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Observation of ordered oxygen vacancies on TiO,(100)1 X 3 using scanning tunneling microscopy
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Scanning tunneling microscopy (STM) and spectroscopy have been used to investigate the structure of
rutile TiO,(100)1X 3. The combination of these two techniques allows us to identify individual oxygen
vacancies on the 1X 3 reconstructed surface. These vacancies are found to occupy the topmost layer of
the surface and to form one-dimensional arrays in the [001] crystallographic direction, with an interva-
cancy separation of 2.96 A and a typical length of ~500 A. The STM data are consistent with a mi-
crofacet structural model proposed on the basis of grazing incidence x-ray diffraction data, modified to

include the presence of O vacancies in the top layer.

Oxygen vacancies in the bulk and at the surface of met-
al oxides are thought to fundamentally alter physical and
chemical properties."? Such properties play a key role in
the technological applications of oxides, for instance, in
ceramic fracture, catalytic reactions, and photovoltaic
devices. Although much is known about the structure of
vacancies in the bulk materials,' there is little experimen-
tal data relating to the surface structure.? In this paper
we report the study of O-vacancy structure on a reduced
(100) surface of rutile TiO, using scanning tunneling mi-
croscopy (STM) and spectroscopy (STS) in ultrahigh vac-
uum (UHYV).

The surfaces of TiO, have been the subject of a number
of theoretical*>* and experimental studies.*”!© STM
work has included the study of a reduced (110) surface of
rutile TiOZ,5 in which atomic resolution was achieved.
The complex structures observed were ascribed to the
formation of O-vacancy-induced crystallographic shear
planes® which surprisingly are apparently unrelated to
the surface structures derived from diffraction tech-
niques.® More recently, an STM study of the (100) sur-
face observed a tripling of the bulk-terminated surface
unit-cell constant in the [010] direction,’ consistent with
the 1X3 reconstruction observed by low-energy electron
diffraction (LEED).*°

Consistent with photoemission data, which evidence
O-vacancy creation accompanying the reconstruction,’ a
simple model was proposed for the 1X3 surface which
involves the removal of every third [001]-direction row of
O atoms. A more complex, microfacet model has recent-
ly been deduced from grazing incidence x-ray diffraction
(GXRD) data which contain facets of the lowest-energy,
(110) plane.!® Since a stoichiometric termination was as-
sumed, in line with an early study,’ O atoms are placed in
the topmost layer of this model.!® Removing these atoms
provides a means of incorporating oxygen vacancies into
the microfacet structure, making the model consistent
with photoemission data.’ This is the structure indicated
by our STM (8) results, in which individual O vacancies
are identified. These vacancies are found to form one-
dimensional arrays of typical length ~500 A in the [001]
direction.

Our STM (S) measurements employed an Omicron
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UHYV instrument operated at a base pressure of <1070
mbar. In this instrument, which is designed for room-
temperature measurements, the (tungsten) tip is held at
ground potential and the sample is biased. Imaging was
carried out in the constant-height, constant-current, and
spectroscopy modes. During constant-height scans the
time constant of the feedback loop is increased, keeping
the tip a constant distance above the surface. The image
is formed from variations in the tunneling current and
not the vertical height movement of the tip as in
constant-current images. Spectroscopy data were record-
ed by measuring the I-V characteristics for each pixel of
the topographic image by temporarily breaking the feed-
Back loop at each pixel, thus freezing the tip a fixed dis-
tance from the surface, while ramping the voltage be-
tween the sample and tip.

The two samples used were cut from the same boule
(Commercial Crystals Inc.) One sample was cut and pol-
ished (0.25 pum) to within 0.25° of the (100) plane while
the other was cut and polished 2.6°+0.1° off the (100)
plane towards [001] as determined by Laue diffraction.!!
Samples were vacuum reduced to introduce n-type con-
ductivity (ca. 10'® cm™3) and cleaned in situ by cycles of
Ar-ion bombardment and annealing to 870 K, following
an established technique to form a clean 1X3 recon-
structed surface.” LEED was used to check the macros-
copically averaged symmetry of the surfaces.

Figure 1 shows a constant-current image of the 1X3
vicinal surface obtained at positive sample bias.'> We first
focus on the rows parallel to [001], which typically run
along wide (ca. 500 A) terraces to terminate in irregular
step edges. The image contains elements of topographic
features generally present on the surface. In particular,
irregularly spaced, rough-edged steps (A4) are seen in the
[010] vicinal off-cut direction. More regular steps (B) are
observed in the perpendicular direction, i.e., with step
edges parallel to [001], as expected on the basis of LEED
data.’ We found that atomic resolution along the bright
rows, as seen in Fig. 2, could only be achieved by employ-
ing the constant-height mode of scanning. This scan
mode has the advantage that images can be obtained
much faster, minimizing thermal drift effects. Current
profiles between and along the rows indicate a surface
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FIG. 1. A 500X 600 A? constant-current (+2.0 V, 0.2 nA)
image of the vicinal TiO,(100)1X3 surface. The tick marks
along the vertical axis are spaced by 100 A, and the length
scales have not been corrected. In this image, which has been
post-differentiated to highlight topographic features, the [001]
direction corresponds to the bright rows.

unit cell of dimensions 3.3X15.4 A%" with a corruga-
tion of 0.06 nA along the rows at +2-V bias. These cell
dimensions compare with those expected for a 1X3 unit
cell of 2.96X 13.77 A2, The discrepancy can be associat-
ed with instrumental factors such as thermal drift and
piezoelectric creep. By comparing the ratio of the cell
lengths we can avoid most of these problems, resulting in
very close agreement between the STM-derived value,
4.72, and that expected from the bulk cell constants, 4.70.
This validates our assertion that we are imaging atoms on
the surface and that we can pinpoint the 1X 3 unit cell.

FIG. 2. A 30X40 A2 constant-height image of the planar
TiO,(100)1 X 3 surface, with the tip stabilized at +2 V sample
bias and 0.2 nA tunneling current before disengaging the feed-
back loop. The image, in which the rows lie parallel to the [001]
direction, is displayed as a tilted, three-dimensional figure for
ease of viewing. The 1X3 unit cell is marked on the image
which terminates in structure along the rows which we associate
with Ti atom positions. The length scales have not been
corrected.
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We identify Ti atoms with the features on the atomic
rows in Fig. 2 by reference to STS data. Figure 3(a)
shows STS spectra recorded with the STM tip on and be-
tween the rows seen in Fig. 2. It is clear that there is a
considerable difference in the contribution to the tunnel-
ing current in the two positions, with little tunneling
current at negative sample bias when the tip is on the
rows. The corresponding differential conductance spec-
tra, which provide a representation of the local density of
states (DOS),'* are shown in Fig. 3(b) where they are
compared with calculations of the surface electronic
structure.® Munnix and Schmeits have calculated layer
DOS for the three possible bulk terminations of
TiO,(100). In Fig. 3(b) we use their results for a Ti-
terminated surface, comparing the differential conduc-
tance spectra with the layer DOS for top layer Ti atoms
and second layer O atoms. A comparison of the two cal-
culated DOS illustrates the point that in this relatively
ionic material oxygen atoms provide most of the contri-
bution to the occupied states near the Fermi level, while
Ti atoms provide the unoccupied states. That the on-row
differential conductance spectrum indicates a relatively
small occupied DOS provides compelling evidence that
the rows are composed of oxygen vacancies.

We can now also explain why the successful imaging of
this surface was only accomplished with positive sample
bias conditions. The spectroscopy curves of Fig. 3 show
that on the bright rows very little tunneling current
occurs in the negative bias region. When the STM is
operated in the constant-current mode with negative bias
this will probably result in a tip crash. Alternatively, the
tip will approach sufficiently close to the sample to cause
field-induced desorption or deposition, both of which
would result in damage to the surface.

We turn now to the relationship between the O-
vacancy structure and the microfacet model. An obvious
discrepancy arises from the lack of O vacancies in the mi-
crofacet model deduced from GXRD,!° which presum-
ably arises from the relative insensitivity of GXRD to ox-
ygen atoms. We start from the proposition that these O
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FIG. 3. (a) STS spectra obtained on and between the bright
rows seen in Fig. 1. (b) The corresponding differential conduc-
tance spectra compared with the calculated layer DOS for top-
layer Ti atoms and second-layer O atoms of TiO,(100) (from
Ref. 3). The calculated DOS have been rigidly shifted to align
them with experiment at the center of the band gap. The exper-
imental band gap is consistent with the optical band gap of 3.05
eVv.
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vacancies (Ti atoms) lie in the topmost layer of a mi-
crofacet model, as shown in Fig. 4, giving Ti atoms a
threefold coordination to oxygen. To test this idea we
compare, in Fig. 4, an STM height profile recorded per-
pendicular to the rows observed in Figs. 1 and 2 with a
structural model. Here we have deliberately chosen to in-
clude a step in the linear scan and model. The measured
value of the step height obtained from the peak heights
on either side of the step is 4.6 A, in excellent agreement
with that expected for a step of height 4.59 A, corre-
sponding to one unit cell along the surface normal.

The height profile indicates that the depth of a mi-
crofacet on the terrace is ~3 A as compared to ~5 A for
the model. This 2-A discrepancy is also reflected in the
depth of the microfacet on the step (~7 A as opposed to
~9 A from the model). Such discrepancies might be ex-
pected to arise from variations in the tunneling geometry
and electronic structure; however, they raise the question
of whether the height profiles reveal more about the elec-
tronic structure than the geometric structure of the
reconstruction. Returning to the step structure, we first
note that its model in Fig. 4 is entirely consistent with the
microfacet structure, representing a continuation of a
(110) facet. On this basis, the height profile over the step
edge supports the proposition that O vacancies occupy
the top layer, in that the gradient at the step edge is simi-
lar to that of the microfacets. This would not be expect-
ed if O vacancies occupied sites at the bottom, or sides of
the facets, with an apparently greater height in STM im-
ages arising from the tunneling conditions.

In summary, we have identified individual O vacancies
on TiO,(110)1X 3 using a combination of STM and STS.
The STM data are entirely consistent with a microfacet
structural model proposed from x-ray diffraction data,
modified to include the presence of O vacancies in the top
layer. This modification of the model makes it consistent
with photoemission data, which evidence Ti 3d states ~ 1
eV below the conduction-band minimum. That these
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FIG. 4. In the upper part of the diagram is shown an STM
height profile of the planar 1X3 surface in the [010] direction
across a step. The height (Ref. 13) and horizontal scales have
been adjusted, the latter by a reduction of ~10% to line up the
peaks of the line scan and model. This reduction corresponds to
the discrepancy noted in the unit cell dimensions obtained from
the image in Fig. 2. The lower part of the diagram shows to the
same scale a modified microfacet model (from Ref. 10) viewed
along [001], where Ti (O) atom positions are represented by
filled (open) symbols. The model has been modified to remove
top-layer O atoms and to include step structure which is a con-
tinuation of a (110) facet.

states are not distinguished in our STS spectra may
reflect their polaronic character!® or be in some way asso-
ciated with the one-dimensional character of Ti-Ti bond-
ing along the rows. This work indicates that STM (S)
holds considerable promise in the study of surface defect
formation on oxides by relating images to the results of
other structural techniques.
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FIG. 1. A 500X 600 A? constant-current (+2.0 V, 0.2 nA)
image of the vicinal TiO,(100)1X3 surface. The tick marks
along the vertical axis are spaced by 100 A, and the length
scales have not been corrected. In this image, which has been
post-differentiated to highlight topographic features, the [001]
direction corresponds to the bright rows.



FIG. 2. A 30X40 A2 constant-height image of the planar
TiO,(100)1X 3 surface, with the tip stabilized at +2 V sample
bias and 0.2 nA tunneling current before disengaging the feed-
back loop. The image, in which the rows lie parallel to the [001]
direction, is displayed as a tilted, three-dimensional figure for
ease of viewing. The 1X3 unit cell is marked on the image
which terminates in structure along the rows which we associate
with Ti atom positions. The length scales have not been
corrected.



