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Local barrier height (LBH) and constant current mode (CCM) images of nonreconstructed (110) single-
crystalline titanium dioxide surfaces are determined under ultrahigh vacuum conditions. The barrier height
measurements are performed with the tip-oscillation technique in the constant current mode (CCM) of a
beetle-type scanning tunneling microscope with tunneling currents between 1 and 0.1 nA. The mean apparent
height ¢ of the surface is derived as a function of the tunneling gap width. The data ¢ are in accordance with
the results from /—z spectroscopy. A simple electrostatic space-charge layer model explains the observed
decrease of the apparent height for small tunneling gaps. The LBH technique is applied to investigate the
structures of point defects on TiO,(110) and their effects on the work function on an atomic scale. We find
small concentrations of vacancies of the protruding bridging oxygen atoms, giving rise to bright atomic-scale
spots between the Ti rows. The barrier height images indicate a localized and reduced apparent barrier height
¢ at these sites, in correspondence to the overall decrease in the work function ® that has been observed earlier
in ultraviolet photoelectron spectra of ion-sputtered and reduced TiO,(110) surfaces. Besides the oxygen
vacancies, the surface reveals the presence of distinct other types of atomic-scale features, both in topographic
and barrier height images. Along the Ti rows, depressions with a concentration of approximately 0.02 mono-
layers can be identified in the constant current as well as in the barrier height images extending over one and
(to a significantly lower extent) two atomic distances along [001]. They are attributed to the so-called type-B

defects and they exhibit a local increase of the work function ®.
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I. INTRODUCTION

Atomic-scale studies of surface defects of TiO,(110)
single crystals and the local variations of the electronic struc-
ture and work function, which are connected with the surface
lattice disorder, are of great interest to an understanding of
chemisorption and interface formation with metal overlayers.
It is well known from a variety of experimental investiga-
tions that oxygen vacancies are formed preferentially at the
(110) surface in ultrahigh vacuum due to the entropy-driven
loss of lattice oxygen, thereby producing electronic donor
states.! Many studies on chemisorption show that these sites
are involved in elementary steps of the solid-gas interaction.
An example is the chemisorption of TiO,(110) with water
molecules which takes place at oxygen vacancy sites of the
surface.>® In addition to these point defects, which are ex-
pected at 7> 0 K for thermodynamic reasons, other types of
surface lattice disorder including step edges, extended de-
fects and reconstructions occur at TiO,(110).4"% They have
been identified primarily by means of atomically resolved
scanning tunneling microscopy (STM). This technique, in
particular, has entailed considerable progress in the develop-
ment of widely accepted structural models.

Until now, only a few atomic-scale investigations have
been reported in which tunneling spectroscopy and apparent
height measurements complement STM data of TiO,(110)
surfaces. Such techniques can resolve the local variations of
the electronic structure and work functions that are induced
by defects. The work function is a fundamental property of a
surface and its overall sensitivity towards adsorption and de-
fect formation is well known. A recent tunneling spectros-
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copy study (STS) on defective TiO,(110) has shown an in-
creased differential conductance at approximately —1 V
which has been associated with the defect band of such sur-
faces which lies ~1 eV below the Fermi energy.” In this
case, 1 X2 reconstructed strands and step edges along [001]
is the predominant type of surface disorder. Moreover,
charged subsurface impurities have been found that are asso-
ciated with characteristic band bending effects that affect
both STM images and STS data. Maeda et al. have reported
a local barrier height (LBH) study, carried out with the
distance-oscillation technique on the clean TiO,(110) 1X 1
and the 1X?2 reconstructed surface and the effect of the
deposition of Au nanoparticles.

Although the technique of local barrier imaging has been
reported for a few metal and semiconductor surfaces®!!
since the pioneering work by Binning, Rohrer and
co-workers,'? the interpretation of the data is not at all
straightforward because of the appearance of tip-sample in-
teraction at low tunneling widths.'*!# This technique has not
yet attained importance like STM. The sensitivity of the tun-
neling current [ to variations of the tunneling gap z defines
the apparent barrier height

_ﬁ_2<dln1>2 W
C8m\ dz )

In the simplest quantum mechanic treatment of electron tun-
neling through a rectangular potential barrier between the tip
and the sample, ¢ represents the mean work function
%((D[ip"- Dympre) (for small tunneling voltages V< ¢) and is
related with the inverse decay length
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of the electron wave function outside the solid. According to
Yoon et al., the atomic resolution of LBH images may be
explained in the idealized Tersoff-Hamann picture if one re-
lates the current modulation to the z variation of the local
density of states p at the Fermi level Eg, evaluated at the
center of the curvature r, of the tip,'?

a2 2SE_E) | =2 .
5 " 7| & WP AE, =~ Ee) | = plr B (3)

¢, denotes a wave function of the sample unperturbed by the
tip. The LBH images would then map the lateral variation of
the tunneling current due to the decay lengths of the various
surface wave functions of the sample which depend on the
location in the surface Brillouin zone.'¢

A second effect, responsible for the contrast in LBH im-
ages, is the gap-width dependence of the apparent height.
Theory predicts that the actual barrier drops down with de-
creasing gap distance due to image force and exchange-
correlation effects.!”!® The effect of barrier lowering was
first shown experimentally by Binnig et al., but other studies
indicate contradictory results. Recently, Olesen e al. have
presented a comprehensive experimental study for Au, Ni,
and Pt single crystal surfaces in which they showed that ¢ is
constant until point contact is reached if one takes into ac-
count the finite input impedance of the current preamplifier
and evaluates ¢ from measurements of both the tunneling
voltage and current.'® The distance dependence of ¢ is con-
nected with the presence of strong adhesive forces at small
gap widths which lead to significant displacements of tip and
sample atoms and decrease the actual tunneling width. Chen
showed in a study on clean Si(111) 7 X7 with a clean W tip
that the experimental ¢—z dependence can be fully under-
stood by taking into account the effect of attractive and re-
pulsive forces which follow a Morse curve and which modi-
fies the actual displacement of the tunneling gap below
approximately 3 A.20 In the context of the present work, we
will show that the ¢—z dependence is the major contrast
mechanism in local-barrier images of “geometrically” ideal
TiO,(110) surfaces, that are obtained in the constant current
mode. Hence, the ¢—z dependence must be determined to
achieve a quantitative evaluation of the LBH data of this
surface.

In this report, we use weakly reduced TiO,(110) single
crystals which exhibit a small concentration of intrinsic de-
fects. Typical bulk donor concentrations of the samples are
around 10! ¢cm?, as determined from electrical conductivi-
ties.

In the first part we describe the variation of LBH data as
a function of the tunneling current. The data are used to
derive the mean apparent height of the surface as a function
of the tunneling gap width. This is compared with /—z spec-
troscopy. In the second section, we will present a simple
electrostatic space-charge layer model, applicable to TiO,,
which explains the observed decrease of the apparent height
for small tunneling gaps. The third part of this report ex-
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plores the applicability of this method to investigate the
structures of point defects on TiO,(110) and their effects on
the work function on an atomic scale.

II. INSTRUMENTATION AND SAMPLE PREPARATION

The experiments were carried out in an ultrahigh vacuum
system which consists of a preparation and an STM chamber.
It is equipped with a homemade beetle-type scanning tunnel-
ing microscope, operated with a commercial scan unit (RHK,
SPM 100). We used electrochemically etched W tips. Tun-
neling voltages are given with respect to the tip. The
TiO,(110) single crystals were prepared by several Ar* sput-
tering and annealing cycles at 1000 K. The electrical resis-
tance (R=14.8 (}) was determined in a four point arrange-
ment with stainless steel contacts that can be pressed in situ
to the sample’s sides. We used a constant current source
(Burster, Digistant 4405) and a voltage meter (Prema, 5017).
The bulk conductivity is 0=0.15 Q7! cm™' at room tempera-
ture, as calculated with the van der Pauw equation. Here we
assume flat-band conditions without significant surface con-
ductance. From this value we determine the bulk density of
electrons, n,=1.5X 10'"® cm™, according to ny=0/(eu). We
assume that u=10"(T/K)™2> cm?(V s)~! holds at a tempera-
ture of 7=300 K.?!

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Evaluation of LBH images and point spectroscopy

In a first set of experiments, we have determined 400
X 400 A wide CCM and LBH images of the clean
TiO,(110) surface at different tunneling currents I between
0.1 and 0.8 nA and a constant bias voltage of V=1.4 V. The
resolution of the images is 512X 512 pixels and the scan
velocity is 100 ms per line. The root-mean-square amplitude
and the frequency of the tip modulation are 6z=0.238 A and
v=7x%10%s7!, respectively. The current is step-wisely
changed six times per image (with the sequence 0.1—0.25
—0.4—0.6—0.8—0.1 nA) while both CCM and LBH data
are recorded simultaneously.?® In addition, the tunneling cur-
rent is recorded. (See Fig. 1.)

Thus, the LBH image consists of six regimes from which
we then determine the spatially averaged lock-in voltage.
The latter is transformed into the root-mean-square ampli-
tude of the harmonic component of /, denoted as i . It is

related to the peak value by i= \sEirms. Similarly, we obtain
the corresponding tunneling current / from the current image.
These values are used to determine the apparent barrier
heights as described in the following.

For an oscillating tip, we assume the applicability of the
relationship (1) and write for the time-dependent tunneling
current,

1(t) = VB exp[— A\ dz(1)], (4)

with V as voltage and B as a coefficient. The latter is propor-
tional to the local density of states at the Fermi energy Ep
and hence may show pronounced differences at the Ti and O
sites of the TiO, surface. The value of A becomes 1.025 if ¢
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FIG. 1. Experimental values of the topographic data (i.e.,
height) at a tunneling current of /=0.6 nA from the CCM image
of the TiO,(110) sample 1 (solid circles) and corresponding values
of the root-mean-square amplitude of the first harmonic component
of the tunneling current i, (open squares) in the LBH image along
[110]. The second scale on the left hand side corresponds to the z
scale which is used throughout this paper. Top: Schematic cross
section of the TiO,(110) surface indicating the bridging and in-
plane O atoms and the Ti atoms in fivefold (in-plane) and sixfold
coordination. Further explanations are given in the text.

and z are given in the units electron volt and Angstrom. The
function z(¢) is given by

2(t) =79+ \E(Sz sin wf, (5)

in which z, is the static displacement of the tip, 6z the root
mean square amplitude and w=27v the angular frequency.
Hence, one can write

I(1)=VBexp[-A \J’Ezo]exp[— A V’;S\/Eéz sinwt].  (6)

We assume that ¢ is constant during the tip oscillation. As it
is shown in the Appendix A, the evaluation of this equation
yields the ratio of the the time-averaged value / and the

amplitude of the first harmonic component i,

1 1
1+-b*+—b*
47 64

, ()

~ N~

1
b+ b’
8

with b=—A\$\25z.

Figure 2 displays the calculated ratio 1/ i as a function of
¢. An approximate solution of the polynomial (7) is

Tb_i[i (L)z 1:| (8)
YT A i s ’

if one neglects the third- and fourth-order term. Note that b
refers to a situation in which ¢ does not alter during the tip
oscillation, i.e., the amplitudes are sufficiently small. In most
cases, large amplitudes are necessary to reduce the noise-to-
signal ratio or to obtain spatially resolved information. This

gives rise to a systematic error in the determination of //i and
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FIG. 2. Ratio I/i as a function of barrier height ¢ for &
=0.238 A. Vertical lines correspond to experimental values of
(1/{i)),,. The inset shows I(z), its Talyor series expansion ITayior the

time average /, the peak value i, and the root-mean-square value 7,
for ¢=15.61 eV.

hence of ¢ if its value depends on the gap width.

We will assign the experimental // i data with the index
“la” that signifies that large amplitudes have been applied.
Corresponding barrier heights deviate therefore from the ac-
tual values and are denoted with ¢,. We will demonstrate in
the following that one can take ¢y, as the first estimated
values to obtain more accurate data of ¢. By using the func-
tion 1/ f(zo), we determine the barrier heights from the ratio

of the spatially averaged values of (i)=12(i,,,). The results
are given in Table I. The value of (¢),, refers to the mean
value of the surface. It can be concluded from the decreasing
slope of the function 1/i(z,) (compare with Fig. 2) that the
statistical error of (¢),, becomes larger at lower tunneling
currents if one assumes a constant absolute uncertainty in the
determination of 7 and (i). The statistical errors in ()1, have
been computed for the lowest and highest values from the

standard deviations in the images of the currents / and i.

TABLE 1. Spatially averaged values of the root-mean-square
amplitudes (i, at different tunneling currents /. Barrier heights
(¢), are determined from the plot /i vs ¢ in Fig. 2. The values of
(¢) are determined from Eq. (11).

I/nA (irm) /DA (é)1 (P)leV  (P)eV
a
0.118+0.005 0.0923+0.005 0.90+0.09 15.61+4 5.48+0.7
0.255 0.1180 1.53 4.04 3.10
0.411 0.1594 1.82 274 2.33
0.603 0.2186 1.95 2.37 1.91
0.812+0.005 0.2216+0.005 2.59+0.09 1.30+0.08 1.600.1
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FIG. 3. Relative tunneling current I/l (solid line) and barrier
height (¢) (dot-dashed line) as a function of distance z;. The value
z0=1.4 A corresponds to the lowest tunneling current. Further ex-
planations are given in the text.

The next step in the refinement of our determination of
(@) concerns the calculation of the current-distance curves.
We use the relationship

I=1 exp[_ AV’mZO] . (9)

Here, we refer 7 to a value of /=1 nA that we attribute
to zo=0 (at a certain gap width or topographic height, see
Fig. 1).

The iteration is based on a fitting procedure in which five
individual functions I/1.(z,) are calculated that reflect the
behavior of I in the intervals I to V (Fig. 3). The procedure is
explained in Appendix B. The first function I/1.(z,) at
(h)a=1.30 €V holds between 1 nA and 0.603 nA (dashed
line, used as the start function of the iteration). The dotted
curve depicts the function 1/1,.(z,) and corresponds to the
last step of the iteration at (¢);,=15.61 eV. The other curves
are not shown in Fig. 3 for a simplification.

In order to obtain a common //I; curve for the entire
experimentally adjusted range of z,, we then calculate a
fourth-order polynomial function /1 that fits the individual
I/1.; curves in the different regimes (solid line labeled “fit”),

= 1.017 = 1.220z¢ + 0.530z% — 0.1z3 + 0.007z.
(10)

2o is given in the unit Angstrom. From this function, one
obtains the mean apparent barrier height of the TiO,(110)
surface from

2
d 1n(1/1ref)] . a1

() = 1.025[—

dZ()

The numeric determination yields the {¢)-z, relationship
which is revealed by the dot-dashed curve in Fig. 3. As the
minimum experimental value of 7 is 0.118 nA, an upper limit
of the determination of (¢) appears, being 5.48 eV. A physi-
cally more realistic model would give a progressive transi-
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FIG. 4. Experimental In /—z data from point spectroscopy (dots)
and calculated In(//1,) values (solid curve) as a function of z,. The
dot-dashed line corresponds to a hypothetical z, dependence of the
current In(I"/I,.;) if one assumes a constant apparent height of
(¢)=5.48 eV. The z; data are referenced to z, at which I is 1 nA.
The dotted lines indicate the low and high tunneling currents in the
tip-oscillation measurements of ().

tion from the polynomial (10) into this limit which has not
been considered in Fig. 3. The values (¢) are given in Table
I for the experimentally chosen tunneling currents. We esti-
mate the error in (¢) in such a way that we repeat the fitting
procedure described above and take into account the varia-
tion of (&),

One expects barrier heights close to (¢)=(Py+ Prio,
—eV)/2=(4.55+5.2—1.4)/2=4.2 eV for low tunneling cur-
rents and hence larger tip-sample spacing. In the next part of
this report we will show that one must take into account that
a significant portion of the applied bias voltage of 1.4 V
drops down within a space-charge region of TiO,. Hence, eV
is smaller (0.18 eV) and one obtains (¢p)=4.8 eV which is
closer to our low-current value of (¢) and in the range of the
estimated error. Moreover, one may also attribute the differ-
ence between these values to a higher work function of the
W tip at the apex. Maeda et al. have reported a local work
function of 4.95 eV of the “ideal” surface from their LBH
data.® They employed very large tip oscillation amplitudes of
2.5t05 A and did not comment on the gap-width depen-
dence of ¢.

It is evident that the large barrier heights (), at low
tunneling currents differ from the more consistent values of
(¢). The difference leads to the significant deviation between
the fitted overall I/1,.{z,)-function and the I/1.{z,) curve
for (¢p),=15.61 eV in Fig 3. A detailed analysis of this prob-
lem is given in Appendix C.

We have also determined conventional /—z curves (“point
spectroscopy”). Figure 4 shows a typical result for a
clean TiO,(110) surface, together with the overall
In 1/1.(zo)-function of Fig. 3 (solid line).

Here, the z scale has been adapted to the z, scale. The
standard deviation of / has been computed from ten /—z
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FIG. 5. Energy band diagram of the system W/TiO, separated
by a narrow vacuum gap of the width s under an applied external
bias voltage V. Potentials at the gap and the TiO, depletion layer
are Vg, and Vi, respectively. The donor states which are associated
with the oxygen vacancies in the TiO, are not shown. For a descrip-
tion, see the text.

curves. We find a good agreement of the point spectroscopy
data with the fitted curve. It is evident that point spectros-
copy exhibits a large statistical error when compared with
the tip-oscillation technique. We have also computed the val-
ues of In 1/l for 0 A<z,<1.4 A for the case that the ap-
parent height ($)=5.48 eV (which corresponds to the tunnel-
ing current of 0.118 nA) is constant upon variation of the
gap width. The result is depicted by the dot-dashed line and
shows a significant deviation from the point spectroscopy
data at lower values of zy. By comparison we find that the
I—-z data reveal a decreasing slope with a decreasing gap
width. Moreover, the /—z data give evidence of an upper
limit of the apparent height as we have assumed in Fig. 3.
We will now deal with the effect of the gap width on the
apparent height in more detail. It was previously pointed out
by Bonnell that tips and voltage induced band bending ef-
fects occur in STM experiments on transition metal oxide
surfaces.??

B. Gap-width dependence of the apparent height

Figure 5 depicts a schematic energy band diagram of the
tunneling gap and the important energy levels associated
with the W tip and the TiO,. We assume the work function of
the W tip is equal to dy=4.55 eV. From ultraviolet photo-
electron spectra, <I)Ti02=5.2 eV has been determined for the
clean and geometrically ideal TiO, surface.>*> We determine
the bulk position of the Fermi energy Ef relative to the con-
duction band minimum E in the Boltzmann approximation,

y
Ec—Ex=kTIn —=-02¢V, (12)
Ne
where N denotes the effective density of states, calculated
with an effective electron mass of 20m, for a temperature of
T=300 K. Hence, the electron affinity XTio, of TiO, is
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5.0 eV. Furthermore, we assume that the surface density of
electronic states in the band gap of TiO,(110) is negligible
so that the conduction and valence bands are not pinned with
respect to Er. These band gap states are associated with in-
trinsic defects whereas the Ti and O-derived “dangling
bonds” of the undercoordinated ions at the surface are ener-
getically localized in the region of the conduction and va-
lence bands and are therefore completely empty or occupied.
The depicted situation bears analogy with an ideal metal-
oxide-semiconductor capacitor. In this case, the band bend-
ing at the semiconductor is determined by the difference in
the work functions at zero applied bias voltage. The band
bending can be removed and flat band condition is reached
by applying a compensating external bias given by

Vip=®Py — xs = Ec+ Ep= Dy — g, (13)

where ®); and ®Pg are the metal and semiconductor work
functions and yg is the semiconductor electron affinity. On
the other hand, an ideal Schottky barrier may be formed if
the vacuum gap separating tip and sample finally disappears
upon reducing the gap width. Then the Schottky-Mott rule,

dsp =Dy — Xs» (14)

holds.

Here ¢ denotes the barrier height. It is obvious that the
difference V between the electrostatic potentials outside the
surfaces of the metal and the semiconductor tend to zero
upon reducing the gap width and disappears altogether when
an intimate contact is formed. In order to evaluate quantita-
tively the effect of variations of the vacuum-gap width s, one
may treat the system as to consist of two capacitors that are
connected in series. For the gap we write
Cyap % 57! (15)
as capacitance per unit area, and for the depleted region in
the TiO,,

Cyxew™, (16)

as the differential capacitance. Here, w denotes the width of
the space charge layer. Its value can be calculated in the
depletion approximation,?*

2eV.
=1 =, 17
w=Ip T (17)
Here,
[egokT
Ip= 18
D €2ND ( )

is the Debye length for a semiconductor with fully ionized
donors. For TiO, with a dielectric coefficient & of approxi-
mately 100, we calculate /=139 A and 438<w=1028 A
for 0.1<s<10A at T=300 K. We have assumed np
=0.5ny, i.e., doubly ionized donor states, for the sake of sim-
plicity. Even for typical tunneling gaps, the value of the dif-
ferential capacitance becomes comparable with Cy,, due to
the large value of the dielectric coefficient of TiO,.

The voltage applied between the tungsten tip and the TiO,
drops down over the tunneling gap and the depletion region.
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FIG. 6. Tunneling current I/I. (thick solid line) and gap volt-
age Vi, (in volts) as a function of the gap width z, (dotted line).
Further explanations are given in the text.

Only for larger distances, V,y,,=V holds. One can determine

the voltage drop in the TiO, from the total capacitance,

1 1 1
—=—+ (19)
C Cgp Cy
and
C,./C
o= ——sap wse (20)
1+ Cyyy/ Cye
Correspondingly, the gap potential is
Voap=V = Vies (21)

which yields 0.0097 V<V,,,<0.69 V for an applied bias
voltage of 1.4V (0.1<s<10 A). Evidently, the voltage
drop over the tunneling gap is not at all constant when the
tip-sample distance is changed. As shown in Fig. 6, the dif-
ference In(1/1.)—In(I"/I.) becomes larger when z, de-
creases. This behavior is consistent with a corresponding de-
crease of the gap voltage. We will now investigate whether
this effect is related to the observed current-distance behav-
ior and the decrease of the apparent height. We have included
the In(1/1,.;) Vs zo graph in the same diagram, together with
the straight line In(I"/1,.;) Vs z, at a constant apparent height
of (¢)=5.48 eV. For a quantitative comparison, one must
align the scales s and z,, (Fig. 6). The criterion for the align-
ment is whether the difference In(1/70)~In(Vy,,) Vs z,
(which is associated with the tunneling conductance g) ex-
hibits the same slope than the “ideal” In(I"/I,) vs z, curve
(Vgap is given in volts). In this case, In(1/1,) vs In(Vy,,) fol-
lows a function of the type gOCexp(—l.OZS\/@zo) with a
constant value of ¢.

Figure 6 shows that such a situation occurs if the In(V,,,)
curve is shifted by —0.6 A with respect to the z, scale (dotted
line). Here, the In(Vy,,) values which are marked as open
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squares have been used to calculate the difference In(1/1,.)
—In(Vy,,) (solid squares). We conclude that the tunneling
conductance would indicate a constant apparent height over
the entire range of widths from 0.18 to 1.4 A if the bias volt-
age is Vy,, instead of V. Similar to the interpretation given by
Olesen et al., our findings suggest that the funneling voltage
depends on the gap width. This dependence leads to the re-
duction of {(¢). In contrast to their work, however, we cannot
measure the gap voltage since the bias voltage drops down
within the TiO, crystal. In spite of simplified treatment of the
tip’s geometry, our electrostatic space charge model explains
the observed decrease of the apparent height quantitatively.
We will now analyze the effects of intrinsic defects on
TiO,(110) on the apparent barrier height which are observed
in the LBH images.

C. Point defects

Point defects can be easily created at TiO,(110) surfaces
by heating crystals in ultrahigh vacuum to high temperatures
of about 1000 K.! This process is usually kinetically con-
trolled as point defects exhibit high diffusion coefficients in
the bulk, thus generating nonequilibrium defect distributions.
Recent STM studies have shown that oxygen vacancies V,
can be identified on TiO,(110) surfaces® and can be distin-
guished from hydroxyl groups.? The vacancies are formed by
the desorption of molecular oxygen and result from missing
oxygen atoms at two-fold coordinated bridging sites. They
are associated with bright spots which appear in STM images
between the (001) rows of the fivefold-coordinated surface
Ti atoms.

Figure 7(a) shows the CCM map of a (110) terrace on
which such oxygen vacancies are visible among other types
of pointlike features. They are marked by V,. One estimates
a surface concentration of approximately 5 X 10'> cm™ from
the image which corresponds to the model of statistically
distributed and noninteracting point defects. The value is
lower than the reported defect density of TiO,(110) after a
high-temperature treatment at 1100 K and a subsequent O,
dosing of 100 L which might result from a lower heating
temperature in our study. The LBH map [Fig. 7(b)] indicates
a reduced value of i, at the positions of the oxygen vacan-
cies.

Quantitative data can be derived from the line profile
along line A which is depicted in Fig. 8. We determine 30 pA
at V, and approximately 75 pA at the regular Ti sites. These

values correspond to 1.81 and 0.73 of (I/ f)la, respectively,
using i= QEJirms and /=85 pA. [Table I provides a relation-
ship between the large-amplitude values of the ratio (1/(i)),,
and the spatially averaged apparent height (¢) for ratios in
the range between 2.59 and 0.90, which almost cover the

range of (I/7), values in the LBH image]. The polynomial fit
of the values of the Table I yields

2 3
<¢>:8.29—1.82<4) -2.06(4) +o.68(4> ,
(V1a )/ 1a @/,

(22)
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FIG. 7. (a) CCM and (b) LBH image of TiO,(110) (sample 2).
Scan range: 110X 150 A2; bias voltage V=1.4 V; tunneling current
I=0.085 nA; tip oscillation: root-mean-square amplitude &z
=0.238 A, frequency 7000 s~'. Further explanations are given in
the text.

This function is also applicable to calculate the spatially
resolved apparent heights ¢é(x;7,) from the data i(x,7o)
= \/Eirms(xlfo)~

The result is shown in Fig. 9 by the dotted line, labeled
“d(x;70).” As outlined in Appendix B, ¢ depends on the gap
width which alters along the xp, 7o) direction due to the cor-
rugation of ~0.5 A. This was explained by the distance de-
pendence of the tunneling voltage V. Consequently, the value
d(x70) is the apparent barrier at a certain gap width or, by
referring to our z; scale, at a certain value of z,. In order to
compensate the distance dependence, which appears in
¢(x170), one may compute the spatially averaged apparent
height (¢) of the surface at the same gap width (i.e., the
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FIG. 8. Line scan along A of the CCM (solid curve) and LBH
images (dotted curve) of Fig. 7. Vertical dotted lines indicate in-
plane Ti sites; the solid line refers to the position of an oxygen
vacancy.

same value of z;) as the function of x,7,. We can apply the
() (zo) polynomial, which is given in Appendix C, to obtain
the function {¢)(x,7,). To do so, one must convert the height
scale of Fig. 8 into a z; scale by introducing a (constant)
displacement Az between both scales. The value of Az is
varied until the mean values (¢)(x7,) and ¢(x,7,) become
equal. (The averaging is performed in the region outside the
vacancy.) The curve (@)(x,7,) is depicted by the solid line in
Fig. 9. The displacement is Az=—0.55 A and the z, scale
agrees reasonably well with the z, scale of Fig. 1. It is, how-
ever, evident that the maximum values of (¢)(x;7,) are larger
than 5.48 eV and beyond the range for which the applicabil-
ity of the polynomial (C1) has been evidenced (compare with
Fig. 3). Taking also into account the statistical errors of ()

<¢> (x[l'm]) C 10
AAAAAAA ¢ (X[l_il'l])

If“ﬂ\{f@\\ b WP "N,
2,0] - \\/ NS 2
J = (S
— ] e S
= 1] 53
5 — I
N <4
1,07
] T T T T T T T - T
0 10 20 30 40
x[ﬁO] [A]

FIG. 9. Line scan of the topographic data of Fig. 7 in a plot z vs
Xx170- The apparent barrier height ¢ is obtained from the i, data
(dotted curve). The apparent barrier height (¢) as calculated from
the zo values (solid curve). A¢ shows the difference between the
solid and dotted curves.
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that are given in Table I, one concludes that there is no sig-
nificant difference between both curves at the in-plane Ti
(maxima) and bridging O sites (minima) whereas the differ-
ence is significant at the vacancy site. The difference,

A= (x110) = () (x110), (23)

is shown by the thin solid curve in Fig. 9, together with an
error bar. It represents the deviation of the apparent height
from the spatially averaged apparent height at an (approxi-
mately) identical gap width. Ideally, A ¢ does not exhibit a z,
dependence, in contrast to the ¢(x;7,) curve. This demon-
strates that LBH images and line scans can only be evaluated
by taking quantitatively into account their gap width depen-
dence. There is one exception, of course, with respect to
LBH data that are taken at different sites of the surface but at
identical topographic heights which can be directly evalu-
ated. This situation is almost fulfilled for the in-plane Ti site
and the oxygen vacancy. We find a strong decrease with a
negative value of A¢p=-3.8 eV at the oxygen vacancy site.
This may be attributed to a reduced work function @ at the
oxygen vacancy of about 1.4 eV. A local work function of
1.9 eV has been reported by Maeda et al. for strong reduced
TiO,(110) surfaces, exhibiting a (1X2) reconstruction.’
Such a reduction of ® is in correspondence with the overall
decrease in the work function ¢ to about 3 eV that has been
observed earlier in ultraviolet photoelectron spectra of ion-
sputtered and reduced TiO,(110) surfaces, although the de-
gree of quantitative agreement remains a subject for further
experimental improvements of the measurements.

The second type of pointlike defects appears on the Ti
rows as depressions in the CCM image, which are labeled
here as a “type-B” defect in accordance with Diebold’s
notation.* They extend over one and (to a significantly lower
extent, see also Fig. 7) two atomic distances along [001].
Although the existence of these defects is well known for
TiO,(110) surfaces, their nature is still under debate. Subsur-
face defects have been proposed which possibly could con-
sist of missing oxygen atoms under the in-plane Ti ions,
thereby producing a reconstruction with minima in the to-
pography.

Later, Fig. 10 reveals the line scan along B in a zy VS x[og1]
plot that is calculated from the topographic height according
to the procedure described above. We also include a 6 A
long arrow (i.e., twice the surface lattice unit in the [001]
direction, 2X2.96 A), indicating the lateral dimension of
this defect. Figure 10 shows also the effect on the apparent
height ¢ and on A¢. It is obvious that this defect is associ-
ated with a local increase of ¢. The CCM images show that
the majority of the B-type defects appear brighter on both
sides that neighbor the depression in the [001] direction. On
a few spots we notice point defects that appear such as they
are composed of two adjacent B-type defects on neighbored
Ti rows. Although the LBH variations are similar, the nature
of these features remains as an open problem like the type-B
defect itself. The same holds for the adsorbates at the sur-
face, which appear in the CCM images as bright spots be-
tween the Ti rows. Interestingly, they lead to different “fin-
gerprints” in the LBH images. The majority of them are
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FIG. 10. Line scan along B of the CCM and LBH images of
Fig. 7.

associated with depressions, but they may also appear as
protrusions. The topographic heights at these spots exceed
the surface plane by about 2.3 A. This is likely related to
more pronounced changes of the local density of states and
beyond the applicability of our evaluation method.

IV. SUMMARY AND CONCLUSIONS

We have employed the tip-oscillation technique, comple-
mented by conventional constant-current-mode STM, to im-
age intrinsic defects on the TiO,(110) surface and to inves-
tigate how they influence the work function on an atomic
scale. As an important step towards an accurate measurement
of apparent heights and their dependence on the tunneling
widths, we have demonstrated and discussed an evaluation
procedure for LBH data and compared it with point spectros-
copy. A simple electrostatic space charge model, based on
well known semiconductor physics approaches, has been
proposed and applied to TiO, that explains quantitatively the
observed gap-width dependence of the apparent height. It is
applicable to weakly reduced (110) surfaces on which the
concentration of band gap states, that are attributed to Ti3d
states and associated with oxygen vacancies, is small and
hence a pinning does not occur. This model has interesting
implications for scanning tunneling spectroscopy, employed
to such surfaces, as this model may provide information on
the actual gap voltage as a function of the bias.

In the third part we have demonstrated that this LBH
method provides an access to local work function changes
which are induced by surface oxygen vacancies. Other types
of pointlike defects have been found, including type-B de-
fects.
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APPENDIX A: CALCULATION OF 1/i

If one applies a Taylor series expansion to
exp[-A \s”(ﬁv’aéz sin wt]=exp[b sin wr] with b=-A V’E\E(Sz
and uses the trigonometric expressions sin’ wt:%(l
—cos 2wt), cos? wt:%(l +sin 2wt), and sin® wt:—)—t(sin 3wt
-3 sin wr) one obtains for the tunneling current

- 11
I(t)=VB exp[—A\d)zo](l + b sin wt + sz - sz cos 2wt

1 1, 1,

— —b’sin3wt+ —b” sin wt + —b
24 8 64
L

——Db"cos2wtx -+ |. (A1)
64

Truncation after the fourth-degree term yields the ampli-
tude of the first harmonic component of /,

, (A2)

i=

1
VB exp[- A \‘@Zo] (b + §b3)

for which we take positive values only. In a similar fashion,
one can write for the time-averaged value of I,

~ 1 1
1(t) = VB exp[- A ¢z0](1 + sz + ab“). (A3)

Note that the term (1+:—1b2+éb4) is associated with an in-
crease of the tunneling current when the tip is oscillating.?’
Equations (A2) and (A3) suggest that the term VB exp[\¢] is
cancelled out by division. It is trivial that this applies to
exp(zg) as LBH and CCM images are recorded simulta-
neously, i.e., at the same value of z,,. _

It is, however, not as simple for the expression VB expy ¢.
As shown in Fig. 1, i, and hence i vary laterally while 7 is

constant. The variation of along [ 1 10] reveals the periodicity
of the surface lattice unit (6.5 A) like the topographic data.
As the consequence, the ratio 1/ i should be determined from
the i data at identical sites (e.g., at the minima or maxima).
Since a sufficient atomic resolution is not obtained at all
values of I, we compute the spatial average of <f> from the
LBH image. (In the following, we use () when spatially
averaged data must be indicated.)

The procedure of averaging (i) is suitable since the ratio
of the bridging O and in-plane Ti sites, at which the largest
differences of <f} occur, is close to 1 and the number of
defects and adsorbates is small. Similarly, we determine (I)

from the current image to increase the accuracy for the val-
ues of 1. From the Egs. (A1) and (A2), we then obtain the
ratio

1 1
1+-b>+—b*
4 64
—_— (A4)

~ N~

1
b+—-b’
8
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FIG. 11. exp[-A \f?bz(t)], () and z(r) as a function of time ¢ for
an oscillating tip. Further explanations are given in the text.

APPENDIX B: DETERMINATION OF 1/14(z)

We first calculate the function I/1,.((zo) from Eq. (9), us-
ing (¢),=1.30 eV that passes through the value 0.812 in the
interval 1. At the low-current value of I/ at the border
between the intervals I and II (and, hence, at a certain value
z)) we calculate a new function I/, =exp[-Av2.37 eV(z,
+Az)] in such a way that both curves have the same value of
/1, at z)=z¢+Az. Graphically, Az corresponds to a horizon-
tal shift of the curve I/1 . If we repeat this procedure, five
I/1 . curves are generated which individually reflect the tun-
neling current-versus-distance relationships in a small range
of z,. These ranges correspond to the intervals I to V in Fig.
3.

APPENDIX C: EFFECT OF OSCILLATING APPARENT
HEIGHT

We obtained the barrier height (¢),, by evaluating I and

(i). The relationship with Eq. (4) is illustrated by Fig. 11. It
indicates the oscillation of exp[-A \,@z(t)] (to which the
tunneling current is proportional) for two different cases. The
image (a) shows the situation if one assumes a constant tun-
neling barrier height in the evaluation of the experimental
data. We choose (¢),,=15.61 eV and zo=1.4 A in line with
the values at a tunneling current of /=0.118 nA.

The image (b) demonstrates the case of an oscillating tip
(v=7%10% 571, 5z=0.238 A, and z(f)=zy+ 28z sin wt with
zo=1.4 A) and an oscillating barrier height {#)(r). We have
computed (p)(7) from the ($)—z, curve of Fig. 1 by means
of a fourth-order polynomial fit,

(¢ =1.431 +0.073z + 3.959z3 — 4.532z) + 2.3462
(C1)

({¢) and z, are given in the units eV and Angstrom, respec-
tively). Here, the values of exp[—A15.61 eVz(r)] are multi-
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plied by a factor of 11, to adjust the scales. It can be easily
shown by Fourier analysis (which is not illustrated here) that
the same ratios 7/{j) are obtained as in (a). This comparison
demonstrates that the finite value of &z represents a major

PHYSICAL REVIEW B 71, 235416 (2005)

source for systematic errors in the determination of (¢).
Consequently, it appears to be necessary to determine LBH
data at different tunneling currents and hence different tun-
neling widths for a quantitative analysis of images.
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