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Titania films, 15-100 nm thick, have been grown on BaTiO3 substrates and used to photochemically
reduce Agþ to Ag0 and oxidize Pb2þ to Pb4þ under ultraviolet illumination. Atomic force microscopy
was used to show that the reactions are spatially selective and that the pattern of products on the film
surface reproduces the pattern of products on the bare substrate. The influence of the substrate on the
pattern of reactants is diminished as the film thickness increases and is quenchedwhen the film is donor-
doped with Nb. The results indicate that for thin (15 nm) films, dipolar fields from the ferroelectric
domains cause carriers generated in the substrate to travel through the film to react on the surface.

1. Introduction

Extensive studies of the photochemical reactivity of
titania surfaces have been motivated by the possibility of
catalyzing the photolysis of water.1,2 However, when
platinized titania powders are used as the catalyst, the
recombination of photogenerated charge carriers and the
back reaction of oxidized and reduced intermediates leads
to low efficiency.3,4 Ferroelectric materials have internal
dipolar fields that separate photogenerated carriers,5-7

and this has motivated several investigations of the
photochemical properties of ferroelectrics.8-12 It has
been shown that the distribution of photochemically
generated reaction products on ferroelectric surfaces is
spatially localized, indicating that electrons and holes are
spatially separated in the bulk.13-19

If the charge separating characteristics of the ferroelectric
could be combined with the photocatalytic properties of
titania, itmight bepossible to increase photolysis efficiency.
Studies of powdered ferroelectric/titania composites moti-
vated by this concept have shown some promising
results.20,21 Thin film heterostructures, investigated by
Inoue,22-24 have also been used to demonstrate that some
benefits arise from the ferroelectric substrate.However, one
characteristic of Inoue’s structures was that the ferroelec-
trics were poled, which biases the heterostructure toward
either the reduction or oxidation half reaction. In this case,
it is possible that the complementary reaction, not favored
by the poling, will limit the overall reaction rate.
More recently, Burbure et al.25 reported on the photo-

chemical reactivity of titania films supported by an un-
poled, polycrystalline ferroelectric BaTiO3 substrates.
The differentiating characteristic of using unpoled sub-
strates is that both halves of the redox process can be
promoted on the same surface, while the two reactions are
still spatially separated over distances large compared to
diffusion lengths. Burbure et al.25 showed that photo-
chemically reduced Ag forms on the titania surface in
patterns that are characteristic of the substrate’s under-
lying domain structure. From this, it was surmised that
the dipolar fields from the substrate separate charge
carriers and reaction products on the film surface. Since
that time, the phase and orientation relationships for the
titania films on BaTiO3 have been measured.26 This has
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enabled more detailed studies of the mechanism of the
spatially selective reactivity and how it varies with the
phase of titania, the surface orientation, and the film
thickness. These results are reported here and in a com-
panion paper.27 In the companion paper,27 the influence
of titania phase and orientation on the reactivity of
TiO2 )BaTiO3 heterostructures is described. The purpose
of this paper is to describe the mechanism of the spatially
selective reactivity and how it varies with thickness. Using
supported titania films with known structures, compar-
isons of the photochemical reduction of Agþ to Ag0 and
the oxidation of Pb2þ to Pb4þ indicate that reduction
and oxidation occur on complementary areas of the
film. Furthermore, the pattern of products on the surface
exactly mimics that pattern on the bare substrate, sug-
gesting that carriers from the substrate pass through the
film and react on the surface.

2. Experimental Section

BaTiO3 powder (Alfa Aesar, 99.7%) was ground and uni-
axially compressed at 230 MPa to form cylinders with 11 mm
diameters and 2-5 mm thicknesses. The samples were sintered
in an alumina crucible containing excess BaTiO3 powder to
provide a barrier and minimize contamination from the cruci-
ble. The substrates were degassed for 10 h at 900 !C, sintered for
10 h at 1230 !C, and further annealed at 1360 !C to yield a dense
polycrystal with approximately 50 μm diameter grains. A larger
TiO2 target was similarly prepared, but with a final anneal of
1600 !C for 24 h. To prepare the substrates for film growth, the
samples were lapped flat using a 9 μm Al2O3 aqueous solution
(Buehler), polished with a 0.02 μm colloidal silica solution
(Logitech pm5 autopolisher), and thermally etched in air for
4 h at 1200 !C.

To estimate the material removal rate, the thickness of a
BaTiO3 substrate was periodically measured during the final
polishing step using 0.02 μm colloidal silica. Based on these
measurements, material was removed at 20 nm/sec. This value
was used to estimate polishing times needed to remove films.

Titania films were grown using a Neocera PLD system with a
KrF laser (λ=248 nm) operating at a frequency of 3 Hz and at
an energy density of 2 J/cm2. The distance between the target
and the substrate was 6 cm.A base pressure of 1.3" 10-4 Pawas
established before heating. Films were deposited at 700 !C in a
dynamic vacuum of 1.3 Pa O2. The films were cooled to room
temperature in a static O2 pressure of 670 Pa. Film thicknesses,
determined by X-ray reflectivity measurements of films grown
on SrTiO3 single crystals placed next to select samples during
growth, ranged from 10 to 110 nm.

To produce doped films, a second target was prepared by
dissolving Nb2O5 in TiO2. The Nb2O5 introduces n-type con-
ductivity in accordance with the following equation:28

Nb2O5 sf
TiO2

2Nb•Ti þ 2O
#
O þ 2e0 þ 1

2
O2ðgÞ ð1Þ

where NbTi
• represents a substitutional Nb ion on a Ti site, OO* is

an oxygen ion on an oxygen site and e0 is an electron in the
conduction band. Assuming the films had the same composi-
tion as the target and that all of the donors were ionized, the
carrier concentration in the doped films is estimated to be

3 " 1020/cm3, which is expected to exceed the intrinsic carrier
concentration.29

X-ray diffraction indicated that the TiO2 films deposited on
polycrystalline BaTiO3 contained both rutile and anatase. On a
grain-by-grain basis, the crystallographic orientations of the
substrate grains and the supported films were determined by
electron backscatter diffraction. By comparing the results,
orientation relationships for the substrate orientation and the
film phase and orientation were determined. The procedure and
results of this comparison have already been described.26 The
key results for the present study are that BaTiO3 grains oriented
near (100) support anatase films with the (001) orientation.
BaTiO3 grains with surface normals more than 26! from (100)
support rutile films with a variety of orientations. These data
were used to select grains with specific orientations for the
studies of photochemical reactivity described here.

AgNO3 (Fisher Scientific) was dissolved in deionized water to
make a 0.115 M aqueous solution. Similarly, Pb(C2H3O2)2
(Fisher Scientific) was dissolved in deionized water to make a
0.0115 M solution. An O-ring on the sample surface was filled
with the Ag or Pb bearing solution and illuminated by a 300 W
Hg lamp. For the Pb oxidation reaction, it is known that Pb2þ is
oxidized to Pb4þ and insoluble PbO2 is deposited.

30,31 For the
reduction ofAgþ toAg, it is known that silver deposits at the site
of the reaction.32,33 Energy dispersive spectroscopy in the scan-
ning electron microscope has been used to confirm that the
deposits produced in our experiments contain silver and lead. In
general, the films were less reactive than the bare substrates. For
the reduction of silver, the substrates were exposed for 3 s and
the films for 15 s to create a comparable amount of reaction
product. For the lead oxidation, the substrates were exposed for
180 s and the films were exposed for 270 s.

After exposure to light, the sample was washed inwater, dried
in air, and imaged by atomic force microscopy (AFM). Topo-
graphic AFM images were obtained in noncontact mode using a
Veeco Digital Instruments Dimension 3100 AFM or a Veeco
Digital Instruments CP-II. Representative regions were imaged
before and after the reactions.

3. Results

The AFM images in Figure 1 compare the same area of
the surface of a 15 nm thick film before reaction (a), after
reaction in aqueous silver nitrate (c), and aqueous lead
acetate solutions (e). In Figure 1a, some contrast results
from features associated with the BaTiO3 polycrystalline
substratemicrostructure; for example, three grain bound-
aries meet at a triple junction (TJ) and surface steps (S)
form geometric patterns on some of the grains. The
orientations of the three grains were not determined.
Finally, there are also occasional pores and polishing
scratches.Ofmore importance, there is noticeable “striped”
contrast resulting from apparent 90! domain boundaries
(D). There are twopossible sources of this domain contrast.
Some contrast results from topography createdby differen-
tial polishing before film growth. Because the sample is
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heated above the Curie temperature for film growth, these
domains are removed, but thepolishing induced topography
remains. After deposition, the sample is cooled and new
domains form that may also create surface relief. Hence,
while some of the contrast is indicative of existing domain
structure, some is purely historical and will not correlate
with domains. The height profile along the black line in the
image is plotted in Figure 1b.
An image of the same area of the surface after the silver

reaction is shown in Figure 1c. The topography is now
dominated by contrast from silver deposits. This is illus-
trated by Figure 1d, which compares the topography
before and after the reaction along similar 6 μm traces

shown by the black line in 1a and the red line in 1c,
respectively. The silver deposits form in patterns that are
characteristic of the BaTiO3 domain structure and, in
some cases, correlates with pre-existing contrast in
Figure 1a. By wiping the surface clean with a tissue and
sonicating in water and acetone, we removed the silver so
that AFM images appeared the same as before the reac-
tion. The sample was then exposed to UV light in a Pb-
bearing solution, and the same area of the surface was
imaged (see Figure 1e). In this case, the topographic
contrast is now dominated by the lead containing depos-
its; Figure 1f compares the topography before and after
the reaction along similar 6 μm traces shown by the black

Figure 1. Topographic AFM images of a 15 nm thick TiO2 film surface (a) before reaction, (c) after reaction with silver nitrate solution, and (e) after
reaction in lead acetate solution. Contrast associated with steps (S), domains (D), and a grain boundary triple junction (TJ) are indicated by arrows. The
black-to-white contrast in a, c, and e are 70, 55, and 80 nm, respectively. Panels b, d, and f compare the topography along the 6 μm traces indicated by the
black, red, and green lines.
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line in 1a and the green line in 1e, respectively. Again, the
reaction product deposits in patterns consistent with the
BaTiO3 domain structure.
By comparing the contrast in Figure 1c and e, we can

conclude that the lead containing and silver containing
deposits form in different, complementary locations. This
is highlighted by Figure 2, which shows enlarged subsets
of Figures 1c and 1d from the regions to the immediate
right of the triple junction. In sets of parallel domains
where the Ag reduces on thin domains with wide gaps
between them, the lead is oxidized on the wide domains
with thin gaps between. To facilitate this comparison,
four parallel white arrows point to regions that are rela-
tively unreactive in Figure 2a and the same regions that
are reactive in Figure 2b. The complementary patterns of
deposits formed on these 15 nm thick titania films are
analogous to the patterns observed on the bare BaTiO3

surface.15 The region in Figure 2 was selected because the
clear difference in the thicknesses of the reactive and
unreactive domains simplifies the comparison. However
this is not always the case, and in some cases, the reducing
domains are wider than the oxidizing domains (for ex-
ample, see the lower left parts of the images in Figure 1).
Finally, it should be recognized that the reactivity is not
simply “on” or “off”. Instead, the reactivity of the films
are enhanced or suppressed to differing degrees in differ-
ent areas, as can be seen in Figure 2.
A previous study of the BaTiO3 substrate showed that

the potential measured on the surface by scanning poten-
tial microscopy correlated exactly with the patterns of
silver and lead deposition.34 However, extensive scanning
potential imaging of the titania film surface never re-
vealed patterns that could be correlated with the domain
structure of the substrate. This null observation suggests
that the 15 nm thick titania film screens the polarization
from BaTiO3.
To determine how the positions of the reaction product

on the film correlate to the domains in the substrate, the
reactivity of the filmwas compared to the reactivity of the
substrate after the film was removed by polishing. The
image in Figure 3a shows the surface of a 15 nm thick
film after a lead oxidation reaction. The white contrast

corresponds to lead oxide. The film was then removed by
polishing for 30 s. On the basis of our measured material
removal rate (20 nm/s), the amount of material removed
is approximately 40 times the film thickness. Although
the removal rate was measured on the substrate rather
than the film, it does not seem likely that the film is
40 times more wear resistant than the substrate and we
can be confident that the film was removed.
An AFM image of the same area after film removal is

shown in Figure 3b. There is some contrast in the image
that arises from differential removal rates of material in
different domains (an observation that confirms that the
entire titania film has been removed). The image in
Figure 3c shows the same area of the BaTiO3 surface
after the photochemical oxidation of lead. Using the
pores (black spots) in the image as fiducial marks, it is
clear that the lead oxide deposits on the substrate are in
the same positions as they were on the film. Three arrows
have been added to the images to guide the eye. Con-
sidering the similarities of patterns of lead oxide in the
images in Figures 3a and c, the spatially selective reac-
tivity of the thin titania film is the same as the supporting
BaTiO3 substrate. This result is summarized by the sche-
matic in Figure 4. Note that the geometry in this sche-
matic assumes that the edges of the rectangular
parallelepiped are orientated parallel to the pseudocubic

Figure 2. Topographic AFM images of a 15 nm thick TiO2 film surface
(a) after reaction with silver nitrate solution and (b) after reaction in lead
acetate solution. These images are enlarged insets from Figure 1c and d.
The arrows in the upper left corner draw attention to the complementary
width of the reduced silver and oxidized lead stripes.

Figure 3. Topographic AFM images of (a) a 15 nm thick TiO2 film
surface after reaction in lead acetate solution, (b) the same location after
removing the film by polishing, and (c) the same location after polishing
and photochemically reacting with lead acetate solution. Black-to-white
contrast is 50, 30, and 40 nm, respectively.

(34) Bhardwaj, A.; Burbure, N. V.; Gamalski, A.; Rohrer, G. S. Chem.
Mater. 2010, 22, 3527.
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axes. Furthermore, the entire surface of the titania film
can be reactive for oxidation or reduction, including the
neutral domains. However, each reaction is promoted in
some domains, suppressed in others, and has intermedi-
ate values in neutral domains. For heterostructures not
perfectly oriented, the reactivity is expected to vary with
the component of the polarization normal to the surface.
Photochemical reactions were also carried out on the

films with different thicknesses. This is similar to an experi-
ment reported earlier using grains of undetermined orien-
tations.25 In the present case, we selected only substrate
grainswithin 5!of the (100) orientation.On thebasis of pre-
viously published work, we know that these grains support
anatase filmswith the [001] orientation.26 Images of the film
surfaces after the photochemical reduction of silver are
shown in Figure 5 for films with a thickness of 10 nm,
30 nm, and 50 nm. It is clear from these images that the reac-
tivity is enhanced or suppressed differently in different do-
mains and that it becomes less spatially selective with increas-
ing film thickness. In fact, for the case of the 100nm thick film
in Figure 6, there is no obvious spatial selectivity. For each of
the images in Figure 5, a line profile was taken from similar
places on imagesbefore the reaction (not shown) andafter the
reaction; these are compared in Figure 5b, d, and f.
In Figure 5a, it is clear that silver has deposited in a

striped patternmatching the pattern of 90! domain bound-
aries in BaTiO3.

35 Between the stripes, there appears to be
considerably less reaction product, which indicates that the
dipolar field enhances the reaction in specific spatial loca-
tions. To illustrate the difference in reactivity between
domains with enhanced and suppressed reactivity, height
profiles perpendicular to the domains are plotted inFigure 5b.
The height on top of the reactive domains is between 50 and
150 nm greater than the heights of the areas between reactive
domains. The image of the surface of the 30 nm thick film is
similar. However, the height differences between the preferred
domains and the less reactive areas are smaller, as illustrated in
Figure 5d. For the 50 nm thick film, there are still clearly
preferred areas. In Figure 5e, the shapes of the boundaries
between preferred and less reactive areas indicate that they

correspond to 180! domain boundaries.35 It has been noted
that on the bare BaTiO3 surface, the 180! domain boundaries
have enhanced reactivity.34 While a similar phenomenon is
sometimes observed on the heterostructures, it can not explain
the thick bands of reaction product in these images. Note that
while some areas are preferred, silver is deposited on the entire
surface. The height profile in Figure 5f shows smaller differ-
ences between the preferred and nonpreferred areas.
One filmwas grownwith a deliberately enhanced donor

concentration. Unintentionally doped TiO2 is an n-type

Figure 5. TopographicAFMimages (a, c, and e) andheightprofiles (b, d,
and f ) for reacted TiO2 films after silver reduction. Height profiles were
extracted along the thick white lines. The before (blue) profiles were
extracted from the same locations before the reaction. Panels a and b are
for a 10 nm thick film; panels c and d are for a 30 nm thick film; and panels
e and f are for a 50 nm thick film.

Figure 4. A schematic illustrating that domains in the substrate promote
the samehalf reactions onboth the bare substrate (a) and film (b) surfaces.

Figure 6. Topographic AFM images of 100 nm thick TiO2 film surface
(a) before reaction and (b) after reaction (silver nitrate, 15 s). Black-to-
white contrast is 200 (a) and 175 nm (b).

(35) Forsbergh, P. W., Jr. Phys. Rev. 1949, 76, 1187.
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semiconductor with a carrier concentration in the 1018-
1019/cm3 range.29 These carriers probably arise from oxygen
vacancies. Based on the amount ofNb added to the film, the
carrier concentration in thedoped film is taken tobe3" 1020/
cm3. The surface of a 15 nm thick film of (001) anatase
on (100) BaTiO3 after the reduction reaction is shown in
Figure 7. On this film, there is no indication of spatial
selectivity. This result was also found on rutile films with
(100) and (110) orientations. However, by surveying many
areas, a few grains (with undetermined orientations) did
show signs of weak spatial selectivity. So, while the spatial
selectivity was quenched in most regions, it persisted in a
minority of grains.

4. Discussion

Previous studies of the surface reactivity of ferroelec-
trics have led to the conclusion that for positive domains,
in which the polarization is pointed toward the surface,
the bands are bent downward (see Figure 8a), and this
promotes the transfer of electrons to the surface and the
reduction half reaction.14-19 Oppositely oriented do-
mains bend bands further upward (see Figure 8c), pro-
moting the transfer of holes to the surface and oxidation
reactions. In the work preceding this paper, this general
line of reasoning was extended to interpret the reactivity
of heterostructures.22-25 If electrons accumulated at the
surfaces of positive domains, then in the heterostruture
electrons will accumulate at the internal BaTiO3/TiO2

interface. This implies that holes in the titania film should
be repelled from the BaTiO3/TiO2 interface, promoting
hole transfer and oxidation reactions on the TiO2 surface.
In other words, while the free surface of a positive BaTiO3

domain promotes reduction, the surface of the same
domain, when covered by a titania film, was assumed
promote oxidation. The results presented here, particu-
larly in Figure 3, indicate that this is not what happens.
The reaction on the film surface is the same as the reaction
promoted by the domain without a film.
This observation implies that the carriers that produce

the patterns of reaction products on the surface are
generated in the substrate and travel through the film to

react on the surface. To understand this, we can consider
the factors that influence the generation of charge carriers
and their transport to the surface. The first factors that
must be considered are the band gaps. BaTiO3 is dichroic
(the optical absorption is different in different directions),
and it has also been noted that the optical absorption edge
has a tail that makes it difficult to define an exact band
gap.36,37 For the simple models applied here, we assume a
single band gap of 3.2 eV, which is within the range of
observed values.36,37 Titania is also dichroic and presents
itself in two different phases (rutile and anatase) that
have different bandgaps. On the basis of the available
data, the room-temperature band gap of rutile can be
taken to be 3.0 eV and the band gap of anatase can taken
to be 3.2 eV.29,38-40 Therefore, the bandgaps of the three
materials differ by no more than 0.2 eV.
The absorption coefficients specify the amount of light

absorbed in a certain thickness and, therefore, the con-
centration of photogenerated charge carriers that are
produced. The emission spectrum of theHg lamp used in
the current experiment is structured and themost intense
peak in the spectrum, at an energy greater than the band
gap, is at 3.44 eV.41 Therefore, we will take the absorption
coefficients at this energy as representative values. Mea-
sured values indicate that rutile is much more strongly
absorbing at this energy (1 " 105/cm)40,42 than anatase
(2 " 103/cm).42,43 On the basis of these values, a 15 nm
thick anatase (rutile) film absorbs on 0.3% (14%) of the
incident photons and a 100 nm thick film absorbs 2%
(67%) of the photons. The absorption coefficient of
BaTiO3 is similar to rutile, so the majority of the light
should be absorbed in the space charge region of BaTiO3.
Therefore, for all but thick rutile films (no results from
these films were presented in this paper), the substrate
dominates the absorption and the majority of electron-
hole pairs are generated there. Considering the fact that
less than 14% of all carriers are generated in the film, it

Figure 7. Topographic AFM images of a 15 nm thick Nb-doped TiO2

film surface after reaction in silver nitrate solution. The film is (001)
anatase on (100) BaTiO3 and the black-to-white contrast is 80 nm.

Figure 8. Schematic energy level diagrams for BaTiO3 (a) for the case
of a positive domain, (b) the case for nonpolar BaTiO3 or titania, and
(c) the case of a negative BaTiO3 domain. The zero of the energy scale is
the hydrogen reduction reaction.

(36) Wemple, S. H. Phys. Rev. B 1970, 2, 2679.
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(40) Tang,H.; Levy, F.; Berger, H.; Schmid, P. E.Phys. Rev. B 1995, 52,

7771.
(41) http://www.newport.com/images/webclickthru-EN%5Cimages/

1013.gif (accessed June 1, 2010).
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seems reasonable that most of the carriers that react on
the surface are generated in the substrate. If it were the
carriers generated in the film that dominated the reac-
tions, we would expect reactivity to increase with film
thickness (as more carriers are available) until the point
where all the light is absorbed in the film and the substrate
does not inflence the carriers. However, this is not con-
sistent with the observations (see Figure 5). The results
suggest that the carriers come from the substrate and that
they travel across the internal BaTiO3 )TiO2 interface to
reach the surface.
The goal of the remainder of the discussion section is to

develop a plausible energy level diagram for the hetero-
structure that can be used to understand the observations.
It has already been mentioned that the band gaps are
similar. According to measurements of the flat band
potentials, the relative positions of the conduction band
edges are also similar.44,45 Kung et al.44 reported that the
flat band potential of rutile is about 0.05 V more positive
than BaTiO3 and Kavan et al.45 reported that the flat
band potential of anatase is 0.2 V more negative than
rutile. So, these band edges are all within a 200 mV
window. Furthermore, all three materials are n-type
semiconductors, with a donor state about 0.2 eV below
the conduction band edge; this would place the Fermi
level about 0.1 eV below the conduction band edge.29,46

The donor states in the film are associated with oxygen
vacancies that are incorporated during the growth pro-
cess. Because the growth temperature is more the 500 !C
above the Curie temperature, there is no polarization and
the vacancies will be distributed homogeneously and not
contribute to the spatially localized reactivity.
Considering these similarities, a simple model is pro-

posed based on the assumption that all of the materials
have the same bandgap (3.2 eV), conduction band edge
position, and Fermi level. This is obviously an approx-
imation. In reality, the bands will have to shift by small
amounts to account for differences in the absolute posi-
tions of these levels and there will be some charge transfer
between the substrate and the film to account for differ-
ences in the Fermi level. Furthermore, these small shifts
will be different for different orientations of the substrate
and film (the effects of orientation and phase are de-
scribed in the companion paper).27 Because the available
data indicate that these differences are all less than
200 mV, we will assume that the effects of band misalign-
ment can be ignored. Note that using this approximation,
the energy level diagram for bulk titania and a neutral
BaTiO3 domain are identical (see Figure 8b).
As a final consideration, the interaction of the surface

with the solution also causes some band bending. Titania
is weakly acidic and in aqueous solution is known to store
negative charge on the surface in the form of hydroxyls.

This leads to upward band bending. Morrison47 notes
that a good estimate for the surface potential (Vs) with
respect to the Fermi level is simply the value of the flat
band potential. When the value reported by Kung et al.44

is adjusted to neutral pH, it is about 0.5V, which was used
to position Vs in Figure 9.
To generate plausible energy level diagrams for the

heterostructures that can be used to interpret our results,
the diagram for the film (Figure 8b) must be combined
with those of the positive (Figure 8a) or negative domains
(Figure 8c).48-50 This is simple for the case of the films
that are relatively thick (compared to the depletion width
which is less than 100 nm). In these cases, illustrated in
Figure 9a and b, the bands bend at the interface and at the
surfaces, but return to the flat band condition between
these limits. For the case of films that are thinner than the
depletion width (see Figure 9c and d), the band positions
are not able to fully relax.51 If we assume that Vs is
constant with film thickness (this amounts to assuming
that the system can come to equilibrium with the solution
at all thicknesses), and that the titania bands must meet
the BaTiO3 bands at the buried interface, then the energy
level diagrams in Figure 9c and d result. The conduction
and valence band level are drawn as straight lines. While
there may be some curvature, it is likely small compared
to the available thermal energy.
With reference to these energy level diagrams, we

reconsider the observation that reactions on the 15 nm
thick films occur in the same patterns as on the substrate,
as if the film was not there. While the absorption coeffi-
cients and the experimental observations indicate that
carriers come principally from the substrate, the sche-
matic diagrams in Figure 9 indicate that there is a barrier
for the transport of both carriers. The experiments,
however, indicate that the barriers do not prevent reac-
tion. This is not too surprising considering the fact that
there is an approximately 0.5 eV barrier for the transport
of electrons to the surface of bulk titania, yet it is still

Figure 9. Schematic energy level diagrams for TiO2 )BaTiO3 heterostruc-
tures for thick (a, b) and thin (c, d) films on positive (a, c) and negative
(b, d) domains.
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effective in photochemically reducing silver.32,33 There
are two factors that help carriers overcome this barrier.
One is that photogenerated carriers produced during
illumination will at least partially screen the charge at the
interfaces and reduce the barrier for carriers to get to the
surface.18 It is also possible that the electrons (holes) that
make it to the surface are in states above (below) the
conduction (valence) band edge and are not stopped by
the barrier, or that carriers driven to the internal interface
tunnel through the film to react on the surface. Both of
these mechanisms would imply that fewer carriers should
make it to the film surface than on the bare substrate and
that the heterostructures should be less reactive and the
substrates. This is consistent with the experiment; to
deposit similar amounts of silver or lead on the surface,
the films must be reacted longer than the bare substrate.
As the films increase in thickness, the spatial selectivity

diminishes until it disappears altogether. For the thin film
heterostructure, the majority of the light is absorbed in
the substrate so it is the band bending in the substrate that
determines the reactivity. As a result, the energy level
diagram in Figure 9d illustrates the situation that favors
reduction. In the transition region, there is a mixture of
carriers generated in the substrate and film. The carriers
generated in the film probably account for the uniform
component of the reactivity and the carriers from the
substrate contribute to the spatially selective component.
As the films become thicker, and a greater fraction of the
carriers are generated further from the ferroelectric, the
uniform component of the reactivity becomes larger and
eventually dominates.
The Nb-doped samples have a higher carrier density

than the undoped samples and the spatial selectivity is
quenched for most grains. The dissolved Nb influences
carrier density, optical absorption, and charge carrier
scattering. First, it increases the density of carriers. This
will lead to a decrease in the width of the space charge
layer. Assuming that the bands in the film can relax
toward bulk levels, this should reduce the barrier for
charge to transfer from the substrate to the surface.
However, this does not explain the absence of spatial
selectivity. Another possibility is that donors in the film
are able to screen the polarization in the BaTiO3 and that
this decreases the width of the space charge in the
substrate. If so, fewer charges are separated and pro-
moted toward the surface. Second, it is possible that Nb-
doping causes more light to be absorbed in the film and

less in the substrate. However, doping of this type is more
likely to affect the tail of the absorption peak than the band
edge. A third possibility is that the dissolved Nb increases
the rate of ionized donor scattering and recombination.52,53

Scattering may change the direction of the carriers and
reduce the reactivity, leading to the absence of spatial
selectivity and lower reactivity of the surface. Finally, it
should also be noted that if a substantial amount of Nb
diffused into the substrate during growth, this would also
reduce polarization and spatial selectivity.
The details of the interface and how it influences the

reactivity of the films are still in question, but on the basis
of the current observations, it seems clear that it is the
carriers in the substrate that react on the surface. This
interpretation is consistent with the observations of the
reactivity of titania films on LiNbO3.

23 Inoue et al.23 used
light with a lower energy than the substrate’s band gap
and could be sure that all of the carriers were generated
in the film. In this case, the film reactivity increased with
film thickness until a maximum at about 100 nm. The fact
that the substrate contributes to the surface reactivity of
the thin films in the present experiments suggests that the
substrate can serve as a source of charge carriers and is
important in the design of composite photocatalysts using
ferroelectric components.

5. Conclusion

Titania films grown on BaTiO3 substrates, when illu-
minated byUV light, photochemically reduce Agþ to Ag0

and oxidize of Pb2þ to Pb4þ in patterns determined by the
domain structure of the substrate. The results indicate
that dipolar fields from the ferroelectric domains cause
carriers generated in the substrate to travel through
the film to react on the film surface just as they would on
the substrate surface. The influence of the ferroelectric
substrate on the pattern of reactants is diminished as the
film thickness increases and a greater fraction of the light is
absorbed in the film. The spatial selectivity of the reaction is
also quenched when the film is donor-doped with Nb.
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