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Oxygen vacancies and defect electronic states on the Snoz(110)-1 X 1 surface
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The Sn02(110)-1& 1 surface, a surface which is structurally similar to the more studied TiO~(110)
surface, has been found to be an ideal system of study for the identification and characterization of
surface oxygen vacancies. Heating a well-oxidized, nearly perfect (110) surface in UHV removes

large amounts of surface lattice oxygen. Ion-scattering spectroscopy (ISS) and ultraviolet photo-
electron spectroscopy (UPS) have shown conclusively that defect electronic states which appear low

in the band gap for annealing temperatures less than 800 K arise from "bridging" oxygen vacancies
[i.e., from the removal of oxygen anions from the terminal layer of an ideal, rutile-structure {110)
surface]. UPS and four-point conductivity measurements indicate that heating at 800 K or above
causes the formation of a second type of surface defect. It is argued that this second defect is an
"in-plane" oxygen vacancy [i.e., the result of removing an oxygen anion from what is normally the
second, tin-containing, atomic plane of an ideal (110) surface]. The in-plane oxygen vacancy is
characterized by occupied states higher in the band gap which extend to the Fermi level.

I. INTRODUCTION II. BACKGROUND

The surface electronic structure of metal-oxide materi-
als plays an important role in their use in many techno-
logically important areas such as catalysis, chemical gas
sensing, and microelectronics. The occurrence of intrin-
sic surface states and the origin and nature of extrinsic
defect states are, therefore, properties of practical and
fundamental interest. One problem encountered in the
characterization of metal-oxide surfaces is the difficulty
in preparing ideal or nearly ideal single-crystal surfaces.
Vacuum cleavage is the preferred method for preparing
ideal surfaces, ' but this technique may be impractical if
the sample is small and fragile. Another difficulty is en-
countered in reproducibly creating and characterizing
surface defects. Heating and electron or low-energy ion
bombardment of oxides are used often to create surface
defects, but these methods typically do not allow for the
controlled creation and characterization of single types of
surface defects. Because of these characterization prob-
lems it has proven difficult in most cases to directly relate
observed electronic states with specific types of defect
sites.

In this paper, the electronic properties of oxygen va-
cancies on the SnOz(110)-IX I surface are examined in
detail. Two different types of oxygen vacancies are
identified, and separate band-gap electronic states are
shown for each. Ion scattering spectroscopy (ISS) proved
to be very useful as both a compositional and structural
probe in obtaining these findings. Ultraviolet photoelec-
tron spectroscopy (UPS) was used as the primary probe
of surface electronic structure, and four-point probe con-
ductivity measurements were applied as a complementary
method for investigating effects that originate from por-
tions of the electronic structure with too small an occu-
pancy to be observed in UPS.

Sn02 is an n-type, wide-band-gap (Eg ——3.6 eV) serni-

conductor with the rutile (Ti02) structure. When viewed

along the [110] direction, the crystal is seen to be com-
posed of charge-neutral "units, " each containing three
atomic planes. The composition and arrangement of the
three planes in the "unit" are [(0 )(2Sn +

+20 )(0 )] per (110) unit cell. The charge on each
plane is therefore [(2—)(4+ )(2 —)], and the net charge
per "unit" is zero. An ideal, stoichiometric (110) surface
is terminated by a charge-neutral unit, and because this
unit has no net dipole moment in the [110]direction the
(110) surface is nonpolar. Terminating the (110) surface
with a complete, nonpolar, charge-neutral unit corre-
sponds to breaking the smallest number of cation-anion
bonds relative to the bulk structure. ' This termination
results in fivefold- and sixfold-coordinated surface catiogs
in equal numbers. The full bulk coordination per cation
is six. Figure 1 is a ball model illustration of the ideal,
stoichiometric Sn02(110) surface based on the ionic radii
of Sn + and 0 ions. From Fig. 1 and the preceding
discussion it is clear that the ideal (110) surface is ter-
minated with an outermost plane of oxygen atoms which
appear as rows in the [001]direction and occupy bridging
positions between the second-layer sixfold-coordinated
tin atoms. Oxygen atoms in the second layer may also be
seen in Fig. l in the same plane as the observable tin
atoms. For convenience, these two different types of oxy-
gen anions will be referred to as "bridging" oxygens and
"in-plane" oxygens, respectively.

The most detailed surface studies of Sn02(110) report-
ed to date are those of deFresart and co-workers, which
examine the thermally driven reconstructions of ion-
bombarded surfaces with Auger-electron spectroscopy
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FIG. 1. Ball model illustration of a nearly perfect (ideal)
Sn02(110) surface based on the ionic radii of the ions. The
small solid circles represent Sn + cations, while the large open
circles represent 0 anions. All the visible tin cations are in

the second atomic layer. Increased shading of the oxygen
anions represents increased depth away from the surface.
Several "bridging" oxygen anions have been removed from the
terminal layer to represent oxygen vacancies and to give a clear-
er view of the (normally) sixfold-coordinated tin cations in the
second layer.

(AES}, low-energy electron diffraction (LEED}, low-

energy electron-loss spectroscopy (LEELS), and sheet
conductance measurements. They found a correlation
between composition as measured by AES and surface
conductivity from four-point sheet resistivity rneasure-
ments; high values of sheet conductance were typically
associated with low [O]l[Sn] ratios. A number of
different surface reconstructions were observed as a func-
tion of heating temperature; (4X1), c(lX1), (1X1),
(1X2), and (2X 1) LEED periodicities were identified.
The different LEED periodicities were explained in terms
of ordered patterns of surface oxygen vacancies.

A more recent LEED and AES study has also been
performed on the SnOz(110) surface. Most of the LEED
periodicities observed by deFresart and coworkers were
seen with the exception of the (2X1) patterns. While the
patterns have been interpreted differently than in the
original study, the proposed structures are all based on
oxygen-deficient surfaces. Sheet conductance measure-
ments have also been reported recently by Erickson and
Semancik for the SnOz(110) surface. The primary con-
clusion to be drawn from these studies is that oxygen va-
cancies or oxygen deficiencies on the (110) surface can in-
crease the surface conductivity by mare than two orders
of magnitude with respect to the bulk conductivity. It is
well known that oxygen vacancies in the bulk act as n-

type donors, ' and these surface studies demonstrate a
similar behavior for surface oxygen vacancies.

While a significant amount of photoemission work is
available on the SnOz(001) surface, less complete results
have been reported for the (110) surface. ' Egdell et
a/. have reported UPS spectra for oxidized and ion-

bombarded (110) surfaces, and several reports of UPS
studies of the thermally driven reconstructions and the
interaction of 02, H2, and H20 with the {110}surface
have also been published. ' ' These studies show that
the oxygen deficient Sn02(110) surface displays a
significant density of surface states in the band gap up to
the Fermi level, but oxidized (i.e., more ideal) surfaces
show no significant density of band-gap states. Also, evi-
dence has been found suggesting that adsorbates show a
specificity for different defect (oxygen vacancy-derived)
electronic states in the band gap. " P. A. Cox et al. and
Egdell et al. have suggested that defect states near the
valence-band maximum (VBM) are due to a rehybridiza-
tion of Sn 5s-5p states at reduced Sn + sites adjacent to
oxygen vacancies or in local SnO-like environments at
the surface.

Several theoretical studies of the bulk and surface elec-
tronic structure of Sn02 have appeared in the litera-
ture. ' ' The most successful theoretical bulk study ap-
pears to be the tight-binding calculation of Robertson' "'
which predicts a VBM with I 3+ symmetry and a
conduction-band minimum (CBM} with I i+ symmetry in

agreement with experiment. Robertson has also exam-
ined the electronic properties of different bulk defects us-

ing the tight-binding Green's-function method. ' ' ' He
calculates that the defect donor levels associated with an
unrelaxed oxygen vacancy (Vo) fall above the CBM,
while Vo is shallow in the gap with the single defect elec-
tron bound by the Coulombic well of the positively
charged vacancy. Vo+ may therefore be viewed as an E'
center (i.e., an oxygen vacancy binding an electron) in
Sn02. Note that experimentally, Samson and Fonstad
found both VD and VD+ donors to be shallow in the gap.
They report a first and second ionization potential for Vo
of 0.030 and 0.150 eV, respectively.

The electronic structure of several low index faces of
Sn02 has also been studied by Munnix and Schmeits us-

ing the scattering-theoretical method. ' While their re-
sults predict a number of surface resonances in the
valence and conduction bands, they do not predict any
surface states in the band gap. In Ref. 16(d}, they
specifically consider a number of different types of unre-
laxed tin and oxygen vacancies on the Sn02(110) surface,
but no band-gap states are predicted. This result is clear-
ly contradicted by the available experimental data on the
(110) surface ' as well as the data from this work. Eg-
dell et al. have suggested that the discrepancy may be
due to relaxation about the vacancies, but no experimen-
tal data is available concerning surface relaxations of
ideal or defective Sn02 surfaces.

III. EXPERIMENT

The sample used fear this study was cut from the side of
a hollow, needle-shaped Sn02 single crystal grown by the
vapor-phase reaction method. ' The crystal was oriented
by Laue backre6ection and mechanically polished to
within 1 of the {110)surface. The resulting sample was
approximately 7X3)&—,

' mm . The bulk conductivity of
the sample at room temperature was about 10
0 'cm '.' The very small thickness of the sample
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made the vacuum cleavage method of preparing the sur-
face impractical.

The sample was clamped to a small tantalum holder
which provided mechanical stability, and acted as both
an electrical contact and a resistive heater. The holder
was supported by two 1-mm-diameter tantalum wires
held 6rmly against the holder by small stainless steel
screws and washers. These wires acted as electrical leads
for the resistive heating. A W —5 at. % Re/W —26 at. %
Re thermocouple was spotwelded to the back of the hold-
er for temperature measurements. This arrangement did
not provide a direct measure of the sample temperature,
but it was assumed that the sample came to thermal equi-
librium with the holder during heating cycles.

Argon-ion bombardment and heating were used to
clean and order the surface of the SnOz(110) crystal, and
its condition was monitored by x-ray photoelectron spec-
troscopy (XPS). None of the surface preparations report-
ed here led to the formation of metallic tin (Sn ) in con-
centrations observable by XPS. All gas exposures were
performed in an UHV preparation chamber by
backfilling through a variable leak valve. The sample was
directly transported between the connected preparation
and analysis chambers on a long-stroke manipulator. In
situ four-point probe conductivity measurements were
made with an UHV compatible device which is described
in detail elsewhere. ' Low-energy electron diffraction
measurements were made with LEED-ESDIAD
(electron-stimulated desorption ion angular distribution)
charged-particle imaging optics. UPS and ISS measure-
ments were made in the analysis chamber with a com-
mercial hemispherical analyzer. For UPS measurements,
a rf gas discharge lamp was used as a source of He I radi-
ation (h v=21.2 eV), and the analyzer resolution was set
at 0.15 eV. Each UPS spectrum was corrected for the
presence of weak lines at 23.1 eV (2.3%) and 23.7 eV
(0.7%) in order to determine the density of states in the
band gap as accurately as possible. The relative contribu-
tions of the weak lines and the position of the Fermi level
were determined from a thick Pd overlayer deposited on
the sample at the end of the study. All UPS and four-
point conductivity measurements were made at 300 K.
For the ISS measurements, also made near 300 K, a
scattering angle of 130' was set by the fixed positions of
the ion source and the analyzer. An incident He+ ion
beam with a primary energy (Eo) of 1000 eV and 10 nA
current level was used at an incident angle of 50' with
respect to the surface normal along the [001] azimuth.
The base pressure for this study was 5 X 10 "Torr in the
analysis chamber and 8)(10 " Torr in the preparation
chamber. A complete description of the experimental ap-
paratus is given elsewhere. '

IV. RESULTS AND DISCUSSION

cation vacancies or interstitials. Sn02, for example, is
conductive because of bulk and surface oxygen vacancies.
In this experimental study, an attempt has been made to
control the variability by oxidizing the surface in situ.
High-pressure (about 1 Torr) and high-temperature oxi-
dation treatments result in a nearly ideal Sn02(110) sur-
face as will be shown below, and represent a useful
method for obtaining a reproducible starting point for the
experimental examination of the properties of surface de-
fects on Sn02. Direct comparisons of the various sur-
faces formed by oxidation and heating in vacuum allow a
detailed description to be given of the chemical, structur-
al, and electronic nature of oxygen vacancies on the
Sn02( 110)-1&( 1 surface.

The variability of the surface oxygen concentration on
sample history is summarized in terms of [0]/[Sn] ratios
in Table I. Data are given for three different surface
preparations: (1) bombardment with 2-keV Ar ions, (2)
annealing at 1000 K in vacuum after bombardment, and
(3) oxidation at 700 K in 1 Torr of Oz after treatments (1)
and (2). The XPS results represent ratios of the areas un-

der the oxygen 1s and tin 3d5&2 peaks, and the ISS results
are calculated from the integrated intensities of the
scattering signals for oxygen and tin. Note that the true
experimental ratios are different for ISS and XPS because
of the different sampling depths and elemental cross sec-
tions of the two techniques. For the sake of comparison,
both sets of data in Table I have been normalized with
respect to the oxidized surface. From Table I it is seen
that the surface oxygen-to-tin ratio increases in the fol-
lowing order of surface preparations: ion bombarded,
1000-K vacuum anneal, oxidized. No metallic tin (Sn ) is
observed in XPS for any of these surface preparations.
When examined with LEED, the ion-bombarded surface
exhibited only a diffuse background with no observable
LEED beams. The other two surfaces both exhibited
(1&(1) LEED patterns which have the same periodicity
as that expected for a simple termination of the bulk
structure.

The low [0]/[Sn] ratio observed for the ion-bombarded
surface is consistent with other studies which demon-
strate that oxygen is preferentially sputtered from the
SnOz(110) surface during argon-ion bombardtnent.
Annealing the bombarded surface to sufBciently high
temperatures in vacuum results in surface ordering and
reoxidation by diffusion of oxygen from the bulk. ' De-
pending on the annealing temperature, a number of
different surface reconstructions can be observed with
LEED. It has been found that temperatures of about 600
K are sufficiently high to allow for the diffusion of excess

TABLE I. Variation in normalized [0]/[Sn] ratio with sur-
face treatment.

A. Surface variability with pretreatment

It is widely recognized that the properties of oxide sur-
faces can be highly variable and strongly history depen-
dent. ' This variability often is connected to differences
in the concentration of surface defects such as anion and

Surface condition

700 K, 1 Torr 02
oxidation

1000-K anneal in vacuum
after ion bombardment

Ion bombarded

1.0 1.0

0.95 0.17

0.77 0.06

XPS ([0]/[Sn]) ISS ([0]/[Sn])
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tin cations in the sputtered layer to reconstruct into their
nominal bulk arrangement at the surface. The thermally
driven reconstruction process and different periodicities
observed in LEED are discussed in detail elsewhere. For
the present discussion, an annealing temperature was
purposely chosen which gives a surface with a {1)&1)
LEED periodicity. The data in Table I indicate, there-
fore, that it is possible to form surfaces which nominally
exhibit the bulk structure like an ideal surface, but which
are significantly oxygen deficient in comparison to the
ideal, stoichiometric surface. Note that the trends in the
XPS and ISS data in Table I are similar, but the degree of
variation in the [0]/[Sn] ratio is much higher for the ISS
data. This variation may be understood in terms of the
different sampling depths of the two techniques. XPS
samples a larger concentration of bulk or subsurface oxy-
gen from the SnOz matrix, while ISS with its nearly top
layer sensitivity emphasizes the large variations in sur-
face oxygen concentration which are possible with
different preparation conditions. The ISS data give a par-
ticularly revealing comparison between the annealed and
oxidized surface. Both surfaces exhibit a (1X1) LEED
pattern with a periodicity characteristic of the bulk struc-
ture, but the ISS data demonstrate the significant compo-
sitional variation associated with these ordered surfaces.
The ISS data indicate that a simple sputter-anneal treat-
ment cannot produce an ideal, stoichiometric surface

The variability in surface composition illustrated in
Table I has a strong effect on the electronic states which
appear in the band gap of Sn02. Figure 2 shows UPS
spectra for the three surface preparations which coincide
with the data in Table I. A full valence-band spectrum
for each surface preparation is indicated, as well as an en-
larged view of the emission in the band-gap region.
Longer counting times were used for the upper valence-
band and band-gap regions to enhance the signal-to-noise
ratio of the data.

The spectrum for the oxidized surface shows the
highest valence-band density of states of the three spec-
tra. The largest peak in the density of states occurs at a
binding energy of 4.4 eV relative to the Fermi level. The
intensity of this feature is directly correlated with the sur-
face oxygen concentration as measured by AES, XPS,
and ISS (Table I). In general, the higher the surface oxy-
gen concentration, the higher the peak intensity in UPS.
This observation is in agreement with both bulk' "' and
surface' band-structure calculations which show that the
feature is due primarily to oxygen 2p lone-pair-like states.
The valence-band features at higher binding energies are
composed of bands which exhibit hybridized 0 2p —Sn 5s
and 02p —Sn 5p character. ' "' The intensity of these
features also varies with surface oxygen concentration
but to a lesser degree than the 0 2p lone-pair states.

From Fig. 2 it can be seen that the two surfaces show-
ing the lowest valence-band density of states (i.e., the
ion-bombarded and vacuum-annealed surfaces) exhibit
the highest occupied density of states in the band-gap re-
gion. In both cases the emission extends up to the Fermi
level. Considering the correlation of surface oxygen con-
centration with 0 2p features in the valence bands, this
observation demonstrates that the band-gap emission is
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FIG. 2. UPS spectra obtained following three different sur-
face preparations: (a) 2-keV ion bombardment, (b) ion bom-
barded and annealed in vacuum at 1000 K, and (c) oxidized in
1.0 Torr and 02 at 700 K. The panels on the left are complete
He I spectra while the right-hand panels are enlarged views of
the band-gap regions and the tops of the valence bands. All
spectra are referenced to the Fermi level.

associated with an oxygen deficiency at the surface as has
been suggested previously. ' ' Notice that the spec-
trum of the oxidized surface in Fig. 2 suggests only a very
small density of states in the band gap, indicating that the
oxidization process removes nearly all the surface oxygen
deficiency. In other words, the lack of defect electronic
states in the band gap indicates that the oxidized surface
is stoichiometric. The oxidized surface is believed, there-
fore, to closely approximate an ideal, stoichiometric (110)
surface (i.e., a surface terminated with bridging oxygens).
However, the possibility of some low concentration of ox-
ygen vacancies cannot be ruled out.

B. Preparation of an ideal surface

The removal of band-gap electronic states in UPS was
one of the criteria used to determined the minimum con-
ditions of oxygen pressure and temperature required to
reproducibly prepare an ideal (i.e., completely oxidized)
surface. The second criterion used was to monitor sur-
face band bending with UPS. The positions of the bands,
as determined from shifts in the valence-band edge, have
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been found to be sensitive to small changes in surface
composition. Oxygen vacancies act as donors that result
in the formation of an accumulation layer that causes
downward band bending at the surface. Therefore, we
also looked for oxidation conditions which shifted the
bands as far up (i.e., to the lowest binding energies) as
possible.

A number of different oxygen pressures ranging from
0.01 to 10.0 Torr were examined for the oxidation pro-
cess using UPS. In all cases, a sample temperature of 700
K was used because it has been found to be sufficient to
allow for surface atom mobility in the studies of thermal-
ly driven reconstructions. Using the criteria discussed
above it was found that complete oxidation occurs at 1

Torr and above. It was also found that variations in the
oxidation time from 3 to 30 min at 1.0 Torr had no effect
on the UPS spectra. Therefore, the oxidation conditions
used throughout this work were 1.0 Torr of 02 at 700 K
for 3 min. Following oxidation, the sample was cooled to
near room temperature in 1.0 Torr of oxygen before the
chamber was evacuated. This cooling procedure was
used because previous investigators have shown that
heating an oxidized Sn02 surface in vacuum removes sur-
face lattice oxygen. It is also worth noting that the mea-
sured conductivity following the oxidation procedure (see
below) is near the reported value for the bulk. This sug-
gests that the surface is well oxidized and that this
preparation gives a truly flat-band condition (i.e., zero
surface potential).

One final concern about the oxidation procedure was
the possibility that adsorbed oxygen (as opposed to in-

plane or bridging lattice oxygen) remained on the surface
after the oxidation procedure. We note that adsorbed
02 has been identified recently on NiO single crystal
surfaces at room temperature in UHU. It was neces-
sary to investigate this possibility since the presence of
adsorbed oxygen would affect our ISS measurements of
surface composition. In addition, Chang has reported
an EPR study of oxygen adsorption on tin oxide powder.
He found that the amount of adsorbed oxygen (02' and
0' ) depended strongly on the oxygen partial pressure,
but that some adsorbed oxygen could be observed even
after heating the powder in vacuum. The primary species
at room temperature was found to be molecular oxygen
whether it was adsorbed molecularly below 375 K or con-
verted from a high-temperature atomic form upon cool-
ing from temperatures above 475 K. We feel that the ob-
servation of adsorbed oxygen under vacuum in the EPR
study can be attributed to the poor vacuum (relative to
our UHV chambers) attainable in the apparatus, and to
the large concentration of surface defect sites which are
inevitably available on a powder sample. Nevertheless,
the EPR results indicate that molecular oxygen would be
the most likely adsorbed species to be found under our
experimental conditions.

Several experimental observations lead to the con-
clusion that no significant amount of adsorbed oxygen is
present on the single-crystal sample in the UHU analysis
chamber (P &10 ' Torr) at 300 K following the oxida-
tion treatments. First, the shape of the 0 1s spectrum in
XPS reveals no broadening after the oxidation treat-

ments. If adsorbed oxygen were present, broadening
would be expected. Indeed, such broadening was ob-
served for O2 adsorption on NiO (Ref. 25) and during the
oxidation of a number of different metals. Second, an
examination of differences in the UPS valence-band spec-
tra before and after oxidation shows no structure con-
sistent with either adsorbed molecular or atomic oxy-
gen. ' In fact, the oxidation treatment results in an in-

creased intensity over the entire valence band range.
Since there are 0 2p contributions throughout the
valence bands, this observation suggests that oxygen has
been incorporated as lattice oxygen rather than adsorbed
oxygen. Third, it has also been found that heating the
oxidized surface at a temperature as low as 400 K re-
moves a small amount of surface oxygen and results in
the formation of a small density of defect states in the
band gap (to be shown below). This observation indicates
that the first oxygen removed by heating in vacuum is lat-
tice oxygen and not adsorbed oxygen.

C. Thermal production of oxygen vacancies

1. "Bridging" oxygen vacancies

I I

SnQ, (l IQ)
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He' IkeV
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03 0.4 0.5 0.6 0.7 0,8 0.9 1.0
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FIG. 3. ISS spectra following (a) oxidation, (b) heating to
1000 K in vacuum following treatment (a), and (c) exposure to 1

Torr of 02 for 3 min at room temperature following treatment
(b).

A sequence of ISS experiments was performed as a pre-
liminary examination of the extent of surface reduction
due to vacuum annealing, and as a final check on the pos-
sible effects due to adsorbed oxygen. Figure 3 shows the
ISS spectra obtained following three sample pretreat-
ments: (a) cleaned by ion bombardment then heated at
1000 K in vacuum to ensure a well ordered (1X1) sur-
face, followed by oxidation as described above; (b) heat-
ing the oxidized surface at 1000 K in UHU for 3 min; and
(c) exposure to 1 Torr of 02 for 3 min at room tempera-
ture following treatments (a) and (b). Note that under
these different preparation conditions the surface always
displays a (1X1) LEED pattern characteristic of the bulk
periodicity. In each spectrum the oxygen signal appears
at a relative energy (E/Eo) of 0.44, and the tin signal ap-
pears at 0.90. The oxidized surface [Fig. 3(a)] exhibits the
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largest oxygen signal and the smallest tin signal. Heating
the oxidized surface to 1000 K in UHV [Fig. 3(b)] de-
creases the oxygen signal somewhat, but results in a dou-
bling of the tin peak height. Exposing the surface
characterized by Fig. 3(b) to 1 Torr of 02 at 300 K results
in only a small decrease in the tin signal and little change
in the oxygen signal as shown by Fig. 3(c).

The decrease in oxygen and increase in tin signa1 for
the vacuum-annealed surface [Fig. 3(b)] versus the oxi-
dized surface [Fig. 3(a)] suggests two possible processes:
(1) the desorption of oxygen from the surface, or (2) the
migration of tin from the bulk to the surface. Several ob-
servations rule out the migration of tin to the surface. Tin
migration would require a source of excess tin in the
bulk, which might be present if the material underwent
some bulk reduction as a result of annealing in vacuum.
However, cycles of ion bombardment and heating during
the course of these experiments led to reproducible trends
in the electronic properties as a function of annealing
temperature. The sample conductivity and the position
of EF with respect to the valence bands (as determined by
UPS) were stable for a given annealing temperature fol-
lowing these treatments, and did not show any long-term
variation indicative of a bulk reduction. Note that, exper-
iments with deposited tin on the Sn02(110) surface indi-
cate up to a 40-fold increase in sample conductivity for
coverages near 0.1 monolayer. Conductivity measure-
ments reported below (Sec. IVC2) for annealing treat-
ments of the oxidized surface show only small changes in
the temperature range associated with the largest de-
crease in the [0]/[Sn] ratio as measured by ISS. There-
fore, it is concluded that the difference between Figs. 3(a)
and 3(b) is caused by oxygen desorption.

The large room-temperature oxygen exposure (about
10s L) associated with Fig. 3(c) mimics the oxygen expo-
sure seen by the sample during the cooling phase of the
oxidation procedure. [1 langmuir (L)—= 10 Torrsec. ]
Because the interconversion of adsorbed oxygen between
the molecular and atomic forms was found to be a rever-
sible function of temperature in the ESR experiments of
Chang, the form of any adsorbed species should depend
only on the final temperature before evacuation. The
lack of significant change between Figs. 3(b) and 3(c) indi-
cates once again that the amount of adsorbed oxygen is
small, and has little effect on the surface composition as
probed by ISS. The oxygen desorbed by heating in vacu-
um must therefore be lattice oxygen (e.g., bridging or in-
plane) which is incorporated into the surface under the
high-temperature oxidation conditions.

Based on AES measurements, deFresart and co-
workers have proposed that a Sn02(110)-1X1 surface
prepared by ion bombardment and heating in vacuum is
terminated nominally by a tin and oxygen containing
plane, which is equivalent to removing completely the
top layer of bridging oxygens from an ideal surface. A
similar proposal has been made by P. A. Cox and co-
workers based on an XPS study of polycrystalline tin-
oxide materials. Modeling their XPS data with an ideal
Sn02(110) surface, they suggest that bridging oxygen
anions are easily removed from an oxidized surface by
heating in vacuum. The ISS data in Fig. 3(a) for the oxi-

dized surface and Fig. 3(b) for the vacuum annealed sur-
face are direct evidence supporting this proposal.

Figure 4 shows two ball model illustrations of the
Sn02(110) surface based on the ionic radii of Sn + and
0 ions and assuming no surface relaxation. The illus-
trations in Fig. 4 are aligned such that the surface is
viewed along the [001] direction at an angle of 50' with
respect to the surface normal. Figure 4(a) illustrates a
(nearly) ideal surface terminated by bridging oxygens. A
few bridging oxygen vacancies have been "created" in the
surface to reveal the rows of (ideally) sixfold-coordinated
tin cations hidden underneath. Figure 4(b) illustrates the
results of stripping away the plane of bridging oxygens
from an ideal surface. A few in-plane oxygen vacancies
are also included in this view. As mentioned above (Sec.
II), no experimental data is available from which to
determine the degree of relaxation that may occur near a
vacancy. Note that all the visible tin cations in Fig. 4(b)
(away from the front edge of the crystal) are in the same
atomic plane. The perspective shown in Figs. 4(a) and
4(b) is along the incident ion-beam direction used in the
ISS measurements; in effect, Fig. 4 illustrates what the
ion beam "sees" of the crystal. In Fig. 4(a) the bridging

(a)

[TIO]

FIG. 4. Ball model illustration of the surface viewed along
the direction of the incident ion beam in the ISS experiments.
View (a) shows a nearly perfect (110) surface while view (b)
shows a "bare" surface following the removal of all top-layer
bridging oxygens. A few "in-plane" oxygen vacancies are also
shown in (b). These illustrations are schematic, and are not
meant to imply that relaxation does not occur near the vacan-
cies.
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oxygen anions completely obscure ("shadow"} the sixfold
coordinated tin cations. By stripping away the full layer
of bridging oxygens, the available number of surface tin
atoms that can be sampled with ISS increases by a factor
of two, in agreement with the doubling of the tin peak
height observed when the oxidized surface is heated in
vacuum [Figs. 3(a) and (3b)]. Because of the large scatter-
ing cross section for tin relative to oxygen, this effect is il-
lustrated most dramatically by the increase in the tin sig-
nal rather than a smaller relative decrease in the oxygen
signal. Note that surface atom shadowing effects in ISS
such as those illustrated here are well documented.

It should be pointed out that the rather remarkable
agreement between the factor-of-two increase in exposed
tin cations and the factor-of-two increase in tin peak
height in ISS is to some degree fortuitous. A comparison
of the integrated scattering signal (rather than peak
heights} from tin in these two cases shows an increase of
more like a factor of 2.65. However, from Fig. 4(b) it can
be seen that the exposed geometric cross-sectional area of
the fourfold-coordinated cations (i.e., those exposed by
removing the rows of bridging oxygens) is significantly
larger than the exposed cross-sectional area of the
fivefold-coordinated cations. If one assumes that the
scattering cross section for a given atom type is directly
proportional to its exposed geometric cross section, an in-
crease in tin signal by 2.63 times would be predicted,
representing an agreement of better than 1%. This
agreement is most likely also fortuitous, but the compar-
isons have been belabored to stress the structural and
compositional sensitivity of the ISS measurements. A
true prediction of the variation in tin signal would re-
quire a precise knowledge of the repulsive interaction po-
tential between the incident He ion and the different sur-
face species, as well as information about the effects of
surface condition on the neutralization probability.
These data are not presently available. However, we feel
that the UPS and ISS data presented in Figs. 2 and 3
demonstrate conclusively that (1) the in situ oxidation
procedure gives an ideal, stoichiometric Sn02(110) sur-
face, (2) heating to sufficiently high temperatures in vac-
cum removes the layer of bridging oxygens from an ideal
surface, and (3) little or no interference from adsorbed ox-
ygen species affects the observations.

A systematic study also was performed with ISS of the
variation of surface composition for an oxidized surface
with annealing temperature. It was found during this in-
vestigation that the [0]/[Sn] ratio measured by ISS was
sensitive to the He+ dose during the measurement. He+
ions at 1 keV were found to remove oxygen easily from
an oxidized surface. To minimize this effect, small ion-
beam currents (10 nA) were used and spectra were taken
rapidly over small energy ranges, first for the oxygen sig-
nal and then for the tin signal. Lastly, a third spectrum
was also taken over the entire range of relative energy
(such as those shown in Fig. 3} to ensure that no unusual
multiple-scattering or impurity effects were observed. A
comparison between two successive data sets (three spec-
tra per data set) showed variations of 10—15 /o in the
[0]/[Sn] ratio for an oxidized surface due to sputtering of
oxygen during the measurements. Sputtering effects were

less significant on surfaces which exhibited an oxygen
deficiency at the outset. Figure 5 shows the ISS [0]/[Sn]
ratio for an oxidized surface (top curve) and an ion-
sputtered surface (bottom curve) as a function of anneal-
ing temperature. The data are normalized to the
[0]/[Sn] ratio for an oxidized surface. While examining
the effects of annealing on the oxidized surface, the sam-
ple was oxidized and then heated to the appropriate tem-
perature prior to each measurement to ensure that no
ion-beam effects were carried over to subsequent data
points. A comparison of the two curves in Fig. 5 em-
phasizes the wide variability in surface oxygen concentra-
tion first pointed out in Table I.

The two dashed lines in Fig. 5 indicate simple, theoret-
ical estimates of the composition ratios that would be
produced by complete removal of the top layer of bridg-
ing oxygens from an ideal surface. The top line at 0.33 is
based on the assumption of equal cross sections for bridg-
ing and in-plane oxygen anions and equal cross sections
for fourfold- and fivefold-coordinated tin cations. The
lower line at 0.27 accounts for variations in the viewed
geometric cross sectional area of the two different oxygen
species and the two different tin species. Note that these
two lines do not define limiting values for top-layer oxy-
gen removal. In view of the lack of information available
about variations in the scattering cross sections, the lines
merely represent expected values under two different sets
of simplifying assumptions. One assumption inherent to
both cases is that the oxidation treatment yields an ideal
surface terminated with a full layer of bridging oxygen
atoms.
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FIQ. 5. Variation in the normalized ISS [0]/[Sn] ratio with
annealing temperature in vacuum for an oxidized surface {upper
solid curve) and an ion-bombarded surface {lower dashed
curve). The two dashed lines at 0.33 and 0.27 represent the ex-
pected compositions under two difterent sets of simplifying as-
sumptions {see text for discussion) equivalent to complete remo-
val of the top layer of bridging oxygen atoms from an oxidized
surface.

2. "In-plane" orygen vacancies

From Fig. 5 it is clear that heating an ideal surface in
vacuum removes a large fraction of surface bridging oxy-
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gens at temperatures as low as 500 K. Higher-
temperature treatments (700 K and above) have only a
small effect on the measured composition. The [0]/[Sn]
ratios for the data from 700 to 1000 K suggest the remo-
val of more than just the layer of bridging oxygens, im-
plying the possible removal of some in-plane oxygens as
well. However, the lines describing the limit of top layer
(bridging oxygen) removal are only estimates, so that
values slightly below these lines are not necessarily strong
evidence for the removal of in-plane oxygen atoms. No-
tice in Fig. 4(b} that removal of a small number of in-
plane oxygen atoms should have only a small effect on the
composition measured with ISS since the next two atomic
layers are composed entirely of oxygen anions (see also
Sec. II). However, a high concentration of in-plane oxy-
gen vacancies would be expected to decrease the [0]/[Sn]
ratio significantly because of an increase in the viewed
geometric cross-sectional area associated with changing a
fivefold-coordinated cation to a fourfold coordination
[Fig. 4(b)]. Examination of the data from annealing the
sputtered surface in vacuum (bottom curve) shows
significantly lower [0]/[Sn] ratios than observed for simi-
lar treatments of the oxidized surface. The sputtered sur-
face undergoes a number of different reconstructions as a
function of annealing temperature, ' but the data shown
at the higher temperatures of about 1000 K are charac-
teristic of a (1X1)surface. These data indicate that the
Sn02(110) surface can support an oxygen deficiency
larger than that expected for a "bare" surface (i.e., a sur-
face with the layer of bridging oxygens removed), while
still maintaining a (1X1}LEED periodicity. The possi-
bility of forming in-plane oxygen vacancies is therefore
highly likely. Supporting evidence for the formation of
in-plane oxygen vacancies is given by conductivity mea-
surements (next paragraph) and gas adsorption data (Sec.
IV E) as discussed below.

Figure 6 shows a comparison between variations in
surface composition (from the ISS data in Fig. 5) and the
change in electrical conductivity for heating an oxidized
surface in vacuum. All conductivity measurements were
made after the sample cooled to 300 K. The change in

conductivity is small for annealing temperatures up to
700 K. As can be seen from the ISS measurements, this
temperature range is associated with the removal of the
top layer of bridging oxygens, i.e., the formation of a
"bare" surface. The removal of bridging oxygen atoms
therefore has only a relatively small effect on the surface
conductivity. However, annealing at higher temperatures
causes a much larger increase in the conductivity. The
observed change in conductivity indicates that something
other than bridging oxygen vacancies are formed at tem-
peratures above 700 K. Since the bulk material exhibited
stability to vacuum heat treatments during the course of
these experiments, the observed conductivity changes
must be dominated by surface effects. Because surface
oxygen vacancies are known to act as n-type donors, '

the conductivity increase is assigned to the formation of a
second type of oxygen vacancy (i.e., something other than
a bridging oxygen vacancy). The most likely alternative
is that in-plane oxygen vacancies are formed at the higher
annealing temperatures. It should be noted that the ISS
data give no conclusive evidence for the formation of in-
plane oxygen vacancies. In fact, in the absence of any
identifiable shadowing or multiple scattering effects, it is
impossible to make such a distinction with ISS, particu-
larly in view of the small change observed in the [0]/[Sn]
ratio above 700 K. However, the observed conductivity
changes are clear evidence for the formation of a second
type of surface defect.

D. Oxygen vacancy electronic properties

The two regimes in the conductivity curve shown in
Fig. 6 indicate significantly different electronic properties
for the in-plane and bridging vacancies. Therefore, UPS
was used to study the surface electronic structure follow-
ing annealings of an oxidized surface. Fig. 7 shows the
variations in work function, band bending, and electron
aSnity for the oxidized surface as a function of annealing
temperature. Work-function changes, hiI}, were found
from variations in the width of the UPS spectra. Surface
band bending changes, e b V„where V, is the surface po-
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determined from UPS at 300 K. Electron-affinity changes were
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FIG. 8. UPS difference curves showing the increase in band-

gap (defect) electronic states caused by heating an oxidized sur-
face in vacuum. The curves are referenced to the conduction-
band minimum (CBMj.

tential and e is the electron charge, were found from
shifts of the low-binding-energy edge of the valence-band
emission in UPS. Variations in electron affinity, AX, were
then calculated from the relationship

AX=hP+e hV,

where a positive surface potential implies downward
band bending.

From Fig. 7 it is apparent that the surface potential in-
creases as oxygen is removed by heating in vacuum. The
positive change in surface potential (i.e., downward band
bending) indicates the formation of an accumulation lay-
er caused by defect donor states. ' This observation is
consistent with the formation of oxygen vacancies (as dis-
cussed above) which act as n-type donors. Also in
Fig. 7, it is seen that the work function generally de-
creases as a function of annealing temperature. The
change in electron affinity which describes changes in the
surface dipole layer also shows the same general trend of
a decrease with increased annealing temperature. Both of
these trends are consistent with the removal of surface
oxygen by heating in vacuum.

Changes in the band gap (defect state) emission are
shown in Fig. 8 for the oxidized surface as a function of
vacuum annealing temperature. The data in Fig. 8 are
UPS difference curves. In each case the spectrum for the
oxidized surface has been subtracted from the spectrum
taken after the heat treatment. The difference curves are
referenced to the CBM by using the calculated position of
the Fermi level in the bulk (0.53 eV below the CBM) and

assuming a flat band situation (i.e., zero surface potential)
for the oxidized (ideal) surface. ' Before taking the
differences, the spectra were shifted to account for
changes in band bending. It is worth noting that the
shapes of the curves were not sensitive to the alignment
used to correct for band bending, although some small
variations in intensity were found.

From Fig. 8 it is observed that the lower-temperature
vacuum anneals (below 700 K) result in the formation of
occupied states in the gap which overlap the VBM.
These states appear in the temperature range associated
with the removal of bridging oxygen atoms from the ideal
surface, and may therefore be associated with bridging
oxygen vacancies. The formation of these bridging va-
cancies lowers the coordination number of half the sur-
face tin cations from an initial value of six (the bulk coor-
dination} to four. The remaining surface tin cations
maintain a fivefold coordination just as on an ideal sur-
face. These results confirm the hypotheses of P. A. Cox
and co-workers who observed similar effects on polycrys-
talline samples. Using the (110) surface as a model, they
suggested that the appearance of band gap states near the
VBM should be due to the removal of bridging oxygen
anions. Based on the solid-state chemistry of Sn + com-
pounds, they argued that the four-fold coordinated cat-
ions are reduced from a Sn + to a Sn + charge state, and
that the defect states near the VBM are Sn5s —5p lone-
pair hybrids occupying stereochemical positions in the
structure. By reducing half the cations at the "bare"
surface (i.e., all bridging oxygens removed) to a Sn +

charge state, the surface maintains charge neutrality
which could account for the stability of this highly
nonideal surface. At this point, note that it is not possi-
ble to distinguish between Sn + and Sn + cations with ei-
ther XPS or AES.

As seen from Fig. 8, heating to temperatures above 700
K results in the appearance of states higher in the gap
which extend up to the Fermi level. The emission from
these states is very weak for annealing temperatures
around 800 K, the critical temperature range where the
conductivity begins to increase, but is easily observed in
the difference spectra for higher ( & 900 K) annealing tem-
peratures. These additional band-gap states extend over
a binding energy range of more than 1 eV, and therefore
cannot be due merely to instrumental broadening (the
analyzer resolution is 0.15 eV} or improper band align-
ment in correcting for band bending changes (the max-
imum reported band-bending shift is less than 0.15 eV}.
Also, occupied states near the Fermi level are very active
as n-type donors, and by comparison to Fig. 6 it is seen
that the appearance of these additional states high in the
gap accompanies the large increases in conductivity. The
conductivity measurements probe changes in the conduc-
tion band free carrier density which are too small to ob-
serve with UPS, but the occupied states high in the gap
which are observable with UPS may be associated with
nonionized donor levels which, when ionized, can give
rise to the increase in free carriers. We attribute these
defect electronic states to in-plane oxygen vacancies. The
small variation in the [0]/[Sn] ratio in ISS observed for
the oxidized surface in this temperature range suggests a
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low concentration of in-plane vacancies, consistent with
the idea of isolated defects. The formation of a random,
isolated in-plane oxygen vacancy lowers the coordination
number of one adjacent surface tin cation from four to
three, while the other two nearest neighbors go from a
fivefold to a fourfold coordination. If the threefold-
coordinated cation is considered to be in a 2+ oxidation
state (as suggested by P. A. Cox et al. ) prior to the remo-
val of the in-plane oxygen, a two-electron transfer from
an in-plane vacancy to this cation would result in a me-
tallic (Sn ) surface tin atom. However, no detectable me-
tallic tin signal was observed in XPS. (Note that while
Sn + and Sn + cannot be distinguished with XPS, metal-
lic tin may be easily distinguished from cationic tin. ) If
one assumes that the concentration of threefold-
coordinated cations is not below the detection limit, the
absence of a metallic tin feature in XPS suggests that the
two electrons associated with the in-plane oxygen vacan-
cy must be bound, at least in part, to the two remaining
fourfold-coordinated nearest-neighbor tin cations. (Note
also that even for surfaces prepared by ion bombardment
and vacuum annealing which are measurably more oxy-
gen deficient, no metallic tin signal is observed in XPS.)
The possibility of a one-electron transfer to each of the
two fourfold-coordinated cations is ruled out since no
Sn + compounds are known. We suggest, therefore,
that the two electrons are bound in a surface color center
to maintain local charge neutrality. The missing oxygen
anion is equivalent to a localized positive charge in the
lattice which binds the two vacancy electrons by its
Coulombic field. This picture suggests that the charge is
localized around the in-plane vacancy in a nonionized
surface donor state.

The large energy width (over 1 eV) of the states associ-
ated with these vacancies formed at high temperatures is
not well understood. If the electronic states are indeed
associated with random, isolated vacancies as described
above, band dispersion is not a reasonable explanation.
One possible explanation is the existence of the donor
state in several different electronic configurations (neu-
tral, singly charged, doubly charged} controlled by occu-
pation statistics. Another explanation could be the ex-
istence of geometrically inequivalent sites due to the for-
mation of isolated and adjacent vacancies (possibly a di-
vacancy?), or sites experiencing differing degrees of relax-
ation. The data presented above does not distinguish be-
tween these possibilities, thus leaving the explanation
open to speculation.

E. Interaction of oxygen
with defect electronic states at 300 K

The idea of two distinct types of surface oxygen vacan-
cies (bridging and in-plane) gains further support when
one examines the interaction of oxygen at room tempera-
ture with an oxygen deficient su-rface Figure 9 sh.ows a
UPS di8'erence curve for a 10 L oxygen dose on an oxy-
gen deficient surface. The adsorption experiments were
carried out on a ( I )& 1) surface prepared by ion bombard-
ment and heating to 1000 K in vacuum. The band-gap
emission in UPS for a surface prepared in this way is in-
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distinguishable in shape from a surface prepared by oxi-
dation and annealing to 1000 K in vacuum. However,
the surface produced in this manner is, in fact, more oxy-
gen deficient (see ISS results in Fig. 5), and also has a
larger density of states in the band gap. This particular
preparation was chosen because, in general, the
SnOz(110) surface is fairly unreactive during UHV gas
exposures, and the higher oxygen deficiency results in a
change following adsorption which is easier to distinguish
in UPS. As mentioned above, this surface preparation
appears to produce a higher concentration of in-plane ox-
ygen vacancies than found on the oxidized and vacuum
annealed surface. A typical conductivity of a surface fol-
lowing this preparation is 2.5)&10 0 ' cm ', a factor
of 3 higher than observed on the oxidized and annealed
surface.

Figure 9 demonstrates that 02 exposures decrease the
emission throughout the band gap, indicating a reaction
of oxygen with both types of defect electronic states.
This behavior supports the idea that the observed elec-
tronic states are both due to oxygen vacancies. Likewise,
the decrease throughout the gap is an indication that the
defect electronic states formed by ion bombardment and
annealing, because of their susceptibility to gas-phase ox-
ygen at low temperature and pressure, are due, at least
partially, to true surface defects. The low mobility of ox-
ygen through the Sn02 lattice (indicated by the lack of
bulk reduction and the inability to form a nearly com-
pletely oxidized surface by simply heating in vacuum )

suggests that room-temperature oxygen adsorption would
not result in a significant depopulation of states associat-

Binding Energy (ev}

FIG. 9. UPS difference curves illustrating adsorbate-induced
changes in the band-gap density of states for an ion-bombarded,
vacuum-annealed 1X1 surface following exposure to 10' L of
02.
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ed with subsurface oxygen vacancies. Note that theoreti-
cal studies of the band structure of oxygen deficient
TiOz(110) surfaces (a material with the same structure)
have suggested that subsurface rather than surface oxy-
gen vacancies are responsible for the appearance of band

gap electronic states. However, similar calculations for
Sn02(110) failed to predict the ocurrence of band-gap
electronic states associated with any type of oxygen va-
cancy. ' It should be noted that our experimental results
clearly demonstrate the existence of band-gap electronic
states associated with surface oxygen vacancies, but do
not rule out the possible existence of subsurface oxygen
vacancies.

The difference curve in Fig. 9 indicates that less than a
20%%uo decrease in the band-gap emission occurs when the
defect 1)& 1 surface is exposed to oxygen. If the possible
existence of subsurface oxygen vacancies is neglected,
this small decrease would mean that the majority of sur-
face oxygen vacancies are not affected by the room-
temperature 02 dose. Similar results were found with ISS
[Fig. 3(c), Sec. IV C 1] when checking for the presence of
adsorbed oxygen following the procedure used to prepare
an ideal surface. In that case, the reaction of oxygen at
bridging vacancies was found to be limited at room tem-
perature even after a 1 Torr exposure totaling about 10
L. Since complete oxidation can be accomplished under
similar conditions at elevated temperature (700 K), the
oxygenation process must be activated. The ESR results
of Chang illustrate that tin oxide does not dissociate 02
effectively at room temperature, but supports atomic oxy-
gen (0 ') as the primary adsorbed oxygen species above
475 K. Therefore, the activation'barrier observed with
the oxidation process is probably associated, at least in
part, with the dissociation of adsorbed oxygen from a
molecular to an atomic form.

ideal surface in vacuum at temperatures below 800 K led
to defect states in the band gap near the VBM which
arise from bridging oxygen vacancies, i.e., a reduction of
sixfold-coordinated Sn+ cations on the ideal surface to a
fourfold coordination. The tin cations resulting from this
reduction can reasonably be described as Sn+ species as
earlier suggested by P. A. Cox and co-workers. Heating
at temperatures of 800 K and above led to the creation of
additional states higher in the gap which are accom-
panied by a significant increase in surface conductivity.
It has been argued that these states are associated with
the formation of in-plane oxygen vacancies which result
in threefold and fourfold-coordinated tin cations. Elec-
tronically, the in-plane oxygen vacancies are thought to
be best described as surface color-center-like defects.
Gas adsorption experiments with oxygen at room tem-
perature demonstrated that the defect electronic states in
the band gap can be associated with surface rather than
subsurface oxygen vacancies.

The behavior demonstrated by the SnOz(110)-1X1
surface in terms of sequential removal of different surface
oxygen species as a function of temperature makes this an
ideal system for which to identify and characterize
different types of oxygen vacancies. We note that a great
deal more work has been done on the characterization of
Ti02 single crystal surfaces (for example, see Ref. 1 and
references therein), especially the (110) surface which is
structurally identical to the Sn02(110) surface. To our
knowledge, ISS has not been used to characterize the
Ti02(110) surface. Such an investigation might prove as
useful on Ti02(110) as it has on Sn02(110). However,
the ease of interpretation may be lost if several different
vacancies are formed under similar conditions, or if the
mobility of oxygen through the lattice is sufficient to keep
the surface in a "well oxidized" condition.
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