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Chapter 1

Introduction

1.1 Energy and environmental demands for solar fuel production

Problems related to global ecological sustainability have become increasingly severe in the 21st
century due to the release of massive amounts of carbon dioxide into the atmosphere. The
consumption of very large quantities of fossil fuels has continued at an increasing pace ever
since the start of the industrial revolution.

The power consumption of the current (2014) global population of 7.3 billion people is
18 TW. These numbers have been estimated to increase to ~ 9 billion and 30 TW by 2050.
Fossil fuels, which currently provide about 80% of our energy supply, will be unable to keep
up with this increase in demand. However, based on the current consumption rate, estimated
reserves range from 150-400 years for coal, 40-80 years for oil, and 60-160 years for natural
gas. Nuclear power generation with the present uranium-based reactor technology will not
be able to replace the fossil fuel supply due to a limited uranium supply, unsolved long-term
waste handling problems, and due the unreliability of the technology, as witnessed by dramatic
accidents at Fukushima and elsewhere.

Global development and population growth has led to various forms of environmental
disruption, with global warming being the most serious. The emission of greenhouse gases,
CO; in particular, has increased in step with the increase of the consumption of fossil fuels.
The current (2015) CO; level in the atmosphere has risen to 400 ppm from the former the base
level of 280 ppm in 1750s, and continues to increase at a rate of ~ 2 ppm/year. According to
the International Panel on Climate Change (IPCC), CO; level above 450 ppm carries a high risk
of causing global warming by more than 2°C, which would impact various ecosystems and
the human society [1]. As an attempt to solve the issue, just recently, in December 2015 at the
Paris climate conference (COP21), 195 countries adopted a universal, legally binding climate
deal “the Paris agreement” with a long-term goal of keeping the increase in global average
temperature below 2°C by reducing further CO, emissions.



In order to solve the global energy-related issues and move towards a sustainable society, a
different type of energy resource that is a clean, safe, cheap, and a practical alternative to fossil
fuels is necessary, besides a reduction of global energy consumption. That is important not only
for solving energy and environmental issues but also for finding solutions to other problems
facing humanity, such as health, food, and military conflicts. The largest energy supply available
to us is the Sun. Using sunlight directly, or any of the renewable intermediaries, such as wind,
rain, biomass, ocean waves etc., is therefore becoming ever more essential in this century. Using
solar energy to replenish a readily-usable fuel supply is a particularly attractive alternative, as
it solves problems related to solar energy harvesting and storage. Solar fuels are chemical
fuels produced with the help of sunlight through artificial photosynthesis or a thermochemical
reaction. Biomass is, of course, the best known solar fuel, but other options that offer a renewable
and carbon-neutral energy resource are becoming available as well. Hydrogen is probably the
most widely studied solar fuels and a candidate as a next-generation energy carrier. Hydrogen
itself is an essential chemical resource for industrial productions of various useful products
such as ammonia and methanol. In addition, it can be used as a fuel to generate electricity
through with the help of a fuel cell. The production of hydrogen utilizing solar energy has been
extensively in the last few decades.

Photoelectrochemical solar fuel production, which is the focus of this thesis work, is a
way to generate solar fuels by directly utilizing solar energy in an electrochemical reaction.
Photoelectrochemical solar water splitting in particular has attracted considerable attention
since the discovery of the photoelectrochemical water splitting activity of TiO, by Fujishima and
Honda in 1972 [2]. Photoelectrochemical solar water splitting is an ideal clean system which
uses only sunlight and water for producing hydrogen and oxygen via photoelectrochemical
reactions. An idea of large-scale solar hydrogen production using photocatalysts has been
proposed by Maeda and Domen [3]. Solar water splitting has considerable potential as a
pathway to overcome the global energy supply and environmental sustainability issues.

1.2 Photoelectrochemical solar fuel production

Harvesting solar energy to produce useful chemicals and fuels is one of the most important
technology challenges in this century. There are several ways to produce chemical fuels by
utilizing solar energy, e.g., photosynthesis and thermochemical reactions. The typical biological
photosynthesis process stores solar energy in biomass with 0.1 ~ 8 % sunlight-to-biomass
efficiency. Biotechnology using microalgae such as Botryococcus braunii is one strong candidate
for producing hydrocarbon equivalents of petroleum [4]. Solar thermochemical cycles utilize
solar heat for producing hydrocarbons in two steps. In the first step, concentrated sunlight is
used to heat a reactor to ~ 1500°C for driving two-step metal oxide redox reactions that produce
H; and CO from H,O and CO;, [5]. In the second step, the synthesized gas (so-called syngas) can
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be converted to liquid hydrocarbons by Fischer-Tropsch or similar catalytic reactions. Artificial
photosynthesis has been achieved by photochemical reaction of organic compounds [6] and
metal organic complexes [7], by semiconductor photoelectrodes or photocatalysts [1,8-15], and
also by a combined system of photovoltaic cells and electrolytic cells.

Photoelectrochemical fuel production using a photoelectrochemical cell or powdered pho-
tocatalysts in water is the target of this thesis. Many books and review articles discuss the
fundamental principles of photoelectrochemical water splitting [1,8-15]. Water splitting and
CO; reduction are the most widely studied target reactions in the field of photoelectrochemical
fuel production. Analogous to the photosynthesis in natural plants, these chemical reactions
require positive Gibbs energy changes, storing solar energy in the form of chemical fuels via
photoelectrochemical systems. Photoelectrochemical solar fuel production can thus be con-
sidered to be an artificial form of photosynthesis (Fig. 1.1). Solar water splitting requires
AG® = 237 kJ/mol to split water into hydrogen and oxygen. It is known that direct photolysis
of water is possible under strong light radiation at a wavelength less than 190 nm (> 6.5 eV) to
sever the H-O bonds of a H,O molecule [16]. A semiconductor photoelectrode creates a new
reaction pathway and reduces the activation energy for the water splitting reaction, making it
possible to split water even under visible light irradiation on the surface of a photoelectrode.
Organic material synthesis, such as producing HCOOH from CO, and H,O via photocatalysis,
has also been achieved using hybrid materials consisting of a metal-organic complex and a
semiconductor photoelectrode, as reported in 2011 [17].
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Figure 1.1: Reaction energy diagram of (a) photosynthesis by natural plants and (b) solar water
splitting with powdered photocatalysts.



Photoelectrochemical solar water splitting has been studied since late 1960s [18]. A system
based on a photoelectrochemical cell uses semiconductor photoelectrodes to absorb light and
directly utilizes the photo-generated carriers to drive a certain electrochemical reaction, which
can be recognized as a single device directly combining a photovoltaic cell and an electrode for
water splitting. Gerischer, Memming, Pleskov, and coworkers pioneered the semiconductor
electrochemistry and photoelectrochemistry, and studied the fundamental reaction mechanisms
that occur at water/semiconductor interfaces [14,15,18]. They studied typical semiconductor
materials such as Si, GaAs, CdS, and ZnO, but found that these semiconductors suffer from
photocorrosion. Later, a Nature article [2] published by Fujishima and Honda in 1972 drew
attention to photoelectrochemical water splitting as a form of an artificial photosynthesis at the
time when the oil shocks of early 1970s hit the world economy.

Fig. 1.2 illustrates the operating principle of the photoelectrochemical water splitting pro-
cess. The photoelectrode type depends on the position of the Fermi level (Er) of a semiconductor.
An n-type semiconductor works as a photoanode and forming an upward band bending space
charge region at the water interface, while a p-type material works as a photocathode that ex-
hibits downward band bending. In a photoelectrochemical cell using a photoanode connected
with a metal counter electrode (CE) as shown in Fig. 1.2(a), photo-generated holes are driven
to the surface of the photoanode by the internal band bending and oxidize water into oxygen,
while photo-generated electrons flow to the CE and reduce water into hydrogen. The ratio of
the evolved oxygen and hydrogen is O»/H; = 1/2, following the electrochemical reactions

2H,0O + 2e~ — H, +20H",

2H,0 + 4h™ — O, +4H™.

In total:

2H,0 — 2H; + Os.

On the other hand, in a system using a photocathode (Fig. 1.2(b)), a photo-reduction reaction
occurs at the surface of the photocathode, and oxidation at the counter electrode. The current
flow direction (J,1,) is opposite to that of the photoanode system. Since the redox potentials of
H*/H, and Oy/H>O are 0 and 1.23 V vs a reversible hydrogen electrode (RHE), respectively,
electrolysis of water in principle requires an applied potential over 1.23 V. To split water in a
photoelectrochemical cell without any external bias, a semiconductor photoelectrode should
have a band gap over 1.23 eV with suitable band positions, where the valence band maximum
(VBM) is lower than the redox potential of O,/H,0O and the conduction band minimum (CBM)
is higher than the redox potential of H*/H,.

Photoelectrochemical water splitting with powdered semiconductor photocatalysts has been
studied since the late 1970s. Schrauzer et al. [19] demonstrated in 1977 that photocatalytic
gaseous water splitting can proceed with the help of TiO,-based photocatalysts. Bard etal.
provided the fundamental mechanism of powdered semiconductor photocatalysis in 1978 [20-
22]. In 1980, Domen et al. [23] and Lehn etal.. [24] reported that SrTiO3 loaded with metal
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Figure 1.2: Schematic illustration of photoelectrochemical cells using (a) n-type semiconductor
as a photoanode and (b) p-type semiconductor as a photocathode connected to a counter metal
electrode (CE). h* and e~ represent holes and electrons. CBM and VBM mark the conduction
band minimum and valence band maximum positions of the semiconductor photoelectrode.
The current flow direction (J,;,) is opposite in the two cases.

nanoparticles can work as a photocatalyst and split water in an aqueous solution. Since then,
metal nanoparticles, so-called cocatalysts, have been recognized as an essential component for
obtaining efficient photocatalysts. Domen etal.. [23] reported that SrTiO3 powders alone are not
active for water splitting, whereas SrTiO3 loaded with NiO/Ni core shell nanoparticles is active
for splitting water to hydrogen and oxygen. Cocatalysts create catalytic reaction sites, lowering
the required overpotential, or activation energy, for electrochemical water splitting.

Fig. 1.3 shows a schematic illustration explaining the operating principle of photocatalytic
water splitting. The advantage of this system is its simplicity and scalability. The system
requires only a water vessel and photocatalyst powders, producing hydrogen and oxygen
from water under light irradiation. The photocatalytic water splitting is triggered by a photo-
generated electron-hole pair, where the photoelectron reduces water to hydrogen and the
photohole oxidizes water to oxygen, similarly to the system of a photoelectrochemical cell.
Semiconductor photocatalyst powders are often modified with one or two cocatalysts on the
surface. In order to achieve overall water splitting, the electronic structure of photocatalysts
should have a VBM lower than the redox potential of O»/H,O and a CBM higher than the redox
potential of H*/H», similarly to that of a photoelectrode.

A powder photocatalyst can be recognized as a localized photoelectrochemical cell where a
photoelectrode and a counter metal electrode are directly combined on nanoscale, although one
cannot apply an electric bias on a powder particle. As illustrated in Fig. 1.4, the fundamental
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Figure 1.3: Schematic illustration showing the basic operating principle of photocatalytic water
splitting.

process in both systems can be divided into three steps including light absorption, charge
transport of photocarriers from bulk to surface, and a surface electrochemical reaction. The
photocurrent density (J;) flowing in the system is given by

]ph = efap X Net X Nsry (1.1)

where ¢ is the elementary charge and |, 11+, and 75, are the absorbed photon flux, and the effi-
ciencies of carrier transport and surface reaction, respectively. Therefore, there are three main
strategies for improving the activity of a photoelectrochemical water splitting cell. The first is
to select a semiconductor that has a large visible light absorption coefficient or to decorate the
semiconductor surface with dyes or metal nanoparticles showing a localized surface plasmon
resonance, i.e., a suitable absorption of sunlight, to improve ;. The second approach is to im-
prove 1 in the bulk of the semiconductor This can be achieved by modifying the morphology
of the semiconductor to increase the specific surface area or by making metal-semiconductor or
semiconductor-semiconductor heterojunctions to accelerate the photocarrier migration along
the band bending in the space charge region. The third strategy is to decorate the photo-
electrode surface with an efficient electrocatalyst for the water splitting reaction, reducing the
overpotential that is needed for the electrochemical reaction to occur, thus improving 71s,. To
achieve efficient photoelectrochemical water splitting, these approaches have been studied for
various types of materials and nanostructures [1,8-15].

Mimicking the Z-scheme system of biological photosynthesis with two photoexcitation cen-
ters, Z-scheme type water splitting by combining two types of semiconductors has also been
proposed in late 1970s [22]. This system, in principle, has the advantage to utilize semicon-
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Figure 1.4: Basic principles of photoelectrochemical water splitting via (a) a photoelectrochem-
ical cell and (b) powder photocatalysts.

ductors that have band gaps smaller than 1.23 eV, and can therefore harvests a larger fraction
of photons coming from the Sun than a system using a single photoexcitation process. This
point is actually very important for harvesting a large fraction of the solar spectrum, because as
seen in Fig. 1.5 a large number of photons in the solar spectrum have energies below 2 eV with
a peak at 0.78 eV. Bolton etal.. [25] estimated the maximum theoretical efficiencies for various
photoelectrochemical water splitting setups, pointing out that a two-photon process will be
able to achieve a higher efficiency than a single-photon process.

Fig. 1.6 shows schematic energy diagrams of the photosynthesis of natural plants, a photo-
electrochemical cell using dual photoelectrodes, and a Z-scheme water splitting system using
two types of powdered photocatalysts. The photosynthesis in natural plants utilizes two differ-
ent photo-excitation centers, P680 and P700, which are coupled with redox mediators, oxidizing
water to oxygen while reducing CO, to biomass (Fig. 1.6(a)). Since the electron transport path-
way in this system resembles the alphabetical character “Z”, the process is called a Z-scheme.
Similarly, by using a suitable pair of two different semiconductors that are electrically coupled
to each other, Z-scheme type water splitting can be achieved. Fig. 1.6(b) shows a photoelec-
trochemical cell using a photoanode and a photocathode coupled with wiring, where water
oxidation occurs at the photoanode while water reduction occurs at the photocathode. An
O,-evolving photocatalyst and a Hy-evolving photocatalyst can also be coupled with a redox
mediator for achieving Z-scheme type water splitting (Fig. 1.6(c)). The two different powdered
photocatalysts can be electrically coupled with suitable redox mediators, such as Fe*/Fe>* [27],
IO5/T" [28], and graphene [29], or directly combined without mediators [30].

Still, practical application of photoelectrochemical water splitting have proven to be elusive
even though almost half a century has passed since the original discovery. The poor efficiency
and severe instability due to photocorrosion have to be overcome to fulfill the dream, as Hodes
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etal.. [31] have pointed out in a discussion of the fundamental constraints of the photoelectro-
chemical energy conversion process.
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1.3 Photoelectrochemical environmental purification

It has been known for a long time, at latest since the 1920s [32,33], that TiO, shows the photo-
oxidation effect under sunlight and decomposes pigments that are used in paints [34, 35].

Contemporaneously with the invention of photoelectrochemical water splitting, studies
on photocatalytic decomposition of organic compounds for environmental cleaning started in
the early 1970s, pioneered by Teichner efal.. [36]. Since oxide photocatalysts, especially TiO,,
have high photo-oxidation activity and can produce reactive oxygen due to the deep valence
band position of 2.5 ~ 3 eV vs RHE, they are useful for environmental surface cleaning by
decomposing organic pollutants [37]. Photocatalytic organic decomposition has considerable
advantages, such as cleanliness without any secondary pollutants, complete decomposition of
organic pollutants, low energy cost, and simplicity of the system. TiO, has recently been used
as a coating material for building exteriors because it works as a self-cleaning material that
automatically decomposes organic substances, the cause of dirt, under sunlight [37].

In addition to the strong photocatalytic oxidation activity, TiO, shows an interesting phe-
nomenon called “photo-induced superhydrophilicity”. This is a phenomenon where the hy-
drophilicity of a surface increases and the water contact angle decreases to nearly 0° by light
irradiation. The effect is often observed on oxide photocatalyst surfaces and has been known
since the original discovery on a TiO, surface in 1997 [38]. This unique property assists the
removal of organic contaminants, and has found practical use in antifogging applications.
However, the mechanism of photo-induced superhydrophilicity has not been completely un-
derstood yet and it is not clear if the phenomenon affects the photocatalytic behavor of a
surface. Two competing hypotheses have been proposed to explain why a surface becomes
superhydrophilic; ”surface reconstruction model” and ”“contamination model”. The surface
reconstruction model proposed by Hashimoto etal.. [39] explains the strong hydrophilicity by
the appearance of a surface reconstruction that includes surface hydroxyl groups and oxygen
vacancies that are induced by a reaction with water under light. In contrast, the contamination
model considers photocatalytic oxidative decomposition of organic contaminants on a surface
as the dominant mechanism for photo-induced superhydrophilicity, since the hydrophilicity
of most oxide surfaces should be intrinsically very high due to the large surface energy, which
was proposed independently by Anpo etal. [40] and Yates, Jr. etal. [41].

The clarification of the mechanism of photo-induced superhydrophilicity is important not
only for understanding the phenomenon itself but also for determining the photocatalytic re-
action dynamics. Assuming that the surface reconstruction model is true and there is actually
a photo-induced surface state, the reconstruction would affect the surface electronic structure,
which affects surface band bending, overpotential, and thus photocatalytic activity. The clarifi-
cation of the mechanism of the photo-induced superhydrophilicity is also one of the targets of
this thesis work.
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1.4 Materials design for efficient photoelectrochemical solar water

splitting

Here, I discuss the material design aspects of designing efficient photoelectrodes and photocat-
alysts for solar water splitting. Although there are many parameters affecting the photoelectro-
chemical activity, the electronic structure of a semiconductor photoelectrode (or photocatalyst)
is a critical factor determining the activity. From the viewpoint of electrochemistry, a semicon-
ductor photocatalyst needs to have a conduction band edge higher than the redox potential of
H*/H, and a valence band edge that is lower than the redox potential of O,/H,0, as shown
in Fig. 1.7(a). If a semiconductor meets these conditions, photogenerated electrons and holes
would, in principle, be able to electrolyze water to hydrogen and oxygen. In order to reduce
water to hydrogen, photoelectrons in the conduction band should have a potential higher than
the redox potential of H"/Hj, while photoholes in the valence band should have a potential
lower than the redox potential of O,/H,O in order to oxidize water to oxygen. In contrast, semi-
conductors with a conduction band edge that is lower than the H*/H; potential and a valence
band edge that is lower than the O,/H>O potential cannot achieve overall water splitting. The
same is true if the conduction band edge is higher than H*/H, and the valence band edge is
also higher than O,/H;0, as illustrated in Fig. 1.7(b) and (c). Such semiconductors are only
active for either water oxidation or reduction and can be used in photoelectrodes if an external

electric bias is applied or in Z-scheme type water splitting cells.
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Figure 1.7: Band structures of a semiconductors: (a) The conduction band is higher than H*/H,
and a valence band lower than O,/H,O, overall water splitting is possible. (b) The conduction
band is lower than H*/H; and the valence band is lower than O,/H,0, only water oxidation is
possible. (c) The conduction band is higher than H*/H; and the valence band is higher than
O,/H>0, only water reduction is possible.
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The electronic structure is also important in the process of photocarrier generation. The
absorbed photon flux is

(o¢]

Jab = : (1= Rp){1 - exp(-agd)}PpedE, (1.2)
8

where E is the photon energy, E, and d are the band gap and the thickness of the semiconductor,
Rg and af are the reflectance and absorption coefficients of the semiconductor at the photon
energy of E, and ¢ is the incident photon flux. The band gap thus determines the threshold
energy of light absorption. The absorption coefficient is determined by the dipole moment
associated with the transition from the valence band (or HOMO) to the conduction band (or
LUMO). Since sunlight includes a large fraction of photons in the energy range less than 3 eV,
in order to improve J,b under sunlight, a narrow E; and a large ag over a wide energy range are
preferable. However, it is also known that if the overpotential for water oxidation or reduction
is small, the water electrolysis proceeds very slowly or not at all. The valence and conduction
bands of a photocatalyst should therefore be at energies that leave a sufficient overpotential
for the photocarriers relative to the redox potential of water. Even though the overpotential
corresponds to a loss of energy, a certain amount of overpotential has to be applied for both
water oxidation and reduction to accelerate water splitting. There is clearly a trade-off between
light absorption and the rate of electrochemical reactions. While 1.23 eV is the minimum
threshold for the band gap required for water splitting, Bolton etal.. [25] have estimated that
the optimum band gap of a photoelectrode (or a photocatalyst) for a practical water splitting
system is ~ 2 eV by considering a ~ 0.8 eV loss from overpotentials. As shown by Eq. 1.2, light
absorption can be improved by reducing Rg, i.e., coating a photoelectrode with an antireflection
layer or by modifying the surface morphology of a semiconductor.

Since the discovery of stable photoelectrochemical water splitting on TiO, in 1972 [2], a huge
number of semiconducting materials have been tested in photoelectrochemical reactions. Band
positions of typical semiconductors studied in photoelectrochemistry are shown in Fig. 1.8. The
data was taken from Ref. 9,42,43. Considering the band gaps and band positions, CdS and
CdSe seem to be suitable for water splitting. However, semiconductors such as Si, CdS, GaAs
and ZnO are known to be unstable against photocorrosion [18]. The photocorrosion reactions
occurs due to photo-generated holes inside the semiconductors as

Si + 2H,0 + 4h* — SiO, + 4HT,

CdS + 2h* — Cd?* +5,

7ZnO + 2h* — Zn2* + 1/20,,
where photoholes react with the semiconductor, rather than water, and degrade the semicon-
ductor in a self-oxidation reaction. This instability against photocorrosion is a severe problem
for almost all semiconductor materials, especially for non-oxide materials, because the photo-
excitation process is, in principle, equivalent to bond breaking (or weakening). Even TiO,,
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a typical stable photocatalyst, has been reported to show surface roughening under UV light
irradiation [44]. In order to prevent such photocorrosion, protecting the semiconductor with a
corrosion-resistant layer is one strategy for obtaining an efficient and stable photoelectrode (or
photocatalyst) [45,46].

Oxide semiconductors are relatively stable in water, and most oxide semiconductors con-
taining dO (Ti**, V°+, Zr**, Nb°*, Ta®*, and Wo*) or d!° (Zn?*, Ga3*, Ge**, In3*, Sn**, and Sb°*)
metal cations work as stable photoelectrodes (or photocatalysts) for water splitting. Although
TiO,, SrTiO3, and NaTaO3 work well under UV light irradiation, these materials are very poor
light absorbers under sunlight [11]. The valence band of most relevant oxides is composed of
O2p orbitals that are usually at ~ 3 V vs. RHE [47] due to the large electronegativity of oxygen
atoms. In order to satisfy the condition that the conduction band should be higher than the
redox potential of H*/H, (0 V vs. RHE), the semiconductors have to possess a band gap that is
larger than 3 eV. This unavoidably leads to a problem of poor light absorption under sunlight,
because 3 eV corresponds to a wavelength of 413 nm and the fraction of solar irradiance in the
energy range above 3 eV is less than 5%.

WO3, a-Fe;O3, and BiVOy are some narrow band gap oxide semiconductors that can work
as photoelectrodes (or photocatalysts) for water oxidation under visible light and have long-
term stability. But, since the conduction band edge is below the redox potential of H*/H», these
oxides do not have a potential to reduce water to hydrogen. To achieve overall water splitting,
the photoelectrodes of these materials require external electric bias [48], and photocatalysts
based on these materials have to be coupled with Hy-evolving photocatalysts to construct a

Z-scheme water splitting setup [11].
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Figure 1.8: Band positions of typical semiconductors studied in photoelectrochemistry. The
data was taken from Ref. 9,42,43. 0 V vs. NHE at pH = 0 corresponds to 4.44 eV vs. the vacuum
level [49].
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Band engineering by modifying the chemical composition of semiconductors is a com-
monly used technique to obtain stable visible-light-driven photocatalysts. Chemical doping
and valence band control effectively reduce the energy gap of a wide band gap semiconduc-
tor [11]. Fig. 1.9 shows the strategy to obtain a narrow gap semiconductor photocatalyst by
doping a wide-gap material. Chemical doping generally forms impurity levels within the
band gap region. If such impurity levels are close to the valence band top or the conduc-
tion band minimum, the effective energy gap required for the photocarrier generation can be
reduced. Doped TiO; and doped SrTiO3 among the most common doped semiconductors
used for photocatalysts [11]. N:TiO, [50,51], Ni/Ta:TiO, [52], Cr/Sb:TiO, [53], Rh/Sb:TiO, [54],
N:SrTiO3 [55,56], N/La:SrTiO3 [57], Rh:SrTiOs [59], Rh/Sb:SrTiO3 [60, 61, 64], Ir:SrTiOs [59],
Cr:SrTiO3 [53, 62, 63, 65-67], Cr/La:SrTiO3 [58], Cr/Ta:5rTiO3 [53], Cr/Sb:SrTiO3 [68] are some
examples that have relatively high photocatalytic activity in the Hy or O, evolution reactions
under visible light irradiation. Chemical doping often has positive effects on structural [69],
electronic [70,71], optical [72], and morphological [73] properties. However, doping also has
a major disadvantage in that impurities often works as photocarrier trap sites, shortening the
photocarrier diffusion length, as pointed out by Herrmann etal.. [74]. A technique called valence
band control is a method to incorporate elements that form a new valence band higher than the
level of the O2p orbitals. Metal elements that have electron configurations of either d° (Cu*,
Ag*) or d1%s? (Sn2*, Pb?*, Bi**), and anions with smaller electronegativity than oxygen (N, S)
are often used for this purpose. Typical examples are BiVOy [75], SnM,06(M = Nb, Ta) [76,77],
MTaO,N(M = Ca, Sr, Ba) [78], and LaTiO,N [79].
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Figure 1.9: Strategy for obtaining a narrow-gap semiconductor photocatalyst by doping a wide-
gap semiconductor. Doping with a suitable element creates an impurity level at the top of the
valence band, narrowing the energy gap to improve the photocarrier generation efficiency.

The light absorption can also be modified by decorating the semiconductor with a sensitizer
such as dyes (metal organic compounds) [80], quantum dots [81], and metal nanoparticles show-
ing a localized surface resonance [82,83]. Interestingly, the idea of dye-sensitized photocatalysts
triggered the invention of dye-sensitized solar cell as proposed by Grétzel in 1991 [84].
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The electronic structure also has strong influence on photocarrier transport and surface
reaction processes. Especially the photocarrier mobility and lifetime are affected by the char-
acters of the valence and conduction bands and also the presence of any in-gap levels formed
by defects and impurities. The band dispersion of the valence and conduction bands deter-
mine the carrier mobility in an intrinsic semiconductor. Defects and impurities generally work
as trap sites, accelerating photocarrier recombination and suppressing photocarrier transport
from the bulk to the surface. This suggests that high crystallinity and low trap densities are
generally preferable for efficient photocarrier utilization. In addition, the internal band bend-
ing in a semiconductor plays an important role for the photocarrier transport from the bulk
to the surface [85-87]. Photoelectrons and photoholes generated in the space charge region
can separate from each other along the internal electric field gradient associate with the band
bending, whereas photocarriers generated in the region where the band is flat cannot effectively
separate and thus quickly recombine inside the semiconductor because there is no driving force
to separate the photocarriers. In this sense, controlling the morphology of semiconductors [88]
and utilizing heterojunctions [89] are feasible methods for increasing the specific surface area
and the volume fraction of space charge regions.

The electronic structure of surface states affects the water splitting surface reactions by
changing the activation energy (overpotential in the sense of electrochemistry) for water split-
ting. Electrocatalytic surface states may lead to faster electrochemical reactions. To make an
efficient photoelectrode (or photocatalyst), the semiconductor surface is often decorated with
cocatalysts that provide suitable surface reaction sites. Generally, good electrocatalysts for
water splitting work as cocatalysts and accelerate the rate of electrochemical reactions. For
the water oxidation reaction, IrO,, RuO;, and Co-oxides are often used as cocatalysts. For the
water reduction reaction, Pt, Rh, Ru, and Ni are used as cocatalysts. Surface states also affect
the bulk band bending and surface photocarrier recombination rates. Cocatalysts therefore
affect not only the surface reactions but also the bulk band bending and surface photocarrier
recombination.

Understanding and engineering the electronic structure are thus critically important tasks
for creating suitable materials to achieve efficient photoelectrochemical solar water splitting.
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1.5 Doped StTiO;

A wide variety of doped photocatalyst materials have been studied so far. Titanium oxides,
especially TiO; and SrTiOgz, are often employed as host materials for doping in the study of
photocatalyst [11]. That is because the band gap of TiO; (3.00 eV for rutile, 3.13 eV for brookite,
and 3.21 eV for anatase [90]) and SrTiO3 (3.2 eV [91]) is relatively small compared to other oxide
materials, such as Ta- and Nb-based oxides.

Doped SrTiOs, which is the target material in this thesis work, is a good starting point for
studying fundamental aspects of photocatalysts. Non-doped SrTiO3; has a cubic perovskite
structure (ABO3) with a band gap of 3.2 eV and it shows photocatalytic water splitting activity
under UV light irradiation. The basic physical properties of SrTiO3, e.g., permittivity, electronic
structure, and carrier dynamics, have been widely studied from the viewpoint of solid-state
physics. Since perovskites can accommodate a diverse selection of dopant elements, doped
SrTiO3 can be used to modify a variety of material properties such as the light absorption
spectrum, carrier density, and magnetism. The perovskite lattice of SrTiO3 can accommodate
many types of guest atoms, which is why most elements in the periodic table can be chemically

doped into a perovskite lattice (Fig. 1.10).
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Figure 1.10: Diverse selection of dopant elements that can be used in SrTiO3. The elements
colored yellow, blue, and red substitute at the perovskite A-site (Sr in the case of SrTiOs), B-site
(Tiin SrTiO3), and X-site (O in SrTiOgz), respectively. The elements colored purple have not been
studied well. The noble gases cannot be chemically doped in the lattice.
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In particular, Rh3*- [59], Cr3*- [53, 62, 63,65-67], and N3~ [55,56]-doped and Rh®*/Sh>*-
[60,61,64], Cr3*/La’*- [58], Cr¥*/Ta>*- [53] N3*/La3* [57]-codoped SrTiO; have been reported
to show relatively high photoelectrochemical activity under visible light. Especially, Rh:SrTiOs3
has attracted considerable attention because this material is a rare p-type SrTiO3 derivative,
showing a photocathodic photoelectrochemical response [92] and high Hj-evolution activity
under visible light [59]. Rh:SrTiO3 works as an efficient Hy-evolving photocatalyst when
coupled with an O;-evolving photocatalyst in Z-scheme water splitting [93]. Still, despite the
favorable band structure, the maximum solar conversion efficiency is ~ 0.1% [94].

A unique property of Rh:S5rTiO;3 is a characteristic color change behavior that has been
observed in the induction period during the early stage of the photocatalytic reaction. Only
after the induction period does Rh:S5rTiO3 become active in a photocatalytic reaction under
visible light irradiation (Fig 1.11 (A)) [59,95]. The color change is known to be caused by
a Rh valence change during a photocatalytic reaction. The as-prepared Rh:SrTiO; powders
normally contain only Rh** ions, but conversion to Rh®" occurs during the induction period in
the photocatalytic reaction. The Rh valence shift is visually detectable as a color change from
purple Rh**:SrTiOs to yellow Rh3*:SrTiO;. The overlapping absorption and action spectra (1.11
(B)) indicate that the photocatalytic activity is caused by light absorption related to a transition
from a Rh3* donor level to the conduction band of SrTiOs.
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Figure 1.11: (A) Photocatalytic activity of Pt (0.1 wt%) loaded Rh(1 at%):SrTiO3. A Rh valence
change can be observed as a color change from purple to yellow after an induction period
during photocatalytic reaction. Solution: 10 vol% MeOH aq. Light source: 300 W Xe lamp with
L42-filter (A > 420 nm). The data was taken from ref. [95]. (B) Absorption spectra of Rh:SrTiOs3
photocatalyst (a) before and (b) after the induction period, together with (c) action spectrum of
its photocatalytic activity for the H; evolution reaction [59].
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In addition to promising photocatalytic activity, it has been reported that Rh:SrTiO3 can work
as a photocathode for H, evolution from water under visible light irradiation [92]. Although
non-doped SrTiO; is a typical n-type material that would be expected to form an upward band
bending region at the water interface and thus function as a photoanode for the O, evolution
reaction under UV light irradiation [96], the fact that Rh:SrTiO3 can work as a photocathode
indicates that a downward band bending region is formed at the water interface and Rh:SrTiOs
thus has a p-type character (See Fig. 1.12 (A)). The cathodic photocurrent corresponding to
H> evolution reaction was observed regardless of the doping level of Rh. Fig. 1.12 shows the
photoelectrochemical response of Rh:S5rTiOs as a function of the Rh doping level from 0.5 to
10 at%, indicating that the optimum doping level is 5 ~ 7 at% [92,97]. In spite of the attractive
photocatalytic activity and electric p-type character of Rh:SrTiO3, the electronic structure and
the relationship between the photocatalytic activity and the electronic structure had not been

fully understood until my work.
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Figure 1.12: (A)Cyclic-voltammetry curves of (a) SrTiO3; (A > 300 nm), (b) SrTiO3 (A > 420 nm),
and (c) Rh(1 at%):SrTiOs (A > 420 nm) electrodes. Electrolyte, 0.1 M aqueous K>SOj solution;
sweep rate 20 mV/s; light source, 300 W Xe lamp [92]. (B)Cyclic-voltammetry curves of SrTiO3
doped with Rh(x at%) under 300 W Xe lamp illumination through an L42-filter (A > 420 nm),
forx=0,05,1,2,39,5,7,and 10 [97].
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Ir:S5rTiO3 has also been reported to be a visible-light-driven photocatalyst, although the
photocatalytic activity is lower than that of Rh:SrTiO3 [59]. One advantage of this material
is the capability to utilize light with wavelength up to 600 nm, which is potentially favorable
for solar energy conversion. A characteristic color change during the induction period in
the early stage of the photocatalytic reaction, similarly to Rh:SrTiO3, has been reported by
Matsumoto [98]. This color change is supposed to be caused by an Ir valence change from Ir**
to Ir®* [98,99]. The availability of Ir:SrTiOj; for solar water splitting has been studied, but the
detailed material properties of Ir:SrTiOs, including the electronic structure have not been fully
understood yet. In this study, the electronic structure and the photoelectrochemical property
of Ir:SrTiO3 were investigated and discussed by comparing with Rh:SrTiO3 to determine the
difference between 44 and 5d transition metal doping (Ir and Rh are in the same group in the
periodic table).

Figure 1.13: Characteristic color change behavior observed during the induction period in the
early stage of a photocatalytic reaction. As-prepared Ir:SrTiOs is yellow (a), but the color changes
to brown after the induction period while the material becomes active for the photocatalytic
reaction. Photocatalyst; Ir(0.2%):S5rTiO3 0.3 g suspended in 150 mL of 10 vol% MeOH aq. Light
source: 300 W Xe lamp with an L42-filter. [98]

In this study, I clarified the relationship between the electronic structure and the photoelec-
trochemical activity of doped SrTiO3, based on a model photocatalyst approach.
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1.6 Model photocatalyst

Practical catalysts are usually in a polycrystalline form. Polycrystalline materials have the
advantage of lower synthesis cost and a large specific surface area. However, the difficulty
of analyzing detailed material properties of a polycrystalline specimen makes it difficult to
clarify the reaction dynamics of catalytic reactions. Due to this fact, the performance of catalytic
materials have often been optimized by chemical composition and surface modifications based
on a large number of trial-and-error experiments without clarifying the true reaction dynamics
at a microscopic level. It is clear that clarification of the catalytic reaction mechanism helps
us to improve the catalytic activity and develop practical applications. For understanding
the reaction dynamics at an atom level, using a well-defined single crystals or epitaxial thin
film as a “model catalyst” is a way to analyze the detailed catalytic performance by surface
scientific analytical techniques. Samples with well-defined surfaces are prepared by using an
ultrahigh vacuum system and have an ideally clean atomically flat surface with good crystal
quality. Various kinds forms of spectroscopy and microscopy can be used to analyze the surface
structures on an atom level.

Extending the concept of a “model catalyst” to the study of photocatalysts, using a well-
defined single crystal or epitaxial thin film as the “model photocatalyst” is a good starting point
for analyzing the detailed photocatalytic performance by surface scientific and also semicon-
ductor analytical techniques (Fig. 1.14). Water / semiconductor interfaces have been extensively
studied from the point of view of photoelectrochemical solar water splitting since the 1960s [18].
A physical model of a semiconductor photoelectrode has been established based on semicon-
ductor device physics, similarly to solar cells [1,14,15]. While typical semiconducting materials
such as Si, GaAs, CdS, and ZnO were studied in early work on photoelectrochemical water
splitting, the discovery of photoelectrochemical activity of TiO, [2] directed interest toward
oxides. The TiO, surface has attracted much attention and it has been studied from various
viewpoints because it is a cheap, abundant, stable, and non-toxic material with good photo-
catalytic performance [100]. Comprehensive review papers on the properties of TiO, surface
have been published by Henderson and Diebold [101-103]. Currently, TiO, is recognized as
a prototypical photocatalyst and it is widely studied not only for photoelectrochemical water
splitting but also for photocatalytic organic decomposition and photo-induced hydrophilicity.
The development of vacuum and thin film technologies have led to the availability of high
quality epitaxial oxide thin films. TiO, epitaxial thin films have been fabricated since 1990s by
various vapor deposition processes such as MOCVD [104], PLD [105], and MBE [106]. Such
atomically controlled epitaxial thin films have expanded the availability of research techniques.
As an example, Matsumoto etal.. have investigated the activity difference of SrO-terminated
and TiO,-terminated SrTiO3(001) surfaces for photocatalytic organic decomposition [107] and
photo-induced hydrophilicity [108] by using atomically controlled epitaxial thin films fabri-
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cated by PLD. They also studied the effect of surface states of TiO,(110) on electrochemical
performance by using atomically flat TiO, photoelectrodes [109].
In this study, single crystals and epitaxial thin films were used as model photocatalysts to

investigate both bulk and surface properties of oxide photocatalysts.
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Figure 1.14: Concept of the model photocatalyst approach. By using a well-defined single

crystal or epitaxial thin film as a model photocatalyst, one can apply surface scientific and
semiconductor analytical techniques to investigate the detailed material properties for both
surface catalytic properties and bulk semiconductor properties.

1.7 Aim of this study

The motivation of this study was to clarify some of the fundamental physical mechanisms in
photocatalysts and photoelectrodes that limit the efficiency of photoelectrochemical activity, and
to propose new routes for developing an efficient solar-to-fuel conversion system. Well-defined
single crystal substrates and epitaxial thin films can be used as model photocatalysts (or photo-
electrodes) to investigate the dynamics of photoelectrochemical reactions. In this study, SrTiO3
(and Nb:SrTiO3) single crystal substrates and doped SrTiO3 epitaxial thin films were used to
clarify the mechanism of photo-induced superhydrophilicity and the relationship between the
electronic structure (especially the impurity level positions) and photoelectrochemical activity.
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Theoretical limitations of solar energy conversion efficiency in doped SrTiO; were analyzed
and proposals are presented for innovative material designs that improve the photoelectro-
chemical efficiency of oxide photoelectrodes. This study was based on a model photocatalyst
approach, but fruitful stimuli from collaboration with researchers in various fields such as
solid state physics, surface science, thin film technology, and device physics helped to reach
several fundamentally important conclusions. An overview of topics covered in this thesis is
schematically shown in Fig. 1.15. Chapter 1 explains the social demand for solar fuel produc-
tion. As one promising candidate, photoelectrochemical water splitting is discussed with the
basic material design as well as the introduction of model photocatalyst approaches. Chapter 2
briefly describes the methods and techniques used in this work. The main results are discussed
in Chapters 3, 4, and 5. Chapter 3 is on the clarification of the mechanism of photo-induced
superhydrophilicity. Hydrophilicity on an atomically flat oxide surface was precisely analyzed.
The results showed that oxide surfaces are intrinsically highly hydrophilic, indicating that the
mechanism of photo-induced superhydrophilicity can be explained purely by the contamina-
tion model. In Chapter 4, the relationship between photoelectrochemical activity and electronic
structure of doped SrTiO; photocatalysts are investigated. The electronic structure formed by
dopants was elucidated by X-ray spectroscopy and the photoelectrochemical activity was mea-
sured with high quality epitaxial thin film photoelectrodes made of doped SrTiOs;. The effect
of dopant valence on the photoelectrochemical activity of Rh- and Ir- doped SrTiOs; was clearly
understood by considering the influence of the impurity level positions on photocarrier trans-
port and light absorption. The results clarified the peculiarity of the Rh** dopant for SrTiO3
in terms of impurity level positions. The contents of this work have been partially published
in three papers (See publication lists). However, these findings suggested that doped SrTiOs
photocatalysts are problematic due to a fundamental trade-off between visible light absorption
and photocarrier transport efficiencies. In order to overcome this problem, Chapter 5 proposes
a novel nanostructure design using self-assembled epitaxial metal nanopillars for improving
the photocarrier transport efficiency in doped SrTiO3. This nanostructure includes noble metal
nanopillars embedded in a thin film photoelectrode, forming 3-dimensional Schottky junc-
tions between SrTiO; and metal nanopillars owing to the large work function of noble metals.
Nanocomposite Ir:SrTiO3 films with embedded Ir metal nanopillars showed over 80% internal
quantum efficiency over a wide range of visible light region. The thesis work is concluded in
Chapter 6.
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Chapter 2

Methods and techniques

The main sample fabrication methods and characterization techniques are introduced in this
section. Most of the work is based on thin films that were fabricated by Pulsed Laser Deposition
(PLD). The growth rate and the surface roughness of the films were characterized by reflec-
tion high-energy electron diffraction (RHEED) during film growth and annealing treatments.
Conventional symmetric X-ray Diffraction (XRD) was used for verifying that the samples did
not contain unwanted crystallographic phases and for characterizing the crystallinity of the
samples. Various forms of X-ray spectroscopy were used for determining the electronic struc-
ture and the dopant valence, including laboratory and synchrotron source X-ray Photoemission
Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS), and X-ray Emission Spectroscopy
(XES). Most films were analyzed by Atomic Force Microscopy (AFM) to measure the sur-
face flatness, infer the growth modes, and to check for segregation. Frequency-Modulation
Atomic Force Microscopy (FM-AFM) was used to observe the atomic-scale surface structure
of reconstructed crystal surface and to study the hydration structure in a water environment.
Optical absorption spectra of the films were measured with a UV-Vis-NIR spectrometer. For
powder samples, equivalent data was obtained by Diffuse Reflection Spectroscopy (DRS). The
photoelectrochemical performance of the film samples was measured by standard photoelec-
trochemical techniques, including cyclic-voltammetry, chronoamperometry, and Mott-Schottky

analysis.
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2.1 Pulsed laser deposition

The thin film samples were grown by PLD, which has been used widely for oxide thin film
growth. The technique is technically relatively simple and can be used to grow films of complex
oxides with the desired stoichiometry relatively easily [110-112]. A schematic illustration of
the PLD system used in this work is shown in Fig. 2.1. The films were grown on single-crystal
substrates that were mounted on a nickel sample holder and heated with an infrared Nd:YAG
laser (A = 1064 nm). PLD works by evaporating a bulk ceramic pellet with a short ultraviolet
laser pulse, creating a plasma plume that transports material from the target to the substrate
surface. In this case, several targets were placed a few centimeters below the substrate on a
carousel that could be used to conveniently switch between different target materials for film
growth. The ablation was done with a pulsed KrF excimer laser (Lambda Physik COMPex 102
or COMPex 201), operating at A = 248 nm. The short wavelength and a high peak power of
the laser ensured nearly stoichiometric evaporation from the target surface. The excimer laser
pulses were focused onto the target surface at a fluence of approximately 1 J/cm?. The fluence
was adjusted to control the amount of material evaporated with a single pulse, which in turn
controlled the film growth rate. Growth rate adjustment was essential for some of the film
growth experiments where the growth kinetics plays an important role, such as the formation
of the embedded metal nanopillar structures. Fig. 2.2 shows a photo of the inside of the PLD
chamber during thin film growth. The oxygen gas pressure in the deposition chamber was
controlled with a variable leak valve from the chamber base pressure of about 5 x 10~ Torr to
1 Torr. The biggest advantage of PLD for growing complex oxides is the nearly stoichiometric
transfer of material from target pellet to the film surface due to the extremely high temperature
created at the target surface by the pulsed laser. For the growth of complex oxides like the
perovskite-type materials used in this work, where two or more different elements are included
in a unit cell, however, slight off-stoichiometry of thin films grown by PLD has been reported for
several materials, such as SrTiO3 [113,114], YBayCuzOy [115], LiCoOy4 [116] and SrRuOs [117].
It is therefore important to control the laser fluence in a repeatable way. A simple single-
lens focusing setup was combined with an optical attenuator and in situ laser pulse energy
monitoring for fluence control.

Most oxide thin films need to be grown at a high temperature to obtain good crystallinity. A
special oxygen-compatible high-temperature sample holder was used for growth temperature
control. A sandwich structure was used to clamp together a substrate crystal, heat-transfer
metal foils (5 pm-thick Ni sheets, Nilaco, 99%), an oxidized Ni heat absorber (100 ym) and
a sapphire support. The heat absorber was heated with a Nd:YAG laser from outside of the
chamber. This design ensured homogeneous heating and could reach a maximum temperature
of about 1400°C in oxygen. The sample temperature was monitored with an optical pyrometer
(Japan Sensor; FTC2) focused onto the sample surface. Besides being oxygen compatible, the
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laser heating technique can be used to heat and cool the sample very rapidly, due to the very
small heat capacity of the sample holder. [118].
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Figure 2.1: Schematic of the PLD system.

Figure 2.2: A photograph of the inside of the PLD chamber during thin film growth.
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2.2 Reflection high-energy electron diffraction (RHEED)

One of the difficult issues with fabricating oxide films by PLD is the variability of the surface
morphology and film crystallinity due to minor variations in the substrate surface or the depo-
sition conditions, such as the sample temperature or the ablation laser fluence. A convenient
method for in-situ analysis of growth dynamics, surface morphology, and surface reconstruc-
tions is reflection high-energy electron diffraction (RHEED). It is a diffraction technique where
a sample surface is probed with a high-energy electron beam (~ 25 keV) at grazing incidence
(0.5 to 2.5° from the surface). RHEED is suitable for surface analysis in a PLD chamber because
differential pumping in two pumping stages separated by pinholes can ensure that the electron
gun remains at high vacuum conditions while the deposition part of the chamber can be filled
with oxygen to a pressure of up to about 500 mTorr. The use of the grazing incidence geometry
means that the electron gun and the phosphor screen used for diffraction pattern observation
do not interfere with the mechanics of the sample holder or the targets. The low incident angle
and the use of electrons instead of X-rays mean that RHEED is extremely surface sensitive and
ideal for surface structure analysis. The electron beam is scattered from sample surface and
forms a diffraction pattern on a phosphor screen. The image is captured with a CCD camera
and analyzed in real time during film deposition. Besides observing the diffraction pattern, the
intensity of the specular reflection beam carries important information about the atomic-scale
roughness of the crystal surface. An atomically flat surface gives a strong reflected beam, while
local roughness leads to electron scattering and reduced specular intensity. When the specular
beam intensity is measured a function of time, the intensity profile can be used to determine
the growth mode of a thin film.

There are three relevant growth modes that can be distinguished by RHEED specular in-
tensity analysis during pulsed laser deposition: layer-by-layer growth, 3-dimensional growth,
and step-flow growth. Static image analysis is used for distinguishing between layer-by-layer
and 3-dimensional growth modes. During layer-by-layer growth, which is normally preferred,
the diffraction pattern shows diffraction spots and possibly streaks arranged on Laue circles. If
the surface roughness increases due to the formation of 3-dimensional grains, a transmission
pattern appears, with a regular rectangular array of diffraction spots.

During layer-by-layer growth, the surface roughness is proportional to the fractional layer
coverage of the topmost unit-cell layer. Fig. 2.3 shows the variation of the specular RHEED
beam intensity as a function of surface roughness during near-perfect layer-by-layer growth
of homoepitaxial SrTiO3. The intensity behavior can be understood in terms of step-edge
scattering of electrons. If the initial surface is flat, the specular intensity is high, but starts to
decrease rapidly when the deposition starts, as adatoms nucleate and form small single unit
cell high islands (A — B — C). The minimum intensity is reached close to half monolayer
coverage (C), after which the reflected electron beam intensity starts to increase again, until the
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topmost molecular layer is completed and the specular beam intensity recovers to the original
level (C — D — E). The number of laser pulses needed to fill one unit cell layer is usually in
the range from 10 to 100, and it may take a few tens of seconds to grow a single unit cell layer.

Due to the pulsed deposition, where the adatom density increases instantaneously after
each deposition pulse and relaxes during the interval between pulses, the specular RHEED
intensity also carries information about this pulse-by-pulse relaxation process. At very high
temperatures, when the relaxation process is completed between each deposition pulse, the film
growth mode changes from layer-by-layer to step flow. The step flow mode can be detected by
spike-like intensity changes in the RHEED intensity.

The RHEED intensity oscillations are mostly determined by the variation of the film surface
morphology, but other factors should also be considered. For example, even small changes in the
electron beam incident angle can affect the intensity oscillation amplitude and phase [120,121].
Especially the intensity oscillation phase shifts need to be considered carefully when attempting

to measure the thickness of very thin layers of a few unit cells.

l‘\\\\\\\

RHEED Intensity

Time (sec.)

Figure 2.3: RHEED specular intensity oscillation for the layer-by-layer growth mode during the
deposition of a single unit cell layer of SrTiO3 [119].
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2.3 X-ray diffraction (XRD)

The crystallinity, orientation, and the presence of secondary phases in the films was analyzed
by XRD. Either a conventional powder-type (Rigaku; SmartLab) or a 4-circle (Philips; X'Pert-
MRD) diffractometer was used for measuring the out of plane lattice parameter of the films, as
schematically illustrated in Fig. 2.4. The presence of strain, the effect of dopants, stoichiometry
errors, and the density of oxygen vacancies can be estimated from the lattice parameter of a thin
film, which is calculated from the diffraction angle of a film peak in a 20/0 scan. The atomic
layer distance can be calculated from Bragg’s law,

2dhkl sinf = nA, (2.1)

where A is the X-ray wavelength, n is an integer diffraction order, dy; is the lattice spacing, and
0 is the diffraction angle. In this work, all measurements were done with Cu K, X-ray sources
that emit Cu K1 = 1.54054 A and Cu Ky, = 1.54432 A radiation.

Filter
\ DS Goniometer SsRS
X-ray / \_| Detector
source | [
(CuKov) —
Sample — —

Figure 2.4: Schematic of a 0/20 XRD measurement. DS, SS, and RS correspond to divergence
slit, scattering slit, and receiving slit, respectively.

Conventional X-ray diffraction, i.e., symmetric scans where the incident and scattering an-
gles are equal, can be used to measure only the out-of-plane lattice spacings in a crystal. For
single-crystal samples, such as epitaxial thin films, it is necessary to measure the in-plane lattice
parameters independently due to the presence of epitaxial strain imposed by the substrate.
Reciprocal space mapping was therefore used to measure the X-ray scattering intensity distri-
butions in the vicinity of certain reciprocal lattice points. In reciprocal space mapping, it is
more convenient to use the scattering vector Q, with Q, being the in-plane component and Q,
the out-of-plane component. The relations between the diffractometer incident and scattering
angles, w and 20, and the scattering vector components, Q, and Q;, is given by

Qx = K[cos(6 — w) — cos(0 + w)] Q; = K[sin(0 — w) + sin(6 + w)], (2.2)

where K = 1/A is the radius of the Ewald sphere. Not all reciprocal space points can be
mapped, because for some lattice plains the necessary incident or scattering directions would
be below the surface of the sample. The reciprocal lattice points that can be mapped fall within
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a hemispheres in the Q space having —2K < Q, < 2K and obeying Q2 + Q? < 4K?. The area
of reflection is divided from the area of transmission by two other hemispheres of radius K
that are centered at Q, = —K and K. The combined plot of the scattering vector (Q,, Q,) and
the position of the Bragg peaks for the SrTiO3 (001) orientation in reciprocal space is shown in
Fig. 2.5. A conventional symmetric 6/20 scan would follow a vertical line along the Q, axis in
reciprocal space. The materials studied in this work have either a pseudo-cubic or a tetragonal
structure, which means that the reciprocal space points, such as (103) and (303), are suitable for

investigating the in-plane lattice parameter when considering the extinction rules.
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Figure 2.5: (a)Sample position and measuring angles (26, w, ¢, V) in real space for 4-axis XRD
and (b) combined plot of (Qy, Q) and the positions of Bragg peaks for SrTiO3 (001) in reciprocal
space.
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2.4 X-ray photoelectron spectroscopy (XPS)

XPS was used mostly for determining the valence of the dopant elements in the oxide thin
film samples. In an XPS measurement, a monochromatic X-ray beam is used extract electrons
from a solid by the photoemission effect. Both core and valence levels of the atoms close to
the film surface can be analyzed. The core levels refer to the inner electron shells that have
no direct role in chemical bonding but chemical bonding affects the precise energy of the core
levels. Measuring the exact core level energies or the distribution of core level energies can
be used to determine the valence of a particular atomic species in a sample. The purpose of
XPS measurements was to determine the valence of dopant atoms. For samples that contained
dopants with several different valence states, deconvolution of the photoemission spectra was
used to determine the ratios of the different valence species. The kinetic energy of photoemitted
electrons is given by:

Ekinetic = hv = ® — Ebinding/ (2.3)

where Ejiperic is the kinetic energy of the emitted electrons, hv is the incident X-ray energy, ®
is the work function of the surface, and Epging is the binding energy of a particular electron
energy level. In an XPS measurement, hv and @ are known, and Ejytjc is measured with an
electron energy analyzer, which means that Ej;,i,, can be calculated.

Since XPS uses electrons emitted from the sample surface, it is obviously a very surface
sensitive technique. The detection depth depends on the inelastic mean free path (IMFP) of
electrons, usually labeled A, which is defined as the distance an electron can travel before its
intensity decays to 1/e or (1/2.718) of its initial value. The IMFP is thus a good measure for
how deep layers can be probed by XPS. In this study, the IMFP was approximated by using
Fig. 2.6 [122].

Since electrons are emitted from a sample during an XPS measurement, a static charge would
build up in an insulating sample due to the electron loss. A conducting sample is therefore
required to avoid charging effects. Film samples used in XPS measurements were therefore
grown on conducting Nb(0.05 wt%):SrTiO3 substrates.

Most of the XPS measurements were carried out at the beamline BL-13A [123] and BL-2A
[124] at the Photon Factory (PF) of the High Energy Accelerator Organization (KEK). Standard
data processing tools were used for XPS feature extraction. The background was subtracted
by the Shirley algorithm and peak deconvolution was done by nonlinear least squares fitting
of spectral shapes with multiple semi-Gaussian peaks. Synchrotron sources were used due to
the high x-ray intensity, greatly shortening the measurement time over conventional laboratory
X-ray sources. The monochromatized X-rays from an undulator also have very high spectral
purity, which increases the XPS energy resolution.

Several samples were also measured with a conventional XPS system (JEOL; JPS-9010MC)
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Figure 2.6: The universal curve, showing the relation between photoelectron kinetic energy and
inelastic mean free path (IMFP) [122].

at Kudo laboratory in Tokyo University of Science. The X-ray source was a Mg K, = 1253.6 eV
lamp, operating at a source current of 10 mA at 12 kV.
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2.5 X-ray absorption and emission spectroscopy (XAS/XES)

Photocarrier generation and transport are important characteristics of photocatalytic materials.
Closer analysis of photoexcited carrier behavior requires an accurate electronic structure model
for both occupied and unoccupied states. To build such model for the model photocatalysts,
a combination of X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES)
was used.

A schematic diagram in Fig. 2.7 explains the difference between these two spectroscopic
techniques. In XAS, a core-level electron is lifted into an unoccupied state just above the Fermi
level. As the excited electron relaxes, a photon emitted and can be detected. By measuring
the fluorescence yield as a function of the incident X-ray energy, the absorption spectrum can
be mapped. Since the initial state is constant in a single absorption spectrum, the fluorescence
yield is proportional to the absorption cross section of the unoccupied states.

If a high-resolution X-ray monochromator is used to analyze the energy of the emitted
fluorescence photons, it is possible to map out the density of occupied states as well, following
the excitation scheme shown in Fig. 2.7b. In this case, the fluorescence signal of interest is
generated by valence band electrons repopulating an empty core-level state. This is known as
X-ray emission spectroscopy and it can be used to measure the density of occupied states. It
should be noted that while the density of occupied states can, in principle, be measured by XPS
or UPS, these techniques require a conducting sample to prevent sample charging. Both XAS
and XES are X-ray in - X-ray out techniques, making them insensitive to sample charging. Even
materials with very low conductivity can thus be used in measurements. An additional benefit
of XAS/XES is that samples do not need to be held in vacuum, but in operando measurements
in air or even in liquid electrolytes is possible.

The X-ray absorption and emission intensities are proportional to the transition probability
between the initial and final states in the electron transition process. This relation is known as
Fermi’s golden rule:

P oc Kslrii)PO(Es — Ei = hv), (24)

where ¢; and )¢ are the initial and final states in an electron transition process and [(¢ ¢[r[i);)] is
the electric dipole moment. ¢ is the delta function, limiting transitions only to cases where the
photon energy equals the energy difference between the initial and final states.

A combined XAS and XES ultrahigh-resolution soft X-ray emission spectrometer at the
undulator beamline BLO7LSU at SPring-8 was used for measuring Ols spectra [125,126]. Fluo-
rescence yield mode was used for XAS spectra, avoiding any charging artefacts from possible
charge-up effects in SrTiO3;. A photodiode detector (IRD AXUV-100) was positioned in front
of the sample at a 45° angle to the incident beam to detect the fluorescence x-rays. The photo-
electron background was eliminated by applying a -550 V retarding bias relative to the sample
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Figure 2.7: Energy level diagrams for the electron transitions probed by XAS and XES for a
doped SrTiO3 sample.

surface on a gold mesh in front of the detector.

The XES spectra were measured with a long baseline x-ray grating monochromator opti-
mized for ultrahigh energy resolution. The energy resolution of the spectrometer was around
50 meV at the Ols edge. The total energy resolution, E/AE, was 3500 (AE ~ 0.15 eV) at 530 eV
for both XAS and XES measurements. The incident photon energy was calibrated against Xe
5p3/2 photoemission lines. The X-ray emission energy calibration was based on elastic scattering

lines.
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2.6 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a scanning probe techniques used for measuring the mor-
phology of surfaces with atomic-scale accuracy. A Shimadzu SPM-9600 microscope was used in
this study to record the surface morphology of thin film samples, and to map the conductivity
of metallic nanopillars embedded in a thin film.

The essential elements of a contact-mode AFM are illustrated in Fig. 2.8. The scanning probe
sensor consists of a sharp probe needle that is attached to a flexible cantilever. A tube-shaped
piezoelectric actuator is used to raster scan the sample under the sharp needle and to adjust the
sample height so as to maintain the cantilever at a constant average height. The deflection of
the cantilever, i.e., the height of the sharp needle, is measured by detecting the shift of a laser
beam reflected from the backside of the cantilever. The detector is a four-segment photodiode
that is used to measure the vertical and horizontal shifts of the laser beam. A vertical shift of
the beam indicates a change in the sample height. A feedback system automatically adjusts the
sample stage height to return the cantilever to the equilibrium position. Horizontal shifts of the
laser beam indicate that the cantilever is tilting, which can be caused by lateral friction forces in
contact-mode measurements. The friction force between the surface and the tip is dependent on
the chemical nature of the surface. Although the friction signalis not quantitative, a friction force
contrast between two areas on a sample surface indicates that those two areas are chemically
different. [127,128]. A big advantage of AFM is that the sample does not to be conductive and
therefore it can be used to measure the morphology of all types of film samples. The main
drawback is the limited spatial resolution, which is set by the 10 nm radius of the AFM probe
needle.
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Figure 2.8: Schematic illustration of an atomic force microscope (AFM).

2.7 Frequency-Modulation Atomic force microscopy (FM-AFM)

In conventional non-contact AFM measurements the tip is vibrated close to its mechanical
resonance frequency with a small excitation piezo actuator and approached to the surface being
imaged. The interaction force between the tip and the sample surface causes the phase and
the amplitude of the cantilever to change and both parameters are detected by the microscope
teedback system. The height information is obtained by adjusting the vertical sample position
piezo to maintain constant tip vibration amplitude.

In frequency-modulation atomic force microscopy (FM-AFM), the frequency shift of the
cantilever is used to detect short-range contact forces with the sample surface. The FM mode
has been developed to a point where ultrahigh, atomic-scale resolution can be achieved in
vacuum and even in liquid environments [129]. A high-resolution FM-AFM machine was used
in this work to observe the atomic-scale surface structure of oxide crystal surfaces in a liquid
electrolyte and to study the solvation structure near the solid surface [130,131]. The frequency
shift detected by FM-AFM can be due to the proximity of a surface, but in a liquid, the FM
signal can be detected even when the tip is not close to a solid surface. Instead, the microscope
can detect a local liquid density change near the liquid/solid interface [132], as shown in Fig. 2.9.
The force exerted on the tip can be calculated from the measured frequency shift as reported by
Sader etal. [133].

In this study, the surface structure of SrTiO3; and the hydration structure on a SrTiO3 surface
were investigated by FM-AFM. The microscope was a modified Shimadzu SPM9600, modified
with a low-noise optical deflection sensor at Onishi laboratory in Kobe University. In order
to stabilize the power of laser diode (LD), the LD was modulated with ~1 GHz frequency.
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The deflection noise was less than 20 fm/Hz!/2. A schematic illustration of the FM-AFM
equipment is shown in Fig. 2.10. An AFM cantilever is oscillating by the excitation from an
automatic gain control (AGC). The frequency shift is detected by phase locked loop (PLL),
and the signal is feedback to XYZ scanner to control the frequency shift of the cantilever.
More detailed information is described in Ref.129. Si cantilevers (BudgetSensors; Tap300GD-G)
with a nominal spring constant of 40 N/m were used in liquid environments. The resonant
frequency was typically 130~150 kHz and the quality factor (Q) of resonance was ~10 in water.

The oscillation amplitude was 0.1 to 0.2 nm.
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Figure 2.9: Schematic illustration showing the observation of solvation structure by FM-AFM.
The force exerted on a tip reflects the information of density distribution of solvation molecules

near a solid surface.
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Figure 2.10: Schematic illustration of an FM-AFM equipment. LD: laser diode. PD: photodiode.
AGC: automatic gain control. PLL: phase locked loop.
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2.8 Optical absorbance measurement

The absorption spectra of thin film samples were measured with a Jasco V-570 UV-Vis-NIR
spectrometer. The instrument can automatically switch between ultraviolet and visible-near-
infrared light sources, conveniently measuring the whole optical response from the band gap
absorption edge of the semiconductor samples to near infrared range. The absorbance is
calculated by using the Lambert-Beer law:

a:EE#EQ 2.5)
where a is the measured absorption coefficient, Iy and I are the intensities of the incident and
transmitted light, and [/ is the film thickness. To avoid scattering, double-side-polished SrTiO3
(001) substrates were used to fabricate samples for optical spectroscopy. Since the bandgaps
of all films used in this work were lower than the nondoped SrTiO3 substrates, fully epitaxial
films, equivalent to the samples used in other characterization experiments, could be used. A
bare annealed double-side-polished SrTiO; substrate was used as a reference for background
correction.

The absorbance of powder samples cannot be measured in simple transmission geometry
due to strong scattering. For powder samples, diffuse reflectance spectroscopy (DRS) was used

instead. This method is based on the equation:
%A + %T + %R = 100, (2.6)

where %A is the absorbance, %T is the transmittance, and %R is the reflectance of the sample.
For a completely opaque sample, %T is zero and %A can therefore be directly calculated by
measuring %R. As shown in a schematic illustration in Fig. 2.11 diffuse reflectance spectroscopy
is based on measuring the intensity of light diffusely scattered from the sample surface within a
half-sphere solid angle. The specular reflection is ignored in DRS. The diffuse reflection intensity
is collected with an integrating sphere and the absorbance is calculated from the Kubelka-Munk
equation:

(1-Rw)* Kk

f(Re) = TOR. T (2.7)

where f(Rx) is the Kubelka-Munk function and Reo = Rumpie/ Rstandara [134,135]. The s and k
parameters are the Kubelka-Munk scattering and absorption coefficients. The sample thickness
is assumed to be infinite and can be ignored. Reflectance at a given wavelength is a function of
the k/s ratio rather than of the absolute values of k and s. The k and s values cannot therefore be
determined independently from Eq. 2.11. BaSO4 was used as a standard material in the RDS
measurements, since it is known to have negligible absorbance in the measurement range.
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Figure 2.11: Schematic of diffuse reflectance spectroscopy (DRS).
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2.9 Photoelectrochemical measurement

The photoelectrochemical response of the photocatalyst samples was analyzed by a combina-
tion of cyclic voltammetry (CV), chronoamperometry (CA), and Mott-Schottky analysis using
Hokuto Denko HZ-5000 and Bio-Logic SP-150 potentiostats. A self-made photoelectrochemical
cell was used for thin film measurements (Fig. 2.12). Polytetrafluoroethylene (PTFE) was used
as the cell material due to its good chemical stability since the cell needs to operate with ei-
ther acidic or alkaline electrolytes. The measurements were done in a standard three-electrode
configuration with a Pt (99.98%, Nilaco) counter electrode and a Ag/AgCl sat. KCI (TOA DKK;
HS-205C, or eDAQ; ET072) reference electrode. The aqueous electrolyte solutions were bub-
bled with pure Ny gas for at least 30 min to remove dissolved O, before each measurement run.
The electrochemical cell was filled with the oxygen-free solution flowing through PTFE tubing
connected with the bubbling cell. An external nitrogen gas supply was used to pressurize the
system and drive the liquid circulation in the cell.
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Figure 2.12: Photoelectrochemical measurement setup: (a) photoelectrochemical cell with a
bubbling cell, (b) sample holder, (c) schematic of a Rh:SrTiO3/SroRuQOy4/SrTiO3 sample. Silver
paste was used to attach a working electrode lead to the SroRuO4 layer to complete the necessary
electric circuit for the potentiostat.
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The potentiostat requires an Ohmic contact to the sample. Since most Rh:SrTiOs and
Ir:SrTiO; films are nearly insulating, the films were grown either on conducting Nb:SrTiOs3
substrates or on a metallic electrode layer. Epitaxial SroRuQOj films were used as the electrode
layer for Rh:SrTiOs films since it can be grown epitaxially on SrTiO3 and it is stale to the highest
temperatures used for the photocatalyst film growth (~ 1100°C). The heterostructure sample
design is illustrated in Fig. 2.12(c). Conducting Nb(0.05wt%):SrTiO3(001) substrates were used
as a back electrode for the Ir:SrTiOs films. Silver paste (Fujikurakasei; D-550) was used for
making Ohmic contacts between SrRuOs the external wiring. An InGa alloy (In (Nilaco; 4N)
1 g and Ga (Nilaco; 6N) 3 g, alloyed at 50°C) was used for the Nb:SrTiO3 contacts.

Mott-Schottky analysis was used for determining the flat-band potential and the carrier
concentration of the photocatalyst films. The sample capacitance is given by

1 2 kT
- eeoescND(u ~Up= ?)’ @8)
where C, U, and U fpare the differential capacitance formed in the semiconductor at the semicon-
ductor/water interface, electrode potential, and flat-band potential, respectively. The constants
e, €0, €sc, Np, k, and T are the elementary charge e = 1.60217 x 107 C, vacuum permittivity
€0 = 8.85418 x 107!2 F/m, relative permittivity of the semiconductor, carrier density, the Boltz-
mann constant k = 1.38065 x 10723, and the temperature, respectively. This equation is only
applicable when the semiconductor surface is atomically flat and the carrier concentration is
homogeneous in the depth direction [136].

The incident photon to current efficiency (IPCE) and absorbed photon to current efficiency
(APCE) were evaluated from:

[Numbero fphotocarriersused forelectrochemicalreaction(1/cm?)]

IPCE(%) = 100(%
(%) [Incidentphoton flux(1/cm?)] X 1000%)
_ he [Photocurrentde.nsit'y(mA/'cmZ)] % 100(%), 2.9)
e [Wavelength(nm)] x [Lightintensity(mW/cm?)]
[Numbero f photocarriersused forelectrochemicalreaction(1/cm?)]
APCE(%) = x 100(%)

[Absorbedphoton flux(1/cm?)]

_he [Photocurrentdensity(mA/cm?)]
e [Wavelength(nm)] x [Lightintensity(mW/cm?)] X [1 — 10~24]

where h, ¢, and e are the Planck constant, the speed of light, and the elementary charge,

x100(%),  (2.10)

respectively, and hc/e = 1240. a and d are light absorption coefficient and film thickness of
the sample. A 100 W Xe-lamp (Asahi Spectra; LAX-101 or LAX-102) with band-pass filters
and a 1 kW Xe-lamp (Ushio Lighting; UXL-1000D) with a double monochromator were used
as light sources for measuring the wavelength-dependent quantum efficiencies. The number
of incident photons was calculated from the average optical power density measured with
calibrated power meters (OPHIRA; PD300-UV or THORLABS; S120VC).
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Chapter 3

Mechanism of photo-induced
superhydrophilicity

In this chapter, I describe the studies of the water and oxide photocatalyst interfaces. The
Water / photocatalyst interface is of crucial importance for understanding the dynamics of
photocatalytic reactions and photo-induced superhydrophilicity. Water stability of semicon-
ductor photocatalysts is another important aspect because it is one of the basic requirements
for practical use of a photocatalytic solar energy converter with long-term operational stability.
However, most photocatalysts, even oxides, are not stable and corrode in water under light
irradiation. Atomic-scale investigation of the water / photocatalyst interface is thus necessary to
understand and overcome the water stability issues. This study focused on the clarification of
the mechanism of photo-induced superhydrophilicity of oxide photocatalysts. Two competing
hypotheses have been proposed; the “surface reconstruction model” and the ”contamination
model”.

Here, (4/13%+/13)-R33.7° SrTiO3 (001) surface was studied in detail because the titanium-rich
surface associated with this particular surface reconstruction was found to be stable in water.
The surface structure and the hydration structure that forms on the (1/13 x 4/13)-SrTiO3 (001)
surface were investigated by RHEED and AFM. The hydration structure was also simulated by
DFT-MD and classical-MD calculations, which supported the experimental observation that the
(V13 x 4/13)-SrTiO3 (001) surface is stable in water and has low levels of dissociative adsorption
of water molecules. Even such a stable surface showed superhydrophilicity if the surface is
cleaned of contamination. The intrinsic superhydrophilicity was also confirmed on several other
oxide surfaces, TiO;, Al,O3, NdGaO3, and LSAT. Based on a physical model of the contact angle
of a water droplet on a solid surface, ionic surfaces having large surface energy (> 200 mJ/m?)
should be intrinsically superhydrophilic. Since oxide surfaces have large surface energies, it is
natural that the clean surfaces are intrinsically superhydrophilic. The fact that TiO, and SrTiO3
surfaces showed superhydrophilicity just by removing the surface contamination suggests that
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the “contamination model” gives a more appropriate description of the superhydrophilicity
phenomenon on oxide photocatalyst surfaces than the “surface reconstruction” model. Along
with previous related reports, I discussed the mechanism of photo-induced superhydrophilicity.

3.1 Introduction

Understanding the behavior of the water / photocatalyst interface under light illumination is
necessary to clarify the dynamics of photocatalytic reactions. The water / photocatalyst interface
is important as it is the reaction field where water splitting occurs. The reaction dynamics have
been studied extensively by various surface-sensitive analysis techniques using scanning probe
microscopes and spectroscopic tools, along with theoretical simulations [100]. The stability of
photocatalysts against photo-corrosion is one important subject and also one of the minimum
requirements for obtaining long-term operational stability of photoelectrochemical systems.
Photo-corrosion has been recognized as a severe problem in most semiconductors, particularly
in non-oxides [31]. Even oxide semiconductors like ZnO and TiO, show photo-corrosion in
water under light irradiation [44,137,138]. The management of photocatalyst surface stability
against photo-corrosion is thus one of the topics studied in the research field of photoelectro-
chemical solar water splitting [45]. The water interface has also attracted considerable attention
due to applications in antifogging and antifouling materials since the original discovery of
photo-induced superhydrophilicity of TiO, photocatalysts in 1997 [38].

This study focused on the clarification of the mechanism of photo-induced superhydrophilic-
ity. Photo-induced superhydrophilicity is a phenomenon where the hydrophilicity of a surface
increases and the water contact angle decreases to nearly 0° by light irradiation. The effect is
often observed on oxide photocatalyst surfaces and has been known since the original discovery
on a TiO, surface [38]. However, the mechanism of photo-induced superhydrophilicity has not
been completely understood yet. Two competing hypotheses have been proposed; one is the
”surface reconstruction model”, which explains the strong hydrophilicity by the appearance of
a surface reconstruction that includes surface hydroxyl groups and oxygen vacancies that are
induced by a reaction with water under light [39]. The other is a “contamination model”, which
considers photocatalytic oxidative decomposition of organic contaminants on a surface as the
dominant mechanism for photo-induced superhydrophilicity, since the hydrophilicity of most
oxide surfaces should be intrinsically very high due to the large surface energy [40,41]. The dif-
ficulty of in-situ experimental observation of surface atomic configurations at the water/oxide
interface prevents direct proof of either hypothesis. However, several studies of TiO, single crys-
tals as a model photocatalyst have revealed no clear photo-induced changes in surface hydroxyl
groups in vibrational spectra [40,41,139-142], in ambient pressure XPS measurements [141], and
in TPD spectra [143], whereas a lower density of organic contaminants has been shown to result
in a faster appearance of photo-induced superhydrophilicity [41]. It is known that the presence
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of O, is essential for photo-induced hydrophilicity change to occur and oxygen has been rec-
ognized as being essential for photocatalytic oxidation of organic contaminants [40,41]. The
contamination model therefore has stronger support than the surface reconstruction model. A
combined model has also been proposed [144]. The model combines the surface reconstruction
model and the contamination model in a way that explains the appearance of photo-induced
superhydrophilicity in two phases. In the first phase, hydrophilicity is increased to a certain
level with a water contact angle ~ 10° by removing organic contamination. The process is
driven by photocatalytic oxidation of organic contaminants. Subsequently, a UV-light-induced
surface reconstruction forms and produces a metastable superhydrophilic surface state. In fact,
two different time constants of the transition of water contact angle under light irradiation
have been reported [145]. However, there is another fundamental difficulty in clarifying the
true mechanism. Since light irradiation induces both photocatalytic decomposition of organic
contaminants [146] and the formation of oxygen vacancies on the TiO, surface [44,147], it is
almost impossible to distinguish between the two influences. The removal of surface contam-
ination and surface roughening generally occur at the same time, which makes it particularly
difficult to elucidate the true mechanism of photo-induced superhydrophilicity. One possible
and plausible way to clarify the true mechanism of the emergence of superhydrophilicity is to
investigate the intrinsic hydrophilicity of oxide surfaces that have been cleaned of surface con-
tamination. If the intrinsic surface is superhydrophilic, the mechanism can be totally explained
by the contamination model, and if not, the surface reconstruction model is supported. Still,
there is no comprehensive study of intrinsic hydrophilicity of oxide surfaces, which would be
needed to determine the true mechanism of superhydrophilicity. In this work, the intrinsic
hydrophilicity of oxide surfaces was investigated and the mechanism of superhydrophilicity is
discussed. The results support the contamination model.
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3.2 Stability of the (/13 X v/13)-R33.7° SrTiOj3 (001) surface

Here, I propose the use of the reconstructed (/13 x 1/13)-R33.7° SrTiO;3 (001) surface as an ideal
surface to study the intrinsic hydrophilicity of Ti-oxide surfaces. This surface was found to have
an atomic structure stable even in water, where water molecularly adsorbs without chemical
reactions. It is thus suitable for investigating the water/oxide interface on an atomic scale.

Various types of reconstructions have been reported to form on SrTiO3(001) surfaces [148—
150]. Among the large variety of surface reconstructions, (/13 x y/13)-R33.7° (hereafter referred
to as (4/13 x 4/13) is one of the most stable atomic structures on SrTiO3(001). This surface has
an excess TiOy layer on top of TiO,-terminated SrTiO3(001) [151]. M. Naitoh etal. reported that
(V13 X 4/13) can be obtained by furnace annealing in an oxygen atmosphere, indicating that
the surface structure is stable in air [152]. This is unusual, since most reconstructed surface
structures deteriorate when exposed to air. The lattice constant of the (/13 X 1/13) reconstructed
surface is 1.408 nm and the structure is shown in Fig. 3.1, following the model reported in
Ref. 151.

Figure 3.1: Plan-view and cross-sectional structure of the (1/13 X 4/13) reconstructed surface.
Oxygen, Sr, bulk-Ti, and surface-Ti are represented by red, green, blue, and orange spheres,
respectively.

The (V13 % 4/13) reconstructed surface was reproducibly fabricated by a programed anneal-
ing procedure illustrated in Fig. 3.2(a). The temperature program was adapted from a report by
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R. Shimizu etal. [153]. In this process, a SrTiOz (001) substrate (Shinkosha) was firstly annealed
at 500°C under an oxygen pressure of 10~ Torr for 10 min to remove the carbon contamination
from the surface. The crystal was then annealed at 850°C for 30 min to stabilize the (1/13 x 1/13)
reconstructed structure, and subsequently heated to 1000°C for 3 min to sharpen the step-and-
terrace surface morphology. After the brief high-temperature phase, a finally anneal at 850°C
for 10 min was used to stabilize the (/13 X 4/13) reconstructed structure. The sample heating
and cooling rates were 50°C/min. The presence of the (1/13 X +/13) reconstruction was confirmed
after the annealing procedure by RHEED (Fig. 3.2(b)). The RHEED pattern was consistent with
previous reports [152,153]. AFM showed a clear step-and-terrace surface morphology where
the step height was ~ 4 A, corresponding to the lattice constant of SrTiO3 (Fig. 3.2(d)). RHEED
images were observed after immersing the sample in water for a few minutes and re-loading
the crystal back into the vacuum chamber. Although the RHEED intensity became weaker
after water and air exposure, the characteristic RHEED pattern of the (/13 x v/13) surface still
remained visible, even after water exposure (Fig. 3.2(c)), indicating that the surface atomic order
of the (1/13 X 4/13) reconstruction is stable against water exposure. The reason for the intensity
drop of RHEED intensity was surface contamination. Small unidentified particles were often
observed on the surface when the crystals were studied in water by FM-AFM (Fig. 3.2(e)),
though such particles were never observed on as-prepared samples in air. The step-and-terrace
structure was also stable in water.

As suggested by RHEED, the atomic structure of (/13 x 4/13) remained intact even in
water and this was confirmed by FM-AFM. The sample surface and the AFM cantilever were
immersed in a 50 mM KCI aqueous solution for the FM-AFM measurements. Fig. 3.3 shows a
topographic FM-AFM image of the (1/13x+/13) reconstructed surface. The atomic structure was
not clear in a raw topographic image (Fig. 3.3(a)), but four-fold symmetric spots with 1.4 nm
periodicity were visible in the 2-dimensional Fourier-transformed image (Fig. 3.3(b)). Fig. 3.3(c)
is the filtered image restored by an inverse Fourier transform of (d). The 1.4 nm periodicity
was clearly observed and the lattice direction was 33.7° rotated from the SrTiO3[100] direction,
consistent with the expected (/13 X 1/13)-R33.7° structure. Therefore, the atomic structure of
(V13 x 4/13) reconstructed SrTiO3 (001) surface is stable even in water, as confirmed by RHEED
and AFM observations.
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Figure 3.2: (a) Annealing procedure of a SrTiO3 (001) substrate for preparing a reconstructed
(V13 x 4/13) surface. RHEED patterns of the (/13 X 4/13) reconstructed surface (b) before and
(c) after water exposure. AFM images of the (/13 X 1/13) reconstructed surface measured (d)
in the atmosphere and (e) in water. (d) was measured in air with dynamic mode AFM. (e) was
measured in a 50 mM KCI aqueous solution with FM-AFM (Af = 130 Hz).
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Figure 3.3: (a) FM-AFM topography of (1/13 x v/13) surface observed in a 50 mM KCl aqueous
solution. The cantilever oscillation amplitude and the frequency shift were 0.2 nm and +150 Hz,
respectively. (b) 2-dimensional Fourier-transformed image of (a). (c) An image of (a) after a
procedure of 2-dimensional Fourier filtering and the corresponding Fourier-transformed image

(d).
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The relationship between macroscopic hydrophilicity and the microscopic hydration struc-
ture is of great scientific interest. Here, the hydration structure on the (1/13 X 4/13)-SrTiO3 (001)
surface was investigated by FM-AFM and supported by theoretical simulations. FM-AFM has
recently been developed for visualizing the solvation structure on an atomic scale [131]. The res-
onance frequency shift (Af) of a cantilever in FM-AFM, which is often observed at liquid/solid
interfaces, reflects the density distribution of solvent molecules [132]. The hydration structure
was observed on the (/13 x /13)-SrTiO3 (001) surface. Fig. 3.4(a) shows a Af map obtained
by measuring the variation of the cantilever frequency shift as a function of the distance from
the surface and the lateral position. The measurement was done on a (/13 X 4/13)-SrTiO3(001)
surface in a 50 mM KCl aqueous solution. The KCl solution was prepared by dissolving KCl
(Nakarai, 99.5 %) in Millipore purified water. The KCl solution was needed to minimize the
electric double layer force, which may otherwise dominate over force modulations caused by
the hydration structure. Fig. 3.4(b) shows an averaged force-distance curve and the corre-
sponding A f-distance curve. Force oscillations were observed near the SrTiO; surface. Force
minima were observed at ~ 0.2 and ~ 0.5 nm from the surface. The oscillation period is in good
agreement with the expected thickness of a water molecule layer (0.2 ~ 0.4 nm) [131]. This is
the first 3-dimensional hydration structure observation on a SrTiO3 surface so far.
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Figure 3.4: (a) FM-AFM Af distribution observed in a xz scan above the (1/13 x 4/13)-SrTiO3(001)
surface in a 50 mM KCl aqueous solution. (b) Averaged force-distance and the corresponding

Af-distance curves. The cantilever oscillation amplitude was 0.1 nm.

It should be noted that the surface hydrophilicity of (/13 x+/13)-SrTiO3 (001) varied strongly
between samples. The water contact angle on the SrTiO3 surfaces was clearly different. In
addition, when the surface showed strong hydrophilicity (some SrTiO3 samples showed super-
hydrophilicity without UV-light irradiation), the contrast of the hydration structure was sharp,
as in Fig. 3.4, whereas when the surface was weakly hydrophilic, the contrast of the hydration
structure was weak, as shown in Fig. 3.5(a). The force curve in Fig. 3.5(c), taken by integrating
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over the area shown in (a), decreased monotonically as a function of distance from the SrTiO;
surface and no clear force modulation was observed. This indicates that the hydration struc-
ture was weak. The weak hydrophilicity and the weak hydration structure might be caused by
surface contamination, as discussed later.

It was found that UV light irradiation changes the hydration structure on a SrTiO3 surface.
There are two possible reasons why UV light irradiation might affect the hydration structure.
One would be a surface reconstruction that may be induced by UV-light irradiation and the other
would be the removal of surface contamination. But, according to the analysis of hydrophilicity
discuss later, I conclude that the effect of surface contamination was dominant. The UV light
irradiation induces decomposition of contaminants on the SrTiO3z surface by photocatalytic
oxidation reactions. The contrast of the hydration structure became sharper after UV light
irradiation (A = 365 + 5 nm, 60 mW/cm?, 30 min) from a LED lamp (ASAHI SPECTRA, POT-
365). Fig. 3.5(b) shows the Af distribution observed on the same sample surface as (a) after
UV irradiation. The difference in the hydration structures before and after UV irradiation
is clearly visible in the Af distribution. Averaged force-distance curves calculated from the
Af distribution in the range marked with red dotted lines in Fig. 3.5(a) and (b) are shown
in (c) and (d), respectively. Several Af-distance curves are displayed in Fig. 3.6. After UV
light irradiation, the sample surface became superhydrophilic, i.e., the surfaces showed photo-
induced superhydrophilicity, and clear oscillatory force modulations were observed near the
surface with a ~ 0.4 nm period. The fact that the contrast of the hydration structure became
sharper after UV light irradiation indicated that the interaction between SrTiO; and water

became stronger after UV exposure.
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Figure 3.5: (a) FM-AFM Af distribution observed in a zx cross-sectional scan on a weakly hy-
drophilic (4/13 X 4/13)-SrTiO3(001) surface in a 50 mM KCl aqueous solution. (b) Af distribution
observed on the same sample as in (a) after UV light irradiation. (c) and (d) Averaged force-
distance curves calculated from the Af-distance curves in the region marked with red dotted
lines in (a) and in (b), respectively.

53



(a) In-dark (b) After UV-light irradiation
1500 — 1500 —

1000 — 1000 —

500 500 -

N\~

T T T -1500 T T T |

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Relative distance (nm) Relative distance (nm)

Frequency shift (Hz)
o
?

-500 —

-1000 —

i

-1500

Figure 3.6: Several Af-distance curves observed on a (v/13 X v/13)-SrTiO3(001) surface (a) in
dark and (b) after UV light irradiation. The data were taken from the Af distribution mapping
in Figs. 3.5(a) and (b).
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The hydration structure on SrTiO3; was simulated by DFT-MD and classical-MD. The DFT-
MD and MD simulations were done with the CP2K [154] and LAMMPS [155, 156] codes,
respectively.

In classical-MD simulations, pair potentials for each atomic pair are assumed empirically.
The parameters used in the simulations are summarized in Fig. 3.7. The parameters for the
interactions in bulk SrTiO3; and the interface between SrTiO3; and H,O were obtained from
Ref. 157. The ionic charges of Sr, Ti, and O was modified slightly to neutralize the (1/13 X 4/13)-
SrTiO3(001) slab model. The TIP3P model [158] was adopted for the interaction in bulk H>O.
This is one of the 3-site models commonly used for MD simulations. The O-H bond distance
and the H-O-H bond angle of a H,O molecule are 0.9572 A and 104.52° in the TIP3P model,
which exactly reproduces the actual experimental values of 0.9572 A and 104.52°, respectively.
For each atomic pair, a pair potential includes coulomb and van der Waals interactions. In
these simulations, the van der Waals interaction between cations were not taken into account.
The van der Waals interactions in the bulk of SrTiO3; were approximated with the Buckingham
potential U(r) = A exp(—r/r) — B/r® and the ones between SrTiO3 and water were described by
a Lennard-Jones potential U(r) = 4e[(o /1) = (o/7)°].

Fig. 3.8 shows snapshots of a unit cell of the water and (/13 X 1/13)-SrTiO3(100) interface,
simulated by DFT-MD and classical-MD. In the DFT-MD simulation, the unit cell was con-
structed with a (/13 X 4/13)-terminated SrTiO; slab with ~ 1 nm thickness and ~ 1 nm bulk
water between two slabs. In the classical-MD simulation, the unit cell was constructed with a
(V13 x 4/13)-terminated SrTiOj slab with ~ 3 nm thickness and ~ 14 nm bulk water between
two slabs. In both simulations, the unit cells were connected assuming 3-dimensional periodic
boundary conditions. The DFT-MD simulation was run for 5 ps with a time step of 0.5 fs in an
NVT ensemble at 300 K. PBE-D3 was used for exchange and correlation functions. On the other
hand, the classical-MD simulation was run for 0.5 ns with a time step 1 fs in an NPT ensemble
at 310 K under 0 atm.

It was found by DFT-MD simulations that water molecules molecularly adsorb on a (1/13 x
4/13)-SrTiO; surface. Although water dissociation was observed on TiO,-terminated and SrO-
terminated SrTiO3(001) surfaces, the dissociation rate was much lower on the (/13 X v/13)
surface, consistent with the high chemical stability of the (/13 X 4/13) structure. The results
are consistent with the experimental results that the surface atomic structure is stable even in
water, as confirmed by RHEED and AFM. The stability was also confirmed by classical-MD
simulations. The atomic structure of (1/13 X y/13) remained intact through the 0.5 ns simulation,
as shown in Fig. 3.9. The (/13 X /13) structure after 0.5 ns relaxation was nearly identical to
the ideal structure, though the surface TiO, layer had a small displacement.
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Mass Charge Atomic A P . C e . ©
(amu) (e) pair (kcal/mol) (A)  (A8kcal/mol) (A2 kJ/mol)  (A® kd/mol)

Atom

Ti 47.8671 2.400 Sr-Ti 130687.880 0.29 124.43871 - -

Ow 15.9994  -0.834 Ti-O 158710.470 0.22 207.31824 - -

0-0 40305.7230 0.30  1248.92520 - -

Ti-Oy - - - 0.00500 3.47500

Sr-Hy - - - - -

O-Hy, - - - 0.010000 2.600000

Ow-Hw - - - 0.083646 1.775294

Figure 3.7: (a) Atomic mass and charge of each atom. (b) Parameters used for describing
each pair potential between two atoms for Sr, Ti , and O of a SrTiO3 slab and H (Hy, and O,
of water. Buckingham potential U(r) = Aexp(-r/r) — B/r®, Lennard-Jones potential U(r) =
4e[(a/n"? = (a/r)°)).
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Figure 3.8: Snapshots of a unit cell of water and (/13 x 4/13)-SrTiO3(100) interface simulated
by (a) DFT-MD and (b) classical-MD. Yellow, pink, red, and white balls are Sr,Ti, O, and H,
respectively.

(a) Ideal structure (b) After 0.5 ns relaxation

Figure 3.9: Snapshots of (a) an ideal (/13 X /13)-terminated SrTiO3(001) surface without relax-
ation and (b) (/13 X 4/13) surface in a simulation of the water interface after a 0.5 ns simulation.
Water molecules are removed in (b) to see the surface structure.
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Fig. 3.10 shows the time-averaged particle density profiles of Sr, Ti, and O of SrTiO; and
hydrogen (Hy) and oxygen (O,) of H,O at water/(4/13 x +/13)-SrTiO3(100) interface, together
with water density profiles, simulated by DFT-MD and classical-MD simulations. Although the
classical-MD simulation excluded dissociation, the water density profiles of both simulations
were quite similar. This suggests that water molecules adsorb on (1/13 X /13)-SrTiO3(100)
without dissociation. In both simulations, two water layers were observed with a 0.26 nm
spacing. The distance was consistent with the hydration layer distance observed by FM-AFM.
It should be noted that the SrTiO3 surface was always superhydrophilic, independent of the
volume of water in both DFT-MD and classical-MD simulations, which indicates that the SrTiO;
surface is intrinsically superhydrophilic. Still, the effects of UV light irradiation and surface

contamination on the hydration structure have not been investigated so far.
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Figure 3.10: Time-averaged particle density profiles of Sr, Ti, and O of SrTiO3 and hydrogen
(Hy) and oxygen (O,) of H,O at water/(y/13 x 1/13)-SrTiO5(100) interface, together with water
density profiles, simulated by (a) DFT-MD and (b) classical MD.
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3.3 Intrinsic superhydrophilicity of oxide surfaces

To understand the changes that occur at the water / photocatalyst interface under light illumina-
tion and to determine the mechanism of photo-induced superhydrophilicity, it is indispensable
to measure the intrinsic hydrophilicity of photocatalyst surfaces, especially for Ti-oxide surfaces.
Based on the experimental RHEED and AFM results, and the theoretical MD simulations, the
atomic structure of the (/13 x /13)-SrTiO; surface was found to be quite stable, even in water.
In this study, (/13 %x/13)-SrTiO; surface was therefore selected as a model photocatalyst surface
to investigate the water/Ti-oxide interface.

Measuring the intrinsic hydrophilicity of a solid surface is difficult because surface wetta-
bility is determined by the water contact angle. An ideal clean surface, however, is usually
prepared in a vacuum chamber without air or water exposure. This complication led to a
long-standing controversy over the intrinsic hydrophilicity of Au surface until 1980 or even
later [159]. Since the water contact angle is often measured in atmosphere, the water contact an-
gle was not reproducible among experimenters because the Au surface in such a measurement
is always contaminated by ubiquitous carbonous species in air. T. Smith finally concluded that
the Au surface is intrinsically superhydrophilic [159]. He carefully studied the surface contami-
nation by Auger electron spectroscopy and measured the water contact angle on the Au surface
within a few minutes of air exposure. A clean Au surface showed a water contact angle of
~ 0°. If Au surface was exposed to air for more than 10 min, the surface became hydrophobic.
However, almost all reports on the hydrophilicity of photocatalyst surfaces ignore the effect of
surface contamination when measuring the water contact angle.

Therefore, the intrinsic hydrophilicity of solid surfaces has to be investigated while carefully
considering the existence of surface contamination. The water contact angle on (1/13 x /13)-
SrTiO; surface was measured after different surface treatments. The results are summarized
in Fig. 3.11. For the water contact angle measurements, a 2 ul water droplet (the systematic
error was less than 0.030 ul) was dropped on a sample surface with a micropipette (M & S
Instruments Inc., P2). The water contact angle on the sample (A) was measured within 1 min
of air exposure after preparing a (/13 X 4/13) reconstructed surface in a vacuum chamber. The
temperature of the sample surface may affect the surface wettability due to variations in surface
tension of water with temperature. Thus, all samples were cooled to room temperature before
measuring the water contact angle by keeping the sample in the vacuum chamber for over 12
hours. Sample (A) showed a water contact angle of < 4°. When the water contact angle is
less than 4°, the contact angle is determined by the volume of the water droplet due to the
small size of the sample. At very low contact angles the water droplet spreads to the sample
edges and the angle is determined by the water volume, not purely by water / solid interaction
strength. Hence, in this study, surfaces with water contact angles below 4° were considered
to be superhydrophilic. However, sample (A) might not be an ideal (4/13 X 4/13) surface and
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may have had a certain amount of oxygen vacancies and excessive Sr-species on the surface,
since the sample was prepared by annealing at ~ 1000°C and 10~>Torr of oxygen. Sample (B)
was otherwise identical to (A), but the crystal was kept in air for over 1 day. The water contact
angle on (B) was ~ 30°, which indicates that the air exposure destroyed the superhydrophilic
state. Air exposure contaminates a solid surfaces with carbonous species, so sample (B) might
have been coated with carbon-related contamination. To check the effect of oxygen vacancies
on the hydrophilicity of a SrTiO3 surface, as-prepared (/13 x +/13)-SrTiO3 surfaces were post-
annealed at 600°C and 10~ !Torr for 1 hour (sample (C)). The annealing conditions of 600°C and
107! Torr for 1 hour was optimized to remove oxygen vacancies as much as possible without
degrading the atomic structure of the (/13 x 1/13)-SrTiO3 surface. Sample (C) also showed
superhydrophilicity but subsequent air exposure again destroyed the superhydrophilic state of
sample (C). Image (D) has the sample (C) after having been exposed to air for 10 min, which
resulted in a water contact angle increase to ~ 20°. Even a 10 min air exposure was thus
sufficient for deteriorating the superhydrophilicity, as was the case for the Au surface [159].

Annealing of SrTiOs; in reducing conditions tends to cause Sr segregation to the crystal
surface. Segregated Sr may thus co-exist with the double-layer Ti surface reconstruction on the
(V13 % 4/13)-SrTiO3 and affect the water contact angle. It has been reported that hot water can
remove surface Sr-species from SrTiO3 [160]. Any Sr residue that may have been on the surface
of sample (A) was therefore removed by a hot water soaking (> 60°C), obtaining sample (E).
The surface of sample (E) was still highly hydrophilic, meaning that the (1/13 x +/13)-SrTiO3
surface is superhydrophilic regardless of the existence of Sr species. Similarly to sample (D),
the superhydrophilicity of sample (E) was destroyed by air exposure, as shown by image (F).
By annealing sample (F) at 600°C and 10~ Torr for 1 hour (sample (G)), the surface carbonous
contamination and oxygen vacancies were removed to the extent possible without triggering
segregation [161]. Sample (G) was the cleanest (/13 x /13)-SrTiO; surface, having minimal
Sr-related residues, carbonous contamination, and oxygen vacancies. Sample (G) showed
superhydrophilicity, but after a 10 min air exposure the hydrophilicity decreased, as shown in
image (H). The conclusion from the experiments was that all samples exposed to air for more
than about 10 min were weakly hydrophilic and clean samples just after unloading from the
vacuum chamber showed superhydrophilicity. The results clearly shows that air exposure is
the dominant effect for degrading the superhydrophilicity of (/13 X 4/13)-SrTiO3 surfaces.

It should be noted that SrTiOj3 is intrinsically superhydrophilic independent on surface
reconstruction, crystal plane, or Nb-doping level. SrTiOs substrates were annealed at 600°C
and 10~ Torr for 1 hour in order to remove carbonous contamination from the surface. Before
measuring the water contact angle, the samples were cooled to room temperature by keeping
them in a vacuum chamber for over 12 hours. A 2 ul water droplet was dropped on the sample
surface less than 1 min after air exposure. Fig. 3.12 shows the water droplets on SrTiO3 (110) and
(111) surfaces, together with the AFM corresponding topography images. Independent of the
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crystal plane, SrTiO3; became superhydrophilic after surface cleaning. The effect of Nb doping
on surface hydrophilicity was also investigated (Fig. 3.13). However, all SrTiO; substrates
showed superhydrophilicity after surface cleaning.

«— H,02u
S~ Substrate

(E) s

Sample Treatment 0 (%) Plausible

residues
(A) Exposed to air for <1 min <4 Sr, V,
(B) Exposed to air for 1 day ~30 SrVv,C
@ fmesasno O
O Qlerremomovate o Oy 0 o
(E) Etched in hot water (~60 °C) for 10 min, - v,

and dipped in water for cooling to r.t.

After removing water on (E) by N,-flow, ~20 V. C
exposed to air for 10 min o

After (E), annealed at 600 °C, P(O,)=10"

Torr for 1 h, and exposed to air for <1 min <4 (clean)

After removing water on (G) by No-flow,

exposed to air for 10 min ~20 C

Figure 3.11: Photographs of a 2 ul water droplet on (v/13 X /13)-SrTiO3 surface prepared in
different procedures. Treatments, contact angles, and plausible surface residues are listed in
the table. Sr and C represent the surface residues of Sr- and carbon- related compounds,

respectively. Vo represents the existence of a certain amount of oxygen vacancies.
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Figure 3.12: Images showing a water droplet (2 ul) on SrTiO3 (110) and (111), before and after
surface cleaning, measured at 20°C and RH~ 50%. The AFM images showed step-and-terrace
morphologies for both surfaces.

Nb(0.05wt%):SrTiO3(001) Nb(0.5wt%):SrTiO3(001)
Before
After surface m
cleaning

Figure 3.13: Images showing a water droplet (2 ul) on Nb:SrTiO3 (001) with doping levels of
0.05 and 0.5 wt%, before and after surface cleaning at 20°C and RH~ 50%.
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The water contact angle was also measured in N, atmosphere using a glove bag directly
attached to a loading chamber of the PLD chamber in order to remove the effects from oxygen
and carbonous species that come from air-exposure on the water contact angle of clean surfaces.
Fig. 3.14 is a photograph of the glove bag used in this study. The glove bag is a simple
and convenient way to prevent contamination from air-exposure [162]. The water contact
angle on clean surfaces was always < 4°, suggesting that these oxide surfaces are intrinsically
superhydrophilic without UV light irradiation and the presence of oxygen.

Figure 3.14: Glove bag attached to the vacuum chamber. The bag was filled with pure N> gas.

The water contact angle was measured for other oxide surfaces as well. Fig. 3.15 shows
water contact angles for step-and-terrace TiO,(110), Al,03(0001), NdGaOs3(001), and LSAT(001)
surfaces. The water contact angles of untreated surfaces showed strong variability among
samples, ranging from 20° on TiO; to 92° on NdGaOz3(001). After surface cleaning, the water
contact angle became less than 4° for all sample surfaces. Surface cleaning was done by
annealing substrates at 600°C, 107! Torr of oxygen pressure for 1 hour. Under these conditions,
surface carbonous species were removed while the step-and-terrace surface morphology was
not changed. In addition, the fact that the color of the LSAT substrate turned brownish indicated
that the density of oxygen vacancies was decreased by this treatment. For comparison LSAT
substrates also become brownish by annealing at 600°C in air in an electric furnace, but do not
change color when annealed at 600°C, 10~®Torr. The results show that these oxide surfaces are
also intrinsically superhydrophilic. However, the superhydrophilicity was destroyed by ~10
min air exposure.

The water contact angles of a polycrystalline anatase TiO, film and single crystal rutile
TiO,(110) surfaces without UV light irradiation have been reported in several papers [39,41,
142,163-166]. The reported water contact angle values show large variations as summarized in
Fig. 3.16. The water contact angle is often measured in the ambient atmosphere, which causes
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variations of the observed water contact angles and leads to poor experimental reproducibility.
Even when measurements are done in a vacuum chamber filled with a well-defined atmosphere,
surface contamination may still affect the measurements [41]. However, the quick contact angle
measurement used in this study gives very strong evidence that a clean rutile TiO,(110) surface
is indeed superhydrophilic with a water contact angle smaller than 4°.

Ti0,(110) Al,0,(0001)

NdGa0,(001) LSAT(001)
SR ) =

AFM
(2 X2 pm?)
Air- 20° .
exposed
After x
surface el
cleaning

Figure 3.15: AFM topographies (2 x 2 um?) of TiO»(110), Al,03(0001), NdGaO3(001), and
LSAT(001). Photographs of a 2 ul water droplet on each surface before and after surface
cleaning. Water contact angles on the clean surfaces were measured within 1 min of the start
of air exposure. Surface cleaning was done by annealing the substrates at 600°C, 10~! Torr of
oxygen for 1 hour.
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Sample | Water |CA.()

polycrystalline film on glass ~2 ul 43~49 N.Sakai et al, Langmuir 14,

anatase sol-gel at 500°C 5918 (1998).

polycrystalline film on glass ~2 ul 35~62 T.Watanabe ef al., Thin Solid

anatase sol-gel at 500°C Films 351, 260 (1999).

polycrystalline film on glass ~2 ul 20~25 N.Sakai et al., J. Electrochem.

anatase sol-gel at 500°C Soc. 148, E395 (2001).

polycrystalline film on glass ~2 ul 15~40 N.Sakai efal., JPCB107,

anatase sol-gel at 500°C 1028 (2003).

Single crystal (rutile(110)) ~2 ul 53~90 T.Watanabe et al., Thin Solid
Films 351, 260 (1999).

Single crystal (rutile(110)) ~2 ul 65~74 R.Wang efal., JPCB 103,

2188 (1999).

Single crystal (rutile(110)(1x1))  unknown 20~32 T.Zubkov efal., JPCB 109,
15454 (2005).

Single crystal (rutile(110)) 2 ul ~30 K.Takahashi et al., JPCC 113,
20322 (2009).

Single crystal (rutile(110)) 2 ul <4  This work

Figure 3.16: Table of water contact angles on a polycrystalline anatase TiO; film and single
crystal rutile TiO, surfaces without UV exposure, reported in Refs. 39,41, 142,163-166. In this
work, a clean TiO,(110) surface showed a water contact angle of less than 4° without UV light
irradiation.
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The physical model of the water contact angle (0) is based on Young’s equation

Vs =ysL+yLcosO, (3.1)

where v, y1, and ygy, are the surface energies of solid and liquid, and the interfacial energy at
solid/liquid interface, respectively. The equation was derived by considering an equilibrium
of surface tensions of solid and liquid, and the interfacial tension of the solid/liquid interface.
The unit of surface energy is J/m?, which is equivalent to N/m, used for surface tension. Thus,
the equilibrium of surface tensions is equivalent to a thermodynamic equilibrium of surface
energies. The thermodynamic equilibrium of surface energies can also be formulated by the
Girifalco-Good equation as

ysL =Ys+tyL—20\ysyL, (3.2)

where ¢ is defined as the interaction parameter at the interface. ¢ is empirically known to be
in the range from 0.5 to 1.1 [167]. From Egs. 3.1 and 3.2, 0 can be expressed as

cos 0 =2¢+/ys/yL—1. (3.3)

The surface energy of water, y(H0O), is 72.8 mJ/m? at 20°C [168]. Fig. 3.17 shows the variation
of water contact angle as a function of surface energy of the solid surface and the interaction
parameter calculated from Eq. 3.3 at 20°C. As shown in Fig. 3.18, polar molecules generally have
small interface energies at the water interface and thus have large interaction parameters. Since
oxides have more strongly ionic character than organic compounds, water/oxide interfaces
should have large interaction parameters, close to 1. According to Fig. 3.17, oxide surfaces that
have a surface energy larger than 200 mJ/m? should, in principle, show very small water contact
angles of ~ 0°.

Surface energies of various materials have been determined from experiments or estimated
based on theoretical calculations [169-176]. Some of the data is listed in Fig. 3.19. In general,
oxide surfaces have very large surface energies of hundreds of mJ/m?2. Therefore, following the
physical model of water contact angle, oxide surfaces should be intrinsically superhydrophilic.
This fact is consistent with the experimental results obtained in this work, showing intrinsic
superhydrophilicity on various types of clean oxide surfaces.
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Figure 3.17: Water contact angle (0) on an ideal flat surface dependent on the surface energy of
the solid and the interaction parameter (¢), calculated from Eq. 3.3 at 20°C. The surface energy
of water, y(H,0), was assumed to be 72.8 mJ/m? at 20°C [168]. The inset shows an illustration
of a water droplet on a surface with contact angle where force vectors of surface tensions of
solid (ys), liquid (y1), and interface tension (ysr.) are described.
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Figure 3.18: Interaction parameters between water and various types of organic compounds as
a function of interface energy at 20°. In general, polar molecules have small interface energies
at the water interface and thus have large interaction parameters. The data were obtained from
Ref. 167.
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| Material | Face | s (m)/m) J Material _| Face | s (mi/m) |

TiO,(rutile) (110) 1780 o-Fe,0, (0001) 1530
(011) 1850 (10-10) 2360
(100) 2080 MgO (100) 1070
(poly) 1910 Cao (100) 800
TiO,(anatase) (011) 1400 SrO (100) 650
(001) 1280 LiF (100) 563
(poly) 1320 Nacl (100) 280
SrTio, (100),,  1100-1400  Au (100) 918-1710
(100)+i0, 890-1450 Pt (100) 1650-2480
(110)g1i0 3100 CaCOj;(calcite)  (10-11) 190
(110)o, 2200 Diamond (121) 5650
a-Al, O, (0001) 2030 Graphite (0001) 119
(10-10) 2230 Contm (100)cr, 7

Figure 3.19: List of surface energies for various types of materials. The data was picked from
Refs. 169-176.
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It should be noted that in the case that the solid surface is not flat and has a considerable
surface roughness, the Young equation has to be revised and the water contact angle is expressed
by Wenzel mode or Cassie mode (Fig. 3.20). If the surface roughness is not that large, the water
contact angle is expressed by the Wenzel mode. In the Wenzel mode model, the area at the
water/solid interface is multiplied by the roughness ratio (r). The Young equation is in this case
revised as

cos O = rcos 0, (3.4)

where 0 is the observed contact angle and 0y is the ideal contact angle on a flat surface. Here,
because r > 1, hydrophilic surfaces have 0 smaller than 0y, while hydrophobic surface have
0 larger than 0y, which means that hydrophilicity is overestimated. When roughness is larger
than a certain level and the air stays at the hollows at the liquid/solid interface, the contact angle
is described by the Cassie model as

cosO = fcosOp+ f—1, (3.5)

where f is the fraction of the solid surface area (f < 1). The threshold surface roughness that
marks a transition from the Wenzel to Cassie modes is r ~ 1.7 [177]. Thus, in order to evaluate
the intrinsic hydrophilicity of solid surfaces, the solid surface should be atomically flat. For
this reason, I used step-and-terrace surfaces for evaluating the intrinsic hydrophilicity of oxide

surfaces.
(a) - (b) - |
air
LU L
0 s 6 s
N A
Wenzel mode Cassie mode
cosH = r cosb cosO = f cosO,+f-1
r: roughness ratio f: fraction of solid surface area(f<1)

Figure 3.20: Water contact angle following (a) Wenzel and (b) Cassie modes. W and S represent
water and solid.
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3.4 Understanding the mechanism of photo-induced superhydrophilic-
ity

Since the original discovery of photo-induced superhydrophilicity of TiO, [38], the phenomenon
has been extensively studied from various viewpoints [178,179]. However, the true mechanism
of photo-induced superhydrophilicity is still controversial. So far, there are two main mod-
els, including the surface reconstruction model [39] and the contamination model [40,41]. A
combined model has also been proposed [144]. The most difficult problem that prevents reli-
able mechanism studies is the difficulty of distinguishing between the effects of photocatalytic
decomposition of carbonous contaminants and photo-induced surface roughening on photo-
induced hydrophilicity changes. Both occur simultaneously on oxide surfaces under UV light
irradiation. Most published works report the hydrophilicity measured in ambient conditions
where surfaces are usually contaminated by ubiquitous carbonous contaminants present in
air and the effect of air exposure is typically not reported. Yates, Jr. efal. carefully measured
water contact angles in a controlled atmosphere using a vacuum chamber, but they still did
not observe superhydrophilicity of TiO, without UV light irradiation [41]. They concluded
that even a fractional monolayer of contaminants reduces the intrinsic superhydrophilicity of
TiO,. In a word, the intrinsic hydrophilicity of a TiO, surface has not been carefully evaluated
so far, in my view. The evaluation of intrinsic hydrophilicity of Ti-oxides is indispensable for
determining the true mechanism of photo-induced superhydrophilicity.

Hence, in my study, I prepared nearly ideal atomically flat Ti-oxide surfaces, especially
the (/13 x 4/13)-R33.7° SrTiO3(001) surface, and evaluated the water contact angle on the bare
surfaces. After surface cleaning in a vacuum chamber by annealing the sample at 600°C,
10~ !Torr, the oxide surfaces showed superhydrophilicity with almost 0° water contact angle.
Based on a physical model of the water contact angle, it was recognized as a reasonable result
that such a highly energetic surface with surface energy of several hundred mJ/m? shows ~0°
water contact angle. The hydrophilicity is clearly affected far more by surface contamination
than any surface morphology changes of the reconstructed structure. Any surface roughening
that may occur under UV light irradiation has a much smaller effect on the interaction between
TiO, and water and thus the effect on the water contact angle is small. I conclude that the true
mechanism of photo-induced superhydrophilicity is the contamination model.

In fact, there has been no clear direct experimental evidences to prove the surface recon-
struction model. Conversely, there are many experimental results that are incompatible with
the surface reconstruction model. If a metastable surface state really is produced through a
chemical reactions on a TiO; surface by UV light irradiation, the surface state should be ob-
servable by surface scientific analysis techniques, such as scanning probe microscopy and/or
spectroscopy. Careful analysis has concluded that there is no significant changes on TiO, sur-
face induced by UV light irradiation in vibrational spectra [40,41,139-142], in ambient pressure
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XPS measurements [141], and in TPD spectra [143]. The time constant of the reverse reaction
of the degradation of photo-induced superhydrophilicity in dark has large variation from a
few tens of minutes [166] to over a month [179]. Considering the experimental results that
the superhydrophilicity of TiO, surface is easily destroyed by ultrasonic agitation [163] and
by surface rubbing [180], the metastable superhydrophilic surface state should not be stable
enough to survive for more than a day. Moreover, if the metastable surface state was produced
by chemical reactions to form new surface hydroxyl groups on the TiO, surface, weak me-
chanical stimuli like ultrasonic washing and surface rubbing should not affect the metastable
state. The contamination model is thus the most plausible mechanism explaining all previous
experimental reports.

There has been a long-standing controversy over whether SrTiO3 shows photo-induced
superhydrophilicity like TiO,. Miyauchi efal. studied the photo-induced hydrophilicity change
of various types of oxide materials, and reported that SrTiOs (polycrystalline film) is one exam-
ple of photocatalysts that decompose organic compounds but do not show superhydrophilic-
ity [181,182]. Based on these results, they suggested that the mechanism of photo-induced
superhydrophilicity is not completely explained by the contamination model. In contrast,
Katayama etal. [108] and Katsumata etal. [183] have reported that single crystal SrTiO3 shows
photo-induced superhydrophilicity. Katayama etal. [108] reported that the photo-induced su-
perhydrophilicity is affected by the atomic composition of the surface, and that TiO,-terminated
SrTiO3(001) shows photo-induced superhydrophilicity, whereas SrO-terminated SrTiO3(001)
does not. Katayama etal. [108] observed the photo-induced superhydrophilicity of single crystal
SrTiO3(001), (110) and (111) surfaces, concluding that SrTiO3 shows photo-induced superhy-
drophilicity independent of the crystal planes. These experiments were done at room temper-
ature in the ambient atmosphere. In my experiments, I confirmed that the superhydrophilicity
of SrTiO; is intrinsic, it is independent of the surface plane and the surface Sr coverage. All
experimental results can be understood by considering the formation of SrCO3 on a SrTiOs;
surface by air exposure. SrTiOs exposed to air commonly has SrCOj3 on the surface [184], due
to a reaction between SrO in SrTiO3 and CO; in air. Since CaCOj3 has lower surface energy of
190 mJ/m? (Fig. 3.19), SrCO; should also have a surface energy that is smaller than CaCO3 due
to the large ionic radius of Sr?* compared to Ca**. The intrinsic superhydrophilicity of SrTiO3
is usually hidden in the atmosphere by the interferences from surface contamination, including
carbonous compounds and Sr-related residues like SrCO3 and Sr(OH),. Photocatalytic oxida-
tion of SrTiO3 under UV light irradiation can decompose carbonous contamination but does
not remove SrCO3. By photocatalytic decomposition of carbonous contaminants, the surface
hydrophilicity is increased to a certain level but superhydrophilic conditions are not reached
due to the remaining presence of SrCO3. Although Miyauchi etal. [181,182] concluded that
SrTiO; did not show superhydrophilicity, the weak hydrophilicity of SrTiO3 can be explained
by the interference from SrCOj3 covering the polycrystalline SrTiO3 surface, in my opinion. The
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reason why a SrO-terminated SrTiO3 surface did not show photo-induced superhydrophilicity
can be explained by the low activity of photocatalytic organic decomposition [185], but also
explained by the presence of SrCOj3. Therefore, the effect of surface SrCO3 should be taken into
account when studying the hydrophilicity of SrTiOs.

Finally I discuss the superhydrophilic domains on TiO, surface proposed by Wang etal.
[38,186]. Besides the discovery of the phenomenon of photo-induced superhydrophilicity they
reported that superhydrophilic domains appear on a TiO,(110) surface after UV irradiation
[38,186]. They observed by friction force microscopy (FFM) ~ 50 nm domains oriented along
the [001] direction and suggested that the amphiphilic TiO, was caused by the coexistence of
hydrophilic and oleophilic domains induced by UV light irradiation. They studied oleophilicity
by measuring contact angles of glycerol trioreate andhexadecane. The formation of the domains
might be related to the formation of oxygen vacancies and Ti** on TiO, surface, they proposed
[38,186]. Later, they additionally reported with AFM images that the domains were formed by
annealing TiO; at 300°C in air and by argon ion sputtering as well asby UV lightirradiation [187].

However, no other group has reproduced the formation of superhydrophilic domains. An
attempt was therefore made to observe superhydrophilic domains of TiO(110) surface by
FFM after preparing a superhydrophilic TiO, surface by UV irradiation (A = 365 + 10 nm,
1.15 mW/cm?, 1 hour), but FFM showed no signs of superhydrophilic domains reported in
Ref. 166, as shown in Fig. 3.21. In my opinion, the superhydrophilic domains observed by Wang
etal. were artifacts caused by surface contamination. Also, it should be noted that according to
Eq. 3.3, it is natural that organic compounds like glycerol trioreate and hexadecane, due to the
smaller surface tension than water, show smaller contact angles than water. A superhydrophilic
surface is therefore naturally highly amphiphilic. My experiments, performed on well-defined
step-and-terrace surfaces showed no signs of superhydrophilic domain formation. It is thus
highly likely that the formation of superhydrophilic domains on TiO; surfaces, as reported by
Wang etal. does not occur on clean TiO, surfaces.
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Superhydrophilic surface

A=365nm
1.15 mW/cm?
1h in pure-H,0
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1.00 pm 2.00x2.00 pm 1.00 ym 2.00 x 2.00 pm 0.01

Figure 3.21: (a) Image showing a rutile TiO,(110) substrate in pure water under UV light
irradiation. (b) A rutile TiO»(110) substrate after UV irradiation (A = 365+10 nm, 1.15 mW/cm?,
1 hour) in pure water, showing that the surface became superhydrophilic. (c) AFM and (d) FFM
(2%2 pm?) of the sample shown in (b) after removing water from the surface by N, blow drying.
The measurements were done at 20°C, RH>70%.
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3.5 Conclusion

Intrinsic hydrophilicity of oxide surfaces was investigated to clarify the true mechanism of
photo-induced superhydrophilicity of Ti-oxide photocatalysts. In this study, (1/13x+/13)-SrTiO3
(001) was used as an ideal model photocatalyst surface. The (/13 x 4/13)-S5rTiO3 (001) surface
has been recognized as environmentally the most stable SrTiO3 surface due to an extra TiOy
layer on the TiO,-terminated SrTiO3(001) surface [151]. I found that the surface is stable even
in water, which adsorbs molecularly on this surface. The stability of the atomic structure was
also supported by theoretical simulations. This surface showed superhydrophilicity whenever
the surface was cleaned by annealing a crystal in an oxygen atmosphere to remove carbonous
contamination. The results showed that the Ti-oxide surfaces are intrinsically superhydrophilic,
suggesting that the mechanism of photo-induced superhydrophilicity can be fully explained
by a contamination model. Superhydrophilicity was obtained just by the removal of carbonous
contamination without the need for light irradiation. Intrinsic superhydrophilicity was also
confirmed on other oxide surfaces, TiO,;, AlO3, NdGaOs3, and LSAT. Based on a physical
model of the contact angle of a water droplet on a solid surface, ionic surfaces having a large
surface energy (> 200 mJ/m?) should be intrinsically superhydrophilic. Since oxide surfaces
have large surface energies, it is natural that clean surfaces are intrinsically superhydrophilic.
The results also suggested that a fundamental study of surface wettability should not be done
in the ambient atmosphere. Surface wettability is very sensitive to air exposure, as previously
reported in the study of intrinsic surface hydrophilicity of Au surfaces [159]. Based on previous
reports, the surface reconstruction model has been contradicted by careful surface analyses
using scanning probe microscopy and spectroscopy. Direct observation of a photoinduced
reconstructed metastable surface state has not been successful so far. The formation of superhy-
drophilic domains observed by Wang etal. [38,186] on TiO, appears to be unreproducible and
was probably caused by surface contamination. Therefore, I conclude that the true mechanism
of the photo-induced superhydrophilicity is surface contamination, as originally proposed by
Yates Jr. etal. [41] and Anpo etal. [40].
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Chapter 4

Photoelectrochemical activity and
electronic structure of doped SrTiO;

The relationship between the electronic structure and the photoelectrochemical activity of doped
SrTiO;s is discussed in this section. In general, the photoelectrochemical and photocatalytic
properties of doped semiconductors are known to be strongly dependent on the dopant species.

In my work, Rh-and Ir-doped SrTiO3 were the main subjects for study. Rh-doped SrTiO3; was
already known to be an effective hydrogen-evolution photocatalyst, but the electronic structure
had not been studied in detail. Ir doping was selected due the similarity of the electronic
structures of Ir:SrTiO3 and Rh:S5rTiO3, except for a systematic shift of Ir-related in-gap states
to a slightly higher energy. The valence of Rh and Ir dopants in SrTiO3 was successfully
controlled by optimizing the film growth temperature and the ambient oxygen pressure. The
electronic structure, especially the dopant-related in-gap state positons relative to the valence
and conduction band edges, was investigated by several forms of X-ray spectroscopy, including
XPS, XAS, and XES. The experimentally determined density of states of Rh- and Ir-doped SrTiO3
was compared with first-principles calculations and the results were found to be consistent.
All experimental spectral features could thus be identified and assigned. The effect of the
dopant species, film thickness, and carrier concentration on the photoelectrochemical activity
was investigated by conventional three-electrode electrochemical measurements under light
irradiation. The differences in the photoelectrochemical activity of Rh- and Ir-doped SrTiOz was
discussed from the viewpoint of general semiconductor physics, specifically the generation and
recombination of photocarriers in doped or defect-rich semiconductors. The most important
parameter affecting the photoelectrochemical activity of doped SrTiOs; was found to be the
photocarrier diffusivity. Excited carrier diffusivity is affected by the density of trap states and
the carrier lifetime, which is determined by the impurity level positions within the gap. The
work shows that there is a trade-off between increasing light absorption and a reduction of
the photocarrier diffusion length in doped SrTiOs. The relationship between these two critical
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parameters can be understood at least qualitatively.

4.1 Introduction

Doping in wide-gap oxide semiconductors has been studied as one possible strategy for tuning
the bandgap to create stable and visible-light-driven photocatalysts [11]. Doping generally
forms impurity levels within the band gap region. If such impurity levels are close to the
valence band top or the conduction band minimum, the effective energy gap required for
the photocarrier generation can be reduced. TiO, doped with N3~ [188] and co-doped with
Rh3*/Sb>* [54], Cr3*/Sb>* [189], or Ni?*/M>*(M = Nb, Ta) [52] have been reported to be photocat-
alytically active. For SrTiO3, doping with Rh** [59], Ir [59], and Cr>* [190-195] has been studied.
Various co-doping schemes have been explored to control the charge compensation, such as
Rh3*/Sb>* [198-200], Cr3*/M>*(M = Sb, Nb, Ta) [66,189,196], Cr¥*/La3* [197], and Ni**/M>*(M
= Nb, Ta) [52]. Among these materials, Rh:SrTiO3 in particular has attracted attention due
to its high hydrogen evolution [59] activity under visible light irradiation and also its appar-
ent p-type character [92]. The Rh valence is known to be an important factor in determining
the photoelectrochemical activity of Rh:SrTiOs; Rh3*:SrTiOs is photocatalytically active while
Rh**:SrTiO; is not active for the hydrogen evolution reaction [59]. In fact, Rh:SrTiOs is a rather
rare case, where an oxide material can be used as a visible-light-driven photocatalyst for the
hydrogen evolution reaction in Z-scheme systems [201-204].

In this study, my focus was on clarifying the difference in the photocatalytic activities of
Rh**- and Rh**-doped SrTiO;. In addition, to understand the role of the Rh dopant in the
relatively high photocatalytic activity of Rh:5rTiO3, a comparative study of Ir:5rTiO3; was also
undertaken. Powder samples and epitaxial thin films of Rh- and Ir-doped SrTiOs; were prepared
to investigate the detailed photoelectrochemical properties and the electronic structure. The
valence of Rh and Ir was successfully controlled by optimizing the oxygen pressure during film
growth. The electronic structure, particularly the impurity levels near the band gap edges of
SrTiO3, was elucidated by X-ray spectroscopy and supported by first-principles band structure
calculations.

76



4.2 Sample Fabrication of Metal-Doped SrTiO;

421 M:SrTiO; (M = Rh, Ir) powders

Doped powder samples of M:SrTiO3 (M = Rh, Ir) were synthesized by standard bulk ceramic
techniques [59,92] by using SrCO3 (Wako Pure Chemical; > 95.0%, treated in air at 300°C for 2 h
before use), TiO, (Wako Pure Chemical; > 99.0% ), Rh,O3 (Wako Pure Chemical; > 98.0%), and
IrO; (Soekawa Chemical; > 97.0%) as source materials. The powders were mixed with a small
amount of methanol in a ratio according to the composition of SrTi;_M,O3, and pre-calcined
in air at 900°C for 1 hour, followed by calcining in air at 1100°C for 10 hours in an alumina
crucible.

The sintered powders were pelletized in a molding press at 10 ~ 20 MPa and calcined again
at 1200°C for 12 hours. The pellets were used as ablation targets for thin film growth and for the
measurement of bulk electronic spectra by XAS and XES. The color of Rh:S5rTiO3; depends on
Rh valence, Rh**:S5rTiO; is purple, while Rh3*:SrTiO;_; is yellow. The yellow-colored reduced
Rh:SrTiO;_s samples were prepared by annealing the purple Rh*":SrTiO; powder in flowing
H, gas at a pressure of 10° Pa and 300°C for 2 hours.

SrCOg, TiOo(rutile),
Rh203, Ir02

solid state
reaction
4

(@)  Powder sample 0. Rh(6%): Ir(5%):
M:SrTiO5 ™3 SITi0;  SrTiO,

sintering (b)

A 4

(b) Pellet sample N
M:SrTiO5 -

R(5%):SrTiO5 Ir(5%):SrTiO,

Figure 4.1: Flowchart showing the powder and pellet sample fabrication.

The pelletized samples were confirmed by XRD to contain a single phase. Typical diffraction
patterns are shown in Fig. 4.2 and Fig. 4.3.
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Figure 4.2: XRD patterns of powder Rh:SrTiO; samples. From the top to the bottom, Rh**(5, 3,
1%):SrTiO3, Rh3*(5%):SrTiO3, and non-doped SrTiOs, together with reference SrTiO3 data.
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Figure 4.3: XRD patterns of powder Ir:SrTiO3; samples. From the top to the bottom, Ir**(5, 3,
1%):5rTiO3 and non-doped SrTiO3, together with reference data of IrO,, Sr3Ti; Oy, and SrTiOs.
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4.2.2 M:SrTiO; (M = Rh, Ir) epitaxial thin films

To achieve high-quality epitaxial thin film growth by PLD, many parameters such as the sub-
strate surface treatment, growth temperature, oxygen pressure, and laser fluence needed to be
optimized. The most important factor for epitaxial growth is the lattice matching between the
film and the substrate. To obtain the best possible crystallinity in the thin film samples, the
doped M:SrTiO; films were grown homoepitaxially on SrTiO3 (001) substrates from Shinkosha.
There are several substrate options for different sample types. Most of the growth characteriza-
tion was done on non-doped insulating SrTiO3 substrates. When metallic back electrodes and
Ohmic contacts with n-type films was required, metallic Nb(0.05wt%):SrTiO3 (001) substrates
were used. The substrates are usually single-side polished with a matte back side. For optical
absorption spectroscopy, transparent double-side polished nondoped substrates were used.
Although the film and substrate materials were the same, the thin film bandgap was always
narrower than the substrate due to the Rh and Ir doping. It was thus possible to measure
accurate absorption spectra, even though the films were grown on SrTiO3 substrates. The only
exception was the dynamic THz absorption experiment, which requires a substrate that is trans-
parent to the THz radiation. The samples used for optical transient absorption measurements
were therefore grown on LSAT ((LaAlO3)o3(SrAly.5Tag.503)0.7) substrates.

The substrates were pre-annealed in the deposition chamber just before film deposition for
every sample (Fig. 4.4). The pre-annealing treatment removed most of the surface contamination
and yielded a uniform step and terrace structure on the substrate surface. The pre-annealing
was done in 10~° Torr oxygen at 1000°C, and lasted for 10 minutes. AFM images showed that
the step-and-terrace structure was obviously clean and that the step edges were equidistant
and nearly straight (Fig. 4.4 (ii)).
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Figure 4.4: Deposition conditions of M:S5rTiO3 (M = Rh, Ir)/SrTiO3 thin films and AFM images
of a nondoped SrTiO3 substrate surfaces (i) before and (ii) after the pre-annealing treatment.
A clean step-and-terrace surface can be seen on the pre-annealed SrTiO; substrate. The step

height is ~ 3.90 A, corresponding to the unit cell height of SrTiO3 (3.905 A).
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Pulsed laser deposition has several unique features that make it suitable for oxide thin film
growth. In particular, precursor adatoms ae delivered from the target to the substrate surface in
short, microsecond-scale pulses, followed by a long relaxation interval on the order of a second.
For oxide films, this means that the crystal formation and oxidation processes can be separated
in time. When the ablation plume hits the substrate surface, adatoms have high energy and
can rapidly move on the substrate surface over long distances, forming a high-quality crystal
structure. The oxidation process occurs during the interval between ablation pulses over a
much longer time period. This means that the average oxygen pressure can be kept low, at
around 107° to 10! Torr, while almost complete oxidation can be achieved if the laser pulse rate
is kept low enough. PLD thus offers an interesting combination of thermodynamic parameters
(temperature, oxygen pressure) and kinetics (pulse interval, fluence). Two important parame-
ters, crystallinity (related to the growth rate) and oxygen stoichiometry can be independently
controlled. For the growth of M(5 at%):SrTiO; films, a KrF excimer laser was used at a fluence
of ~ 1]J/cm? and a repetition rate of 2 Hz. The valence of either Rh or Ir dopants was controlled
by tuning the ambient oxygen pressure.

For Rh:S5rTiOs, the Rh dopant valence affects the film color, which makes is easy to distin-
guish visually the valence difference between films grown at different oxygen pressures. The
quite obvious film color change can be seen in Fig. 4.5, which shows the optical absorption spec-
tra of valence-controlled Rh:S5rTiO3; bulk samples and thin films, together with photographs of
three samples grown at 700°C. Reference absorption data is shown for a non-doped SrTiO;
powder sample as well. The three thin film samples were grown at 10~ Torr (fully oxidized,
purple), 107 Torr (brown, mixed valence), 107 Torr (yellow, reduced). The purple sample
corresponds to pure Rh**:SrTiO; and the yellow film contains predominantly Rh3*:SrTiO;. The
absorption data for the powder samples were calculated by the Kubelka-Munk method from
diffuse reflectance spectra. A absorption edge at 380 nm corresponds to the 3.2 eV band gap
of nondoped SrTiO; [91]. The 580 nm peak is due to in-gap states related to Rh*" while the
absorption increase below 420 nm occurs for both Rh*" and Rh** dopants [59].
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Figure 4.5: (a) Absorption spectra of Rh(1%):SrTiO3 and SrTiO3 powders calculated from diffuse
reflectance spectra. (b) Absorption spectra of Rh(5%):S5rTiO3 films grown at three different
oxygen pressures at 700°C, together with sample images showing a systematic film color change
from purple (107! Torr) to yellow (10~ Torr).
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The easiest method for determining the Rh valence state in a thin film sample is to measure
the Rh3d core level binding energy by XPS and compare the value to known reference com-
pounds. The XPS core level profiles in Fig. 4.6 show that the Rh valence in the films changed
systematically with the film growth oxygen pressure. A comparison of the Rh 3ds,, peak po-
sitions shows that films grown under the most oxidizing conditions, at an oxygen pressure
of 107! Torr, stabilized the highest rhodium valence state (A). Based on literature references,
the binding energy of 310 eV can be assigned to the Rh*" state [205]. A gradual reduction of
Rh was observed for lower growth pressures, with a distinct shoulder appearing at the lower
binding energy side in films grown at 10~ Torr (B). Dopant reduction to metallic thodium was
seen in films grown at 107 Torr (C). The appearance of the metallic state seems to be limited
to the surface of the film, since the probing depth of the XPS measurements at 1060 eV is only
about 2 nm, and X-ray absorption near edge structure (XANES) analysis clearly indicated that
Rh is in the Rh®* state in the yellow sample grown at 107 Torr. Fig. 4.7 shows Rh K-edge
XANES spectra of a RhyO; powder and two Rh(5%):SrTiO3 film samples grown at 107® and
107! Torr. The film sample grown at 10~! Torr showed a chemical shift to higher photon energy
side compared to the Rh** film, indicating that the purple sample has higher oxidation number
than +3. This is consistent with the XPS result that indicated that the purple sample contains
Rh**.
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Figure 4.6: X-ray photoelectron spectra of Rh(5%):SrTiO3 films deposited at (A) 700°C, 10~ Torr,
(B) 700°C, 10~ Torr, and (C) 700°C, 10~ Torr. (D) Film (A) annealed at 700°C, 10~° Torr for 2 h.
Rh loss can be seen by comparing spectra of samples grown at (E) 1100°C, 107! Torr, and (F)
1100°C, 107 Torr. (A), (D) were measured at hv = 445 eV, all other spectra at v = 1060 eV. The
Rh 3ds/» peak reference positions for simple Rh oxides, shown at the top of the figure, were
taken from Refs. [205-207]. The binding energies were referenced to the Ti 2p3/, core-level peak
at 459.1 eV [208].
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Figure 4.7: XANES spectra of (a) Rh,O3 powder and film samples deposited at 700° C under
(b) 107 and (c) 107! Torr.

All films discussed so far were grown at a fixed 700°C temperature. From the point of
view of thermodynamics, both oxygen pressure and temperature should be considered when
attempting to control the valence of a dopant. However, at the highest oxygen pressure of
107! Torr, the effect of temperature is negligible, as shown by a comparison of spectrum (A)
with spectrum (E), which corresponds to a film grown at 1100°C and the same 10! Torr oxygen
pressure. In contrast, Rh reduction occurs when a film is annealed at low pressure (E) and a
near-complete loss due to evaporation occurs when a film is grown at high temperature and
low oxygen pressure (F).

The Rh loss from a film grown at 1100°C and 10~ Torr (F) occurs due to the low stability of
the trivalent Rh oxide. The vapor pressures of various possible oxide species occurring on a film
surface are compared in Fig. 4.8 [209,210]. Although pure Rh metal has comparable stability
with SrO and TiO,, nonstoichiometric Rh oxides are volatile. Out of the possible RhO, species
that may exist on the film surface, such as Rh,O, RhO, Rh,0O3, and RhO; [212], thermodynamic
data is available only for RhO, and Rh,O3 [209,210]. According to the reference data RhyO3
would be expected to decompose under typical film growth temperature and oxygen pressure,
forming volatile Rh oxides or metallic Rh [212]. Since the vapor pressure of Rh metal is extremely
low, the surface Rh content is governed by a kinetic balance between the film growth rate and
the evaporation of RhO, [213]. The growth of high-quality Rh*":SrTiOs films is thus mainly
complicated by Rh depletion from the film surfaces. As spectrum (F) in Fig. 4.6 shows, complete
Rh depletion occurs at 1100°C. The only option is to lower the growth temperature, which may
reduce the crystallinity of the film. Based on the vapor pressure data in Fig. 4.8, increasing the
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growth pressure to 107! Torr can effectively suppress the Rh loss even at the highest growth
temperature of 1100°C.

The core level shifts observed in films grown at low temperature but different oxygen pres-
sures indicate that the Rh dopant valence is governed by the oxygen stoichiometry. For non-
doped SrTiO3_s, each oxygen vacancy would release up to two delocalized electrons that would
occupy Ti 3d orbitals [214]. While stoichiometric nondoped SrTiOj3 is a wide-gap insulator, the
delocalized carriers associated with oxygen vacancies turn the material into a semiconductor
and lead to a bluish hue due to the free carrier absorption in the red and near-infrared parts of
the optical spectrum. However, no conductivity is measurable in Rh-doped oxygen-deficient
SrTiO; films, which means that the additional electrons are responsible for the Rh valence
change and the additional carriers are localized at the Rh sites. Due to the low diffusivity of
oxygen vacancies in Rh:SrTiOs films, vacuum annealing is not effective at changing the color of
a relatively thick film sample.

However, reduction of a thin surface layer is possible and the associated reduction of the
dopant to Rh" is clearly visible after vacuum annealing a Rh**:SrTiO5; sample, as shown by
a comparison of spectra (A) and (D) in Fig. 4.6. Spectrum (A) corresponds to a film grown at
700°C and 107! Torr, showing a pure Rh** state. Annealing in the XPS chamber at 700°C and
107 Torr for 2 h resulted in spectrum (D), which clearly shows two components that can be
assigned to Rh** and Rh3*, based on literature references [205-207].

Based on the XPS analysis, most doped samples were grown at 700°C to avoid Rh evapo-
ration. The oxygen pressure was set at either 107® Torr or 107! Torr to control the Rh valence
between 3+ and 4+ states.

The growth of Ir:SrTiO3 suffers from similar volatility problems because several Ir oxides
are volatile at high temperature [209]. A comparison of vapor pressures of several Rh and Ir
oxides are compared in Fig. 4.8. The strategy for preventing Ir depletion from a film is similar
to the Rh-doped films. The growth temperature was fixed at 700°C, which reduced the Ir loss
and the same 10~! Torr and 107 Torr oxygen pressures were used for Ir valence control. Using
the same growth temperature and pressures for both Rh- and Ir-doped films had the additional
benefit of making it easier to compare the performance of the films, since the crystallinity of all
films should be quite similar.

In situ film growth monitoring by RHEED showed stable specular intensity oscillations as
shown in Fig. 4.9, indicating that the films grew in the layer-by-layer mode and maintained
a flat surface. In layer-by-layer growth, each RHEED intensity oscillation correspond to the
growth of a single unit cell layer. A record of RHEEd oscillations can thus be used to count the
number of deposited unit cells. After growth, a clean step-and-terrace surface morphology was
observed by AFM (Fig. 4.9 (c) and (d)).

Initial visual observation of the color change from yellow to brown for films grown at
107! Torr and 107 Torr suggested that the valence control of the Ir dopant was achieved. Images
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Figure 4.8: Vapor pressure of Rh, RhO, Rh,O3, RhO,, RuO;, Ir, IrO,, IrOs; SrO, and TiO;
[209-211]. Oxides of Rh, Ru and Ir are significantly more volatile under typical deposition
conditions than TiO; or SrO.

of Ir(5%):5rTiO3 film samples and the corresponding optical absorption spectra are shown in
Fig. 4.10, together with reference data for Ir(1%):5rTiO3 and non-doped SrTiO3; powders. The
spectral shape of yellow Ir:S5rTiOj3 is consistent with that of the Ir:SrTiO; powder.

XPS was used to prove that the film color change is indeed due to a change of the Ir valence.
The yellow sample grown at 10~ Torr contained only Ir** dopants, while the brown sample
grown at 107 Torr was dominated by Ir3* (Fig. 4.11). According to published reference data,
the binding energy of the Ir4f;/, peak is 62.3-63.0 eV Ir** and 61.6-62.0 eV for Ir3* [215,216].
The unusual asymmetric core-electron line shapes in the metallic oxide IrO; is thought be
due to many-body screening response of the 54 conduction electrons [220], although the other
possibility is that the IrO, sample has a certain amount of other Ir oxidation states [221].

To measure the electrochemical response of thin film photocatalysts, the semiconductor
photoelectrodes require at least modest sample conductivity or an Ohmic bottom electrode. It
is therefore important to ensure that a Schottky barrier does not form at the interface between
the semiconductor film and a metal electrode.

The motivation for studying Rh:S5rTiO3 was the relatively hydrogen evolution efficiency
of the material. It was already known that Rh:SrTiO3 works as a photocathode and shows
cathodic photocurrent under visible light. Since electrons are extracted from a photocathode
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Figure 4.9: Typical RHEED intensity oscillations observed during Ir:5rTiO3 thin film growth on
SrTiO3 (001) substrates at 700°C at (a) 107° Torr and (b) 107! Torr, together with the correspond-
ing post-deposition AFM images (2x2um?). One RHEED intensity oscillation corresponds to
the growth of a single Ir:SrTiOs3 unit cell layer. The film thickness was 20 nm for both samples.

The KrF laser fluence was ~ 1 J/cm?.

surface, it can be assumed that an electron depletion layer forms at a Rh:SrTiO3 film surface
when it is immersed in water and the material behaves as a p-type semiconductor [92]. In-
trinsic SrTiO3, however, is a well-known n-type semiconductor. To avoid Schottky barriers,
a low work function metal, such as aluminum, is commonly used to obtain Ohmic contacts
with n-type SrTiOs;, while a high work function metal, e.g., gold, would be used for p-type
oxide semiconductors. Al/Rh:SrTiO; and Au/Rh:SrTiO3 junctions were therefore prepared to
determine from the current-voltage (I-V) characteristics if the contacts are Ohmic or not.

The I-V characteristics of various film and metal combinations are shown in Fig. 4.12. It is
clear that the Au/Rh**:SrTiO; junction is fully Ohmic with a linear I-V plot. However, a Schottky-
like behavior is seen for the Al/Rh**:SrTiO3 junction. considering the work functions of Al and
Au, which are 4.1-4.3 eV and 5.1-5.4 eV, respectively [222], the I-V characteristics indicate that
the Fermi level of Rh**:SrTiO3 is over ~ 1eV deeper than that of non-doped SrTiOs. Rh**:SrTiO3
may thus indeed have a p-type character, as suggested by the photocathode behavior. On the
other hand, Rh**:SrTiO3 formed an Ohmic contact with both Al and Au electrodes (Fig 4.12 (c)
and (d)), which means that the Fermi level of Rh*":SrTiO; is higher, located roughly midway
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Figure 4.10: (a) Absorption spectra of Ir(1%):SrTiOz and SrTiO3 powders calculated from diffuse
reflectance spectra. (b) Absorption spectra of Ir(5%):SrTiOj; films grown at 700°C at 10~ Torr
and 107° Torr, together with representative thin film sample images showing a systematic film

color change from brown to yellow.

between those of Rh**:SrTiO3 and intrinsic SrTiOs. It is quite unusual for a semiconductor to
form an Ohmic contact with metals that differ in work functions by about 1 eV (Au and Al),
but one possibility suggested by the XPS results is that metallic Rh exists on the surface of the
Rh3*:SrTiO; films.

Metal contact electrodes on the edge of a thin film can be used in electrochemical measure-
ments if the film has reasonably high conductivity. However, for the Rh- and Ir-doped films, the
conductivity can be quite low, especially in dark conditions when no photocarriers are present.
It may thus be necessary to use a metallic back electrode, in which case the current path length
would be determined by the film thickness (nm scale), rather than the lateral dimensions (mm
scale). While it is easy to change the material of a metallic contact electrode on the film surface,
the choice of a bottom electrode material is more difficult. The observation that Au forms
an Ohmic contact with both Rh*":SrTiO3; and Rh**:S5rTiO; suggested that the bottom electrode
should have a high work function, close to that of gold. However, there are no suitable substrate
materials that would be metallic and have a work function of ~ 5 eV. Due to this, Sr,RuO,4 was
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Figure 4.11: Ir4f core level XPS spectra of Ir(5%):S5rTiO; films deposited at various oxygen
pressure at 700°C, Ir(5%):SrTiO3, and IrO, powders. All spectra were measured with a Mg K,
hv = 1253.6 eV x-ray source. The Ir4f;; peak reference positions for Ir** and Ir>*, shown at the
top of the figure, were taken from Refs. [215,216]. The binding energies were referenced to the
Cl1s core-level peak at 284.8 eV [217-219].

selected as the bottom electrode layer. It has a work function of ~ 5.2 eV, it is lattice matched
with SrTiO3, and thermally stable.

The Sr;RuQy films were grown at 900°C at an oxygen pressure of 107! Torr with a KrF
excimer laser operating at 2 Hz and a fluence of 1.1 J/em?. A SrRuOj3 target was used for the
deposition. The electrode layers were atomically flat with a step-and-terrace surface, and the
correct c-axis oriented crystal structure as shown in Fig. 4.13(a,b). The XRD fringe pattern
titting for the SroRuQOy (006) diffraction peak gave a film thickness estimate of 25 ML = 16 nm,
as expected. Reciprocal space mapping (Fig. 4.14) showed that the in-plane lattice constant of
the SrpRuOy film was the same as that of the SrTiO; substrate, meaning that the Sr,RuOy film
was epitaxially grown on SrTiOs.
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Figure 4.13: (a) AFM image and (b) XRD patterns of Sr,RuQO4 (25 ML) on SrTiOs. (c) Narrow
scan around the SroRuOy (006) peak compared with simulated profiles for the assumed structure
of 25 ML Sr,RuQOy on SrTiOs. (d) Rocking curve of the SroRuOy (006) peak.
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Figure 4.14: Reciprocal space mapping of Sr,RuO4(25ML)/SrTiO3 (001). (a) 20 — w plot and (b)
Qx — Q: plot, showing that the in-plane lattice constant of the Sro,RuQj film grew coherently on
the SrTiO3 substrate.

RHEED intensity oscillations were clearly observed during the growth of the electrode layer
and during subsequent Rh:SrTiO3 deposition on the SroRuOy layer, as shown in Fig. 4.15. AFM
(Fig. 4.16) showed a clean step-and-terrace surface morphology for the final photocatalyst film
surface. Electrical contact with the SryRuQO; film was made with silver paste (Fujikurakasei;
D-550) at the edge of the sample as shown in Fig. 2.12.

Obtaining Ohmic contacts with the Ir:5rTiO3 films proved to be much easier than for
Rh:5rTiO3. As shown by the linear I-V plots in Fig. 4.17, Ohmic contact formed with alu-
minum for both Ir** and Ir** dopant states. This indicates that the Fermi level of Ir:SrTiOj is
closer to that of nondoped SrTiO3 and there is no need for a specific metallic back electrode
layer. Instead conducting Nb:SrTiO3 (work function: ~ 4.2 eV [237]) substrates can be used
directly for preparing Ir:SrTiO; film samples for photoelectrochemical characterization.

In conclusion, the optimal growth conditions for both Rh- and Ir-doped SrTiOj3 films were
similar, except that for Ir:SrTiO3 films could be grown directly on commercially available
metallic Nb(0.5wt% ):SrTiO3 (001) substrates, while for Rh:SrTiO3 a SroRuQ, electrode needed
to be inserted between a nondoped substrate and the film. The conductivity of Nb:SrTiO3
substrates depends on the Nb doping level. Although the best metallic character can be
obtained with heavily-doped Nb(0.5wt%):SrTiO3 substrates, the surface flatness is much better
for Nb(0.05wt%):SrTiO3 crystals. The 0.05 wt% doping level was therefore chosen for the
metallic substrates. The resistivity and the carrier density of Nb(0.05wt% ):5rTiO3 are 7 ~
10 X 1072 Qcm and 1 ~ 2 x 10Y ecm™3, while those of Nb(0.5wt%):SrTiO3 are 3 ~ 7 X 1073 Qcm
and 1 ~ 2x10% ¢m=3 [238]. An InGa alloy, consisting of In (Nilaco; 4N) 1g and Ga (Nilaco; 6N)
3g was used for making contacts with the Nb:SrTiO3 substrates.
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Figure 4.15: The crystal structures of (a) SroRuQO4 and (c) SrTiO3. RHEED oscillations during
(b) SrRuO3 and (d) Rh(5%):SrTiO3 deposition.
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Figure 4.16: AFM image (2 X 2 um?) of Rh(5%):SrTiO3(20nm)/SroRuO,4(16nm)/SrTiO3.
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Figure 4.17: Current-Voltage curves of (a) Al/Ir**:SrTiO3, (b) Al/Ir?*:SrTiO3 junctions. The
Ir:SrTiO; film thickness was 200 nm.

96



4.3 Electronic structure of metal-doped SrTiO3

Photocatalytic reactions on a semiconductor surface are initiated by nonequilibrium photocar-
riers generated in the semiconductor by light irradiation. The photoexcited electrons quickly
relax to the conduction band minimum (CBM) and holes to the valence band maximum (VBM).
The photocarriers are generated throughout the thickness of the photocatalyst film due to the
low absorption coefficient and large absorption length of visible light in a doped semiconductor.
The carriers generated in the bulk of the semiconductor need to be transported to the surface
to participate in the electrochemical reactions at the liquid interface. The driving force for the
migration of carriers to the film surface is an electric field associated with the formation of a
depletion or accumulation layers at the solid - liquid interface. For nominally p-type materials
with a deep Fermi level, an accumulation layer usually forms at the surface, forcing photogen-
erated electrons to the surface. Electrons at the CBM are responsible for cathodic reactions, i.e.,
hydrogen generation in the water splitting reaction. for n-type semiconductors, the surface is
usually depleted and photogenerated holes migrate to the surface, driving anodic reactions,
such as oxygen evolution from water.

The photocarrier generation and migration are thus affected by the position of the conduction
and valence band edges, and presence of in-gap states due to defects, dopants, and surface
states. The electronic structure needs to be considered when evaluating the efficiency of carrier
generation, lifetime, migration to the surface, and the role in chemical reactions at the surface
for a particular material.

In this study, the electronic structure, especially the impurity level positions of Rh- and
Ir-doped SrTiO; were studied by X-ray spectroscopy and first-principles calculations.

4.3.1 Electronic structure of Rh:SrTiO;

Powder samples of SrRh,Ti;_,O3 with x = 0, 0.01, 0.03, and 0.05 were synthesized by conven-
tional solid-state reaction. The powders were pelletized at 10 MPa and calcined at 1200°C for
12 h, yielding purple Rh**:SrTiO3; samples. Reduced Rh**:S5rTiO; pellets were obtained by
annealing a purple Rh** pellet in flowing H, gas at atmospheric pressure and 300°C for 2 h.
Photographs of the pellet samples are shown in Fig. 4.18. The samples were confirmed to be
single phase by x-ray diffraction (Fig. 4.2)

The Rh valence was confirmed by XPS, measured with JPS-9010MC (JEOL) and a Mg K,
laboratory X-ray source. The binding energies were referenced to the Ti 2p3/, peak position.
Deconvolution of the Rh core level peak profiles showed that the purple Rh:SrTiO3 contained
only Rh**, while the yellow Rh:SrTiO3; sample consisted of a mixture of 90.4% of Rh3* and 9.6%
of Rh**. Although the yellow Rh:SrTiOj; pellet contained ~10% of Rh**, the 0.05at% of Rh** in
SrTiO3 is negligible from the point of view of XAS/XES analysis used in this study.
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Figure 4.18: Pellet samples used for electronic structure measurements. From the left: Rh**(x
at%):SrTiOs (x = 0, 1, 3, 5) and Rh3* (5 at%):SrTiOs.
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Figure 4.19: XPS spectra of Rh3d core levels for (a) purple and (b) yellow Rh:SrTiO3 pellet
samples. The same samples were used for the XAS/XES experiments. The purple Rh:SrTiO3
has only Rh**, while yellow Rh:SrTiO3 has 90.4% of Rh®** and 9.6% of Rh**. The binding energy

was referenced to Ti2p3/, = 459.1 eV. The powder samples were attached on carbon tape to
reduce charging during the XPS measurement.
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The spin states of 4d electrons in Rh:SrTiO3 were determined by electron spin resonance
(ESR). The ESR spectra for purple and yellow Rh:SrTiOs pellets in Fig. 4.20 were measured at a
microwave frequency of 9.4 GHz, at 77 K in vacuum [97].

Since the spectrum of the yellow Rh3*:SrTiO3 sample shows no peaks in the ESR spectrum,
it is possible to conlcude that the spin number is zero and there are no unpaired electrons. For
a 4d° electron configuration of Rh**, the lack of unpaired electrons means that the dopant ion
is in the low-spin state corresponding to a 4dt62g configuration (Fig. 4.20 (b)).

Assuming that the Rh atoms are substituting at the octahedral Ti site, possible spin config-
urations for Rh** are tggeg (low-spin) and t;geg, (high-spin). Since Rh**:SrTiO3 showed only a
single peak in the ESR spectrum, indicating that there is one unpaired electron in the material, it
is impossible to say from the ESR data whether the ion is in a low- or high-spin state However,
the low-spin state is more common for 44 and 5d ions octahedrally coordinated by O?~ anions
due to the large crystal field splitting [239]. For example, Rh**/3* possesses the low-spin con-
figuration in La;_M,RhO3 (M=Ca, Sr, and Ba) compounds [240]. The assumption that Rh**
also has a low-spin configuration in Rh:S5rTiOj3 is therefore reasonable.
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77K in vacuum Rhé+ (4d5) Rh3+ (4d6)
1 1 1
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Figure 4.20: (a) ESR spectra of purple and yellow Rh(1at%):SrTiO3 measured at 9.4 GHz and
77 K in vacuum [97], indicating that the yellow Rh:SrTiO3 does not have unpaired electrons,
while the purple Rh:SrTiO3 does. This result supports the the electronic structure assignments
of low-spin Rh** 4dtgg ((b) left) and low-spin Rh3* 4dtgg ((b) right).
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Approximate estimates for the locations of dopant-related in-gap levels in Rh:S5rTiO3 can
be made based on UV-Vis-NIR absorption spectra calculated from diffuse reflection spectra
with the Kubelka-Munk method. Absorption spectra for the purple and yellow Rh:SrTiO3
samples are shown in Fig. 4.21, together with schematic energy level diagrams. The absorption
edge at 380 nm corresponds to the band gap excitation of nondoped SrTiO; (E; = 3.2 eV).
The absorption peak at 580 nm corresponds to excitations from the O2p valence band (VB) to
an unoccupied Rh** acceptor level (Fig. 4.21 (b)), while the 430 nm shoulder is due to carrier
excitations from occupied Rh-related states at the top of the valence band to the conduction
band. A weak d — d transition (state A to B) can be observed at around 1000 nm [59,92,241].
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Figure 4.21: (a) UV-Vis-NIR absorption spectra and (b) schematic illustration of the electronic
structures of Rh**:SrTiO5; and Rh3*:SrTiO;5. The Rh doping level was 1 at%. States A and C are
assumed to be occupied Rh donor levels, while state B is an unoccupied acceptor level.

The unoccupied states of Rh:5rTiO; was studied by Ols XAS. The spectra for nondoped
SrTiOs3, Rh3+:SrTiOs, and Rh**:SrTiOs with several doping levels are compared in Fig. 4.22.
Following the dipole selection rules, these spectra probe transitions from an Ols core level to
an unoccupied O2p state that is hybridized with Ti3d or Rh4d states. The main peak at around
531 eV corresponds to the conduction band that is composed mainly of Ti3d states hybridized
with the O2p states [242,243]. An unoccupied in-gap state can be seen at ~ 1.5 eV below
the CB edge in the Rh*" samples. The intensity of the peak follows the doping level. No
in-gap absorption peaks were found in the spectra of Rh3*(5at%):SrTiO3 and nondoped SrTiO3
samples. The in-gap 528.2 eV peak can thus be assigned to an unoccupied Rh** acceptor level,
in accordance with the schematic energy level diagram inferred from the optical absorption
spectra [59,92,241]. However, unlike Sc:SrTiO3, there was no peak corresponding to holes
created at the VB maximum [242,243].
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Figure 4.22: (a) Ols X-ray absorption spectra of Rh**(x at%):SrTiOs (x = 0, 1, 3, 5) and Rh3*(5
at%):SrTiOs. (b) Energy level diagram for the transitions probed by the O1s XAS measurement.

The occupied valence band and in-gap states were probed by XES. Fig. 4.23 shows Ols XES
spectra measured at an excitation energy of 530.9 eV. The main peaks at 523.5 and 526 eV belong
to the SrTiO3 valence band and correspond to transitions from bonding and nonbonding O2p
states to the O1s core level [244]. The feature at 530.9 eV is due to elastically scattered excitation
X-rays. The interesting part of the spectrum is the fluorescence intensity shoulder between 527
to 528.3 eV. The intensity of this fetaure increases systematically with the Rh content and is
due to Rh**/3* dopant f,, photocarrier donor levels. A spectral weight shift to higher emission
energy by ~ 0.5 eV is evident for the reduced Rh3*:SrTiO3 sample. The Rh donor levels close
to the VB maximum of SrTiO3 can also be seen as a shoulder close to the band gap excitation
energy in the UV-vis-NIR absorption spectra of the Rh**/3*:SrTiO; samples in Fig. 4.21.
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Figure 4.23: (a) Ols x-ray emission spectra of Rh**(x at%):SrTiOs; (x = 0, 1, 3, 5), Rh**(5
at%):SrTiO3, and non-doped SrTiO3, taken at an x-ray energy of 530.9 eV. The inset shows an
expansion of the top of the valence band. (b) Schematic view of the transitions involved in Ols
XES.

The existence of an unoccupied Rh** mid-gap photocarrier acceptor level at 1.5 eV below
the conduction band bottom indicates that the Fermi level of Rh**:SrTiO3 is deeper than the
mid-gap level position and, thus, that Rh:SrTiO3 may have p-type character. It is important to
note that the Fermi level position for nondoped SrTiOj3 is within ~ 300 meV of the conduction
band bottom, and a Fermi level shift by more than 1.5 eV in SrTiO; is quite extraordinary.

Fermi level shifts are generally observable in XPS by a systematic shift of all core level
peaks by an equal amount. A Fermi level shift between SrTiO; and Rh:SrTiO3 should thus
be observable as a systematic shift of Ols, Ti2p, Sr3d, and Sr3p core level binding energies.
Fig. 4.24 shows the XPS results for SrTiO3 and Rh**/3+:SrTiO; powder samples. As expected,
systematic peak shifts were observed for all core levels. The Fermi level shifts relative to
non-doped SrTiO; were calculated from the Ti2p, yielding 0.8 eV for Rh3":5rTiO;3 and 2.0 eV
for Rh*":SrTiO;. However, these binding energy shifts may include systematic errors due to
sample charging, because of the insulating nature of SrTiOs.

102



»
®
T

Ofs — SITiO,
— Rh4+:STiO,

Rh3+:SrTiO,

Ti2p

Intensity (a. u.)
Intensity (a. u.)

T I T T T T I T T T T I T T T T I T T L I L I L I L I LB )
540 535 530 525 475 470 465 460 455 450
Binding energy (eV) Binding energy (eV)

—~
o

-
o
-

c1sasrap | Srad

Intensity (a. u.)
Intensity (a. u.)

e

I LU I TTTT I LU I TT T T I TT T T I TT T T I TT T I Trrrrrr I Trrrrrr I Trrr ;/l" I LI
295 290 285 280 275 270 265 140 136 132 128
Binding energy (eV) Binding energy (eV)

—
(¢
—

Sr4p&Valence

Intensity (a. u.)

20 10 0 -10
Binding energy (eV)

Figure 4.24: XPS spectra of (a) O2p, (b) Ti2p, (c) Cls and Sr3p, (d) Sr3d, and (e) Sr4p and valence.
Red, purple, and yellow lines correspond to non-doped SrTiO3, Rh**:SrTiO3, and Rh3*:SrTiOs,
respectively. The binding energy was referenced to Au4f;,, = 84.0 eV.

103



The assignment of spectral features observed in optical absorption and X-ray spectra was
based on first-principles density of states (DOS) calculations done with the VASP code [245,246].
The calculations were done by Prof. K. Akagi at Tohoku University. A 3 X 3 x 3 SrTiO3 unit cell
was used with one of the Ti** sites substituted with a Rh*" ion, corresponding to a doping level
of 3.70at% (Fig. 4.25 (a)). The Rh3*:SrTiO; system was modeled by injecting an excess electron
with the same amount of uniform background counter charge. As shown in Fig. 4.25 (b), the
added electron was localized in the vicinity of the Rh site.

The PAW method [247,248] was used for effective atomic potentials and the cutoff energy
of the plane wave basis set was 300 eV. A 2 X 2 X 2 Monkhorst-Pack k-point mesh [249] was
used. Gaussian smearing was applied with a width of 0.2 eV. The lattice constant was set to
the experimental value of 3.905 A [250]. Structure optimization was done using the HSE06
functional until the maximum force became less than 0.03 eV/A. The obtained structures were
almost the same for pure SrTiOs3, Rh**:SrTiO3, and Rh3*:SrTiO;3 within a margin of 0.02 A. The
DOS data were calculated based on these optimized structures.
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Figure 4.25: (a) The 3 x 3 x 3 SrTiO3 unit cell showing Sr (green), Ti (blue), O (red), and Rh

(yellow). (b) The charge difference distribution, dp(r), of the Rh:SrTiO3 system, with dp(r) =

p(r; N +1) — p(r; N), where N and N + 1 are the number of electrons in the cell. The yellow and

blue isosurfaces mark regions with increased and decreased electron density, respectively. The
isovalue is +0.01 /A%, and the amount of charge inside this isosurface is -1.04 e.
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The hybrid HSE06 functional [252] was used in the simulation. A GGA/PBE96 [251] func-
tional was also tested, but it was found to underestimate the band-gap width (ca. 1.5 eV for
SrTiOs) and failed to describe the gap states. The hybrid HSE06 functional accurately repro-
duced the band-gap width (ca. 3.0 eV for SrTiOs) and successfully described both the in-gap
and mid-gap states (Figs .4.26 and 4.27).

The main advantage of the HSE06 functional is that it includes the Hartree-Fock exchange
interactions in the calculation. The fact that only the HSE calculation reproduces a Rh** mid-
gap acceptor level implies that the Hartree-Fock exchange interaction induces the mid-gap
acceptor level in Rh**:SrTiOs. The Hartree-Fock exchange interaction affects the energy level
positions between up- and down-spin states in the case that there is unequal number of up-
and down-spin electrons in the material. Thus, Rh3*(4d®, S = 0) produces up- and down-spin
states at the same energy levels, unlike Rh**(4d®, S = 1/2). Also, the higher-spin states of the
Rh*+/3*:SrTiO; system were less stable than the low-spin state, consistent with the experimental
results (Fig. 4.20).
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Figure 4.26: PDOS of Ti3d and Rh4d for Rh**:(3.7at%):SrTiO3 obtained by first-principles calcu-
lations using (a) the HSEO6 functional and (b) the GGA/PBEY6 functional. Up and down spin
states are shown as blue and purple lines for Ti3d, and red and green lines for Rh4d. The Rh4d
PDOS is shown on an expanded scale to emphasize the energy level positions. Up and down

spin states are distinguished in this system due to the existence of an unpaired electron at the
Rh** site.

The calculated DOS for Rh**/3*(3.7at%):SrTiO3 and non-doped SrTiO; are shown in Fig. 4.28
(a) with an expanded view (x10) in Fig. 4.28 (b), highlighting the partial density of states (PDOS)
of Rh. The PDOS plots for Ti, Sr, and O, together with the calculated Fermi level positions, are
also shown for each case. The calculation shows that two in-gap features related to the Rh4d
orbitals exist for isovalent Rh** substitution at the Ti** site in SrTiO3, with peaks appearing close
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Figure 4.27: PDOS of Ti3d and Rh4d for Rh3*:(3.7at%):SrTiO3 obtained by first-principles calcu-
lations using (a) the HSE06 functional and (b) the GGA/PBE96 functional. The Ti3d and Rh4d
states are shown with green and red lines, respectively. The PDOS of Rh4d is expanded to
emphasize the energy level positions. Up and down spin states are not distinguished in this
system, since both up and down spin states are located at the same energy positions due to the
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absence of any magnetic anisotropy in this system.

to the VB maximum and at approximately the mid-gap position, labeled A and B, respectively.
For Rh3*, only a single in-gap level was found close to the VB maximum, labeled C in Fig. 4.28
(b). The calculation shows that the Fermi level shifts by ~0.7 eV between Rh**:SrTiO3 and

Rh3+ ZSI‘TiOg,.
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The charge density isosurfaces corresponding to the states labeled A, B, and C are shown
in Fig. 4.29. It is obvious that lobes surrounding the Rh atom for these states spread into the
directions between the O atoms, indicating that the states are derived from the Rh4d t,, orbitals.
The Rh PDOS peaks in the conduction band region, at a relative energy of 6.5 eV for the Rh**
sample and 7.5 eV for the Rh®* sample, are derived from Rh4d ¢, orbitals. The mid-gap level
B is an unoccupied down-spin state. This state is destabilized by the short-range Hartree-Fock
exchange interaction in the HSE06 functional due to the existence of an unpaired electron at the
Rh** (d°) site; the Rh3* (d°) sample does not have an unpaired electron and thus no mid-gap
state. The calculated molecular energy diagrams for Rh*" and Rh®" dopants are summarized
in Fig. 4.30.
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Figure 4.29: Charge density isosurfaces (yellow) of the states labeled A, B, and C at the rel-
ative energies of 2.17, 4.24, and 2.93 eV, respectively, in Fig. 4.28(b) and an illustration of the
octahedrally-coordinated oxygen ligands surrounding a Rh atom.
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Based on the simulations, all observed spectral features can be assigned to Rh-related in-
gap states. The mid-gap state B in Fig. 4.28 is above the Fermi level and therefore unoccupied.
Experimentally, this state appears in the X-ray absorption spectra of Rh*":SrTiO; in Fig. 4.22
at 528.2 eV. The fact that the state is predicted to be unoccupied by the calculation and only
observable in Rh**:SrTiO3 XAS, adds credibility to the conclusion that the Rh** dopant trans-
forms SrTiO3 into a p-type material with a very deep Fermi level. The A and C peaks partly
overlap with the valence band top, and can therefore only be seen by XES as a small shoulder
at around 528 eV in Fig. 4.23. The sin 0.5 eV spectral weight shift between the 5at% Rh**- and
Rh**-doped samples in Fig. 4.23 matches the calculated shift of the Rh** donor level in Fig. 4.28
(b). Regardless of the Rh valence, the calculated Fermi levels remain deep in the SrTiO3 band
gap, indicating that both Rh**- and Rh3*-doped SrTiO; have a p-type character and a large
downward band bending may be expected at the Rh:S5rTiO3 surface in contact with water,
explaining the observed high-efficiency H» evolution reaction for this material [59,92,241].
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4.3.2 Electronic structure of Ir:SrTiO;

The analysis of Ir 5d impurity level positions in the band gap region of SrTiO3 was similar to
the Rh case —simulation results from first-principles calculations were compared with high-
resolution XPS data. The calculated total and partial density of states (PDOS) of Ir for Ir*+/3+(3.7
at%):SrTiO; and nondoped SrTiO; are shown in Fig. 4.31. The vertical scale for Ir**/3*:SrTiO;
has been multiplied by 10. The Fermi level positions are marked by Er in the plots. The
calculation shows that two in-gap features related to the Ir 54 orbitals exist for Ir** substituting
at the Ti** site in SrTiO3, with peaks appearing ~ 0.5 eV higher than the top of the VB and
~ 0.8 eV below the bottom of the CB, labeled A and B, respectively. For Ir**, only a single in-gap
level was found in the mid-gap region, ~ 1.2 eV higher than the top of VB, labeled C.

VB CB
Eg=3.26V Non-doped
>
EF
T
8 10 2 v Ir**(3.70%)
a|/'D EF g E
AN
v 14
C Ir**(3.70%)
1 I 1 t I
-4 0 4 8
Relative energy (eV)

Figure 4.31: Density of states calculated for nondoped SrTiOz and Ir**/3+(3.70 %):SrTiO3. The
total DOS (red line) and PDOS of Ir (blue line) are shown for each sample. The vertical scale
for Ir**/3+(3.70 %):SrTiO3 is multiplied by 10. The Ir** donor and acceptor levels are marked
with A and B, respectively. The Ir* donor level is marked with C. D and E are Ir 5d states
hybridizing with the O 2p valence band and with the conduction band, respectively. Er marks
the calculated Fermi level positions.

It should be noted that all of these impurity levels are derived from Ir 5d t5; states and that
state B is induced by the short-range Hartree-Fock exchange interaction in the HSE06 functional
due to the existence of an unpaired electron at the Ir*" (d°) site. The peaks marked by D and
E are Ir 5d states overlapping with the lower-energy O 2p valence band states and with the
conduction band, respectively. Simulations using the GGA/PBE functional, which does not

111



consider the exchange interaction, produced only a single impurity level in the gap region
for Ir*"-doped SrTiO; as well as Rh*"-doped SrTiO;. Fig. 4.32 shows the comparison of the
simulated DOS of Ir**(3.70 %):SrTiO; calculated with the HSE06 and the GGA/PBE functional.
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Figure 4.32: Total DOS (black) and PDOS of Ir 54 (red), O 2p (blue), and Ti 34 (green) for Ir**:(3.7
at%):SrTiOs obtained by first-principles calculations using (a) the HSE06 functional and (b) the
GGA/PBEY6 functional. Up and down spin states are shown in the upper and lower parts of
the figures, respectively. Up and down spin states are distinguished in this system due to the
existence of an unpaired electron at the Ir*" site.

Fig. 4.33 shows high-resolution valence band X-ray photoelectron spectra of Ir(5%):5rTiO3
films deposited at 700°C and either 10! or 107 Torr of oxygen, measured at photon energies hv
= 600, 1000, and 1400 eV using a synchrotron light source. The binding energy was referenced
to the Au Fermi edge. The main components observed in the valence band region are attributed
to bonding (O 2p - ) and nonbonding O 2p (O 2p - 1) orbitals at ~ 6 and ~ 4 eV binding energies,
respectively [254].

The contribution of Ir states to the valence band spectra cannot be easily seen due to an
overlap with the dominant oxygen 2p states. However, the photoexcitation cross section Ir/O
ratio increases with the incident photon energy (Fig. 4.34). A comparison of valence band
spectra taken at photon energies of 600, 1000, and 1400 eV can thus be used to separate the Ir
contribution from the O 2p states. The difference spectra, calculated by subtracting the hv =
600 eV spectrum from the hv = 1000 eV and hv = 1400 eV spectra show two peaks at binding
energies of ~ 8 eV and ~ 2 eV. The peak observed at the top of the valence band at ~ 2 eV is
assigned to the Ir 5d orbitals (states A and C in Fig. 4.31), while the peak at the bottom of the
valence band at ~ 8 eV corresponds to O 2p - ¢ orbitals hybridizing with Ir 5d states (state D in
Fig. 4.31).

The Ir 5d spectral components close to the top of the valence band, within the gap of the
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Figure 4.33: Synchrotron X-ray photoelectron spectra of the valence band of Ir(5%):S5rTiO3
films deposited at (a) 700°C, 10~ Torr (Ir**:SrTiO3) and (b) 700°C, 1076 Torr (Ir**/3*:SrTiO3).
The photon energy was either 600, 1000, or 1400 eV. An increase of the Ir related spectral
components can be seen in the difference spectra measured at higher photon energies (lower
panels); the intensity increase is visualized by subtracting the v = 600 eV data from the spectra
taken at hv = 1000 and 1400 eV.

SrTiO; host material, were deconvoluted to show the Ir** 54, Ir** 54, Ir metal 54, and O 2p-m
components, as shown in Fig. 4.35. Ir>* creates a shallower donor level than Ir**. The binding
energy positions of Ir** 54 and Ir** 5d peaks are at 2.24 and 1.74 eV, respectively. The Ir metal
contribution was calculated by including a thermally broadened Fermi-Dirac function, because
the valence band spectrum of Ir metal is nearly flat in the 0 to 6 eV binding energy range [255].
Exposure of the film surface to an intense synchrotron X-ray beam in ultrahigh vacuum resulted
in moderate radiation damage, partially reducing Ir*" to Ir>*, and Ir** to metallic Ir (Fig. 4.36).
Thus, the spectrum of the film deposited at 10! Torr has both Ir** and Ir** components in
Fig. 4.35, while only Ir4+ was observed with a laboratory X-ray source. Furthermore, the film
deposited at 107 Torr has three components, corresponding to Ir**, Ir3*, and metallic Ir. At the
bottom of the VB, at relative energies of -2 to -4 eV in Fig. 4.31 (state D), Ir 54 and O 2p PDOS
components overlap for both Ir**- and Ir**-doped samples, which corresponds to the increase
of spectral intensity in the 7 to 9 eV binding energy range in Fig. 4.35.

The Ir 5d in-gap impurity levels and the O 2p - ¢ (O-Ir) lower valence band states simulated
by first-principles calculations are consistent with the experimental results obtained from UV-
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Figure 4.34: Atomic subshell photoionization cross sections for Ir 54, O 2p, and Ti 3d electrons
as a function of the incident X-ray photon energy.

vis-NIR absorption spectra and XPS measurements.

It is interesting to compare the electronic structure of Ir:SrTiO3; with that of Rh:SrTiO3. The
impurity level positions of Ir:SrTiOj; are similar to those of Rh**/3*:SrTiO3, and the difference
between Rh and Ir doping is only seen as a shift of Ir impurity levels by ~ 0.5 eV higher than
those of Rh in SrTiO3. Rh and Ir are in the same group in the periodic table, but being a 54
element, the Ir impurity levels are systematically ~ 0.5 eV higher than those of Rh 44 in the
SrTiO3 parent compound.
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Figure 4.35: Synchrotron X-ray photoelectron spectra of the valence band of Ir(5%):SrTiO3 films
deposited at (a) 700°C, 107! Torr and (b) 700°C, 10~ Torr. The photon energy was 1000 eV. Each
raw spectrum (dotted line) is deconvoluted to Ir** 5d (red), Ir** 5d (blue), Ir metal 5d (orange),
and O 2p - 7t (green) components. The fitting curve is shown in black.
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Figure 4.36: The first and 10th scan of the Ir 4f core level photoelectron spectra for a film
sample deposited at 700°C and 10! Torr. The scans were taken continuously at the same

sample position, with each scan lasting 1.5 min. The photon energy was 600 eV.
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4.4 Photoelectrochemical properties of metal-doped SrTiO;

The photoelectrochemical properties of Rh- and Ir-doped SrTiO3 were compared with those
of nondoped SrTiO3; and with known n-type Nb:SrTiO;. The Nb°* doping generates free
carriers in SrTiO3, leading to metallic conductivity. Nb-doped single crystals can thus be used
as a convenient method for studying the effect of carrier density on the photoelectrochemical
behavior of SrTiO3. Non-doped and Nb-doped SrTiO3 (001) substrates (Shinkosha, thickness
0.5 mm) shown in Fig. 4.37(a) were annealed at 1000°C at an oxygen pressure of 10~ Torr to
obtain a uniform step-and-terrace surface morphology. AFM images of the annealed substrate
surfaces are shown in Fig. 4.37. Since a non-doped SrTiO3 substrate has too high resistivity
to measure its photoelectrochemical properties, a non-doped 100-nm-thick SrTiOs film sample
was grown on a conductive Nb(1.0 at%):SrTiO3 (001) substrate. Due to the shorter current path,
a nondoped SrTiOs film can be used in electrochemical measurements. The SrTiO3 film was
grown by PLD at 1200°C in at a base pressure of 1077 Torr. A KrF excimer laser was used to
ablate a single crystal SrTiO; target at a fluence of ~ 1J/cm? and a repetition rate of 2 Hz. SrTiO3
grows in step flow mode at this growth temperature, which is essential for obtaining a highly
crystalline epitaxial thin film and to prevent the formation of Sr vacancies [265]. To remove
the oxygen vacancies created during the film deposition, the film sample was subsequently
annealed at 900°C at an oxygen pressure of 1072 Torr for 1 hour. The preparation conditions
were based on the growth optimization done by Kozuka etal. [265]. The film sample also had
an atomically flat surface with a step-and-terrace surface morphology (Fig. 4.37(f)).

Non- doped Nb (0.04 at.%) Nb (0.10 at.%) Nb (1.00 at.%)

(a)

(d) (e)

Figure 4.37: (a) A image of non-doped and Nb-doped SrTiOs (001) substrates. AFM images of
(b) non-doped SrTiO3 and Nb:SrTiO3 (001) substrates with the Nb doping levels of (c) 0.04, (d)
0.10, and (e) 1.00 at%. (f) AFM image of a 100 nm non-doped SrTiOs film deposited on Nb(0.1
at%):SrTiO3 (001) substrate.

The flat band potential (Uy,) and the carrier density (11)15) were evaluated by Mott-Schottky
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analysis in a HCIO4 aqueous solution (pH=1.0) (Fig. 4.38). The permittivity of SrTiO; is known
to be affected by an electric field, resulting in non-linear Mott-Schottky plots [266,267,269-271].
The relative permittivity of SrTiO3 was assumed to follow the electric field as reported by
Suzuki etal. [266]

e (E)=b/Va+E2, 4.1)

where a = 1.64 x 10'° (V2/m?) and b = 1.42 x 10'° (V/m) at room temperature. The conventional
Mott-Schottky equation can be rewritten as

1 2+a

C2 - beoeND

1
(U~-Ugp) + @(U ~Up), (4.2)
0

where C, U, and Np are the differential capacitance formed in the semiconductor at the semi-
conductor / water interface, electrode potential, and carrier density, respectively. The constants
e, €0, k, and T are the elementary charge, vacuum permittivity, the Boltzmann constant, and
temperature, respectively. The Schottky barrier potential V(x) and relative permittivity e€,(x) are
analytically determined as a function of the distance from the water interface x as

b
Vi) = 2)\];/5 {cosh[e;\]Ts)(W — )] - 1} +V, 4.3)
€,(x) = b/ \/Ecosh[EN—D(W —-x)], (4.4)
b(—?o
and
_ b(—:o -1 END _
W= N cosh™[1+ \/Ebeo(u Ugp)]- (4.5)

The obtained flat band potential and carrier densities are summarized in Fig. 4.38, together with
the carrier density (ny,;) and electron mobility (u.) calculated from van der Pauw Hall effect
measurements. The resistivity (p), and photocarrier lifetime (7) were calculated as explained in
Ref.268. The photocarrier lifetime is dependent on the carrier density and can be expressed as

1

= —— (4.6)
24 +CN2,

where A = 1.7 x 107 s71, C = 1.3 x 10?2 cm®/s [268].

The cyclic-voltammetry curves of a 100 nm non-doped SrTiOj3 film on Nb(0.1 at%):SrTiO3
(001), and Nb(x at%):SrTiO3 single crystals with x = 0, 0.04, 0.10, and 1.00, measured in a
HClO4 aqueous solution (pH=1.0) under UV-light irradiation (1 kW Xe lamp) are shown in
Fig. 4.39. Clearly, the photocurrent density increased with decreasing carrier density of SrTiOs.
The photocurrent density at 1.23 V vs. RHE (J;;), width of space charge region (Wsc), and
conductivity (o) as a function of carrier density (1) of SrTiO3(001) are summarized in Fig. 4.40.
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Since anon-doped SrTiOj3 substrate (thickness 0.5 mm) has a large resistance, the current density
is suppressed by the large Ohmic losses in the sample and no photocurrent was observed.
Increasing the carrier density by Nb doping increases the conductivity, but it also reduces the
width of the space charge region near the water interface (~ 14 nm in Nb(1.0 at%):5rTiO3),
where efficient photoexcited electron-hole pair separation occurs. The effect of Nb doping on
the photoelectrochemical properties observed here is consistent with previous reports [272].
The trade-off between sample conductivity and space charge width limits the efficiency of a
photoelectrochemical cell as well as the efficiency of a solar cell [31]. A nondoped SrTiO3
film deposited on a conductive Nb(0.1 at%):SrTiO3 therefore showed the largest photocurrent
density. The film sample possesses both a large space charge layer width near the water interface
and sufficient conductivity due to the much shorter current path.

IPCE measured at 1.23 V vs. RHE also clearly showed that a sample with low carrier
density has higher photon-to-current conversion efficiency, independent on wavelength, while
a non-doped SrTiO3 substrate showed no photocurrent due to its high resistance (Fig. 4.41).
IPCE in the ultraviolet part of the spectrum, at wavelengths below 320 nm was over 70% for
the low-carrier-density samples. The behavior can be quantitatively understood by a mismatch
between the light absorption length and the space charge layer thickness at the water interface.
The penetrating light intensity and the internal potential as a function of distance from the
water interface are plotted in Fig. 4.42. Photocarriers generated in the space charge region can
migrate from the bulk to the surface, driven by the internal electric field, whereas photocarriers
generated in deeper flat band region in the bulk of the semiconductor cannot contribute to the
photoelectrochemical reaction. The incident light should thus be absorbed within the space
charge region to achieve the highest possible energy conversion efficiency. At 1.23 V vs. RHE,
surface recombination is negligible and the photocurrent density can be approximated with
Girtner’s model [273]

exp(—aWSC)]

4.7
1+ aLmin ( )

]ph = eJap [1 -

where |, @, and L,,;, are the light absorption photon flux, light absorption coefficient, and the
diffusion length of minority carriers, respectively.
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Figure 4.38: Mott-Schottky plots of (a) 100 nm non-doped SrTiO3 film deposited on Nb(0.1
at%):SrTiO3 (001) and Nb:SrTiO3 (001) substrates with Nb doping levels of (b) 0.04, (c) 0.10, and
(d) 1.00 at%, respectively. The black lines are the fitting curves. Light source: 1 kW Xe-lamp.
Electrolyte: 0.1 M HCIO4 aq. Frequency: 100 Hz. The flat band potential (Uy), carrier density
estimated from the Mott-Schottky plot (1p15), carrier density (11p,), and electron mobility ()
evaluated by Hall measurement, resistivity (p), and photocarrier lifetime (7) estimated by the

equation reported in Ref.268 are summarized in the table.
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Figure 4.39: Cyclic-voltammetry curves of (a) 100 nm non-doped SrTiO; film deposited on
Nb(0.1 at%):SrTiOs (001) substrate, and Nb:SrTiO3(001) single crystals with Nb doping levels
of (b) 0.04, (c) 0.10, (d) 1.00, (e) 0.00 at%. The measurement used HCIO4 aqueous solution
electrolyte (pH=1.0), 2 mV/s sweep rate, and a 1 kW Xe lamp light source.

10" 1000
10°
10° - =

Wgc (nm)

10" '
10° — 0.001
80 —
60 —
40 —
20
0

Jon (MA/cm?)

10” 10”7 10" 10"

n (cm3)

Figure 4.40: Photocurrent density at 1.23 V vs. RHE (J,;), width of space charge region (Wsc),
and conductivity (o) as a function of carrier density (1) of SrTiO3(001) photoelectrodes. Pho-
tocurrent density at 1.23 V vs. RHE of a 100 nm non-doped SrTiOs film deposited on Nb(0.1
at%):SrTiO3 (001) is marked with a blue circle.
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Figure 4.41: IPCE measured at 1.23 V vs. RHE of a 100-nm-thick non-doped SrTiO3 film
deposited on a Nb(0.1 at%):SrTiO3(001) substrate and Nb(0.04, 0.10, 1.0 at%):SrTiO3(001) single

crystals.
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Figure 4.42: Penetrating light intensity and electric potential in a SrTiO3 as a function of the
distance from the water interface. The penetrating light intensity is plotted for several different
wavelengths (1), while the electric potential under a 1.23 V vs. RHE bias is plotted for various
carrier densities in SrTiOs.
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The role of dopants in modifying the photoelectrochemical properties of SrTiO3 was studied
by preparing a series of M:SrTiO3(M = Rh, Ir) thin films by PLD and measuring the cyclic voltam-
metry response under visible light irradiation. Particular attention was paid to determining the
effects of the dopant valence, and the film thickness.

The valence of the Rh and Ir dopants was controlled by choosing either oxidizing or reducing
conditions for the film growth process. The M*" state was stabilized in films deposited at
10! Torr, while a predominantly M3* state was obtained by depositing films at 107° Torr
of oxygen. For Rh doping, it is known that the dopant valence plays an important role in
determining the photocatalytic activity in the H, evolution reaction [59]. Fig. 4.43 shows cyclic
voltammetry curves of Rh(5at%):5rTiO3 samples, measured under chopped visible light from
a 300 W Xe lamp, filtered with an L42-filter (420-800 nm passband). The Rh valence and the
film thickness were systematically varied. A cathodic electrochemical response was observed
in all samples, which means that hydrogen gas was generated at the electrode surface. Since
the hydrogen evolution reaction is driven by electrons transferred from the semiconductor to
water, itis evident that an accumulation layer with downward band bending occurs at the water
interface of Rh:SrTiOs films and Rh:SrTiOs can thus be considered to have a p-type electronic
character, as has been reported in literature for bulk samples [92].

An important photoelectrochemical parameter is the onset potential, i.e., the threshold bias
at which the light-induced electrochemical response appears. The cyclic voltammetry scans
in Fig. 4.43(a,c) show that there is an onset potential shift of ~ 0.6 V between the Rh**:SrTiO3
and Rh3*:SrTiO; film samples. Another observation that can be made from the voltammetry
data is that the response of the Rh*":SrTiOj film is hysteretic, i.e., the measured current density
depends on the bias sweep direction, marked by arrows in Fig. 4.43(c). In general, hysteresis
in a cyclic voltammetry loop indicates that the Rh valence changes with applied bias, but it
remain unclear why such behavior was not observed for samples that contain a mixture of Rh**
and Rh3" valence states (Figs. 4.43(b,e)). The most likely reason for the reduced photocurrent
density of mixed-valent Rh**/3*:SrTiO3 samples in Figs. 4.43(b) compared to Rh3" (a) and Rh**
samples (c) is the increase of recombination rate due to a higher density of crystal defects.
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Figure 4.43: Cyclic-voltammetry curves of Rh(5at%):SrTiO3; showing the Rh valence dependence
of the photocurrent. Each sample was measured over 3 cycles to confirm its stability. The Rh
valence and thickness were (a) Rh®*, 20 nm, (b) Rh3*/4*, 20 nm, (c) Rh**, 20 nm, (d) Rh3*, 100 nm,
(e) Rh®/4*, 100 nm, and (f) Rh**, 100 nm. Arrows in (c) mark the direction of the potential
sweep. Light source: chopped 300 W Xe lamp with L42-filter (420-800 nm). Electrolyte: 0.1 M
K7504 aq. (pH=6.0). Sweep rate: 20 mV/s.

123



Long-term stability is an important characteristic for water splitting phptocatalysts from
an application point of view, but even for a model system it is necessary to determine if
any non-reversible surface photocorrosion reactions are occurring under light irradiation and
applied bias. The short-term stability of the film surfaces was evaluated by repeating the cyclic
voltammetry measurements - three sweep cycles were typically measured for each sample.
Only the Rh* sample reproduced the same photocurrent density (-750 pA/cm? at -0.45 V vs
RHE for three consecutive cycles. The Rh3*/4* and Rh** samples showed a gradual decrease,
dropping from an initial -600 yA/cm2 during the first cycle to -400 /,tA/cm2 in the third cycle
for the Rh**/4* sample, and from -850 pA/cm? to -750 pA/cm? at the -0.45 V point vs RHE over
three cycles. The highest photocurrent density was consistently observed for the Rh** samples,
regardless of the film thickness or cycle number, which shows that Rh3*:SrTiO; has the highest
photoelectrochemical activity and that the 3+ state is the most stable dopant valence in the Hj
evolution reaction from water. this conclusion is similar to the results obtained for Rh:SrTiO;
powder samples [59].

Although the general behavior of the thin films is similar to bulk powder samples, the
current density measured in thin films is nearly an order of magnitude higher than for powder
sample photoelectrodes [92]. There can be several reasons for the improved efficiency, with
improved crystallinity and better thickness control being the most likely reasons. The photo-
electrochemical efficiency of a photocatalyst depends on several physical parameters related
to carrier generation, recombination, and transport. The thickness of the band bending region
with a strong internal electric field that is needed to separate photogenerated electrons and
holes is an important parameter that can be directly probed in thin films by varying systemati-
cally the film thickness. A general observation from the data in Fig. 4.43 is that thinner samples
(20 nm) tend to show larger photocurrent densities than thicker samples (100 nm), regardless
of the Rh valence.

The carrier density and the flat-band potential were determined from Mott-Schottky plot,
measured at several frequencies. As shown in Fig. 4.44, the electrochemical cell capacitance was
frequency dependent, probably due to inhomogeneity in the samples or leakage currents, but
for each frequency, the C~2 decrease was a linear function of the potential with a positive bias
axis intercept. The presence of downward band bending at the water interface and the p-type
character of Rh:SrTiO3 was thus confirmed for both Rh*" and Rh®*" samples. The measured
flat-band potential was nearly independent of the measurement frequency equal to 1.75 and
1.65 V for Rh**:SrTiO3 and Rh3*:SrTiO;, respectively.
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Figure 4.44: Mott-Schottky plots of (a) Rh**(5 at%) and (b) Rh**(5at%) doped SrTiO3. Measure-
ments were done at several frequencies from 20 to 4000 Hz for. The film thickness was 20 nm.

Electrolyte: 0.1 M K;SO4 aq. (pH=6.0).
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The effect of the film thickness on the photocurrent density was investigated in detail
because it is possible to directly measure the thickness of the surface accumulation layer at the
photocatalyst surface. The film thickness was determined by counting the number of RHEED
specular intensity oscillations during the film deposition. Fig. 4.45 shows cyclic voltammetry
loops for 300, 100 and 20 nm-thick Rh3*:SrTiOj; films under chopped visible-light irradiation. It
is clear that although the onset potential didn’t change, the photocurrent density systematically
decreased for thicker films. This result was initially puzzling, since thicker films should absorb
significantly more light.
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Figure 4.45: Cyclic-voltammetry curves of Rh3>":SrTiO;. The film thickness was, from top to
bottom, 300, 100, and 20 nm. Light source was a 300 W Xe lamp with L42-filter (420-800 nm).
Electrolyte : 0.1 M K;SO4 aq. (pH=6.0). Sweep rate: 20 mV/s.
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The film thickness dependence of the photocurrent density is shown with a red line in
Fig. 4.46(a). The optimum thickness was 20 ~ 30 nm, with both thinner and thicker samples
showing lower photocurrent densities. The film thickness is not always discussed in the
study of photoelectrochemical cells, but the results clearly indicate that the film thickness is a
critically important factors for optimizing the photoelectrochemical performance. The physics
behind the film thickness dependence of the photocurrent in solar cells is similar to the case of
photocatalysts and a quantitative analysis is available for solar cells [274]. The film thickness
dependence was analyzed with the help of a model illustrated in Fig. 4.46(b), which assumes
that the electric potential in a Rh®*:SrTiOj5 film is linear. The model is analogous to what is
commonly used for analyzing the solar cell performance [275]. The fitting curve was obtained
from an equation expressing the external quantum efficiency of a solar cell as reported in
Ref.275. Although the current density under 300 W Xe lamp (A > 420 nm) illumination is not
completely proportional to the IPCE, the current density and the IPCE should show a similar
film thickness dependence. The best fitting curve was obtained with a photocarrier lifetime of
7 =7 ps, mobility u = 0.5 cm?/Vs, and light absorption coefficient of a = 10* cm™!.

In general, the film thickness effect on the photocurrent can be understood in terms of light
absorption and charge transport efficiency. A photoelectrode can absorb more photons when
the film is made thicker, but the photocarrier transport efficiency is suppressed. Clearly, the
charge transport efficiency is the most significant factor in the case of a Rh®":SrTiO3 photoelec-
trode. The critical parameters that determine the carrier transport efficiency are the mobility
and the photocarrier lifetime. The strategy to enhance the photoelectrochemical efficiency of a
semiconductor photoelectrode is thus to increase the carrier mobility and to prolong the photo-
carrier lifetime. That is generally achieved by increasing the crystallinity of the semiconductor
material, similarly to the solar cell technology. Transition metal doped photocatalyst materials,
e.g. M:SrTiO3, generally suffer from a fundamental difficulty of low carrier mobility and short
photocarrier lifetime, that can be easily seen as a broad band dispersion and the fact that the
transition metal dopant works as a recombination center in semiconductor materials. More-
over, doped materials generally have a relatively small light absorption coefficient. These points
need to be considered when developing new photoelectrode materials based on the strategy of
transition metal doping in host oxides.
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Figure 4.46: (a) Photocurrent density of Rh*":SrTiO; at -0.25 V vs RHE as a function of film
thickness, measured under 300 W Xe lamp (> 420 nm) illumination. Simulation parameters;
photocarrier lifetime 7 ps, mobility 0.5 cm?/Vs, light absorption coefficient 4x10* em~L. (b)
Schematic band diagram of a Rh3*:SrTiO; photoelectrode facing water with an applied electrode
potential AU relative to the Fermi level. M is a bottom electrode of a Rh:SrTiOj3 film.
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Although the electronic structures of Rh- and Ir-doped SrTiO3 were found to be qualitatively
similar according to the first-principles simulations, the position of the Fermi level was pre-
dicted to be higher in the band gap. Current-voltage characteristics also showed that Ir:SrTiOs
forms an Ohmic contact with Nb:SrTiO3 and with Al metal. Indeed, the cyclic voltammetry
data in Fig. 4.47 shows an anodic photoelectrochemical response for Ir:SrTiO3. The voltamme-
try curves compare the performance of Ir**- and Ir**-doped SrTiO; films (20 nm) deposited on
Nb(0.05wt%):SrTiO3 (001) substrates. The measured current density scales with the Ir doping
level within the 1 at% to 5 at% doping range. Nb(0.05wt%):SrTiO3 was used for the bottom elec-
trode since I-V characteristics showed an Ohmic contact for the Ir:SrTiO3; / Nb:SrTiOj3 interfaces
and the substrate itself doesn’t show any photoresponse in the visible part of the spectrum.
The film thickness was set at 20 nm because this was found to be the optimal thickness for the
Rh-doped films and the desire was to prepare a comparable set of Ir-doped film samples.
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Figure 4.47: Cyclic voltammetry curves of Ir** and Ir3* doped SrTiO; films (20 nm) on Nb(0.05
wt%):SrTiO3 (001) substrates. The Ir doping levels were (a) 5 at%, (b) 3 at%, and (c) 1 at%. Light
source: chopped 300 W Xe lamp with an L42-filter (420-800 nm). Electrolyte: 0.1 M K>SOy
aqueous solution. Sweep rate: 20 mV/sec.
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The photoelectrochemical response was anodic for all Ir**:SrTiO; films, showing a pho-
tocurrent at the positive side of the bias scale. The observed current polarity corresponding to
an O evolution reaction under visible light irradiation. The onset potential was 0.5 V for Ir 5%,
-0.4 'V for Ir 3%, and -0.3 V for the Ir 1% sample, indicating that the Fermi level was not pinned,
but decreased with increasing doping levels. Another major difference between the Rh and Ir
dopings is that there was no detectable response from the Ir3*:SrTiOj; films while Rh3*:SrTiO;
showed a strong photoresponse. The stabilization of the Ir** state was done by depositing a
film at low oxygen pressure, which means that the charge balance in the crystal is maintained
as in SrTi%J_erriJ“Og,_x/z, which corresponds to electron doping of bulk of SrTiO3z. Despite the
apparent electron doping, the I-V characteristics showed a resistance that was nearly two orders
of magnitude higher for Ir**:SrTiO; than for isovalent Ir**:SrTiO; doping (Fig. 4.17). As with
Rh:SrTiOs, the additional electrons appear to be strongly localized at the Ir** impurity sites,
which also means that the photocarrier recombination rate is very high. The excited photocarri-
ers thus recombine before migrating from the bulk of the Ir:SrTiO3 film to the surface, quenching
the photoelectrochemical reaction response. Ir**:SrTiOj is thus not an effective photocatalyst.

Fig. 4.47 shows a systematic increase of the photocurrent density for higher Ir doping levels.
Since the film thickness was fixed at 20 nm, the photocurrent increase is due to an increase
of the light absorption coefficient as a function of the doping level. To probe the photocarrier
migration rate and depth independently of the number of absorbed photons, a set of films was
prepared such that the total number of absorption photons would be approximately the same
regardless of the doping level. The absorption tuning was done by scaling the sample thickness,
20 nm for a Ir 5% sample, 33 nm for Ir 3%, 100 nm for the Ir 1% film. The cyclic voltammetry
data is shown in Fig. 4.48. This data set shows that if the light absorption rate is compensated
for, the apparent photocurrent density increase in the 33 nm-thick Ir(3%):S5rTiO3 sample over
a 20-nm film disappears, and the 20 nm-thick Ir(5%):S5rTiO3 sample clearly shows the largest
photocurrent.
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Figure 4.48: Cyclic voltammetry curves of Ir**:SrTiO; films. The Ir doping levels and film
thickness were (a) 5 %, 20 nm (b) 3 %, 33 nm and (c) 1 %, 100 nm, which means that each sample
had the same amount of Ir in the film and thus the total light absorption intensity is the same
for all three samples. Light source: chopped 300 W Xe lamp with an L42-filter (420-800 nm).
Electrolyte: 0.1 M K>SOy aq.(pH=6.0). Sweep rate: 20 mV/s.
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The incident photon-to-current conversion efficiency (IPCE) of Ir**(5%):SrTiO3 (20 nm) and
[r3*(5%):SrTiO3 (20 nm), measured at 1.55 V vs RHE is shown in Fig. 4.49. The absorption
coefficients of Ir**/3*:5rTiO3 and non-doped SrTiOj; are also shown for comparison. The plot
shows that the onset of the electrochemical response overlaps with the absorption edge of
Ir**:SrTiO3, which means that the anodic photocurrent can be attributed to a band gap transition
from the Ir** donor level to the conduction band. The Ir3*:SrTiO3 IPCE plot is flat, as the

photoresponse under visible-light irradiation was nearly zero.
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Figure 4.49: IPCE of Ir**/3*(5 %):SrTiO; (20 nm), together with the absorption coefficient
of Ir**/3+:5rTiO3 and non-doped SrTiO3. The IPCE was measured at 1.55 V vs RHE under
monochromatic light. Light source; 100 W Xe-lamp with band-pass filters. Electrolyte: 0.1 M
K5504 aq.(pH = 6.0).
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4.5 Effect of impurity level positions on photoelectrochemical activ-
ity

Chemical doping in semiconductors affects several material properties, such as the surface
morphology, grain size, the density of lattice defects, the lattice constant, light absorption,
charge density, carrier mobility, photocarrier lifetime, surface states, etc. Not surprisingly, the
photoelectrochemical activity is strongly dependent on the dopant species, as was seen for Rh-
and Ir-doped SrTiO3. However, details of the doping effects are often ignored beyond a simple
comparison of absorption spectra. Here, I would like to discuss the photoelectrochemical
activity from the viewpoint of the electronic structure and, in particular, look at the effect that
the impurity level positions have on photogenerated carrier dynamics.

In most photocatalytic materials, the activity is determined by the ratio of all photogen-
erated carriers that can be consumed in electrochemical reactions at the surface. In practice,
most of the photocarriers recombine in the bulk or at the surface of a semiconductor photocat-
alysts before reacting with water. Fig. 4.50 illustrates four types of recombination processes.
Bulk recombination occurs in three different processes; band-to-band, trap-assisted, and Auger
recombination, while surface recombination occurs through surface states.
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Figure 4.50: Recombination processes. Bulk recombination occurs in band-to-band, trap-
assisted, and Auger recombination processes. Surface recombination occurs through the surface
states.

The band-to-band recombination probability can be expressed as
Up-p = b(np —n?), (4.8)

where b is a coefficient, n, p, and n; are the electron, hole, and intrinsic carrier densities,
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respectively. The trap-assisted recombination rate is given by
U np —n?
" 7 4+ p + 2n; cosh[(E; — E;) /kT]

NtO_'Uth, (49)

where E; and E; are the trap state and intrinsic Fermi level energies, and N;, o, and vy, are
the density of the trap states, carrier capture cross section, and thermal velocity of electrons,
respectively. The capture cross sections are assumed to be the same for electrons and holes.
Auger recombination can be calculated from

Uauger = Tyn(np — nl.z) + Tpp(np — nl.z), (4.10)

where I'; and T, are coefficients for the Auger recombination for electrons and holes. The
surface-state-assisted recombination is given by

np —n7
n + p + 2n; cosh[(Est — E;)/kT]

usurface = Nstovy, (411)

where Est and Nt are the energy and density of the surface trap states. Thus, the recombination
probabilities are affected by the energy positions, the density of trap states, and by the Fermi
level position.

Photocarrier lifetime also depends on the impurity level and Fermi level positions, following
an equation reported by W. Shockley etal. [256]:
motm o POFP

Tno

no + pPo no + pPo

(4.12)

no = Ncexp((Er — Ec)/kgT) (

po = Nv exp((Ev — Er)/kgT) (

m = Nc exp((E: — Ec)/kgT) (4.15)
(
(

p1 = Ny exp((Ev — Et)/kpT)

2 _ —
n;y = nopo = nipi,

where Tpo and 7, are the lifetimes of photoholes and photoelectrons in an intrinsic semicon-
ductor. The photocarrier lifetime is plotted as a function of the impurity level and Fermi level
positions in Fig. 4.51, assuming that 7,9 = 7,,0. Thus, the impurity level and Fermi level positions
affect logarithmically the photocarrier lifetime. In order to suppress photocarrier recombina-
tion, the Fermi level should be near the center of the band gap whereas the impurity levels
should not be near the center of the band gap.

The photocarrier lifetime of Rh:S5rTiO3 was measured by transient absorption spectroscopy.
Free electrons in a semiconductors show a characteristic optical Drude response due to intra-
band transitions in THz region (0.1-10 THz, ~10 meV) [257]. Since the time resolution of ~1
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Figure 4.51: (a) The dependence of the photocarrier lifetime in a semiconductor on the impurity
level and Fermi level positions, assuming 7,0 = 7,,0. Cross-sectional views along (b) A and (c)
B lines marked in (a).

ps can be achieved, the THz frequency region is suitable for the observation of ultrafast photo-
carrier dynamics in semiconductors [258]. The ps-ns dynamics of photo-excited carriers were
investigated by ultraviolet-pump THz-probe transient absorption spectroscopy. Non-doped
and Rh-doped SrTiO; epitaxial thin films deposited on LSAT substrates were used for this
study, since SrTiO3 shows strong absorption in the THz region. Absorption in LSAT is negligi-
ble, making this a more suitable substrate material for THz-absorption measurements. Fig. 4.52
shows the transient absorption dynamics of 0.5-2.5 THz radiation for non-doped SrTiO3, Rh3+(5
%):SrTiO3, and Rh**(5 %):SrTiO;. The optical density change (AOD) was measured at the peak
of the THz waveform by scanning the pump-probe pulse delay time. After the initial rapid
photocarrier generation by a fs laser pulse at the 0 ps mark, AOD increased rapidly for all
samples. However, the amplitude and the decay time clearly depend on the valence of the Rh
dopant. Two decay processes with a lifetime of 2 ps and 10 ps can be discerned for the dynamics
in Rh3*:SrTiO3. AOD at 0 ps is close to that of non-doped SrTiOs; which means that most of the
photo-excited electrons rapidly populate the Ti 34 conduction band minimum, transferring the
excess optical energy to phonons.

In contrast, the AOD signal dropped to zero just 1 ps after laser irradiation for Rh**:SrTiOs;.
The result of least square fitting by an exponential decay, considering the finite time resolution
(~1 ps) suggests that the initial AOD=0.008, and the lifetime is 0.46 ps, indicating that electron
trapping or recombination process becomes very fast (j1 ps) in Rh*":SrTiOs. The results are
consistent with the general tendency of photocarrier lifetime dependence on the impurity level
positions as discussed in Fig. 4.51. Since Rh*" creates an unoccupied impurity level at the
mid-gap position, the photocarrier lifetime is much shorter than for non-doped SrTiO3 or for
Rh*"-doped SrTiOs. The AOD signal in non-doped SrTiO3 decreases to one third of the initial
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value at 30 ps. Previous studies on the photoluminescence of non-doped SrTiOs single crystal
substrates gave a carrier recombination lifetime to be 60 ns [259,260]. One possible reason for
the shorter lifetime of electrons at the conduction band minimum is electron trapping at oxygen
vacancy levels (Vo). The non-doped SrTiOs thin film was deposited at a growth temperature of
700°C and an oxygen pressure of 107° Torr. The low oxygen pressure induces a moderately high
Vo density [261]. The other reason may be electron trapping by lattice defects levels derived
from the lattice mismatch between SrTiOs(a = 3.905A) thin films and the LSAT (a = 0.3868A)
substrate.
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Figure 4.52: Transient THz (~ 10 meV) absorption dynamics of Rh:SrTiO3 thin films. Excitation
was at 4.65 eV and 27.8 J/m? (0.062 photon/Ti site). Non-doped SrTiO3 (black), Rh3*(5 %):SrTiO3
(red), Rh**(5 %):SrTiO;3 (blue). Film thickness was 100 nm. Substrate is LSAT(001).

Fig. 4.53 shows time evolution of the near-infrared (NIR) transient absorption in non-doped
SrTiO3 substrate and Rh-doped SrTiO; thin films deposited on SrTiO3(001) substrates. Photo-
induced absorption was observed at 1.58 eV with a decay time of ~ 30 ns in the non-doped
SrTiOs substrate. This decay time agrees well with the electron-hole recombination time of
~ 60 ns inferred from a photoluminescence study [259,260]. Fig. 4.53(b) shows the transient
absorption dynamics of Rh3*:SrTiO;. Since the thickness of the film (400 nm) is much larger than
the penetration depth of the pump light (L = 25 nm), direct photoexcitation of the substrate can
be ignored. After photoexcitation, AOD increased for both 1.26 eV and 1.58 eV probe energies.
The decay time is ~ 0.7 us, which is much longer than for the SrTiO3 substrate. The decay time
difference indicates that the AOD increase in Rh3*:SrTiOj is not due to thermal effects, but due
to photoexcited carriers. The photogenerated electrons thus appear to be trapped at mid-gap
states within ~ 0.7 us, since the THz transient absorption data showed no free carriers on this
time scale. The energy of the trap levels from the conduction band minimum must be less than
1.26 eV, because photoinduced absorption was observed at a 1.26 eV probe energy as well. The
absorption can thus be ascribed to transitions from in-gap trap levels to the conduction band.
A candidate for an electron trap in Rh3*:SrTiOj is the oxygen vacancy. Since Rh®* substitutes at
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the Ti*" site, oxygen vacancies should also form to compensate the charge balance and satisfy
charge neutrality. The expected number of oxygen vacancy should be half of the number of
Rh3" ions. Experimental and theoretical studies showed that the Vo energy is ~ 0.3 eV below
the conduction band minimum [262-264], and the electrons excited by the NIR-probe light can
thus be assigned to trapped electrons at Vo sites. Fig. 4.53(c) shows the near-infrared AOD
dynamics of Rh**:S5rTiO3. The AOD behavior is quite different, with photoinduced absorption
appearing at 1.58 eV and photoinduced bleching at 1.26 eV. The decay time of the signals was
0.27 us for both cases, suggesting that the same in-gap states are involved in both cases. This
result indicates that the photogenerated electrons fall into mid-gap levels, and recombine with
holes in ~ 0.27 us. Rh*":SrTiO; has a mid-gap unoccupied impurity level and an occupied
impurity level close to the valence band maximum. The probe photon energy of 1.26 eV
corresponds to the transition from the occupied impurity level just above the valence band top
to the unoccupied mid-gap impurity level, while 1.58 eV is the resonant energy for a transition
from the unoccupied mid-gap states to the conduction band minimum. As the occupation
number of the mid-gap states increases by photocarrier trapping, the probability of optical
transitions to the mid-gap states (~ 1.2 eV) decreases. In contrast, optical transition from these
states (~ 1.5 eV) appear since electrons become available at the normally unoccupied mid-gap
state. Since both signals decay by recombination of electrons and holes, the photoinduced
absorption and bleaching signals have the same delay time.

Fig. 4.54 shows a schematic illustration of the photocarrier dynamics of Rh*":SrTiO3; and
Rh3*:SrTiO;. In Rh**:SrTiO3, photogenerated electrons in the conduction band are trapped by
the mid-gap impurity state within 1 ps, followed by recombination of the trapped electrons with
holes within 1 us. Due to the short lifetime of electrons in the conduction band, most carriers
are trapped at deep trap levels ~ 1.5 eV below the conduction band bottom before reaching the
surface catalytic sites, resulting in the low photocatalytic activity of Rh**:SrTiOs. In contrast,
for Rh3":SrTiO3, the photoexcited electrons in the conduction band are trapped at shallow
trap levels formed by Vo (~ 0.3 eV below the conduction band) with a lifetime of ~ 10 ps. The
photocarriers trapped at the shallow trap levels remain mobile due to a thermal trap-and-release
conduction process and still contribute to photoelectrochemical reactions, albeit the mobility is
low. Therefore, Rh**:SrTiO3 shows higher photocatalytic activity than Rh**:SrTiO;.

The photocarrier mobility is strongly affected by the impurity level position in the band gap
while the number of excited carriers reaching the surface is also a function of the photocarrier
lifetime. In doped semiconductors with significant disorder, as in Rh:SrTiO3, carrier transport in
the dopant-related bands occurs by variable-range hopping. The hopping probability between
two states at a spatial separation R and an activation energy E, can be expressed as

p oc exp(—2R/a — E,; /kT), (4.18)
where «a is the localization length, k is the Boltzmann constant, and T is the temperature. If
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Figure 4.53: Transient near infrared (1.26 and 1.58 eV) absorption of (a) SrTiO3(001) substrate,
(b) Rh3*(5 %):SrTiO3 (400 nm) film, and (c) Rh**(5 %):SrTiO; (400 nm) film. The excitation
energy was 4.65 eV at a fluence of 29.7 J/m?.

SrTiO3 has an unoccupied photocarrier acceptor level at an energy AE below the conduction
band minimum as shown in Fig. 4.55(a), the photogenerated electrons trapped at the acceptor
level can migrate with a hopping probability proportional to exp(~AE/kT), assuming that the
activation energy for the variable-range hopping is proportional to AE. If AE is too large, carriers
cannot migrate from the bulk to the surface as illustrated in Fig. 4.55(c). The hopping mobility
is proportional to the hopping probability

p oc p o< exp(—AE/kT). (4.19)

Thus, the mobility decreases exponentially with an increase of AE. Asis clearly seen in Fig. 4.56,
even a AE of a few hundred meV would strongly suppress the carrier mobility. In case SrTiO3
has a photocarrier donor level at AE from the valence band maximum (Fig. 4.55(b)), the hopping
mobility should also be proportional to exp(~AE/kT).

Impurity levels in semiconductors generally work as trap sites for photocarriers, shorten-
ing the photocarrier lifetime and reducing the photocarrier mobility, even though the light
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Figure 4.54: Diagram of photocarrier recombination processes in Rh*:SrTiO; and Rh**:SrTiOs.
The photocarrier relaxation time for each step was estimated by transient absorption measure-

ments.

absorption intensity under sunlight is improved by the formation of the impurity levels in
the band gap. The photocatalytic activity is thus strongly dependent on the impurity level
positions. The qualitative tendency of the photocatalytic activity of doped SrTiO3 as a function
of impurity level positions is shown in Fig. 4.57(b). The efficiency of the doped semiconductor
photocatalysts is thus limited to a certain level due to an unavoidable trade-off between the
light absorption strength and the photocarrier diffusivity.

So far, almost all possible dopant elements in TiO, and SrTiO3 have been tested as agents
for increasing the visible light photoresponse of the parent compounds. The impurity levels
induced by doping in SrTiO3 are summarized in Fig. 4.58. To compile the data in this figure,
many theoretical and experimental papers were referenced for determining the energy level
positions [52,55-57,59, 65, 66,276-340]. The general tendency of the impurity level positions
corresponds to the electronegativity of the dopants [276]. Following the scenario of the trade-off
between light absorption and photocarrier diffusivity as a function of impurity level positions,
only a few elements can be considered as suitable dopants for SrTiO3, namely Rh3* and Cr3".
These dopants form occupied impurity levels at the top of the valence band of SrTiOs.
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Figure 4.55: Schematic illustrations showing that impurity levels suppress photocarrier migra-
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Energy level diagrams showing (c) photoelectron transports in the conduction band formed of
Ti d orbitals and (d) photohole transport in the valence band formed of O 2p orbitals.

1.0

0.8
0.6
0.4
0.2 1

exp(-AE/kT) at 300 K

o ex (_ Ej
n p T

| | | | |
02 04 06 08 1.0

AE(eV)

Figure 4.56: Behavior of the exp(—AE/kT) function at 300 K as a function of AE, showing that
AE of even a few hundreds of meV strongly suppresses the hopping mobility.
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Figure 4.57: (a) Schematic band diagram of doped semiconductors. (b) Schematic diagram
qualitatively showing the dopant level position effect on photoelectrochemical activity of a
doped semiconductor photocatalysts under sunlight. Photocarrier diffusion length logarithmi-
cally decreases as the energy separation of the impurity level from the band gap edge increase,
while the photocarrier density (light absorption intensity) increases.
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Figure 4.58: Periodic table showing the impurity level positions induced by doping in the band

gap region of SrTiO3. The energy positions are compiled from literature, based on published

experimental results and theoretical calculations [52,55-57,59, 65, 66,276-340].
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The discussion can be extended to other types of semiconductor photocatalysts. Here, as
one example, I discuss the reason for the low photoelectrochemical activity of double perovskite
oxides. A double perovskite has a crystal structure in which two elements fill the B-sites in the
perovskite structure (Fig. 4.59(a)). In ABO3 perovskite materials like SrTiOs, the valence band
is formed from O2p orbitals while the conduction band is formed of the unoccupied orbitals of
B. So, if we assume A;BB’Og to have an electronic structure shown in Fig. 4.59(b), by following
the rigid-band model, the density of states of the conduction band bottom is smaller than for
AB’O3. The small density of states at the conduction band bottom suppresses the photocatalytic
reduction reaction and also the migration of the photoelectrons in the conduction band. The
photocarriers are scattered by the multiple B-site ions (Fig. 4.59(c)). The photocatalytic activity
of A;BB’Og is thus expected to be lower than for AB’Os.

(a) Double perovskite A,BB’Ogq
(Multi B-site oxides)
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Figure 4.59: (a) Crystal structure of double perovskite oxides (A;BB’Og). (b) Electronic structure
of double perovskite oxides, approximated by a linear combination of two perovskites (ABO3
and AB’O3), assuming a rigid band model. (c) Energy diagram showing that photoelectrons
are strongly scattered in the conduction band of a double perovskite.
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4.6 Conclusion

The electronic structure and the photoelectrochemical activity of Rh- and Ir-doped SrTiOs; were
investigated. The electronic structure of Rh- and Ir-doped SrTiO3 was investigated experimen-
tally by several forms of X-ray spectroscopy and by theoretical density of states calculations. The
impurity level positions were determined and assigned. The photoelectrochemical properties of
non-doped and Rh- and Ir-doped SrTiO3 were investigated by conventional photoelectrochem-
ical analysis. The carrier density dependence of the photoelectrochemical activity of Nb:SrTiOs3
clearly showed the importance of the matching the light absorption and photocarrier diffusion
distances. The photoelectrochemical activity was strongly dependent on the dopant species
(element, valence, and concentration). The dopant dependence of the photoelectrochemical
activity was qualitatively understood from the viewpoint of the electronic structure. The im-
purity levels affect not only the light absorption intensity but also the photocarrier diffusion.
Even though the light absorption intensity under sunlight is improved by the formation of
the impurity levels in the band gap, the photocarrier diffusion length (the product of lifetime
and mobility) becomes shorter by the formation of the impurity levels, especially by the im-
purity levels near the center of the band gap, because the impurity levels work as trap states
and promote photocarrier recombination. The photocarrier lifetime of Rh-doped SrTiO; was
investigated by pump-probe transient absorption spectroscopy, showing that the photocarrier
lifetime was actually strongly dependent on the dopant species. Suitable dopant elements for
SrTiO; are thus limited to Rh® and Cr3*, elements that form occupied impurity levels at the
top of the valence band of SrTiOs.

However, the film thickness dependence of the photoelectrochemical activity of R3*:SrTiO;
indicated that the short photocarrier diffusion length is the most severe issue in doped SrTiOs3
photocatalysts. Therefore, the efficiency of the doped semiconductor photocatalysts is limited
to a certain maximum level and will always suffer from a trade-off between the light absorption
and the photocarrier diffusion rates.
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Chapter 5

Photoelectrochemical activity enhanced
by self-assembled metal nanopillars

The analysis of the photoelectrochemical activity of doped SrTiO3 indicated that the limiting
factor for the energy conversion efficiency is the low photocarrier mobility. This is a critical
problem that needs to be overcome to construct practical efficient photoelectrodes. Considering
the results of the photocarrier dynamics measurements, it is clear that the rapid carrier trapping
and recombination leads to a serious mismatch between the very short photocarrier diffusion
length and the large light absorption length of doped SrTiO:s.

In this chapter, I propose a new nanostructure design concept to enhance the photoelectro-
chemical activity of an oxide photoelectrode by working around the diffusion and absorption
length mismatch problem. Implanting metal nanopillars in a semiconductor photoelectrode
creates a nanoscale composite material where the photocarrier transport length can be made
shorter to match the low carrier diffusivity. The charge separation efficiency is further improved
in the oxide-metal composite material due to the formation of 3-dimensional Schottky junction
space charge regions around the metal nanopillars. The formation of epitaxial metal nanopillars
in an oxide thin film was successfully achieved by inducing phase separation during thin film
growth. The growth dynamics of metal nanopillar structures and the enhancement of the pho-
toelectrochemical activity are discussed. In particular, Ir-doped SrTiO3 with embedded Ir metal
nanopillars showed good operational stability in a water oxidation reaction and achieved over
80% utilization of photogenerated carriers under visible light in the 400 to 600 nm wavelength

range.
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5.1 Introduction
The photocurrent density can be described by the following equation,

]ph = eJabp X Net X Nsr, (5.1)

where e is the elementary charge and ], 1, and 15, are the absorbed photon flux, and the
carrier transport and the surface reaction efficiencies, respectively. There are three main strate-
gies for improving the photoelectrochemical activity of an electrode. The first is to select a
semiconductor that has a large visible light absorption coefficient, i.e., a suitable band gap to
absorb sunlight. The second strategy is to decorate the photoelectrode surface with an efficient
electrocatalyst for the water splitting reaction, reducing the overpotential that is needed for
the electrochemical reaction to occur. The third approach is to modify the morphology of the
semiconductor. In the case of a film photoelectrode, only the depleted region near the water
interface has a sufficient internal electric field to drive photogenerated charge to the water
interface. Only a thin surface layer can therefore contribute to the photoelectrochemical reac-
tion. In contrast, by controlling the morphology and forming nanowires, nanotubes or other
3-dimensional structures, it is possible to achieve a large specific surface area and also a large
volume fraction of the semiconductor electrode filled with space charge regions. The photo-
electrochemical efficiency can be improved by a combination of all these strategies as illustrated
in Fig. 5.1.
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Figure 5.1: Strategy for improving a photoanode performance with representative photocurrent
vs. potential curves showing the expected effects of morphology control. The line marked with
O,/H>0 corresponds to the redox potential of water oxidation.

The study of doped SrTiO3 indicated that the most critical problem in this family of materials
is the low efficiency of photocarrier transport from the bulk semiconductor to the photoelectrode
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surface due the short intrinsic photocarrier diffusion length. Nanoscale material design of
photoelectrodes is an effective method for improving photocarrier transport. Morphology
control in the form of nanowires [341] or nanotubes [342], and the use of composite materials
that combine a semiconductor with a metal [343] or a different semiconductor [344] have been
shown to improve the photocarrier extraction efficiency from the bulk to the surface either by
decreasing the charge transport distance or by creating additional internal electric field regions.

I demonstrate here a new nanoscale design concept, based on the utilization of self-
assembled nanopillar structures (Fig. 5.2(a)) for improving the separation of photogenerated car-
riers. The major advantage of this structure is the mechanical stability compared to other nanos-
tructures that are exposed on the surface of a photoelectrode, such as nanowires (Fig. 5.2(b)) and
nanotubes. If a metal with an appropriate work function is embedded in the form of nanopil-
lars, Schottky junctions form at the interface between the pillar and the semiconductor matrix,
and band bending in the depletion region around each nanopillar promotes photocarrier sep-
aration and transport from the bulk semiconductor to the metal pillar and to the surface. My
interest is in developing a nanocomposite material combining an n-type oxide semiconductor
matrix with embedded three-dimensional noble metal electrodes. Since noble metals have high
work functions, a Schottky barrier forms in an n-type oxide semiconductor in the vicinity of a
metal pillar (Fig. 5.2(c)). The electric field in the Schottky depletion region helps to separate
the photogenerated electrons from holes, effectively reducing recombination losses. Since the
depletion region extends along the length of the pillar, through the thickness of the thin film, it is
possible to increase the film thickness to absorb more sunlight, while still maintaining efficient
carrier extraction to the surface. Even for thick semiconductor layers, the volume fraction that
is effective in photogenerating charge can thus be kept high. Once the charge is generated in
the bulk of the semiconductor, the carriers that migrate to the metal pillar can quickly reach
the liquid interface. The nanopillars thus work as nanoscale embedded electrodes for charge
extraction. The use of a noble metal as the nanopillar material has the additional advantage
of noble metals being efficient electrocatalysts. The charge that is transported to the electrode
surface via the metal pillars can thus participate directly in the oxygen evolution reaction on
the metal surface.

During steady-state operation of a photoelectrode, a conduction path must be provided for
both photogenerated holes and electrons. In case of an n-type semiconductor, the back electrode
of a film can be a heavily-doped n-type conductor, such as Nb:SrTiOg3. If such a design is used,
the noble metal nanopillars that extend through the thickness of the electrode, form a Schottky
junction at the bottom substrate interface as well. This design thus insulates the metal nanopillar
electrically from the substrate, forcing the collected charge to the liquid interface, rather than
creating an electrical short circuit between the biased liquid interface and the back electrode. The
improvement of photoelectrochemical activity has been demonstrated with coated nanowires
(Fig. 5.2(b)). The improvement is due to the large surface area of a nanowire brush and the
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short charge extraction distance along the radial direction of each nanowire. Nanowires can
therefore, at least in principle, math the light absorption length (along the length of the wire)
with the charge transport length (along the radius of the wire). However, operational longevity
of a photoelectrode must also be considered. Exposed nanowires are mechanically far less
robust than embedded metal pillars inside a bulk semiconductor and require costly multi-step
fabrication procedures. In contrast, the embedded nanopillar composites form spontaneously
in a single thin film growth process by adjusting the growth rate, substrate temperature, and
the oxygen pressure. The synthesis process is much simpler, while providing a mechanically
robust nanoscale electrode geometry.

(c) H.0 0, Depletion

(a)
I I N~——" / layer
hv
I i ' T

Figure 5.2: (a) Schematic illustration of embedded metal nanopillars in a semiconductor film.
(b) Schematic illustration of semiconductor nanowires coated with electrocatalyst nanoparticles.
(c) Schematic illustration of a tubular 3-dimensional Schottky junction formed around a metal
nanopillar and a qualitative band structure diagram. Red lines mark Schottky barriers, blue
lines mark Ohmic interfaces.
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5.2 Fabrication of self-assembled metal nanopillars in an oxide thin
film

Here, I show that spontaneous noble metal segregation in an oxide perovskite matrix can
be used in a simple single-step film deposition process to grow metal-oxide nanocomposites
consisting of noble metal nanopillars in a semiconducting oxide matrix.

Spontaneous nanoscale phase separation is not a new discovery. For example, segregation
of ferromagnetic CoPtCr grains in a CrO, [345] or SiO, [346] matrix has been suggested as a
way to create patterned magnetic recording media. In such designs, the embedded functional
nanoparticles are randomly distributed in the matrix, while the matrix material itself only
functions as a spacer, without having a functional role in the magnetic recording process.

In other designs, both the matrix and the embedded nanostructures work together to obtain
the desired functional behavior. The coupling can be electronic or elastic, as in a composite
consisting of self-organized ferromagnetic CoFe,O4 nanopillars in a ferroelectric BaTiO3 matrix
leads, where strain coupling between the magnetostrictive nanopillars and the matrix leads to
strain-mediated multiferroic behavior [347]. A similar idea has been used for efficient solar
energy harvesting in organic solar cells by combining n- and p-type semiconductors in a 3-
dimensional bicontinuous network of internal donor-acceptor heterojunctions [348].

Segregation of pure metals in oxides has also been observed. Reports exist for the segregation
of Fe [349], Co [350], Cu [351], AgCo [352], Pb [353] and several noble metals such as Rh, Pd,
Pt, and Au [354,355].

Phase separation can lead to the formation of many types of nanostructures. For photoelec-
trode designs, the interest is in forming vertical pillar-shaped structures, as explained earlier.
Self-assembled nanopillar formation has been observed for various combinations of materials.
Metal nanopillars in an oxide matrix have been reported for Fe [345,346], LaSrFeOy [349], Co
nanopillars in YSZ [350], AgCo nanopillars in TiO; [352], and Cu nanopillars in SrTiOz [351].
Besides simple metals, nanopillar formation has also been reported for several oxide sys-
tems. For example, MgO nanopillars in Lag;Cap3MnOs thin film have been fabricated by
PLD [356]. Later, CoFe,O4 nanopillars in BaTiO3 [347], BaMO3(M = Zr, Sn, Hf) nanopillars
in YBayCuzO7_x [357,358], ZnO nanopillars in Lag7Sro3sMnOs [359], SmyO3; nanopillars in
BiFeOs [359], CoFe;O4 nanopillars in BisTisFeO;5 [360] have been demonstrated. The fabri-
cations and the functionalities of the vertically oriented oxide composites have been reviewed
in ref.361,362. The formation mechanism and he growth dynamics has been simulated by
Monte Carlo simulations [363]. Vertical nanocomposite fabrication in a single film deposition
process has also been reported for organic materials and the structure has been utilized in
bulk-heterojunction organic solar cells [364,365].

Generally, spontaneous phase separation during thin film growth induces the formation
of the self-assembled nanostructures, often in the form of isolated nanoparticles. If the phase
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separation occurs during the initial growth phase or during the film nucleation, nanopillars
can form. The growth of nanopillars is governed by a balance between thermodynamic phase
separation and the kinetics of thin film growth. Fig. 5.3 illustrates the growth process of self-
assembled metal nanopillars in a thin film matrix. When a two-phase mixture that tends to
separate thermodynamically is deposited on a substrate, spontaneous phase separation induces
a nucleation of nanoparticles at the initial stage of the film growth (Fig. 5.3(c)). The metal
segregates continuously on the metal surface during the film growth, so that the metal grows
vertically in the film matrix, forming a vertically oriented self-assembled nanopillar structure
(Fig. 5.3(f)). The diameter of a single nanopillar is dependent on the film deposition rate,
the composition ratio of two-phase mixture, the temperature, and the oxygen pressure during
growth.

_(d) ]131]”] ( ]]]] ll ]]]”

Figure 5.3: [llustrations showing the growth process of self-assembled metal nanopillar in a thin
film matrix. (a) Substrate. (b) Thin film deposited on a substrate. If phase separation occurs
during thin film growth, metal nanoparticles appear in the initial nucleation layer (c). Contin-
uous phase separation during thin film deposition leads to the growth of metal nanoparticles
in the out-of-plane direction (d), and finally nanopillar structures are spontaneously formed (e,
f). The substrate, thin film, and metal are blue, yellow, and gray, respectively.

In this study, the formation of noble metal nanopillars in a SrTiO3 matrix was studied
in a single film deposition process using PLD. Since the separation of a pure metal phase
from SrTiOj is an essential requirement for making metal nanopillars in SrTiO3, the formation
enthalpy of binary oxides and the bond dissociation energy are useful indicators as selection
guidelines for considering which elements are good candidates for forming metal nanopillars
in a SrTiO; matrix. Fig. 5.4 shows the standard formation enthalpy of binary AOy oxides.
The data was obtained from Ref.366 and divided by 1 mol of A atoms. Elements that have a
large negative formation enthalpy tend to be easily oxidized, whereas elements with a small
formation enthalpy tend to be resistant to oxidation. There is a periodicity in the plot, showing
that elements in groups 3,4,5,13, and 14 have large negative formation enthalpy in binary oxides,
and elements in groups 10,11,17, and 18 tend to have small enthalpies. Both TiO; and SrO have
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large negative formation enthalpies of < 500 k]J/mol, indicating that Ti and Sr do not usually
exist as pure metals in the atmosphere. In contrast, Au, Ag, Pt, and other noble metals have
small formation enthalpies for binary oxides, and can be much more stable as pure metals.

Difference of bond dissociation energies between A-A and A-O bonds indicates how easily
elements react with oxygen to form oxides. Fig. 5.5(a) shows the difference of bond dissociation
energies between A-A and A-O bonds. This plot also shows a more or less similar periodicity
with the standard formation enthalpy of binary oxides. The bond dissociation energy was taken
from Ref. 367. My purpose in fabricating metal nanopillars in SrTiOs is to create Schottky junc-
tions around each nanopillar for enhancing the electron-hole separation and charge collection
efficiency in doped SrTiO3. The metal elements that tend to be oxidation resistant compared
to SrTiO3 and have large work functions are suitable for this purpose. The difference of bond
dissociation energies between A-A and A-O bonds as a function of the work function of metals
is plotted in Fig. 5.5(b). Thus, Ir, Rh, Pd, Au, and Pt were selected and examined as candidates
for fabricating metal nanopillars in SrTiO3. These metals have the fcc structure with lattice
constants of ~ 4 A. The lattice constants are a = 3.8394 A for Ir, a = 3.71559 A for Rh, a = 3.8898 A
for Pd, a = 4.07864 A for Au, and a = 4.39231 A for Pt, whereas SrTiO; has a cubic perovskite
structure with a lattice constant of a = 3.905 A. Since all these metals have small lattice mismatch
with SrTiOg, they can be epitaxially grown on SrTiOs.
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Figure 5.4: The standard formation enthalpy of binary oxides AO,. The data was obtained from
Ref.366 and divided by 1 mol of A atoms.
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Figure 5.5: (a) Difference of bond dissociation energies between A-A and A-O bonds. (b)
Difference of bond dissociation energies between A-A and A-O bonds as a function of the work
function of metals. The bond dissociation energy and the work function were taken from
Ref. 367 and Ref. 222, respectively. The work function of SrTiOs is reported to be 4.2 eV. [223]
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Spontaneous phase separation during thin film growth induces a formation of self- assem-
bled nanopillar structure. Here, noble metal segregation from SrTiO3; matrix was demonstrated
by PLD and the dynamics of metal segregation dependent on the film growth conditions (tem-
perature, oxygen pressure, growth rate, and metal/SrTiO3 composition) was investigated.

SrTip95Mo.0503 (M(5%):5rTiO3) (M = Ir, Rh, Pd, Pt, and Au) targets were used for PLD
deposition to examine the formation of metal nanopillars of Ir, Rh, Pd, Pt, and Au metals in
SrTiOs. The targets were prepared by conventional solid state synthesis using SrCO3(Wako,
99.99%), TiO» (rutile)(Wako, 99.99 %), IrO,(Wako, > 99.7%), RhyO3(Wako; > 98.0%), PAO(Wako;
99.9 %), Au,O3(Wako; 99.9%), and PtO,(Wako; 99.95%). Fig. 5.5 shows the images of the
M:SrTiO3 targets. SrTiOs has a 3.2 eV band gap, does not absorb visible light and therefore has
no color. However, the M:SrTiO;3 targets have color, except for Au:SrTiO3. This indicates that
Ir, Rh, Pd, and Pt dope SrTiO3 and created impurity levels in the band gap of SrTiOs. The fact
that Au:SrTiO3; was white indicated that Au did not work as a dopant and probably dispersed
n th form of segregated metal particles in the target.

Rh(5%):SrTiO4 Ir(5%):SrTiO5

Pt(5%):SrTiO, Pd(5%):SrTi03  Au(5%):SrTiO,

Figure 5.6: Images of M(5%):SrTiO3 (M = Ir, Rh, Pd, Au, and Pt) targets.

Ir(5%):SrTiOs films were deposited on SrTiO3 (001) substrates at various substrate tempera-
ture and oxygen pressure by PLD. Deposition conditions of Ir(5%):SrTiOs films are marked with
red circles in Fig. 5.7, together with vapor pressure plots of binary oxides and Ir metal [209,368]
and the Ir Ellingham curve [369]. Ir metal segregation was found by AFM in films grown at
around 700°C, 1073 Torr of oxygen at an ablation pulse rate of 2 Hz. Increasing the temper-
ature to 1100°C caused a loss of Ir from the film due to the volatility of nonstoichiometric Ir
oxides. No metal clustering was observed at 500°C or lower, Ir was incorporated in the SrTiO;

lattice instead. The metal segregation is quite sensitive to the oxygen pressure. At both high
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(107! Torr) and low (107 Torr) oxygen pressures, Ir metal segregation was not observed and
clear step-and-terrace film surfaces were obtained. Under the optimum conditions at 700°C
and 1073 Torr, ~ 60% of Ir substituted at the Ti site of the SrTiOs host material as Ir** and the

remaining 40% segregated as pure Ir metal in nanopillars.
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Figure 5.7: Deposition window of Ir(5%):SrTiO3 films (red circles) together with vapor pressure
plots of binary oxides and Ir metal [209,368]. The black line marks the Ir Ellingham curve [369].
Ir metal nanopillars formed in the region encircled with the dotted line. The AFM imaging area

was 1 x 1 um?.

The Ir segregation can be monitored by in-situ RHEED during thin film growth. Fig. 5.8
shows typical RHEED patterns before and after Ir(5%):SrTiOj film deposition at 700°C, 1073 Torr,
together with the time evolution of the RHEED specular spot intensity during film deposition.
After film deposition, a spotty RHEED pattern appeared. Such a spot pattern is typically caused
by transmission-mode electron diffraction form 3-dimensional islands. Since the segregated
metal formed a clear bump on the SrTiO3 surface as shown by AFM, a mixed pattern of Ir
metal transmission spots overlapped with the SrTiO3(001) surface diffraction of spots on Laue
circles and vertical streaks. This behavior indicates that Ir metal diffused very rapidly on the
SrTiO; surface and formed liquid-like droplets at the initial nucleation stage. RHEED showed
a transmission spot pattern from the time when the first or the second unit cell of SrTiO; layer
was grown, indicating that Ir metal segregation started at a very early stage of the film growth.
The time evolution of RHEED intensity diffracted from the SrTiOj film surface showed intensity
oscillations, which can be clearly seen between 0 and 150 sec marks in Fig. 5.8(c). This oscillation
corresponds to layer-by-layer growth of the SrTiO; matrix.

The film thickness dependence of Ir metal segregation is summarized in Fig. 5.9. The AFM
images show that Ir metal precipitates appears from the initial stage of the film growth. The
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Figure 5.8: Typical RHEED patterns of a SrTiO3(001) substrate (a) before and (b) after
Ir(5%):5rTiO3 deposition at 700°C, 1073 Torr. From the initial stage of the film deposition, a
transmission spot pattern (marked with yellow circles) was observed in addition to the diffrac-
tion from the flat SrTiO3(001) surface. (c) Time evolution of the specular RHEED intensity

during film deposition.

Ir metal particles were clearly observed even on a film with 1 or 2 ML thickness. The surface
coverage of the Ir metal was almost constant, independent of the film thickness. The size of the
Ir metal precipitates grew gradually as the film thickness increased, whereas the number density
of the precipitates decreased. Especially when the film thickness became larger than ~ 100 nm,
the diameter of the Ir precipitates on the surface became much wider. This may indicate that
the growth mode of the metal nanopillars changed when the film thickness increased over
~ 100 nm.

The effect of the film growth rate on Ir metal segregation is illustrated in Fig. 5.10. Ir(5%):
SrTiO; films with 20 nm thickness were deposited at 700°C, 1073 Torr. The growth rate was
controlled by changing the repetition rate of the KrF excimer laser. The laser fluence was
~ 1]J/cm?. The size and coverage of Ir metal precipitates was clearly dependent on the growth
rate. When the film was deposited at a fast growth rate, the Ir metal precipitates became smaller.
On the other hand, the film deposited at slow rate had much larger precipitates. In this case,
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small Ir metal nanoparticles might be dispersed in the film. Therefore, the size of the Ir metal
precipitates appears to be determined by the time between deposition pulses, during which the
Ir metal atoms can migrate on the surface, similar to a nanoparticle ripening process. However,
at the slowest growth rate of 312 sec/nm, Ir metal precipitates no longer formed and a non-doped
film was obtained. This could be understood by the evaporation of Ir metal due to the slow
deposition rate. The results indicate that the size of the segregated Ir metal nanostructures is
controlled by the surface relaxation time between deposition pulses, while the slowest growth
limit is set by the evaporative loss of Ir from the surface. Metal nanopillars must thus be grown
at a suitable deposition rate to obtain the desired nanopillar diameter.
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Figure 5.10: AFM images (1 X 1 um?) of Ir(5%):SrTiO3 (thickness 20 nm) grown at 700°C,
1073 Torr at different growth rates. The growth rate was controlled by changing the repetition
rate of the KrF excimer laser.

The growth dynamics of Ir metal precipitates in the process of SrTi;_,IryO3 deposition by
PLD, discussed above, are summarized in Fig. 5.11. The tendencies of Ir metal nanopillar growth
could be understood to be governed by a balance between surface migration and evaporation of
Ir during growth. At high temperature, Ir evaporation is dominant and precipitates disappear
from the surface. Atlow temperature, Ir migration length becomes too short for macroscopic
segregation to occur. The oxygen pressure dependence indicates that Ir evaporates from the
surface at low background oxygen pressure, while the surface migration of Ir is suppressed
at high oxygen pressure, stabilizing an oxide phase. Hence, there is a optimum temperature
and oxygen pressure for Ir metal nanopillar growth in SrTiO3, at 700°C and 103 Torr. The
deposition rate was also an important factor that determines the Ir metal nanopillar size. At
fast deposition rates, the interval between deposition pulses is insufficient for Ir to migrate
on the surface and coalesce into larger precipitates. Instead, at high laser pulse rates small
precipitates were dispersed in the film. If the growth rate is too slow, Ir may be lost from the
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surface due to slow evaporation and metal segregation can no longer occur. These tendencies
are basically similar to the growth dynamics of oxide nanopillar composites [363], although the
evaporation effects must be considered in the case of metal nanopillars.
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Figure 5.11: Growth dynamics of Ir metal precipitates in the process of SrTi;_,Ir,O3 deposition
by PLD. The number density and diameter of Ir metal precipitates are plotted as a function of
growth temperature, oxygen pressure, deposition rate, and Ir contentin SrTiO3. (a) Temperature
dependence investigated at 10= Torr, 0.03 nm/s, x = 5%. (b) Oxygen pressure dependence
investigated at 700°C, 0.03 nm/s, x = 5%. (c) Deposition rate dependence investigated at 700°C,
1073 Torr, x = 5%. (d) Ir content dependence investigated at 700°C, 1073 Torr, 0.03 nm/s.

XRD revealed that the nanopillars consisted of Ir metal with the bulk fcc structure and had
a cube-on-cube epitaxial relationship with the SrTiO3 matrix. Fig. 5.13 shows XRD w — 20 scan
profiles of an Ir:SrTiO;3 film (thickness 300 nm) deposited on a SrTiO3(001) substrate at 700°C,
1072 Torr overlapped with the data of a bare SrTiO3(001) substrate, together with the expected
bulk peak positions of Ir metal. The (002) and (004) peaks of Ir metal were observed in addition
to the diffraction peaks from SrTiO3 film and the substrate, meaning that Ir was epitaxially
grown in SrTiO3. The peak positions of Ir metal were slightly shifted from the peak positions of
the reference data, showing that the Ir lattice was distorted. That is most likely due to epitaxial
strain between SrTiO; (a = 3.905 A) and Ir (a = 3.839 A), where the lattice mismatch is 1.7%.
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Fig. 5.13(a) shows a pole figure measured at 20 = 40.673°, corresponding to the diffraction angle
of the Ir (111) plane. The four peaks at ¢ = 45, 135, 225, and 315° are assigned to diffraction
from (111), (111), (111), and (111) of Ir metal. This proves that Ir metal was epitaxially grown
on SrTiO3 (001) with cube-on-cube alignment.
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Figure 5.12: XRD w — 20 scans of Ir:SrTiO;3 film (thickness 300 nm) deposited on a SrTiOz(001)
substrate at 700°C, 1072 Torr, overlapped with the data of a bare SrTiO3(001) substrate, together

with peak positions of Ir metal. (a) A wide image, and narrow scaled images around (b)
SrTiO3(002) and (c) SrTiO3(004).

The atomic-scale structure of Ir nanopillars was analyzed by high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM). The pillar structure was observed
by HAADF-STEM in a Ir:SrTiOs film (thickness 20 nm) deposited on a SrTiO3(001) substrate
at 700°C, 1073 Torr (Fig. 5.14). Since the HAADF-STEM contrast is proportional to the atomic
weight, heavier elements are shown brighter in the images. The bright dots in the plan-view
image thus correspond to segregated Ir. The areal density of the bright spots in the STEM image
is comparable to the density of surface precipitation features seen in AFM images. While AFM
images could not be used to determine if the observed Ir precipitates remain only on the film
surface or extend into the film, the cross-section STEM image clearly shows that the Ir metal
pillars extend to the substrate interface. The in-plane and out-of-plane STEM images give direct
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Figure 5.13: (a) Pole figure at 20 = 40.673° corresponding to Ir(111). The diffraction peaks
from Ir metal (111) are marked with red circles. (b) Schematic illustration showing the epitaxial
relationship between Ir and SrTiO3;. The XRD analysis indicated that Ir was grown in SrTiOs3
with a cube-on-cube geometry.

proof that there is indeed an epitaxial relationship between the fcc metal lattice in the Ir pillars
and the SrTiOs lattice, as was inferred from the X-ray diffraction pole figures.

Interestingly, the STEM images show that the crystal quality of an Ir:SrTiO;3 film deposited
at 700°C, 1073 Torr was exceptionally high. The film lattice is nearly indistinguishable from
the SrTiO3 substrate lattice in Figs. 5.14(c) and (d). It appears that the Ir nanopillars may
function as defect getter sites due to the high surface mobility of Ir metal. For comparison, even
homoepitaxial SrTiOs films grown at 700°C include many point defects induced by cation non-
stoichiometry, as can be seen in typical STEM images of homoepitaxial SrTiO; films [113,114].
The role of the Ir metal may thus be similar to a flux for SrTiOs; growth [370], as indicated by
the formation of ~ 5 unit-cell-high SrTiO3 cones around the Ir nanopillars.

Since Ir metal has a very high work function of 5.3 ~ 5.8 eV [222] and SrTiO;z is an n-
type semiconductor with a work function of 4.2 ~ 4.3 eV [223], a Schottky junction forms at
the pillar interface with the SrTiO3 matrix. The formation of a depletion layer around the
metal nanopillars increases the volume fraction of the film where strong internal electric fields
enhance photocarrier separation. The transport characteristics of the embedded nanopillars can
be measured with local-probe transport analysis of the with a conducting AFM tip (Fig. 5.15(a)).
The current-mode AFM images showed that the Ir nanopillars form a Schottky junction with
the conducting Nb:SrTiO3 substrate (Fig. 5.15(b)). The built-in potential was ~ 1.5 V, which
is consistent with the work function difference between Ir metal and the Nb:SrTiO3 substrate.

Figs. 5.15(c) and (d) show AFM topography and simultaneously acquired current mapping
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Figure 5.14: (a) Plan-view HAADF-STEM image of an Ir(5%):S5rTiO3 (20 nm) film deposited at
700°C, 1073 Torr. The bright dots correspond to the Ir metal pillars. (b) A plan view image of a
single pillar shows that the Ir metal lattice is epitaxially matched with the SrTiO3 crystal lattice.
The lattice parameters are 3.905 A for SrTiO3 and 1.911 A for the Ir metal. The Ir atom spacing
corresponds to half of the lattice constant of fcc Ir metal (a = 3.839 A). (c) and (d), Wide and
narrow cross-section HAADF-STEM images of the same sample.

images of a Ir(5%):5rTiO; film, measured at an applied ac bias of 2.5 V. Metallic conductivity at
the pillar positions exceeded the Ir:SrTiO; film conductivity by a factor of at least 10°.

The formation of Pt, Pd, Rh, and Aunanopillars in SrTiO3 was also demonstrated. Thin films
of SrTip.95Mo.0503 (M = Pt, Pd, Rh, and Au) were deposited at various temperatures and oxygen
pressures by PLD to optimize the conditions for each metal where pillar segregation occurs.
The growth condition mapping results are summarized in Fig. 5.16, where the vapor pressures
of binary oxides and metals, together with Ellingham curves of metals are also plotted. The
deposition conditions at which metal precipitates were observed by AFM are marked with red
circles, and the conditions at which metal segregations were not clear are marked with red
triangles. Also, the conditions at which metal precipitates were not observed are marked with
red x-marks. The corresponding AFM images for Pt, Pd, Rh, and Au are summarized below.
The optimum growth conditions were dependent on the metal species; 1100°C and 10~ Torr
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Figure 5.15: Local-probe conductivity analysis of a nanopillar composite film. (a) Schematic
illustration of the current mapping measurement. (b) Current-voltage curve measured on a sin-
gle Ir metal nanopillar. The inset illustrates the band diagram of the Schottky junction between
an Ir pillar and the Nb(0.1%):SrTiOj; substrate. (c) Topographic AFM image (250times250 nm?)
of an Ir(5%):SrTiO3 nanopillar film. (d) Current mapping obtained at an applied bias of 2.5V,
simultaneously acquired with (c).

for Pt, 700°C and 10~° Torr for Pd, 900°C and 10~2 Torr for Rh, and 700°C and 10~® Torr for
Au. In general, metal segregation from M:SrTiO3 occurs at high temperature and low oxygen
pressure, but when the temperature is close to the vapor pressure of a metal (or metal oxide)
the metals evaporate from the film surface. There is thus an optimum range of temperature
and oxygen pressure for each metal where metal precipitates can form. If the migration rate
of a metal on the film surface is low, the metals doped the SrTiO3; host matrix or possibly form
nanoscale metal clusters. In contrast, if the thermal diffusion rate of a metal is too high, e.g.,
due to the use of lower oxygen pressure, the metals evaporate from the film. For all metals
studied here, intermediate condition were found, where the metals segregate and are stabilized
as metal nanopillars. Therefore, a suitable balance between thermodynamic phase separation
and kinetic thin film growth is necessary for preparing nanopillar composite thin films.

Since Pt-O interaction is stronger than Ir-O, Pd-O, and Au-O, as seen in Fig. 5.5(a), Pt might
have a very short diffusion length on a oxide surface compared to Ir, Pd, and Au. The optimum
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Figure 5.16: Growth condition of (a) Pt, (b) Pd, (c) Rh, and (d) Au nanopillars in SrTiO3. Vapor
pressures and Ellingham curves of related binary oxides and metals are plotted in each panel.
Red circles indicate the deposition conditions at which metal nanopillars are clearly formed.
Red triangles indicates the deposition conditions at which segregation can be observed but
pillars were not formed, while red crosses mark conditions at which metal segregation did not

occur.

growth temperature to form Pt nanopillars was 1100°C, which is much higher than the optimal
values for Ir, Pd, and Au. An AFM image of a Pt:5rTiO3 film deposited at 900°C, 107 Torr
showed holes on the surface, indicating that the segregated Pt metal particles suppressed the
growth of a homogeneous SrTiO; film and that the Pt metal surface migration rate was not
sufficient to form nanopillars at 900°C. At low temperature, under 700°C, the surface diffusion
rate was not sufficient to induce Pt metal segregation. The surface morphology of Pt(5%):SrTiOs3
grown at 900 ~ 1100°C, 107! Torr had a regular step-and-terrace surface morphology, indicating
that at these conditions, Pt was stabilized as a dopant in SrTiOs.

AFM images give us information only about the surface morphology, and even if precipitates
are observed on the surface, there is no guarantee that metal nanopillars actually form in the
film. STEM observation is necessary to prove that the segregated metals actually form the
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Figure 5.17: AFM images (1 x 1 ymz) of Pt(5%):SrTiO; films deposited at various temperatures
and oxygen pressures. The laser fluence was ~ 1 J/cm? and the repetition rate 2 Hz. The film
thickness was 20 nm.

desired nanopillar shapes. STEM images revealed that Pt formed epitaxial nanopillars in
SrTiOs in a similar way as Ir, shown in Fig. 5.18. The STEM images (Fig. 5.18(b)) also revealed
that unlike Ir, the Pt metal nanopillars were nearly covered by SrTiO3 on the film surface. It
is known that strong metal-support interaction (SMSI) often induces encapsulation of noble
metals with oxides under reducing condition, driven by the formation of oxygen vacancies in
the oxide support [371,372]. The 1100°C, 10~ Torr growth conditions are sufficiently reducing
to generate oxygen vacancies in SrTiO3 [373], which appears to be the reason why SrTiOs covers
the Pt metal nanopillars at the film surface. Despite that, however, the large atomic diffusion
rate at 1100°C induced the formation of Pt nanopillars and the growth of very high crystallinity
SrTiOs. The Pt nanopillars were strongly faceted and grew straight in the out-of-plane direction
with clear crystal facets on the both top and bottom of the nanopillars (Fig. 5.18(b) and (c)).
The optimum conditions for Pd nanopillar growth was 700°C, 107° Torr, but the growth
window was slightly wider than for Pt or Ir. In fact, Pd metal segregation from SrTiO3 was found
in the AFM images of Pd(5%):SrTiO3 films deposited at 700°C, 107 ~ 1073 Torr. At 1100°C,
107! Torr, grains were observed in AFM images. However, these grains may have been Pd (or
PdO) nanoparticles, rather than nanopillars, because the step-and-terrace structure of SrTiO3
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Figure 5.18: Cross-sectional HAADF-STEM images of Pt(5%):SrTiO; thin film (thickness 20 nm)
grown at 1100°C, 107° Torr. (a) A wide scale image and (b) and (c) magnified images.

was no longer observed. At 1100°C and low oxygen pressure, below 107> Torr, Pd evaporated
from the films. Fig. 5.20 shows cross-sectional STEM images of a 20 nm-thick Pd(5%):SrTiO3
film on SrTiO3(001), deposited at 700°C, 107® Torr. The faceting behavior is different for Pd,
causing the Pd nanopillars grown at 700°C to favor the (110) facets and therefore warping along
the length. The lattice constant of Pd(fcc) is a = 3.8898 A, which means that the mismatch with
SrTiO3 (a = 3.905 A) is just 0.4%. The lack of strain in the metal lattice may be the reason why
Pd does not prefer the (001) growth direction.

Rh nanopillars were fabricated by the deposition of Rh(5%):SrTiO3 at 900°C, 10~ Torr or
1000°C, 1076 Torr. Rh loss due to evaporation occurred at temperatures higher than 1100°C, and
Rh-doped SrTiO3 was obtained at temperatures of 700°C and lower. STEM images (Fig.5.22)
showed that the Rh nanopillars were narrow near the film/substrate interface and increased in
diameter up to a film thickness of ~ 10 nm. Beyond this film thickness, the nanopillar diameter
became uniform. Rh is a noble metal and shows SMSI, similar to Pt [371], but at least the Rh
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Figure 5.19: AFM images (1 X 1 um?) of Pd(5%):SrTiOs films deposited at various tempera-
tures and oxygen pressures. The laser fluence and repetition rate were ~ 1 J/cm? and 2 Hz,
respectively. The film thickness was 20 nm.

nanopillars grown at 900°C, 1073 Torr were not covered with SrTiO3 as can be seen in Fig. 5.22(c).

Gold has a higher vapor pressure than any of the other metals studied, and it is not possible
to dope gold in SrTiO3. Therefore, segregation of metallic Au is more likely happen than for
other elements. As with other noble metals, Au nanopillars were obtained at 700°C and even
at 500°C and 107 Torr. The threshold temperature for metal evaporation is also lower than for
any of the other noble metals, at ~ 900°C. Although the nanopillar formation was not verified
by STEM, the observation of AFM images and RHEED patterns suggests that Au nanopillars
did grow in SrTiOs.

The metal nanopillars grew continuously from the film/substrate interface to the thin film
surface. However, STEM revealed that the growth mode of metal nanopillars, in some cases,
changes during thin film growth. Fig. 5.24 shows cross-sectional and plan-view HAADF-STEM
images of a 300-nm-thick sample of Ir:SrTiO3, revealing that the growth of small Ir metal
nanopillars stopped at a film thickness of a few tens of nm and subsequently the pillar growth
mode changed to a smaller number of much larger Ir pillars. The change in the pillar structure
always appears to be accompanied by the formation of ~ 100 nm diameter spherical Ir metal
inclusions. The large Ir pillars also had an epitaxial matching with SrTiOs, with Ir (110) as the
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Figure 5.20: Cross-sectional HAADF-STEM images of Pd(5%):SrTiOs thin films (thickness
20 nm) grown at 700°C, 107 Torr. (a) A wide scale image and (b) and (c) magnified images.

dominant facet appearing in plan-view images. Not all pillars grew vertically through the film,
some Ir pillars were found to have grown in the lateral direction in the SrTiOs film (Fig. 5.24(b)).
The growth dynamics these larger pillars is still unclear. The effect was only observed for Ir
pillars and may be related not only to a change of thermodynamic conditions on the film surface
but may also be related to a difference in the composition of the PLD plume as the target surface
is gradually consumed by the ablation laser.

Somewhat different pillar morphology change was seen for Pt. In the case of Pt (Fig. 5.25),
the nanopillars were homogeneous up to 100 nm from the film/substrate interface, but above
~ 100 nm, many disconnected metal nanopillars appeared. All the Pt nanopillars were grown
straight in the out-of-plane direction, but the Pt nanopillars had various lengths. The lateral
pillar size was homogeneous, at ~ 10 nm, unlike the case of Ir pillars shown in Fig. 5.24.
The detailed growth dynamics of metal nanopillar structures have not been fully understood,
and further investigation is needed to obtain better control over the length, diameter, and areal
density of metal pillars. However, the pillar structures obtained here are sufficient for exploring
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Figure 5.21: AFM images (1 X 1 um?) of Rh(5%):SrTiO3 deposited at various temperatures and
oxygen pressures. The laser fluence and repetition rate were ~ 1 J/cm? and 2 Hz, respectively.

The film thickness was 20 ~ 50 nm.

novel photoelectrode structures based on embedded nanopillar composite materials.
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Figure 5.22: Cross-sectional HAADF-STEM images of Rh(5%):5rTiO3 thin films (thickness
50 nm) grown at 700°C, 107 Torr. (a) A wide scale image and (b) and (c) magnified images.
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Figure 5.23: AFM images (1 x 1 um?) of Au(5%):SrTiO3 deposited at various temperatures and
oxygen pressures. The laser fluence and repetition rate were ~1 J/cm? and 2 Hz. The film

thickness was 20 nm.
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Figure 5.24: (a) Cross-sectional STEM images of 300 nm Ir(5%):SrTiO3; grown at 700°C, 1073 Torr.
(left) A full scale image and (right) a magnified image at the film/substrate interface. (b) and (c)
Plan-view STEM images of the same sample as in (a). (d) and (e) Electron diffraction patterns
acquired at SrTiO; film and Ir pillar parts, respectively.
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Figure 5.25: STEM image of Pt(5%):SrTiOs.

172



5.3 Photoelectrochemical activity of Ir:SrTiO; enhanced by metal

nanopillars

Epitaxial metal nanopillar composite M:SrTiO3 (M =1Ir, Pt, Pd, Rh, Au) thin films were fabricated
in a single-step PLD process from polycrystalline SrTi;_yM,Os3 (x = 1, 3, 5, 10%) ablation
targets. Among the samples, Ir:5rTiO3 with embedded metal nanopillars showed the highest
photoelectrochemical activity under visible light irradiation. Since M:S5rTiOz (M = Pt, Pd,
Au) do not absorb visible-light, these samples did not show any clear improvement in the
photoelectrochemical activity. Rh:SrTiO3; shows photoelectrochemical water reduction under
visible-light but it has a p-type character with Er ~ 1.5 eV below the conduction band minimum,
which means that Rh metal does not form a Schottky junction with Rh:SrTiO3. Hence, the
implantation of Rh nanopillars did not improve the photoelectrochemical activity of Rh:SrTiOs3.
Therefore, this study focused on the investigation of the photoelectrochemical activity of n-type
Ir:SrTiO3, enhanced by the presence of self-assembled Ir nanopillars.

Fig. 5.26 shows the current-potential curves of Ir(3 or 5%):5rTiO3 thin films and an Ir(5%):
SrTiO;3 film sample that contains embedded Ir nanopillars. The measurements were done under
visible light irradiation. The Ir(3 or 5%):5rTiO3 films were grown at 700°C, 107! Torr, whereas
the nanopillar composite Ir(5%):SrTiOs film was grown at 700°C, 1072 Torr. The film thickness
was 20 nm for all samples. The composite Ir(5%):S5rTiO; film with nanopillars showed the
largest photocurrent in a water oxidation reaction under visible light irradiation. The sharp
increase of the photocurrent density shows that photocarrier recombination was effectively
suppressed by the implantation of Ir nanopillars. The photocurrent density at 1.6 V vs. RHE
was 6 times larger than that of an equivalent homogeneous Ir(5%):SrTiO3 thin film. According
to optical absorption measurements of the Ir** impurity levels, ~ 60% of Ir substituted at the
Ti site of SrTiO3 in the Ir(5%):SrTiO3 nanopillar film, while ~ 40% of Ir segregated in the metal
nanopillars. The effective Ir** doping level in the Ir:SrTiOs film was thus ~ 3%. The current-
potential curve of an Ir(3%):SrTiO3 epitaxial thin film is therefore also shown in Fig. 5.26 to obtain
a reference with the same effective Ir doping level. Compared to the Ir(3%):SrTiO3 epitaxial thin
film, the metal nanopillar composite Ir(5%):5rTiO3 film showed 20 times larger photocurrent
density at 1.6 V vs. RHE. However, the onset potential for the photoelectrochemical water
oxidation reaction on the nanopillar composite sample surface was more positive than for a
homogeneous epitaxial Ir:S5rTiO3 thin film without the nanopillars. Ir doping in SrTiO3 lowers
the Fermi level of SrTiO3 by forming an unoccupied impurity level in the band gap, which is
why Ir:SrTiO3 shows a positive shift of the onset potential from the value of non-doped SrTiOs.
Thus, the onset potential of Ir(5%)-doped sample was more positive than that of the Ir(3%)-
doped sample. Ir is known to be an efficient electrocatalyst for the water oxidation reaction [45].
However, since SrTiO3 has a deep valence band composed of O2p orbitals at ~ 3 V vs. RHE,
SrTiOs3 has a strong intrinsic photo-oxidation activity, similar to TiO,. Thus, the onset potential

173



of the Ir nanopillar sample was more positive than those of SrTiOz and Ir:S5rTiO3.
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Figure 5.26: Current-potential curves of Ir(5%):5rTiO3 (red) with and (blue) without self-
assembled Ir nanopillars, measured under visible light irradiation, compared with (green)
a homogeneous Ir(3%):SrTiO3 film. The black lines show the dark current. Inset shows the
difference in the onset potentials. The film thickness was 20 nm. Measurements done in a 0.1
M K;S0;4 aq. solution under visible A > 420 nm light illumination from a 300 W Xe lamp.

The photocurrent density of Ir:SrTiO3 with self-assembled Ir nanopillars increased with
the Ir doping levels (Fig. 5.27). In this study, Ir(10%):SrTiO3 showed the highest photocurrent
density. The enhancement of the photocurrent density can be attributed to more efficient charge
transport from bulk Ir:SrTiOs to the water interface, accelerated by the Schottky junctions
surrounding the Ir nanopillars and the increase of the light absorption intensity due to the Ir**
impurity levels in the band gap.

The Ir:S5rTiO;3 films with embedded Ir nanopillars showed a strong photocurrent response
under visible light irradiation. However, chronoamperometry indicated a stability problem
with the nanopillar samples. Fig. 5.28(a) shows a chronoamperometry measurement result of
a Ir(5%):SrTiO; film grown at 700°C and 1072 Torr, measured at 1.56 V vs. RHE under light
irradiation. A K>SOy aq. (pH = 6) electrolyte was used in the measurement. The photocurrent
density gradually decreased to one third of the initial value after 12 hours, indicating that
the Ir nanopillars were not stable under these reaction conditions. Cyclic-voltammetry was
measured before and after the chronoamperometry (Fig. 5.28(b)), showing that the photocurrent
density actually dropped after the long-term chronoamperometry. However, the fact that
the onset potential did not shift and the saturated photocurrent was of the same order of
magnitude indicated that the surface catalytic sites deteriorated but the semiconductor part
was stable. Fig. 5.29 shows AFM images of the sample surface taken before and after the long-
term chronoamperometry experiment. The images clearly show that the Ir metal nanopillars
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Figure 5.27: Current-potential curve of Ir:SrTiO3 with Ir doping levels from 1 to 10%. All films
were 20 nm thick. The light source was a 300 W Xe lamp (A > 420 nm). Light source: 300 W
Xe-lamp (A > 420 nm). Electrolyte: 0.1 M K,SO4 aq. Sweep rate: 20 mV/sec.

had been etched away during the photoelectrochemical measurements, leaving deep holes
in the film surface. In contrast, the step-and-terrace structure of SrTiO; film was completely
stable. These results show that the photogenerated holes in the bulk of Ir:SrTiO3 flowed to the It
metal nanopillars and that the oxygen evolution reaction occurred at the surface of the Ir metal
nanopillars.

Ir metal was etched by the photoelectrochemical anodic reaction. The etching might be
related to the generation of H* on the Ir surface as a by-product of the water oxidation reaction.
In order to prevent the Ir metal corrosion during photoelectrochemical reactions, KOH was used
as an electrolyte instead of K;SOy. In alkaline conditions, the Ir metal surface is protected by a
layer of Ir oxides or hydroxides. Fig. 5.30 shows a chronoamperometry plot of an Ir(5%):S5rTiO3
nanopillar film grown at 700°C, 1073 Torr and measured at 1.6 V vs. RHE in KOH aq. (pH=13)
under light irradiation over a period of 24 hours. The photocurrent density was constant for 24
hours, while the photocurrent in K,SO4 aq. (pH = 6) gradually decreased in 12 hours. Cyclic-
voltammetry curves showed almost the same photocurrent density before and after measuring
the long-term chronoamperometry. The surface morphology was also stable and no signs of
photocorrosion was observed after the long-term chronoamperometry experiment, as shown
in Fig. 5.31. The metal nanopillar composite Ir:SrTiO; was thus stable in alkaline conditions in
the photoelectrochemical water oxidation reaction.
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Figure 5.28: (a) Chronoamperometry of Ir(5%):5rTiO3 grown at 700°C, 102 Torr, measured at
1.56 V vs. RHE under light irradiation. (b) Cyclic-voltammetry curves of the same sample,
measured (a) before (red) and after (blue) the chronoamperometry experiment. The voltamme-
try curves were measured under visible light irradiation. The dark current (black) curves are
also shown. The film thickness was 20 nm. Measured in a 0.1 M K;504 aq. (pH = 6) electrolyte.
The light source was a 1 kW Xe lamp (A > 420 nm).
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Figure 5.29: AFM images of Ir(5%):SrTiOs films grown at 700°C, 1073 Torr (a) before and (b) after
measuring the long-term chronoamperometry. (c) Cross-sectional height profile corresponding
to the position marked with A-B in (b).
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Figure 5.30: (a) Chronoamperometry of an Ir(5%):SrTiOs film grown at 700°C, 1073 Torr mea-
sured at 1.6 V vs. RHE, showing that the photoelectrochemical activity was stable in an alkaline
solution over a period of 1 day. (b) Cyclic-voltammetry curves of the same sample as in (a)
before (red) and after (blue) the chronoamperometry measurement. Voltammetry curves were
measured under light irradiation, plots also show the dark current curves (black). Film thick-
ness 20 nm, light source was a 1 kW Xe lamp (A > 420 nm), applied potential 1.6 V vs. RHE,
solution 0.1 M KOH aq.(pH = 13.0).
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Figure 5.31: AFM images of (a) Ir(5 %):SrTiO; grown at 700°C, 10~3 Torr and (b) the same
sample after chronoamperometry measurement for 24 hours in KOH aq. (pH 13).
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The absorbed photon-to-current efficiency (APCE) and incident photon-to-current efficiency
(IPCE) measured at 1.6 V vs. RHE are shown in Fig. 5.32 together with the light absorption
coefficient plot. The Ir:SrTiOj3 films absorb visible light due to the Ir-induced impurity levels in
the SrTiO3 band gap. As expected, the IPCE curve followed the light absorption curve, showing
that the photocurrent is derived from the photocarrier generation in Ir:SrTiO3. Although the
IPCE was less than 10% due to the small absorption coefficient, the maximum APCE value
exceeded 80% in the 400 to 600 nm wavelength range. The results show that the photocarrier

recombination was effectively suppressed by the metal nanopillars.
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Figure 5.32: APCE and IPCE measured at 1.6 V vs. RHE, together with the light absorption
coefficient plot. The inset shows a photograph of an Ir(5%):SrTiO; film deposited at 700°C,
1073 Torron a nondoped SrTiO3(001) substrate. The film thickness was 20 nm, light source was
a 1 kW Xe lamp with a monochromator. Measured in a 0.1 M KOH aq. (pH = 13.0) solution.
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5.4 Conclusion

In this chapter, I demonstrated a novel nanostructure design concept using self-assembled metal
nanopillar structures to achieve efficient photocarrier transport from a bulk semiconductor to
the photoelectrode surface for accelerating the photoelectrochemical water splitting reaction.
By implanting noble metal nanopillars with a large work function, Schottky junctions were
created around each metal nanopillar in SrTiO3. Band bending in the space charge region of the
Schottky junctions improves the photocarrier transport efficiency from the bulk SrTiO;s to the
water interface. The self-assembled nanopillar structure was fabricated by selecting suitable
elements and tuning the deposition conditions. Self-assembled epitaxial metal nanopillars of
Ir, Pt, Pd, Rh, and Au were successfully fabricated in a SrTiO; thin film by a single-step PLD
process using simple polycrystalline SrTi;_ MOz (M = Ir, Pt, Pd, Rh, and Au) ablation targets.
The formation mechanism of the self-assembled metal nanopillars were investigated. A suitable
balance between thermodynamic phase separation and kinetic thin film growth is important
for obtaining a self-assembled nanopillar structure. The balance between surface migration
and evaporation of metals determined the size and density of the metal nanopillars. It should
be noted that the crystal quality of SrTiO3 film was also improved by the formation of metal
nanopillars in SrTiO3, possibly due to a flux effect of noble metals on an oxide surface. The
photocarrier transport efficiency was strongly enhanced in the Schottky space charge regions
while the pillars provided an efficient charge extraction path. In particular, Ir-doped SrTiOs3
with embedded Ir metal nanopillars showed good operational stability in a water oxidation
reaction and achieved over 80% utilization of photogenerated carriers under visible light in the
400 to 600 nm wavelength range.

The embedded metal nanopillars demonstrated in this work have major advantages over
other nanostructure designs: automatic formation of Schottky depletion layers in the sur-
rounding semiconductor films, a single-step fabrication process, and a mechanically robust
film structure. These factors simplify the synthesis process without compromising operational
longevity. The self-assembled nanocomposites studied here may find use not only in the ef-
ficient utilization of photocarriers, but also in the development of various functional devices
based on nanopillars and point contacts for spintronics, memories, multiferroic composites,
and photonic crystals.
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Chapter 6

Conclusion

Since the discovery of water splitting on the TiO, surface by Fujishima and Honda in 1972 [2],
a huge number of materials and nanostructures have been proposed and tested for achieving
efficient solar water splitting to produce H, from water utilizing solar energy. However, a
photoelectrochemical solar conversion systems that has a high conversion efficiency and is
stable in water against photocorrosion has not yet been developed.

The motivation of this study was to clarify some of the fundamental physical and chemical
mechanisms in photocatalysts and photoelectrodes that limit the efficiency of photoelectrochem-
ical reactions, and to propose new routes for developing an efficient solar-to-fuel conversion
system. Well-defined single crystal substrates and epitaxial thin films can be used as “model
photocatalysts” (or photoelectrodes) to investigate the dynamics of photoelectrochemical reac-
tions. In this study, SrTiO3 (and Nb:SrTiO3) single crystal substrates and doped SrTiOs epitaxial
thin films were used to clarify the mechanism of photo-induced superhydrophilicity and the
relationship between the electronic structure (especially the impurity level positions) and pho-
toelectrochemical activity. Theoretical limitations of solar energy conversion efficiency in doped
SrTiO3; were analyzed and proposals are presented for innovative material designs that improve
the photoelectrochemical efficiency of oxide photoelectrodes without compromising long-term
operational stability.

In Chapter 3, I investigated water / photocatalyst interfaces to clarify the mechanism of
photo-induced superhydrophilicity. The (/13 x /13)-R33.7° SrTiO3(001) surface was used as a
model system to evaluate the intrinsic hydrophilicity of Ti-oxide surfaces. The atomic structure
of the reconstructed (4/13 X 4/13)-R33.7° SrTiO3(001) surface was found to be stable in water.
The surface showed superhydrophilicity when the it is sufficiently clean. The experimental
results are consistent with the conventional physical model of the water contact angle. Oxide
surfaces that have a high surface energy of a few hundred mJ/m? or more should be intrinsically
superhydrophilic with a water contact angle approaching zero degrees even without UV light
exposure. The mechanism of photo-induced superhydrophilicity can thus be fully explained
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by the contamination model. The results supported the contamination model proposed by
Anpo etal. [40] and Yates, Jr. et al. [41] rather than the surface reconstruction model proposed
by Hashimoto etal. [39]. No clear experimental evidence was found for the existence of the
types of metastable surface state proposed by Hashimoto etal. [39] by careful surface scientific
analysis [40,41,139-143].

In Chapter 4, I clarified the relationship between the electronic structure and the photo-
electrochemical activity of various photocatalytic model systems. Doped SrTiOs3 is an excellent
model material for investigating the photoelectrochemical activity changes associated with the
modification of the electronic structure. High-quality epitaxial thin films of doped SrTiO3 with
good crystal quality and step-and-terrace surface morphology were fabricated by PLD. The
electronic structure of doped SrTiO3z, especially Rh- and Ir-doped SrTiOs, were elucidated by
X-ray spectroscopic analyses, while the photoelectrochemical properties were evaluated by con-
ventional three-electrode photoelectrochemical measurements. The results clearly showed that
the positions of the impurity levels in the band gap is important for determining the efficiency
of photocarrier transport as well as the light absorption intensity. Based on a trade-off between
photocarrier transport and light absorption, Rh®*" and Cr®* were found to be the most suitable
dopants for SrTiO3 photocatalysts used under sunlight.

In Chapter 5, I proposed a new nanoscale material design to overcome the problems found
in Chapter 4 and to enhance the efficiencies of photocarrier separation and electrochemical
reaction for efficient photoelectrochemical water splitting. Mechanically robust photoelectrodes
were formed by embedding self-assembled metal nanopillars in a semiconductor thin film,
forming tubular Schottky junctions around each pillar. The photocarrier transport efficiency
was strongly enhanced in the Schottky space charge regions while the pillars provided an
efficient charge extraction path. The self-assembled nanopillar structure was fabricated by a
single-step PLD process by inducing spontaneous phase separation during thin film growth.
Ir, Pt, Pd, Rh, and Au epitaxial metal nanopillars were fabricated in SrTiO3. In particular,
Ir-doped SrTiOs; with embedded Ir metal nanopillars showed good operational stability in a
water oxidation reaction and achieved over 80% utilization of photogenerated carriers under
visible light in the 400 to 600 nm wavelength range.

I believe this study contributed to the development of photocatalyst research. I wish the
dream of efficient solar water splitting will come true in the near future, which would lead
to sustainable energy supply development for the human society that is environment-friendly
and independent of environmentally problematic fossil fuels.

Materials science is a key to open the door of the global sustainable development. Inno-
vations in materials science are directly connected to the development of a sustainable global
society.
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