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ABSTRACT: We have used noncontact atomic force microscopy (NC-AFM) and
Kelvin probe force microscopy (KPFM) to directly visualize the presence of charged
subsurface impurities on rutile TiO,(110). The subsurface charges add an additional
electrostatic force between the sample and tip so that they appear as hillocks in the
NC-AFM topography. Analysis of several subsurface defects in the same NC-AFM
image reveals that the hillocks have discrete heights, which means that defects at
different subsurface levels can be detected and distinguished. H adatoms, which are
positively charged at the TiO,(110) surface, were found to be repelled by the buried
positive charge, so that they form a ~80—120 A wide hydrogen-free zone around the
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charge. Thus, there is an opportunity to deliberately add dopants in order to exclude or
perhaps even to confine certain adsorbates to a local region at the surface.

B INTRODUCTION

TiO, has been investigated intensely since the 1970s when it
was discovered that it is an active photocatalyst." However, the
relatively large band gap of TiO, means that it is mainly
responsive to the ultraviolet spectrum. Since then, a line of
research has focused on finding appropriate dopants to add to
the titania to make it photoactive with visible light.” Most
surface science studies focus on the most thermodynamically
stable rutile TiO,(110) face,>* and naturally, this surface has
been used to examine the role that dopants play in catalysis.” >
It is becoming more and more apparent that both extrinsic
subsurface dopants and intrinsic subsurface defects can
dramatically modify the behavior at the surface.” '* For
instance, exposing the rutile TiO,(110) surface to O, and
then annealing in ultrahigh vacuum (UHV) or simply annealing
TiO,(110) in a partial pressure of O, leads to the creation of
TiO, (x < 2) islands because of segregation and subsequent
reaction of interstitial Ti with oxygen.”'>'* On the other hand,
when TiO,(110) is doped with niobium, Nb can also occupy
interstitial sites and thereby suppress the formation of TiO,."*
Nb-doped TiO,(110) has received particular attention in
part because it can be used to introduce conductivity to
TiO,(110) thus enabling charged-particle techniques such as
scanning tunneling microscopy (STM) and low-energy electron
diffraction (LEED) to be employed easily. At densities of ~1 wt
% Nb, LEED and STM images appear the same as undoped
(but bulk-reduced) TiO,(110) with the exception of some
bright spots in the STM image which are assigned to Ti
neighboring with Nb."> However, at doping levels of ~0.05 wt
% Nb, even on the atomic scale, STM images are
indistinguishable from undoped TiO,(110).'¢
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Here, we use noncontact atomic force microscopy (NC-
AFM) and Kelvin probe force microscopy (KPFM) to study
subsurface charges and their effect on the adsorption of H
adatoms on 0.05 wt % Nb-doped rutile TiO,(110). KPFM
measurements show that charged species are present beneath
the surface and are manifested as bright regions in NC-AFM.
These charged regions, which are assigned to single positively
charged ions, repel the positively charged H adatoms that
normally decorate the surface. Charged subsurface dopants may
therefore be exploited as a means of restricting certain charged
adsorbates from parts of the surface, and perhaps other
adsorbates could even be confined in those regions.

B EXPERIMENTAL METHODS

The experiments were performed in Osaka using an ultrahigh-
vacuum chamber (with a base pressure of ~5 X 10™"' Torr)
which contains a custom-built NC-AFM that was operated at
room temperature. The 0.05 wt % Nb-doped TiO,(110) crystal
(Shinko-sha) was prepared using repeated cycles of Ar-ion
bombardment (2 keV) for approximately S min and annealing
(1100 K) for 10 min.

The NC-AFM was operated using the frequency modulation
detection method'” with the cantilever oscillation amplitude
kept constant (peak-to-peak amplitude 105 A). The conductive
silicon cantilever had a resonant frequency of 164.55 kHz. All
images except for those in Figure 3 were obtained in the
constant frequency shift (Af) mode.
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KPFM measurements were conducted in the frequency
modulation mode whereby an ac voltage (U, ;m = 0.5V,
frequency f,. = 500 Hz) and a dc bias voltage (Vipp) were
applied to the sample with the tip grounded. The dc bias is the
voltage applied to compensate the local contact potential
difference (LCPD).'87%2

All NC-AFM images presented here were recorded with this
additional Vpp, but the Kelvin contrast is only optimized for
the image in Figure 3. This is evident by the charged patches
only appearing faintly brighter in the Af image in Figure 3
compared with the other NC-AFM topographic images.
Furthermore, in the case of Figure 3 but not in the other
images, crosstalk between the NC-AFM topography and the
LCPD map was eliminated by using retrace scanning in
constant height mode®* with the aid of a commercial scan
controller.”?

B RESULTS AND DISCUSSION

Subsurface Charges. Figure 1 shows a model of the
TiO,(110) surface. The surface is characterized by rows of S-

O, ™
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Figure 1. Ball model of TiO,(110). Small, red spheres denote Ti, and
large, blue spheres denote O. O atoms nearer the surface are shaded
lighter so that Oy, species have the lightest shading. One O, atom,
shaded green, has a H adatom attached which is shaded pink.

fold coordinated Ti (Tis.) that alternate with rows of bridging
O (Oy,). Removal of O, species during sample preparation leads
to the formation of bridging oxygen vacancies (O}-vac) which
themselves react further with water from the residual vacuum to
form two H adatoms per Oy-vac.2*%6

Figure 2 shows NC-AFM images of the Nb-doped
TiO,(110) sample after it was prepared by sputter/anneal
cycles and then was subsequently left to hydroxylate in the
residual vacuum. In NC-AFM images, depending on the exact
nature of the tip apex, Tis. rows can appear bright or dark as
can point defects (i, Op-vacs or H adatoms).”’~>* In the
image shown in Figure 2a, the Oy, rows are imaged bright and
the H adatoms appear as dark depressions on those rows. In
Figure 2b and c (and in all other images presented here), the
contrast is inverted: Tis. rows are imaged bright and the H
adatoms appear as bright spots between these Tis. rows. The
images in Figure 2 are indistinguishable from those of pure
TiO,(110) except for the presence of oval, bright patches.

Similar bright patches have previously been observed in
empty-state STM images of undoped TiO,(110),'>!12#263334
but are only explicitly discussed by Batzill and co-workers'®*?
and Ishida and Fujita,"" as well as in review articles.>>® Batzill
et al.> attribute each bright region to a single positively charged
subsurface defect by comparison with studies on doped
semiconductor surfaces, such as GaAs and InP: positively
charged n—t;fpe dopants appear bright in empty-state STM

images.”” > On the basis of time-of-flight secondary ion mass
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Figure 2. NC-AFM images of Nb-doped TiO,(110). (a) (350 A)?, Af
= —6.3 Hz. Bright rows which run in the [001] direction correspond to
Oy, rows, and the dark defects on these rows are H adatoms that arise
from water dissociation in Oy-vacs.>*2¢ (b) (350 A)?, Af = =57 Hz.
(c) (200 A)* Af = —5.7 Hz. The square in b marks the approximate
area of the image in c. In both b and c, bright rows correspond to Tis,
rows and bright defects that appear between them are H adatoms. In
all three images, bright patches can be observed, and examples are
highlighted with dotted ovals in a and b. Additionally, in a and ¢
examples of H adatoms, Tis. rows and O, rows are highlighted.

spectroscopy, Batzill et al> tentatively assigned the bright
regions to subsurface vanadium (V°*). Ishida and Fujita also
assign the bright regions to subsurface positively charged ions
but instead suggest that they are interstitial Ti ions."" Similar
bright patches have also been observed in the NC-AFM
topography of TiO,(110)*” as well as in STM images of
Zn0(0001)—0***" and Ca0(001).** In the cases of
ZnO(0001)—O and CaO(001), the charge could even be
manipulated by the STM.*""*

KPFM enables measurement of the local contact potential
difference (LCPD) simultaneously with NC-AFM, so that

dx.doi.org/10.1021/jp503402w | J. Phys. Chem. C 2014, 118, 13674—13679



The Journal of Physical Chemistry C

charged regions of a surface are easily detected, showing up as
bright or dark features in LCPD maps.'®~>*

Figure 3 shows two images of the Nb-doped TiO,(110)
surface that were recorded simultaneously in the constant

Figure 3. KPFM images (475 X 210 A%) of Nb-doped TiO,(110)
recorded in constant height mode with mean Af = —8.2 Hz. (a) Af
map. (b) Local contact potential difference (LCPD) map. In both
images, three charged regions are marked with part of white, dashed
ovals. In the LCPD map, these charged regions appear dark indicating
that they correspond to charged regions.

height mode. The constant height mode was used in order to
eliminate any crosstalk between the NC-AFM topography and
the LCPD signals.”” Figure 3a shows a map of Af which
corresponds to the NC-AFM image, whereas Figure 3b shows
the LCPD map. Three bright regions are visible in the Af map
(Figure 3a) similar to those shown in Figure 2. These same
regions that appear bright in the Af image are dark in the
corresponding LCPD map, indicating that they originate from
subsurface charges. The subsurface charges probably originate
from impurities like V%, as suggested by Batzll et al,*’
although given that the sample is deliberately doped with Nb,
Nb** is also a possibility. Subsurface interstitial Ti ions as
suggested by Ishida and Fujita'' seem to be a less likely origin
because these charged regions are known to appear only with
certain crystals,”> whereas interstitial Ti ions are always
present 2133536

The appearance of the charged regions as bright patches in
the NC-AFM images of Figure 2 can be explained by the
additional attractive force exerted on the tip by the subsurface
charge that means the tip has to retract in order to maintain a
constant Af. As a result, the charged regions appear as hillocks
in the NC-AFM topography.

Figure 4 shows an NC-AFM image together with line profiles
from six charged regions, labeled i—vi. The line profiles are
taken through the centers of each region in the [110] and [001]
directions. We observed several characteristics of the charged
regions not previously reported. In each region, the extent of
the hillock is greater in the [001] direction than in the [110]
direction. This, presumably, is related to the anisotropy of the
dielectric constant. The crystal anisotropy also plays important
roles in charge transport* and adsorbate diffusion** for which
the [001] direction is the easy direction. Although each region
appears to have a different lateral size in the image in Figure 4a,
this is not borne out by the line profiles. In each line profile, the
charged regions extend about 80 A in [110] and 120 A in
[001]. The charged regions also have discrete apparent heights
in the NC-AFM image: either ~0.5 A (j, iii, v) or ~0.9 A (i, iv,
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Figure 4. (a) A (475 A)*> NC-AFM image (Af = —7.7 Hz) of Nb-
doped TiO,(110) showing six charged regions labeled i—vi. (b, c) The
accompanying line profiles taken along [110] in b and along [001] in
c. Regions i, iii, v are labeled turquoise, and their line profiles are
shown turquoise, whereas regions ii, iv, and vi are labeled in black and
correspond to the black line profiles. The heights have discrete values:
either ~0.5 A (turquoise) or ~0.9 A (black) as highlighted by the
yellow and pink rectangles. The discrete heights correspond to charged
defects at two different depths in the subsurface.

vi) as shown in the line profiles in Figure 4b and c. As with the
conclusions from the STM measurements of Si dopants in
GaAs,*® we assign the regions with a greater apparent height to
charged dopants nearer to the surface. The reason for our
assignment is that a subsurface charge nearer to the surface will
exert a greater force on the tip than a deeper-lying charge, and
so it follows that for a charge nearer the surface, the tip has to
retract further in order to maintain a constant Af.

Exclusion of H Adatoms from the Charged Regions. It
is rather striking in Figures 2—4 that H adatoms do not appear
in the charged re§ions. Although no mechanism is proposed,
Enevoldsen et al.*” note that both in their NC-AFM images and
in STM images from the literature [for example, Figure 2 in ref
26], H adatoms are excluded from positively charged regions
on the TiO,(110) surface.

In other work, Cl was deposited on TiO,(110) and was also
found to be excluded from a similarly, positively charged
region.'’ Upon deposition of Cl, the band gap state (BGS)*
visible in valence band photoemission spectra of the clean
surface is depleted, indicative of electron-charge transfer from
the defects to the CL*® Furthermore, there is a rigid shift of
states to lower binding energy which is due to upward band-
bending. Together, this indicates that CI is negatively charged
at the TiO,(110) surface. Thus, it was proposed that the Cl
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Figure 5. Five sequentially recorded (475 A)* NC-AFM images (Af = —7.7 Hz) of Nb-doped TiO,(110). Each frame takes ~3 min to record, and
we set t = 0 in frame 1. Frame 1 is the same image as that in Figure 4. A small number of unidentified impurities are marked with black crosses in
frame 1. This movie and another one with a smaller frame size are available as web-enhanced objects in MPEG format: Movie 1 and Movie 2.

atoms do not adsorb in the positively charged regions because
of a competition for electrons between the Cl and the positively
charged impurity atom.

It is known that H adatoms are mobile at room temperature,
diffusing intrinsically along the [001] rows and across them by
exchange with water.”>*>** Thus, by recording the same area
repeatedly, we can probe the behavior of these H adatoms
dynamically. A sequence of five NC-AFM images of the same
area is shown in Figure 5. A movie of this sequence as well as
another sequence of six NC-AFM images is available as web-
enhanced objects. Frame 1 in Figure § is the same image as that
displayed in Figure 4, and we refer to each charged region (i—
vi) in the same way. In frame 1 (¢ = 0), no H adatoms can be
seen in region iii. However, in frame 2 (¢ = 3 min), a H adatom
appears before diffusing away by frame 3 (¢t = 6 min). Although
it appears as if the H adatom in the charged region is brighter
than those outside, once the hillock is removed from the line
profiles, this is not the case. A H adatom also appears in region i
of frame 2 (t = 3 min), remains present in frame 3 (¢ = 6 min),
but has diffused away by frame 4 (f = 9 min). In these movies,
the typical residency time for H adatoms at the positively
charged regions was less than 3—6 min, and the maximum
observed residency was less than 13 min.

A recent study demonstrates clearly that the BGS visible in
valence band photoemission spectra of the clean surface is
increased when H adatoms are adsorbed on Oy.*” This is
indicative of an electron-charge transfer from the H adatoms to
TiO,, which leaves positively charged H adatoms at the surface.
As such, the reason why H adatoms are excluded from the
vicinity of the charged regions must be different from the case
of Cl. A straightforward explanation for why the H adatoms
tend not to reside in the vicinity of the charge regions is
because they are repelled by the positive charge. Our time-lapse
measurements shown in Figure S and the movies (available as
web-enhanced objects) indicate that while the Coulomb
repulsion disfavors H adsorption in the charged region, it is
not completely prevented.

It is clear that for different reasons, both positively and
negatively charged adsorbates can be excluded from the vicinity
of the charged regions. However, this does not mean that all
adsorbates are excluded from these charged regions, merely that
there is a term that either lowers their adsorption energy or
increases (decreases) the diffusion barrier into (out of) the
region. For more strongly chemisorbed species such as
carboxylic acids (and related molecules),*** the situation is
likely to be different. Dosing carboxylic acids onto TiO,(110)
generally leads to dissociative adsorption, whereby a (2 X 1)
overlayer of the carboxylate (for instance, trimethyl acetic
acetate (TMAA) in the case of trimethyl acetic acid) forms at
Tis. sites along with the adsorption of H adatoms on
0, #3536 1 the STM image in Figure Sa of ref 48, some
charged regions appear to be present, but it can be seen that
TMAA is nevertheless adsorbed at those regions. As such, these
charged regions may be used to locally separate coadsorbates.
Furthermore, while H adatoms seem to be excluded from both
shallower and deeper charges (see, for example, Figure 4), it
was noted by Ishida and Fujita that some charged regions
exclude Co-phthalocyanine whereas some did not."" This could

be related to the depth of the charge.

B CONCLUSIONS

In conclusion, we have unambiguously identified the presence
of charged subsurface defects using KPFM. In NC-AFM, these
charged areas appear as hillocks because of an additional
electrostatic force. Analysis of several subsurface defects in the
same NC-AFM image reveals that the hillocks have discrete
heights, indicating that charged defects at distinct depths can be
detected at the surface and distinguished. H adatoms, which are
positively charged at the TiO,(110) surface, were found to be
repelled by the buried positive charge, although sequential NC-
AFM images of the same area show that the H adatoms can still
reside transiently at the charged regions.
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