O,'~’ are intro-
duced by chemisorption of O,. Donor states are formally
attributed to H'*) and CO'*’ surface complexes. These
acceptors and donors are extrinsic defects in contrast to
the intrinsic defect Vo, *). The oxygen vacancies Vo, *’
at the surface are introduced by high-temperature pre-
treatment and will be discussed in more detail below.
Even under flat-band condition, the different surface
donors are partially ionized only at 300 K. With increas-
ing donor concentration and hence decreasing surface po-
tential, the partial charge 6 decreases.

In the context of charge transfers involving conduction
electrons, Vo,'*) may be formally described as a “nega-
tively” absorbed species. The thermodynamic concept of
treating negatively absorbed species has been introduced in
our earlier study on ZnO surface defects.!> It can also be
applied to defects on TiO,(110).

B. Intrinsic defects as “active sites”
for chemisorption

Surface donor levels attributed to chemisorption of H,
and CO, as determined in the last chapter, characterize ad-
sorption at intrinsic defect sites of the surface. As pointed
out in Sec. IIIC, these two gases do not interact with the
surface in the absence of defect sites. Consequently, trap-
ping of conduction electrons in corresponding H'*’ or
CO'*) chemisorption levels is not observed under these
conditions.

1. The structure of surface-intrinsic defects

We will now discuss the physical origin of intrinsic sur-
face defects on TiO,(110). Our experiments indicate
paramagnetic defects (from EPR) of donor type (from Ao)
with lowered Ti2p;,, binding energies in their vicinity
(from XPS) that lead to an increase in reactivity of the
ideal surface (from Ao and Ag during O,, H,, and CO ex-
posure). Electronic states in the gap have been associated
with the existence of intrinsic defects.*3? Our EELS stud-
ies indicate defect-related gap states 300 meV below the
conduction band. From earlier studies on the defect for-
mation at TiO,(110),° it is fairly well established that filled
band-gap defect surface states correspond to Ti** -V, va-
cancy complexes, although the detailed geometry of those
complexes is not precisely known. The most probable type
of surface defect at TiO,(110) is shown later in Fig. 11 by
the missing O ion that bridges two sixfold-coordinated Ti
ions. When a bridging O ion is removed, the two neigh-
boring Ti ions become fivefold coordinated. However, ob-
servations on nearly perfect TiO, (110) and (100) surfaces
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show that fivefold coordination may not be sufficient to
completely populate band-gap surface states in n-type ma-
terial. This explains why the donor level in Fig. 9 as the
first ionization level is partly filled only. For this defect
the two Ti ions are very poorly screened from each other,
which is somewhat analogous to the situation in bulk
Ti,0;. The poorly screened pair of Ti ions at the defect
site may well share an electron in a similar manner, giving
rise to a band-gap surface state. For two electrons trapped
at the defect, the ground-state configuration may be
characterized by 2Ti** -V, the paramagnetic first ioniza-
tion stage by 2Ti’*-Vo,*. For simplification, we will
denote the defect by V,'*’ and corresponding bulk de-
fects by Vo'*).

2. Interaction of intrinsic defects with oxygen

The concentration of defects Vo,'*’ also determines
characteristic Ao and Ag changes during O, interaction at
temperatures below and above the TDS maximum
(Trax =400 K) of chemisorbed oxygen shown in Fig. 3.
The following evaluation of Ag and Ag results makes it
possible to separate charge-transfer reactions during for-
mation of O,'~’ from charge-transfer reactions during an-
nealing of defects with oxygen atoms that are formed after
dissociation of chemisorbed oxygen. This annealing in-
volves both surface and subsurface (bulk) vacancies, ac-
cording to the relation

Vot +8e+0— 0, . (19)

Here O; denotes lattice oxygen of ideal TiO,. We will
start with experimentally observed Ag values to calculate
concentrations of chemisorbed O,~ from the band bend-
ing by assuming u*0,”)=0 and §(0, )= —1 indepen-
dent of the coverage. The influence of bulk Fermi-level
shifts on shifts in the surface potential for the range of
bulk defect concentrations observed in our studies is es-
timated to be below 10 meV and can thus be neglected
even if defect reactions [Eq. (19)] occur simultaneously
with chemisorption. From Ao we calculate AN, which is
partly due to band-bending (chemisorption) effects as ex-
pected from A@ and partly due to defect reactions as
characterized in Eq. (19). Comparison of Ap and Ac
values thus makes possible the separation of chemisorp-
tion effects, i.e., formation of O,~, from surface and bulk
reaction effects, i.e., annealing of oxygen vacancies Vo 't
due to dissociative reactions with O,”. From Ag and
Ao=f(t), with typical examples shown in Fig. 3, we
determine characteristic increases in the concentration
O(surf) of chemisorbed O, and corresponding decreases
in the concentration ©O(vol) of ionized intrinsic defects,
most of which are located in subsurface regions.

Typical results are shown in Fig. 10 for T=303 and
348 K. Evidently at lower temperatures, chemisorption of
O, determines the predominant charge-transfer contribu-
tion, whereas at elevated temperatures above the max-
imum of thermal desorption, defect reactions in subsur-
face regions dominate the total charge transfer. Above
348 K, chemisorption and, hence, trapped surface charges
as monitored by Ap become extremely small (cf., e.g., Ao
and Ag effects in Fig. 3) and annealing of subsurface de-
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FIG. 10. Changes in the coverage © of ionized species, for-
mally determined from changes in the conductivity and work
function during oxygen exposure to separate volume ©(vol) and
surface O(surf) contributions. [P(0,)=6.7X 10~* Pa]. Further
explanations are given in the text.

fects is the predominant charge-transfer reaction between
0, and TiO,(110), which involves free electrons.?

3. Interaction of intrinsic defects with other gases

We observed that preadsorbed hydrogen and carbon
monoxide reduces ©O(vol) significantly in subsequent
oxygen-exposure experiments, whereas O(surf) remains
unaffected even for an order-of-magnitude reduction of
O(vol). Evidently reactions between chemisorbed oxygen
and oxygen vacancies in subsurface regions are kinetically
hindered in the presence of H, and CO. Since, in addition,
chemisorption of H, and CO is possible only in the pres-
ence of defects (see Sec. III C), we conclude that intrinsic
surface defects act as active sites for chemisorption of H,,
CO, and O,. In the latter case, annealing processes
described by Eq. (19) are involved.

4. Geometry of defects and adsorption complexes

The results of the discussion combined with experimen-
tal results from Sec. III B and III C lead us to a suggestion
of geometric models for the various adsorption complexes
investigated in our study as shown schematically in Fig.
11.

(a) Oxygen vacancies Vo, ' are associated with two Ti
surface atoms to form 2Ti’*-Vq,* in the first ionization
stage. This intrinsic defect is formed by high-temperature
treatment or by low-temperature CO exposure to a defect
surface at which CO, formation occurs by reactions with
an adjacent lattice oxygen at an extremely low rate at
300 K and a slightly increasing rate with increasing tem-
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FIG. 11. Geometric model of adsorption complexes and in-
trinsic defects at TiO,(110) investigated in this study.

perature, as can be deduced from Ao effects in Fig. 4.

(b) During CO exposure at low temperatures, additional
oxygen vacancies due to CO, formation can be formed
only in the vicinity of an already existing oxygen vacancy.
As the result of repulsion between the remaining adjacent
oxygen vacancies after this surface reaction, one of these
point defects diffuses into subsurface layers. This explains
the experimentally observed increase in Ao with increasing
temperature at constant Ag (cf. Fig. 4), with the latter
given by a constant number of oxygen vacancies as “ac-
tive” (chemisorption) sites for coadsorption. The CO,
formed during this interaction desorbs into the gas phase.

(c) The equilibrium position of chemisorbed O, is
determined by maximum Coulomb interaction between
0,~ and the ionic lattice. In the presence of positively
charged surface donors, i.e., oxygen vacancies, the equili-
brium position is indicated in Fig. 11. In this position,
dissociation of chemisorbed oxygen is possible even at low
temperatures and thereby leads to annealing of surface de-
fects. Above the maximum temperature of thermal
desorption, oxygen reacts directly from the gas phase to
anneal oxygen vacancies at the surface. Diffusion in the
electrochemical potential gradient leads to rapid annealing
of vacancies also in subsurface regions.

(d) Chemisorbed hydrogen forms ionic titanium—hy-
dride bonds Ti*t —H™ after dissociation at surface-defect
sites. This involves two electrons, which before adsorption
were attributed to the intrinsic defect. This type of bond
was also deduced from earlier ESD studies.” The first ion-
ization stage leads to Ti**—H bonds. For simplification
in this study we have denoted the ground state by H and
the first ionization state by H* (cf., e.g., Fig. 9).

In subsequent thermal desorption experiments, two hy-
drogen atoms can easily recombine. This explains the ex-
perimentally observed first-order thermal desorption of
molecular H, after adsorption at low temperatures. The
Ao effects (cf. Fig. 4) are explained by diffusion of hydro-
gen atoms into the bulk, thereby forming donor-type de-
fects, i.e., bulk OH— bonds with hydrogen atoms bridging
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two oxygen atoms.”’ The diffusion occurs after formation
of atomic hydrogen adsorption complexes associated with
oxygen vacancies. Bulk diffusion leads to an increase in
the formally determined partial charge 8 with increasing
temperature. Bulk reactions with molecular hydrogen,
which have been studied systematically'® at T > 600 K, are
below the detection limit of even our sensitive Ac mea-
surements at 300 K in the absence of oxygen vacancies at
the surface. The activation energy to dissociate H, is too
high in this case and the surface reaction becomes rate
limiting.

(e) CO, is chemisorbed in an equilibrium position,
which does not kinetically hinder the reactions between
chemisorbed O, and vacancies. In addition, chemisorption
equilibria of CO, are not influenced by vacancies.

The experimental results presented in this paper suggest
the geometric models as shown in Fig. 11. In subsequent
photoemission and high-resolution ELS measurements, we
will determine electronic and dynamic properties of these
complexes to support or modify these simple structure
models.

C. TiO,(110) as a prototype surface to study
solid-gas interactions

In our earlier studies we pointed out that ZnO(1010)
serves as an excellent prototype surface to study reversible
metal oxide-gas interactions with negligible influence from
bulk defects.!! The present study shows that TiO,(110)
may serve as a prototype surface to study metal oxide-gas
interactions including changes in the concentrations of in-
trinsic as well as extrinsic bulk defects. Characteristic
similarities and differences for both surfaces are summa-
rized in Table II and Figs. 12 and 13. Physisorption has
been studied so far at ZnO(1010) only.

Chemisorption leads to characteristic charge-transfer
reactions and to the formation of adsorbate complexes at
defect-free surfaces. With the exception of CO, all the
gases listed in Table II can be desorbed from both
Zn0(1010) and TiO,(110) surfaces without formation of
intrinsic defects. Intrinsic defects, i.e., oxygen vacancies,
act as active sites for chemisorption of H,, O,, and CO.
These active sites make possible the dissociation of H, and
O, even at or below room temperatures.

With the use of high-temperature pretreatment in oxy-
gen, a basically defect-free subsurface region can be pro-
duced in ZnO(1010). Since, in addition, bulk diffusion
coefficients are extremely low, subsequent adsorption
studies can be done without measureable influence from
bulk defects. Incorporation of lattice oxygen to form in-
terstitial oxygen or of hydrogen is energetically unfavor-
able in ZnO (dashed lines in Figs. 12 and 13). It is also
unfavorable for the interaction of stoichiometric defect-
free TiO, with O, (solid line in Fig. 12). It is, however,
energetically favorable for the incorporation of hydrogen
into the TiO, lattice (solid line in Fig. 13). In this case,
oxygen vacancies at the surface act as active sites for bulk
reactions from the gas phase with significantly reduced
activation barriers at the surface (compare thick lines for
the defect-free and thin lines in Fig. 13 for the defect sur-
face interacting with H,). At ZnO surfaces, oxygen va-
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TABLE II. Solid-gas interactions for the prototype surfaces TiO,(110) and ZnO(1010).
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For simplification, electronic charge-

transfer reactions during chemisorption and bulk diffusion are not characterized.

TiO,(110) Zn0(1010)
Physisorption H, 0,,C0,CO,* Reaction (1) in Figs. 12,13
95<T <240 K
Chemisorption at H'+,0,7), H*,0,-),[CO],° Reaction (2) in Figs. 12,13
defect-free surfaces [co],°CO, CO,*— CO,®
T=300 K
Chemisorption at H,— 2TiH't H,— 2ZnHY Reaction (3) in Fig. 13
surface defects 0;— 20, -2Vt 0,— 20, -2Vt Reaction (3) in Fig. 12
(oxygen vacancies Vo), CO— CO-V,'t CO— CO-V'*d

T=300 K

[TiH* ) —
[0O—H—-0"Toux

Bulk diffusion
from surface defect
sites

T=300 Ke O|_,—> 01—V0(+)
Ratio

surface-bulk defects

under thermodynamic 1

equilibrium®

(900 K, P(O,)=10"* Pa)

Reaction (4) in Fig. 13

Reaction (4) in Fig. 12

10008

*Reference 30.

®Chemisorbed CO reacts in part with lattice oxygen to form CO,
“References 11, 13, 29, and 30.

9References 13, 29, and 31.

‘Measurements after high-temperature pretreatment in oxygen (7= 1000 K, P(O,)=10"* Pa, 500 sec.
fNumbers of defects per unit area in the first layer and an arbitrary bulk layer are compared.

8References 13 and 36.

cancies act as specific adsorption sites for hydrogen, but
the bulk reaction is energetically unfavorable (dashed line
and thin solid line for larger z in Fig. 13). The same
difference is found for the interaction of oxygen with sur-
face defects shown in Fig. 12. For ZnO, experimental
conditions can be chosen to also have bulk reactions at low
temperatures. This can be done by high-temper-
ature—low-oxygen-pressure pretreatment and subsequent
low-temperature quenching of so prepared subsurface de-
fects under UHV conditions.

The schematic Figs. 12 and 13 contain rough estimates
on potential energies. For thermodynamic considerations
of, e.g., the temperature dependence of the different solid-
gas interactions, the entropy changes have to be con-
sidered, too. Entropies increase during formation of de-
fects, they decrease during formation of adsorption com-
plexes, and the compromise between changes in energy
and entropy then determines the concentration of particles
or defects for the various interaction steps as a function of
temperature, partial pressure, and time.

V. CONCLUSIONS

We have investigated the interaction of TiO,(110) with
0,, H,, CO, and CO,. We found that a simple charge-

transfer model can be used to formally describe the
changes in the free-electron concentration during solid-gas
interaction by means of partial charges and dipole mo-
ments involved in the formation of adsorbate complexes.

Small deviations from the ideal surface-atom composi-
tion due to oxygen vacancies at the surface significantly
influence the electronic charge transfer during H,, CO,
and O, exposure. Rapid bulk diffusion of hydrogen atoms
and oxygen vacancies even at room temperature, and the
fact that surface oxygen vacancies act as chemisorption
sites for H, and CO, have led to modifications of this sim-
ple charge-transfer chemisorption model.

We have shown that ZnO(1010) and TiO,(110) may
serve as two prototype surfaces to study metal-oxide—gas
interactions. The TiO,(110) surface may be considered as
a prototype surface for rapid gas-bulk reactions in con-
trast to ZnO(1010) as a prototype surface for negligible
gas-bulk reactions at low temperatures.

Characteristic differences between ZnO-gas interactions
and the more complex TiO,-gas interactions result from
energetically more favorable bulk reactions and smaller
activation barriers for bulk diffusion in TiO,. The latter
takes place in a strong electrochemical potential gradient
near the surface. As a result, high concentrations of sur-
face charges and intrinsic defects cannot be accumulated
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FIG. 12. Characteristic solid-gas interaction steps pictured by
the dependence of the potential energy on distance from the sur-
face with several relative minima. The examples characterize O,
interaction steps with the prototype surfaces TiO,(110) and
ZnO(1010), respectively. For simplification, changes in the ef-
fective ionization of partly filled donor or acceptor states and
corresponding changes in the number of free electrons have not
been included in the brief characterization of different reaction
steps. These changes are, however, taken into account in Fig. 9
by assuming flat-band conditions (¥;=0) during the reaction.
For further details, see text.

at TiO,(110) surfaces without subsequent bulk reactions
occurring, which thus dissipate these charges and defects.
Therefore, the electrochemical potential at the surface of
TiO,(110) is basically determined by subsurface, i.e., bulk
properties. We believe that this is the atomistic explana-
tion for the surprising reproducibility of TiO, semicon-
ductor electrodes.
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