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Heterostructures of thin titania films on BiFeO3 substrates were grown by pulsed laser deposition. The

heterostructures, when excited by visible light with energies between 2.53 and 2.70 eV, photochemically

reduce aqueous silver cations from solution in patterns that mimic the structure of the ferroelectric

domains in the substrate. Under the same conditions, titania by itself reduces insignificant amounts of

silver. The observations indicate that electrons generated in the substrate are influenced by dipolar

fields in the ferroelectric domains and transported through the titania film to reduce silver on the

surface.

1 Introduction

Titania is of interest for the photovoltaic conversion of light to

electricity1,2 and the photocatalytic conversion of light to

chemical fuels.3,4 One of the factors that limit the utility of titania

for these applications is its band gap. Because the absorption

edges of rutile and anatase are at about 3.0 eV and 3.2 eV,

respectively, they absorb significant amounts of light only in the

UV portion of the spectrum.5–7 The majority of the energy in the

solar spectrum, on the other hand, is carried by photons with

a lower energy. Therefore, titania absorbs only a small portion of

the available solar energy. This limitation has motivated

attempts to modify the absorption edge of titania so that it can

absorb visible light.

One strategy is to substitute a portion of the oxygen with

another electronegative atom. For example, N-doped TiO2

powders and films have been shown to absorb visible light8–15

through electronic states that are approximately 0.75 eV above

the valence band edge of pure titania.12,15 S-doping,9,13,16–19

C-doping,9,19–22 and F-doping23 have also been reported to

increase visible light absorption in TiO2. Codoping by S and C

have been reported24 and N, C and N, F codoped materials have

been reported to exhibit superior visible light activity when

compared to materials doped with a single element.25,26

A second strategy is to replace a portion of the titanium with

another metal atom. Fe is the most commonly used additive

that induces visible light absorption.27–30 Cr-doping,27,31 V-

doping,27,32 Mo-doping,33 Sb–Cr-codoping,34 and Fe–N-

codoping35 have also been reported. In general, this doping

increases the photocatalytic activity of TiO2 in the 400–600 nm

range. As with doping on the anion site, it is frequently reported

that the substitutional elements create new electronic levels

within titania’s band gap, thereby increasing visible light

absorption. However, the introduction of substitutional elements

also creates scattering centers and this can cause a decrease in the

photochemical activity. For example, it has been reported that

substitutional Fe serves as a center for charge carrier recombi-

nation.29,36

Another way to increase the visible light activity of titania is

through the addition of an adsorbed molecular species that can

absorb visible light and donate an electron or hole to the titania.

There is an extensive literature on the use of organic dyes for this

purpose.1,2,36 It is also possible to use inorganic ions, such as

Ce3+/Ce4+, to shuttle electrons and holes to and from titania.37,38

It has recently been reported that titania supported on a visible

light absorbing core of FeTiO3 shows enhanced visible light

photoactivity.39 This particular scheme for inducing visible light

activity in titania has the advantage of presenting a pure,

undoped titania surface at a solid–liquid interface that is not

covered by extrinsic adsorbates. The present work takes this

approach to inducing visible light activity in titania, but uses

a ferroelectric substrate (BiFeO3) that also has internal dipolar

fields that will separate charge carriers and may reduce recom-

bination.

BiFeO3 is a semiconductor with a relatively narrow band gap

of about 2.5 eV.40–42 It has also been reported to be photo-

catalytically active in visible light.43,44 Of importance for the

present study, it is ferroelectric with spontaneous polarization

along the pseudo-cubic <111> directions of 6.1 mC cm!2.45

Spontaneous polarization in the ferroelectric domains leads to

band bending that transports photogenerated electrons and holes

in opposite directions46–48 and this can lead to spatially resolved

reactivity.49–51 Because the photogenerated carriers are separated

by the internal polarization, they are less likely to recombine and

this may enhance photocatalytic efficiency. It has recently been

shown that charge separation occurs within titania/BaTiO3
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heterostructures when illuminated by UV light.49,52–54 The sepa-

ration of carriers leads to the separation of the reduction and

oxidation half reactions so that the back reaction of intermedi-

ates is also suppressed. Similar effects have been observed for

BiFeO3 illuminated by UV light.55

The purpose of this paper is to show that titania can be made

photochemically active in visible light with a wavelength of

460 nm by supporting it on a BiFeO3 substrate. This is demon-

strated by the reduction of aqueous silver cations to silver metal.

Furthermore, the reduction reaction is spatially selective and

correlated to the domains in the BiFeO3 substrate. The reactivity

of the titania film decreases as the film thickness increases. When

titania is not supported by BiFeO3, illumination by the 460 nm

source yields an amount of photochemically reduced silver that is

not significant. Based on these observations, it is concluded that

electrons generated in the BiFeO3 travel through the titania film

to participate in reactions at the solid–liquid interface.

2 Experimental details

Polycrystalline samples of BiFeO3 were synthesized from Bi2O3

(Alfa Aesar 99.99%) and Fe2O3 (Alfa Aesar 99.945%) powders.

Stoichiometric mixtures of Bi2O3 and Fe2O3 were ball milled in

ethanol for 18–24 h and then dried at 85 "C. The dried powders

were placed in an alumina crucible and calcined at 700 "C for 3 h

in air. The powder was again ball milled in ethanol for 24 h,

dried, and uniaxially compressed in a cylindrical dye with a load

of 105MPa to form samples approximately 1 cm in diameter and

3 mm thick. The pellets were sintered at 850 "C for 3 h. After this

procedure, X-ray diffraction indicated that the majority phase

was BiFeO3. Small amounts of Bi2Fe4O9, Bi25FeO40, and Fe2O3

were also detected in the diffraction pattern and will be referred

to collectively in the remainder of the manuscript as minority

phases. To prepare the surfaces for analysis, the sintered pellets

were lapped flat with an aqueous Al2O3 suspension (9 mm or

3 mm, Logitech) and then polished with a 0.02 mm colloidal SiO2

suspension (Mastermet 2, Buehler) using a Logitech polisher.

The polished pellets were thermally etched at 600 "C for 3 h to

repair the polishing damage. For two control experiments,

similar procedures, described previously, were used to prepare

polycrystalline BaTiO3
51 and TiO2.

56

Pulsed laser deposition (PLD) was used to deposit TiO2 films

on BiFeO3, BaTiO3, and single crystal SrTiO3 (100) (MTI

Corporation, USA). The TiO2 target was prepared by com-

pressing TiO2 powder uniaxially in a cylindrical dye under a load

of 75 MPa to form a disc shaped sample with a diameter of

approximately 2.5 cm. The target was then sintered in an alumina

crucible at 1400 "C for 12 h. For one of the control experiments,

an Fe-doped titania target (2 at% Fe) was prepared using the

same procedure, but adding the appropriate amount of Fe2O3 as

an iron source. A KrF (l# 248 nm) laser was pulsed at 3 Hz with

an energy density of 2 J cm!2. The target-to-substrate distance

was maintained $6 cm during the growth of all films. A base

pressure of $10!5 Torr was established in the chamber with the

sample at 120 "C. The sample was then heated to a nominal

temperature of 500 to 700 "C at a rate of 25 "Cmin!1. Because the

surface of the substrate is lower than the nominal temperature,

and depends on thermal conductivity through the sample, films

on thin substrates were grown at 500 "C and films on thicker ones

were grown at 700 "C. A flow of O2 was maintained at 5 mTorr

during heating and deposition. After heating, the TiO2 target

surface was cleaned by laser ablation at 3 Hz for 10 min. To

determine the deposition rate, a TiO2 film was deposited on

a LaAlO3 single crystal using 3000 laser pulses. The thickness of

TiO2 film was then measured by X-ray reflectivity and the rate

was determined to be $0.0067 nm per pulse. TiO2 was deposited

using 1500, 3000, and 12 000 pulses, to produce films with esti-

mated thicknesses of 10, 20, and 80 nm, respectively. After

deposition, the samples were cooled in a static atmosphere of

5 Torr O2 at a rate of 25
"Cmin!1. Consistent with a recent study

of titania films on BaTiO3,
57 electron backscatter diffraction

measurements indicate that both rutile and anatase are grown,

that different grains promote the growth of films with different

phases and orientations, and that the phase and orientation are

uniform on each BiFeO3 grain. The use of bulk BiFeO3

substrates eliminates the possibility of domain orientation

constraints that occur in BiFeO3 thin films and superlattices.58,59

The photochemical reduction of silver was used as a marker

reaction to test for photoactivity. The reaction leaves silver

deposits on the surface that can be observed by microscopy.60,61

For these reactions, a 0.115 M AgNO3 solution was prepared by

dissolving AgNO3 in de-ionized H2O. A viton O-ring was placed

on the sample and filled with AgNO3 solution. A quartz cover

slip was placed on top of the O-ring and held in place by the

surface tension of the liquid. The reaction assembly was brought

as close as possible to a blue LEDwith an emission energy of 2.53

to 2.70 eV (LUXEON, Philips), which was operated at 750 mA

and 4.0 V. After illuminating the sample for 60 s, the O-ring and

the quartz slip were removed, and the samples were rinsed by

sequential immersion in two baths of de-ionized H2O, and then

dried using a stream of clean nitrogen. By using energy dispersive

spectroscopy in a scanning electron microscope, it was confirmed

that the reaction product left on the surface contained silver.

X-Ray diffraction of a sample illuminated for several hours (to

increase the amount of reaction product) confirmed that metallic

silver had been formed, consistent with previous findings.60,61

Although the oxidation half reaction was not examined in these

experiments, the continuous accumulation of silver with longer

illumination indicates that the holes do not accumulate and the

eventual appearance of macroscopically observable gaseous

bubbles in the silver nitrate solution is consistent with oxygen

production.

Atomic force microscopy (AFM) was used to characterize the

surfaces of the samples. Images were recorded using an NTegra

(NT-MDT) microscope or a Dimension 3100 (Veeco) micro-

scope. Topographic images of the surfaces were taken in

conventional semi-contact mode before and after Ag+ reduction

reactions for comparison. The images were analyzed to estimate

average local Ag thicknesses precipitated on the surfaces.

Piezoresponse force microscopy (PFM) images of BiFeO3

substrates were taken before and after TiO2 film deposition to

determine the positions of the ferroelectric domains.

3 Results

The heterostructures considered here consist of either rutile/

BiFeO3 or anatase/BiFeO3. Therefore, we begin by evaluating

the photochemical activity of each of the three phases by
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themselves. The AFM images in Fig. 1 show the surface of

BiFeO3 (a,b), rutile (c,d), and anatase (e,f). The BiFeO3 and

rutile are bulk ceramic materials. The anatase sample, on the

other hand, is a 20 nm film deposited on SrTiO3 (100) under

conditions that produce anatase (001).62,63 The topographic

contrast in the AFM images arises from a variety of sources

including surface steps (S), residual polishing scratches (PS),

boundaries between ferroelectric domains (DB), surface

contamination (SC), and inclusions of minority phases (MP),

which are labeled on the micrographs. After the photochemical

reaction, the surfaces of certain domains in BiFeO3 are coated

with reduced silver (white contrast). The heights of these features

vary between 20 and 130 nm. This is the same reaction that has

been observed previously on titania,56,64BaTiO3,
50,51 and PZT65,66

when illuminated by UV light. Here, the reaction is initiated by

visible light. On the titania surfaces, only small changes in the

contrast are found, corresponding either to a small amount of

silver or surface contamination from immersion in the silver

nitrate solution. Based on these images, it can be concluded that

the BiFeO3 surface reduced far more silver on the active domains

than either of the titania surfaces.

The images in Fig. 2 show the correlation between the pie-

zoresponse of the substrate (a) and heterostructure (b) and the

photochemical reactivity of the titania film surface (c and d). The

contrast in the piezoresponse force microscopy (PFM) phase

image of the BiFeO3 surface reveals the domain structure of the

substrate. After depositing a 10 nm titania film, the piezores-

ponse of the heterostructure is the same. Therefore, the

displacements in the substrate that create the PFM signal are not

significantly affected by the 10 nm titania film. The image in

Fig. 2(c) shows the topography of the film surface. Note that

some of the components of the film topography correlate exactly

with the domain structure revealed by the PFM images. After the

sample is illuminated by blue light in the silver nitrate solution,

new contrast appears on the surface, corresponding to reduced

silver (see Fig. 2(d)). Similar to the reaction on the bare substrate

(Fig. 1(b)), there is more silver reduced on some domains than

others. A typical height for the silver is 100 nm. In this case, the

domains that are dark in the PFM images reduce more silver

than the light contrast domains.

Because the substrate and the thin titania film are able to

reduce Ag with visible light, but titania by itself can not, it is

reasonable to assume that as the film increases in thickness, it will

become less reactive. To test this idea, the experiment was

repeated using titania films that were 20 nm and 80 nm thick and

the results are compared in Fig. 3. For each case, one test line is

drawn on the image recorded before the reaction and a second is

drawn on the same location after the reaction. The topography

along these two lines is compared in the third panel of the figure.

For the 10 nm and 20 nm thick films, the maximum heights of the

deposited silver are in the range of 60 to 100 nm, but for the

80 nm thick titania film, the heights of the deposited silver do not

exceed 20 nm. For comparison, the maximum height of silver

deposited on the bare BiFeO3 surface under the same conditions

is approximately 130 nm. Therefore, the amount of silver

reduced by the titania film decreases with film thickness.

Fig. 1 AFM topographic images of surfaces of (a) bare BiFeO3 before

reaction, (b) BiFeO3 after reaction, (c) bare rutile TiO2 before reaction,

(d) rutile TiO2 after reaction, (e) 20 nm anatase TiO2 film on SrTiO3 (100)

before reaction, (f) 20 nm anatase TiO2 film on SrTiO3 (100) after reac-

tion. The topographic contrast in all images is 100 nm from bright to

dark.

Fig. 2 (a) PFM phase image of bare BiFeO3 surface. (b) PFM phase

image of 10 nm TiO2/BiFeO3. (c) Topographic image of 10 nm TiO2/

BiFeO3 before reaction. (d) Topographic image of 10 nm TiO2/BiFeO3

after reaction. PFM phase contrast scale is !180" to 180" from bright to

dark. Topographic contrast scale is 15 nm from bright to dark.
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Ideally, the only component of the heterostructures that can

absorb light and create carriers is the substrate. However, based

on previous work,67 one could hypothesize that Fe contamina-

tion (which could diffuse from the BiFeO3 substrate during

growth) might increase absorption in the film. While it is

impossible to eliminate contamination from the substrate, it is

possible to grow an Fe-doped titania film on a substrate that does

not absorb visible light, to see if Fe-doping in the film by itself is

sufficient to explain the visible light activity observed in the TiO2/

BiFeO3 heterostructures. The AFM images in Fig. 4 compare the

surface of a 10 nm thick Fe-doped titania film on SrTiO3 (100)

before and after the reaction. It is clear from the image in

Fig. 4(b) that very little silver is deposited on the Fe-doped titania

film. Therefore, Fe-doping in the titania layer is not sufficient to

explain the reactivity of the unintentionally doped titania films

on the BiFeO3 surface.

It is also feasible that the ferroelectric substrate creates

charged interface states that induce the visible light activity. To

test this idea, a 20 nm titania film was grown on BaTiO3, which is

also ferroelectric, but does not absorb visible light.68,69 The

results are shown in Fig. 5. The image in Fig. 5(a) shows the

surface of the titania film before reaction. The image shows some

weak contrast that arises from the domain structure of the

substrate. The image in Fig. 5(b) shows some silver on the

surface. However, the amount of deposited silver is much less

Fig. 3 AFM topographic images and height profiles of TiO2/BiFeO3 with TiO2 thickness of (a) 10, (b) 20, and (c) 80 nm. Each row from left to right

shows the image before reaction, the image after reaction, and a comparison of the height profiles at the same locations. The contrast scale from bright to

dark is 100 nm for all images.

Fig. 4 Topographic images of a 10 nm thick Fe-doped-TiO2 film on

SrTiO3 (100) (a) before reaction and (b) after reaction. The contrast scale

from bright to dark is 15 nm. The images are not from the same area, but

are representative of all areas that were imaged.

Fig. 5 Topographic images of a 20 nm TiO2 film on BaTiO3 (a) before

reaction and (b) after reaction. The contrast scale from bright to dark is

40 nm.
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than on films supported by BiFeO3 and similar to the silver

observed on the surface of bulk titania (see Fig. 1). Furthermore,

there is no obvious correlation between the pattern of silver and

the underlying domain structure as observed when the same

structure is illuminated by UV light.49,53

4 Discussion

The results presented here indicate that the photochemical

reduction of silver, initiated by visible light, is spatially selective

on the BiFeO3 surface. While the amount of silver was observed

to vary somewhat with the grain and orientation, similar

spatially selective reactivity was found on all grains. Assuming

the spatially selective reactivity is analogous to what occurs in

BaTiO3 and PZT, then the reduction reaction is probably asso-

ciated with domains that have polarizations pointed away from

the surface, where bands are bent downward and electrons move

down the gradient toward the surface.49–51,66 The main difference

is that for BaTiO3 and PZT, the same reaction can only be

initiated by UV light.

Titania is relatively unreactive when illuminated by visible

light. The images of bulk rutile (Fig. 1(d)), anatase supported by

SrTiO3 (Fig. 1(f)), and titania supported by BaTiO3 (Fig. 5(b))

after illumination suggest that a small amount of silver is

reduced, even though the band gaps are larger than the energy of

illumination. The distribution of reaction product is inhomoge-

neous; we assume that the carriers responsible for this limited

reaction are generated by absorption of light at defect states such

as oxygen vacancies that have states below the conduction band

edge. This background reactivity is presumably present in all of

the experiments, but is overwhelmed by the spatially selective

reactivity of the films supported by BiFeO3.

The observations from the TiO2/BiFeO3 heterostructures

indicate that the carriers that react on the titania film surface are

created by absorption in the substrate. This is completely

analogous to the conclusion reached by Burbure et al.49,53 in

studies of thin titania films on BaTiO3 excited by UV radiation.

One observation that supports this conclusion is that when

titania is not supported by BiFeO3, it absorbs very little light of

this energy and does not reduce significant amounts of silver. The

second observation is that the patterns of silver on the surface

have the same configuration as those in the supporting substrate.

The third supporting observation is that the reactivity of the film

decreases as the thickness increases. This all indicates that light

absorbed in the narrower band gap substrate creates electrons

and holes that travel through the thin film and react on the

surface.

It should be mentioned that a recent study of anatase–BiFeO3

nanocomposites demonstrated enhanced visible light activity

compared to titania alone.67 In that case, the enhancement was

attributed to interdiffusion of the metallic components and, in

particular, Fe-doping of the titania. However, the results shown

in Fig. 4 indicate that Fe-doping in the film is, by itself, not

sufficient to make the films significantly more reactive in the

conditions used here. Another possible explanation is that

multiple reflections and scattering at the buried interface between

the ferroelectric and the supported film enhance the path length

of light in the titania film and lead to enhanced absorption.

However, if this were the case, then we would have expected the

same result in the film supported by BaTiO3; the film supported

by BaTiO3 is not significantly more reactive in visible light than

bulk titania.

Of the situations examined here, the BiFeO3 substrate had the

highest reactivity and the titania films all have lower reactivities.

If the goal were only to have the highest reactivity for silver

reduction, BiFeO3 would be the best choice. However, to be

useful for water photolysis, the material must be stable in

aqueous solutions and its conduction band energy must be higher

than the hydrogen reduction level. While these two conditions

are met by titania, they are not met by BiFeO3.

To understand the mechanism of visible light reactivity,

plausible energy level diagrams for the heterostructures (see

Fig. 6) are constructed according to the following principles.

First, BiFeO3 is reported to be a p-type semiconductor70,71 and its

band gap has been reported to be between 2.2 and 2.7 eV in

different studies.40–42 Here, we will assume a value of 2.5 eV. The

electron affinity is estimated to be 4.6 eV using the method

described by Morrison.72 The position of the Fermi level is

Fig. 6 Schematics of band structure of BiFeO3/TiO2/H2O with the

polarization (PS) of BiFeO3 (a) pointing away from BiFeO3/TiO2 inter-

face, and (b) pointing towards BiFeO3/TiO2 interface. In the figure, the

vacuum level, conduction band edge, Fermi level and valence band edge

are give by the symbols Evac, Ec, Ef, and Ev, respectively. The hydrogen,

silver, and oxygen redox levels are indicated on the right.
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estimated to be 0.5 eV above the top of the valence band edge.

Undoped TiO2 is typically oxygen-deficit and thus is considered

n-type with a band gap of 3.0 eV (for rutile)5,6 and 3.2 eV (for

anatase).7 The work function is reported to be 4.2 eV73 and the

Fermi level is approximately 0.2 eV below the bottom of the

conduction band.5 When titania is supported by BiFeO3, a p–n

junction is created. When bulk TiO2 is in contact with the solu-

tion, exchange of charge with the solution leads to upward band

bending at the interface. However, because the film thickness is

less than the expected depletion layer ($100 nm), the band is not

expected to be able to relax to the bulk level.74 Assuming that the

energy levels at the interface are strongly influenced by the

polarization, then the bands in BiFeO3 bend upward when

the polarization is directed away from the surface (referred to as

negative domains) and downward when directed toward the

surface (positive domains), as shown in Fig. 6(a) and (b),

respectively. Therefore, photogenerated electrons in negative

domains encounter a barrier that prevents them from reaching

the surface. This is consistent with the observation that no silver

is reduced above negative domains. In positive domains, the

opposite is true; electrons are driven to the interface. In this case

the electrons have energies above the conduction band edge and

can continue directly to the solid–liquid interface and reduce

silver cations, as observed in the experiment. Assuming this

mechanism is correct, then the same mechanism should apply to

other heterostructures where titania is supported by a narrow

band gap, p-type substrate.

5 Conclusions

Thin titania films supported on BiFeO3 substrates reduce silver

cations from aqueous solutions when excited by visible light with

an energy less than titania’s band gap. The patterns of reduced

silver on the titania surface mimic the structure of the domains

found in the BiFeO3 substrate. The observations indicate that

electrons generated in the BiFeO3 substrate can be transported to

the surface of the film where they reduce silver. Electron trans-

port to the surface is favored in domains with a positive polari-

zation pointed toward the surfaces and inhibited in domains with

the opposite polarization.
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