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Chapter 1

Introduction

1.1 Energy and environment problems

Ever since the industrial revolution in the 18th century, economic development has been
dependent on the availability of a large sources that power our daily lives. For the most
part, these energy needs have been met by fossil fuels such as petroleum, coal, and
natural gas. However, the existing fuel sources are limited and consumption of fossil
fuels produces massive amounts of CO,, which is thought to lead to undesirable global
warming and climate change due to the greenhouse effect. To solve these problems at
a global scale, a sustainable energy source is necessary.

The largest available energy source is the Sun, which provides earth with suffi-
cient energy for all human needs. The most common technique to utilize solar energy
for generating electricity is to use solar cells, which can convert solar energy directly
into electric current. However, solar cells do not solve the problems of energy stor-
age and transport, which is relatively simple with fossil fuels. Since sunlight is not
always available and the amount of sunlight depends on the geographic position, an
energy carrier with small negative environmental impact is necessary. Hydrogen is one
possible clean energy carrier because it can be stored and transported relatively easily,
while combustion of hydrogen either in an engine or a fuel cell only produces water
as a waste product. Solar energy can be used directly to produce hydrogen either in
a photocatalytic or a photoelectrochemical water splitting cell. Since the discovery of
photoelectrochemical water splitting using a TiO, electrode, as reported by Fujishima
and Honda in 1972 [1], a large research effort has been made to find efficient materials
for splitting water into hydrogen and oxygen. However, efficient materials for practical
use have not been found so far. Therefore, it is quite important to study the physical
processes that limit the energy conversion efficiency in semiconductor materials and to
gain a better understanding of the mechanism of photoelectrochemical water splitting.
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1.2 Energy conversion efliciency of photoelectrochemi-
cal water splitting
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Figure 1.1: Schematic illustration of a photoelectrochemical water splitting cell that
uses (a) an n-type semiconductor photoanode and a metal counter electrode, (b) a p-
type semiconductor photocathode and a metal counter electrode.

Figs.1.1 (a,b) shows a schematic illustration of a photoelectrochemical water splitting
cell using an n-type semiconductor photoelectrode or a p-type semiconductor photo-
electrode, respectively. There are three main steps in the water splitting reaction. The
first step is the absorption of light. When a semiconductor is irradiated with light for
which the photon energy is larger than the semiconductor band gap, photoexcited elec-
trons and holes are generated. The second step is charge separation and drift of pho-
tocarriers. Some of the photocarriers migrate to the surface of the electrode due to an
internal electric field, while other carriers may be lost to recombination. The diffusion
length Lgigusion can be written as

— kT
Lgitusion = VD7 = 7/«”-’ (1.1)

where k is the Boltzmann constant, 7' is the temperature of the semiconductor, g is
the charge of a carrier, u is the mobility of a carrier, and 7 is the lifetime of a carrier.
This step is strongly affected by sample crystallinity, which determines the density
of point defects that act as rapid recombination centers. The final step is the surface
chemical reaction. Electrons reduce water to form H, on the counter electrode while
holes oxidize water to form O, on the semiconductor surface. The photoelectrode type,
i.e., a photoanode or photocathode depends on the external bias and the semiconductor
properties. An n-type semiconductor works as a photoanode that forms a space charge
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Figure 1.2: The spectrum of the photon flux in sunlight at sea level (AML1.5).

region with upward band bending near the water interface. This promotes the diffusion
of holes to the surface, leading to water oxidation and oxygen gas evolution. In case of
a p-type semiconductor, a downward band bending space charge region forms close to
the surface and the material works as a photocathode, where electrons migrate toward
the surface and reduce water, evolving hydrogen gas. The energy conversion efficiency
of sunlight to chemical stored energy is determined by these three steps.

The efficiency of the first step is mainly determined by the band structure of a
material. Since the redox potential of H*/H, and O,/H,O are O V and 1.23 V vs a re-
versible hydrogen electrode (RHE), the band gap of the photoelectrode material must
be larger than 1.23 eV. For high-efficiency redox reactions to occur, the activation en-
ergy for each redox reaction should be considered. The potential barrier of each redox
reaction is about 0.5 V. Taking this into consideration, the band gap of the semicon-
ductor material should be close to 2 eV. In addition to the band gap size, the stability
of materials during the photoelectrochemical reaction is also important. Some typical
semiconductors such as Si, CdS, and GaAs are unstable in electrochemical reactions
due to photocorrosion, which is a common reaction in many semiconductors where
photo-excited holes react with the semiconductor itself, rather than water, and degrade
the semiconductor. For these reasons, oxide semiconductor materials are suitable for
photoelectrochemical water splitting, since the band gap can be sufficiently wide and
many oxides are relatively stable in water.

For example, TiO, and SrTiO3, which are famous photocatalytic materials, have a
3.2 eV band gap and both are stable in water. However the band gaps of these ma-
terials are well above the optimal 2 eV value, and too large to absorb sunlight effi-
ciently. Fig.1.2 shows the spectrum of solar photon flux at sea level, calculated for
air mass (AM) 1.5. Most of the energy is in the visible region. Materials with wide
band gaps like TiO, and SrTiO; cannot utilize most of the suns energy. The usual
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Figure 1.3: (a) Picture of a Rh3*:SrTiO; thin film sample, (b) the absorption coefficient
spectrum of the Rh-doped SrTiO; thin film. [4]

strategy to solve this problem is to introduce impurity doping into the semiconduc-
tor. In the case of SrTiOs;, the band gap can be reduced to ~ 2 eV by doping with
Rh or Cr [2,3]. In particular, Rh**:SrTiO; shows p-type semiconductor behavior in
photoelectrochemical measurements, with a large overpotential for hydrogen evolution
from water. Figs. 1.3(a,b) show a picture of a Rh?*:SrTiOj; thin film sample and the
absorption coefficient spectrum of Rh-doped SrTiO; [4]. As shown in Fig. 1.3 (a), the
Rh3*:SrTiOs thin film has a yellowish color due to absorption in the visible light region.
However, the solar energy conversion efficiency is still low due to the small absorption
coeflicient in the visible region and a very short diffusion length of photogenerated
carriers. Since the diffusion length of photogenerated carriers are determined by drift
mobility and lifetime, one strategy to improve the efficiency of photoelectrochemical
performance is to use a material with a higher carrier mobility at room temperature.
There are two main types of photocatalytic oxide materials as shown Fig. 1.4. Many
photocatalytic transition metal oxide materials such as TiO,, SrTiO3, KTaOj; etc., con-
tain metal ions with a d° electronic configuration and their conduction bands are usually
composed of d-orbitals [5] that tend to exhibit relatively low carrier mobilities at room
temperature. On the other hand, the second group of oxides, such as BaSnO;, contain
metal ions with a d'° electronic configuration and the conduction band is composed of
s-orbitals [6]. The conduction band thus has large dispersion due to a larger overlap
between the s-orbitals. Therefore, it can be expected that photoexcited electrons in
typical d'° metal oxides may show a longer diffusion length at room temperature.
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Figure 1.4: Elements that are used in photocatalytic water splitting oxides.

1.3 Aim of this study

Although the drift mobility of photocarriers is an important factor for optimizing the
efficiency of photoelectrochemical electrodes, there is very little published data on the
drift mobility of various nondoped oxide materials. Therefore, analysis of the drift
mobility of photocarriers in typical metal oxide material is a interesting starting point
for high-efficiency photocatalytic material development. Since photoelectrochemical
electrodes require fairly wide gap semiconductors, the materials are good insulators in
dark conditions and thus conventional mobility measurement techniques, such as the
Hall effect, cannot be used.

Time-of-flight is a common technique for evaluating transport properties of semi-
conducting or insulating materials under transient conditions. For this measurement,
a high-crystallinity epitaxial thin films or single crystals may be used. Although there
are various kinds of typical metal oxides that could potentially be used in photoelec-
trochemical cells, such as indates (In oxides) [7], gallates (Ga oxides) [8], stannates
(Sn oxides) [7], germanates (Ge oxides) [9] and antimonides(Sb oxide) [7], stannates
are relatively cheap and abundant materials that may be suitable for mass production
and practical use. Among stannates, BaSnOj is a suitable starting point because there
are many papers about BaSnO; epitaxial thin films and BaSnOj; thin film growth is
relatively easy due to the simple crystal structure. In this work, I analyzed the drift
mobility of BaSnOj; thin films by the time-of-flight technique and evaluate the photo-
electrochemical performance of this material.
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1.4 Physical properties of BaSnO;

Figure 1.5: The perovskite crystal structure of BaSnOs;.

BaSnO; (BSO) is known to form an ideal cubic perovskite structure with a lattice con-
stant of ¢ = 4.116 A in which the Sn-O-Sn bond angle is close to 180°, as shown in
Fig. 1.5. BaSnO; is a transparent wide-gap semiconductor with an optical gap of more
than 3.1 eV [10-12]. The electronic band structure and density of states for BaSnO;
are shown in Fig. 1.6 [13]. The width of the hatching is proportional to the contribution
of the particular atomic orbital near the Fermi level to the band structure. BaSnO; has a
highly dispersive conduction band with mainly Sn 5s character while the valence band
consists of O 2p orbitals, in common with many other oxides [10, 13]. BaSnO; is an
interesting starting point for developing new types of light absorber materials due to
the s character of the conduction band, which can sustain higher carrier mobility than
the narrow d-character conduction bands of well-known titanates that were discussed
earlier.

Doped derivatives of BaSnO3 have been studied as transparent conducting oxide
materials that show high electrical conductivity while remaining transparent in the visi-
ble light region. La-doped BaSnOj; single crystals grown by the flux method show very
high mobility of 320 cm?/sV at room temperature [14]. In thin film form, La-doped
BaSnO; samples show somewhat lower mobilities of 26 to 70 cm?/sV on SrTiO; sub-
strates and of 150 cm?/sV on PrScOj; [14-16] due to grain boundaries and dislocations.
The high mobility originates from the small effective mass and long relaxation time
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Figure 1.6: The electronic band structure and density of states of BaSnOj;. (a) Orbital
contribution of Sn 5s (red), Sn 5p (blue), and Ba 6s (green) orbitals to the band struc-
ture. (b) The O 2s (red) and O 2p (blue) contributions to the band structure. (c) The
density of states diagram. The Ba 6s contribution (green), the Sn 5s contribution (red),
the Sn 5p contribution (blue), and the total electronics DOS (black). [13]

since the mobility can be expressed as

M= 0 (1‘2’)
m
where e, 7, and m* are the electron charge, carrier relaxation time, and the effective

mass. There are many paper about the effective mass of BaSnOj; and the effective mass
values are reported as 0.06 - 3.7 m, depending on evaluation methods [17-19].
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Chapter 2

Methods and techniques

The experimental equipment and techniques used in this study are introduced in this
Chapter. Thin film samples were fabricated by pulsed laser deposition (PLD). Reflec-
tion high-energy electron diffraction (RHEED) was used for in-situ monitoring of the
surface morphology and the growth mode during film deposition. X-ray diffraction
(XRD) analysis was used for measuring the lattice parameter of the films and for evalu-
ating film crystallinity. The three-dimensional surface profile images of thin films were
measured by atomic force microscope (AFM). The film thickness and chemical com-
position of BaSnOj; thin films were analyzed by x-ray fluorescence (XRF). The drift
mobility of BaSnO; thin films were analyzed by time-of-flight (TOF) technique. The
cyclic voltammetry curves of BaSnO3; samples were measured to evaluate photoelec-
trochemical performance.
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2.1 Pulsed laser deposition (PLD)
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Figure 2.1: (a) Schematic image of a PLD system, (b) Inside view of the PLD chamber
showing the plume formed during target ablation.

There are several techniques that can be used for growing complex oxide thin films that
have good crystallinity and also provide atomic-level control over the growth rate and
film thickness. Pulsed laser deposition is one such technique that allows us to grow
thin films of most complex oxides over a wide range of process parameters such as
temperature and ambient gas pressure. Fig. 2.1 (a) shows a schematic image of a PLD
system. The ablation plume captured during target ablation can be seen in Fig. 2.1 (b).
In PLD, a high-power pulsed laser beam is focused on the surface of a ceramic target
in a vacuum chamber. The target material is vaporized, forming a plasma plume that
carries material from the target to the substrate, where the plasma condenses, forming
a crystalline film. The adatoms brought to the film surface by the deposition plume
can subsequently diffuse on the film surface until they encounter other adatoms and
form new clusters on flat terraces or attach to existing clusters or step edges. There
are three conventional modes of film nucleation and growth. If the adatom flux to the
surface is constant in time, the stability of a particular growth mode depends on ther-
modynamic parameters, such the film surface energy and the interface energy between
the film and the substrate. Fig. 2.2 illustrates these growth modes: (a) layer-by-layer
growth (Frank-van der Merwe mode), (b) island growth (Volmer-Weber mode), (c) wet-
ting layer and island growth (Stranski-Krastanov mode). When the interaction between
the substrate and the film is strong enough, and the lattice mismatch is less than about
4%, layer-by-layer mode is possible [20]. In an ideal layer-by-layer growth mode, a
single unit cell layer is completely filled before the next layer starts to grow Fig. 2.2(a).
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Figure 2.2: Schematic illustration of the three film growth modes.

On the other hand, three-dimensional nucleation of islands occurs when the interface
energy of the film is high and the lattice mismatch between the film and the substrate
is large (Fig. 2.2(b)). These islands grow until they coalesce and form a continuous
film. This type of growth may lead to the formation of gran boundaries. Wetting layer
and island growth is a mixture of Figs. 2.2(a) and 2.2(a)(b). A few first layers grow in
the layer-by-layer mode, but three-dimensional island growth starts after an the initial
wetting layer has formed. This conversion of growth modes can be explained by the
increasing stress with increasing layer thickness due to lattice mismatch. The compo-
sition and crystallinity of the thin films can be controlled by adjusting the deposition
conditions such as the growth temperature, ambient gas pressure, and the ablation laser
fluence. The background oxygen pressure is an important process parameter in 0X-
ide film growth, which can affect the formation of the desired phase, cation valence,
film stoichiometry, and crystallinity. The PLD system uses dynamic pressure control
by constantly feeding fresh oxygen into the chamber with a variable leak valve, while
the chamber is evacuated by two turbomolecular pumps backed by conventional rotary
pumps. The process pressure can be set anywhere between the base pressure of about
108 Torr and the maximum ambient pressure of about 1 Torr where PLD plume for-
mation is still possible. The pressure adjustment is achieved by adjusting the pumping
rate with gate and angle valves while the gas inlet rate is adjusted with a molecular

15



s

uuuuu

Figure 2.3: Components of a high-temperature sample holder.

leak valve. Single crystal substrates were mounted on sample holders and loaded into a
sample stage in the vacuum chamber. Fig. 2.3 shows the structure of the sample holder
that was used for BaSnOj; film growth. Most oxide thin films need to be grown at high
temperature to obtain good crystallinity. For this purpose, the substrates were heated
with a Nd: YAG laser operating at the fundamental 1060 nm wavelength. To absorb this
laser light, an oxidized Ni (200 um thick) sheet was used as a light absorber and heat
spreader. Another Ni metal foil (5 um thick) was inserted between the substrate crystal
and the oxidized Ni sheet to obtain uniform heat contact. The high-temperature parts
of the sample holder were supported by a sapphire sheet that also decreases heat loss.
A Krypton Fluoride (KrF) excimer laser (Lambda Physik COMPex 201) was used for
target ablation with its 248 nm wavelength and 20 ns pulse width. The laser energy
density was adjusted by a single focus lens and quartz attenuators.
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2.1.1 Reflection high-energy electron difraction (RHEED)

RHEED Intensity

L " s L
0 1 2 3
Time (s)

Figure 2.4: Crystal surface models and reflected electron beam intensity variation for
layer-by-layer growth. [21]

One of the more difficult problems in complex oxide thin film growth is the control
of the crystal surface morphology and the deposition rate, which may be affected by
even minor changes in the deposition conditions. Due to that, it is quite useful for thin
film growth to monitor the sample surface characteristics during the growth process.
In this work, reflection high-energy electron diffraction (RHEED) was used for in-situ
monitoring of the surface morphology and the growth rate during film deposition by
PLD. RHEED is a surface diffraction technique that is widely used for surface analysis
of crystalline materials. RHEED works by firing a narrow electron beam at a sample
surface at grazing incidence. Considering the layout of the PLD chamber (Fig. 2.1 (a)),
it is easy to see that RHEED measurements do not interfere with the deposition plume.
The incidence angle is usually 1 to 2 degrees from the sample surface. The electron
beam energy was 25 keV and the beam current was 50 pA. For in-situ monitoring,
the reflected and diffracted beams were observed on a phosphor screen with an ana-
log video camera. The surface morphology can be determined from static diffraction
patterns. The growth rate can be estimated by monitoring oscillations of the reflected
specular beam intensity. Fig. 2.4 shows surface models and reflected beam intensity
variations during homoepitaxial layer-by-layer growth of a single unit cell layer of
SrTiO;. Before film growth, the surface is atomically flat, which gives a high reflected
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beam intensity (Fig. 2.4(A)). When the film deposition starts, the reflection intensity
decreases rapidly as adatoms stick to the surface and islands are nucleated. The inten-
sity drop is associated with electron scattering from step edges (Fig. 2.4(B)). At point
C (Fig. 2.4), the surface roughness has reached a maximum, which corresponds to a
minimum in the specular reflection intensity. As the deposition continues, the reflec-
tion intensity starts to increase until all the surface is covered by a complete unit cell
layer (Figs. 2.4(C,D,E)). This oscillation process repeats for each unit cell that is grown
as long as the layer-by-layer growth mode is maintained.
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2.2 X-ray diffraction (XRD)
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Figure 2.5: Schematic illustration of the sample position and rotation axes for XRD
measurement.

X-ray diffraction (XRD) is the most common tool used for analyzing crystal structures.
This technique is based on observing the intensity of diffracted x-rays hitting a sample
as a function of incident and diffraction angles. Diffraction peaks can be observed when
the incident and detection angles satisfy Bragg’s Law:

nd = 2dsin6, 2.1

where 7 is an integer describing the diffraction order, A is the wavelength of the X-rays,
d is the lattice spacing, and 6 is the diffraction angle from the surface. In this study,
XRD was used for characterizing the crystallinity and measuring the lattice parameter
of thin films grown by PLD. The crystallinity, orientation, lattice parameter, and the
other phases can be analyzed by XRD. A 4-circle diffractometer (Xpert-MRD: Philips)
was used for the measurements with a CuKe X-ray source. The wavelength of this
characteristic X-ray is 1.5405929 A. Fig. 2.5 shows a schematic illustration of the sam-
ple position and rotation axes (6, w, ¢, ¥) for XRD measurement. For all samples,
20/w and rocking curve measurements were conducted. In 26/w measurement, both
the incident angle w and the detector angle 26 are scanned, while the ratio of % =21s
maintained. The c-axis lattice spacing of the film can be evaluated by this 26/w mea-
surement. The c-axis lattice spacing is affected by strain caused by lattice mismatch
between the substrate and film materials, stoichiometry changes, and impurities. In
a rocking curve measurement, only the incident angle w is scanned in the vicinity of
Bragg angle, while the detector angle is fixed to the position of a Bragg peak. Fig.2.6
shows the schematic illustration of rocking curve. The diffraction condition can be
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written in the following using reciprocal lattice vector G and scattering vector Ak:
Ak=k -k=G (2.2)

where k" and k are wavevector of the diffracted beam and incident beam. When the
incident angle is slightly changed, the scattering vector is also tilted in the radial direc-
tion. If the dispersion of the crystal orientation is wide, the Bragg peak become broad
in the radial direction. Thus the crystallinity of film can be evaluated by measuring the
full width at half maximum (FWHM) of the diffraction peak.

Scattering vector

K=K — Kk
kg K
L 2
EE

Figure 2.6: Schematic illustration of rocking curve measurement.
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2.3 Atomic force microscope (AFM)
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Figure 2.7: Schematic illustration of the AFM system.

Atomic Force Microscopy (AFM) is a type of scanning probe microscopy, which pro-
vides a very high resolution three-dimensional surface profile image. The vertical res-
olution is on the order of a fraction of a nanometer while the spatial resolution is de-
termined by the sharpness of the probe needle. In the measurements discussed here,
the lateral resolution was on the order of 10 to 20 nm. There are two basic modes of
operation, namely contact mode and non-contact mode, depending on whether the can-
tilever vibrates during above the surface during measurement or is brought into contact
with the surface. The AFM system measures the surface profile by sensing the con-
tact force from the bending of the cantilever in contact mode and from the resonant
frequency change of the cantilever in non-contact mode. In this study, the surface mor-
phologies were measured by contact or non-contact mode with a Shimadzu SPM-9600
microscope. The scan areas were usually 1 ym X 1 ym and 5 ym X 5 ym. Fig. 2.7
shows a schematic illustration of the AFM system. This system includes a sharp needle
attached to a flexible cantilever, a laser diode, a photodetector, and an XYZ sample
stage. A laser beam reflects from the back of the cantilever and the reflected light from
the cantilever is detected with a multisegment photodiode detector, which measure the
deflection of the laser beam from the center (straight cantilever) position. When the
needle scans the sample surface, the sample height is adjusted by a piezoelectric actua-
tor included in the XYZ stage so that the deflection is kept constant in contact mode or
close to zero in non-contact mode. The deflection of the laser beam corresponds to the
bending of the cantilever, which depends on the contact force. From this bending of the
cantilever, the AFM system can measure the surface profile in contact mode. On the
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other hand, in non-contact mode, a silicon cantilever probe is connected to a resonator.
The cantilever is oscillating at the resonant frequency during measurement. When the
needle scans the sample surface, the resonant frequency of the cantilever is changed
by the atomic-scale force close to the surface. A feedback system in the microscope
adjusts the sample height with a piezoelectric actuator so that the resonant frequency

is kept constant. From this change of the sample height, the AFM system can measure
the surface profile in non-contact mode.
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2.4 X-ray Fluorescence (XRF)

Fluorescent X-ray

Figure 2.8: Schematic illustration of the principle of the emission of characteristic
fluorescent x-rays.

X-ray fluorescence spectroscopy (XRF) is a technique that is widely used for element
and chemical composition analysis. This technique detects the characteristic fluores-
cent X-rays from a material that has been excited by irradiation with high-energy x-
rays. Fig. 2.8 shows a schematic illustration of the principle of the emission of char-
acteristic fluorescent X-rays. When a sample is irradiated with x-rays with sufficient
energy to excite electrons in inner orbitals, electrons are ejected from the inner orbitals,
leaving core holes. When electrons in outer orbitals fill the core-level holes, the excess
energy is emitted in the form of photons, where the photon energy is equal to the en-
ergy difference of the two orbitals. This energy difference between core-level orbitals
is unique for each element, which means that constituent elements in a material can
be determined by measuring the fluorescence x-ray emission spectra. In this study, x-
ray fluorescence was analyzed by wavelength dispersive x-ray fluorescence (WDXRF)
spectrometer (Rigaku Primus IV). Fig. 2.9 shows a schematic illustration of the Rigaku
WDXREF system. In this system, the different energies of the characteristic x-rays emit-
ted from a sample are diffracted into different directions by analyzing crystals. By
placing a detector at a certain angle, the intensity of x-rays at a certain wavelength can
be measured. The film thickness of a sample also can be estimated from the intensity
of x-rays besides the chemical composition. The advantages of the WDXRF system
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are high resolution and minimal spectral overlap compared to energy dispersive X-ray
fluorescence (EDXRF) in which an energy dispersive detector is used to collect the
characteristic x-rays emitted from a sample.

Analysing
crystal

X-ray tube

Detector

Figure 2.9: Schematic illustration of the WDXRF system
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2.5 Optical absorption rate measurement
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Figure 2.10: Schematic illustration of the transmittance measurement.

The optical absorption coefficient @ of a material tells us how far into the material light
of a particular wavelength can penetrate. The absorption coeflicient can be expressed

as

a= ! ln(i), (2.3)
X I()

where « is the absorption coefficient, /; is the incident light intensity at x = 0, and
I is the light intensity at depth x. When reflection from the surface is negligible, this
equation can be written using transmittance 7" and sample thickness d in the following

form,
1

X

1 1
ln(I—O) =7 In(T). (2.4)

a =

In this study, the transmittance spectra of BaSnO; thin films were measured to cal-
culate the absorption spectra with a Jasco V570 UV-Vis-NIR spectrophotometer in the
wavelength range of 190 to 1500 nm. The instrument selects a suitable light source
automatically, switching from a deuterium lamp for the ultraviolet (UV) range (190 -
350 nm) to a halogen lamp for the visible and infrared (IR) range (340 - 1500 nm). To
minimize the contribution of the substrate, double-side-polished MgO substrates were
used. This substrate material has a wider optical band gap than BaSnO;. At first, the
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transmittance spectrum of the substrate (7,;,) was measured (Fig. 2.10(a)). The trans-
mittance spectrum of a thin film on the same substrate material (7,4 fin) Was then
measured (Fig. 2.10(b)). Assuming that the reflectance of the film is negligible, the
transmittance spectra and the absorption coefficient of the film were calculated using
the following equations

Tsub+film

Tim = ’ 25
b T (2.5)

1
@=- In(Tip)- (2.6)
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2.6 Time-of-flight (TOF) measurement

top bottom
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Figure 2.11: (a) Schematic illustration of the TOF measurement, typical signal shape
obtained by TOF measurements. (b) Charge integration method (c) Current duration
method.

The time-of-flight (TOF) technique is a very direct approach to evaluating transport
properties of a semiconducting or insulating material. This technique is particularly
suitable for low carrier mobility materials where Hall effect measurement is impossible,
as discussed in a number of studies [22-26]. The principle of this technique has been
reviewed by Spear [27], together with problems caused by trapping and space charge
effects. In this method, the drift mobility of carriers can be evaluated by measuring the
transit time of drifting nonequilibrium carriers. In the following, the principle of this
method is introduced briefly.

Fig. 2.11 (a) shows a schematic illustration of the TOF measurement setup. To
simplify the argument, consider a trap-free insulating solid sample with top and bottom
metallic electrodes. The top electrode should be semi-transparent for optical photo-
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excitation of carriers. A bias source is connected to the top electrode and the bottom
electrode is returned to ground potential through a resistor which is much smaller than
the sample resistance. The C in Fig. 2.11 (a) denotes the total capacitance across all
circuits, including the input of the oscilloscope. The potential generated by a current
flowing through the resistor R is measured with an oscilloscope. When free carriers are
generated by photo-excitation through the semi-transparent top electrode, the excited
carriers drifted towards the bottom electrode in an electric field generated by the applied
bias V. If the excitation light pulse (7,) is considerably shorter than the transit time of
the generated carriers across the sample and the penetration depth of the excitation light
(6) 1s much shorter than the sample thickness d, the drifting narrow sheet of carriers at
x modifies the applied electric field E4 = % in the sample:

Ne X
Ei(x)=E4— a(l - 3), (2.7)
Ne x
Ex(x) = Ep + Ad (2.8)

where N is moving carrier number, e is charge of carrier, A is a electrode area e is the
dielectric constant of solid. It should be noted that this description can be applied only
to an insulating solid in which the dielectric relaxation time is much longer than the
transit time. The situation is completely different from the drift mobility of minority
carriers in a doped semiconductor such as Ge [28], Si [29], GaAs [30] where the con-
dition of the local space charge neutrality during carrier transit is always satisfied and
thus the drifting carrier doesn’t modify the applied electric field.

There are two ways to determine the transit time of the drifting carriers, depending
on the time constant of the readout circuit, RC. The choice between the two methods
depends on the order of magnitude of ¢, and the sample capacitance. The first method
relies on charge integration and in this method the RC value must be much larger than
the transit time #,. As the drifting carriers modify the applied electric field, the changing
electric field causes a displacement charge to be generated in the bottom electrode. The
amount of change of the charge for the bottom electrode is given by

Nex
Ag = —. 29
9= (2.9)
The potential measured across the resistor R is

N
AV(1) = C—Zw O<t<t,), (2.10)

N
AV(t) = Fe (t, < t << RC), @.11)

where v = d/t, is the drift velocity. The typical signal obtained in this method is shown
in Fig. 2.11(b). The transit time of the drifting carriers can be measured from the time
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of the linear rising edge. Alternately, #, can be measured from the duration of the current
pulse induced by the drifting carriers. In this second method, the time constant RC must
be much shorter than #,. The displacement current across the resistance R induced by
drifting carrier is

N
i= 76\/. 2.12)
Therefore, The induced voltage is
N
AV() = Rjev O<r<t), (2.13)
AV =0 (1 <1). (2.14)

A typical signal obtained by this method is shown in Fig. 2.11(c). The drift mobility of
carriers can be calculated by following equation:

_d d?
B EAtt B VAtt.

u (2.15)

In this study, thin film samples were prepared on Nb0.5wt% doped SrTiO; substrate
by PLD. The 0.5wt% Nb-doped SrTiO; substrates have sufficiently low resistivity to be
used as bottom electrodes. Semitransparent top electrodes were deposited by vacuum
vapor deposition. For free carrier excitation, a frequency-quadrupled Nd:YAG laser
(Autex PNU-MO1210) was used at a wavelength 266 nm with a 350 ps pulse width.
The voltage generated on the resistance placed in series with the sample was measured
as a function of time with a 500 MHz storage oscilloscope (Tektronix TDS3054B).
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2.7 Photoelectrochemical measurement

Figure 2.12: (a) The electrochemical cell used for cyclic voltammetry, (b) sample
holder for the electrochemical cell

BaSnO;/Sr,RuO,/SrTiO; heterostructure samples were prepared for photoelectrochem-
ical measurement. Sr,RuQ, films were used as bottom electrode. The photoelectro-
chemical performance of BaSnO3; samples were analyzed in a standard three-electrode
configuration with potentiostat (Bio-Logic Science Instruments, SP-150). The cyclic
voltammetry curves were measured under UV light illumination with 100W Xe lamp
(Asahi spectra, LAX101) and band-pass filter, Pt counter electrode and a Ag/AgCl
reference electrode in a 0.1 M K,SO, aqueous solution. Before the each measure-
ment, The aqueous solution were bubbled with nitrogen gas for more than 30 min-
utes to remove dissolved oxygen. The electrochemical cell is shown Fig. 2.12 (a) The
BaSnO; samples were put on the electrochemical cell with a sample holder shown in
Fig. 2.12 (b). An InGa alloy was used to make electric contact between bottom elec-
trode of sample and the potentiostat. The aqueous solution was flowed into the cell
through the water pipeline and UV light was illuminated through a quartz window.

The incident photon to current efficiency (IPCE) of BaSnO3 sample was evaluated
with the monochromator (Bunkoukeiki, BML-10J). IPCE can be written in the follow-
ing:

Number of photocarrier used for electrochemicalreaction [1/cm?]

IPCE(%) = x 100
(%) Incident photon flux [1/cm?]
_ hc Photocurrent density [A/cm?] < 100
~ ed Light intenisty [W/cm?]
(2.16)

where h, ¢, e and A are the Planck constant, the speed of light, the elementary charge
and the wavelength of illuminated light. The power of illuminated light was measured
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with power meter (THORLABS, S120VC) taking the effect of the quartz window and
aqueous solution into consideration.
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Chapter 3

Drift mobility measurement for
BaSnO3 thin films

The experimental results are discussed in this Chapter. The work can be divided into
four stages, starting with the optimization of thin film growth conditions to obtain
BaSnO; films with the best crystallinity. The absorption spectra of the BaSnO; films
were calculated from transmittance spectra to determine the band gap of the films. The
drift mobilities of BaSnOj; films were estimated from several types of carrier injection
experiments. Finally, the photoelectrochemical response of the films is discussed.

3.1 Optimization of growth conditions for BaSnO; thin
films

3.1.1 Substrate for BaSnQO; thin films

The matching of lattice parameters and crystal structures between a thin film and a
substrate is quite important for high-quality epitaxial thin film growth. In the case
of BaSnO; thin film growth, BaSnO; single crystal substrates are not commercially
available. Although there are several paper about BaSnO; single crystal growth [14,31],
the maximum size of single crystals is on a mm scale and the growth procedures are
complicated. For this reason, BaSnOj thin films are usually grown on other substrate
materials such as SrTiO; [14, 15], MgO [32], or PrScO; [16]. Table 3.1 shows the
crystal structure, lattice parameter, lattice mismatch, and optical gap of BaSnOs, SrTiO;
(STO), MgO and (LaAIO';)O3(SrA105Tao503)07 (LSAT) [33—36]

BaSnOj; films were grown on these substrates at 850°C at an oxygen background
pressure of 10 mTorr. Fig. 3.1(a) shows several representative XRD 26 — w scan of
BaSnO; thin film samples grown on SrTiO3;, MgO, and LSAT substrates in the range
of 5° to 120°. Only (00/) family of peaks were observed in these patterns, which is
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Table 3.1: BaSnO; and substrate materials

’ sample \ structure \ lattice parameter (mismatch) \ optical gap (eV) ‘
BaSnO; | cubic perovskite 4.116 A 34
SrTiO; | cubic perovskite 3.905 A (5.4%) 3.2
LSAT | cubic perovskite 3.87 A (6.4%) 3.6
MgO rock salt 421 A (2.2%) 4.6

consistent epitaxial growth of films on all three types of substrate. Figs. 3.1(b,c) shows
narrow angle scans around the (002) peaks for these films and the corresponding rock-
ing curves of the BaSnOj; film (002) peaks. The black line at 43.9603° in Fig. 3.1(b)
shows the expected (002) peak position of bulk BaSnO; [33]. The diffraction peak po-
sitions of the films are slightly shifted from the bulk position due to lattice strain and
possibly due to stoichiometry changes in films. Secondary phase peaks were observed
at45.1° in the XRD patterns of films grown on SrTiO; and LSAT substrates. The origin
of these peaks is discussed in Section 3.1.2. The FWHM of the rocking curve of the
film grown on SrTiOj; is an order of magnitude narrower than others. It means that the
crystallinity of this film is much better than for the other films. Fig. 3.1(d) shows AFM
images of the three types of samples grown on different substrates. The grain structure
is clearly visible for all films although the average grain size and shape are different
due to varying lattice mismatch between the film and the substrate. The roughness of
the film surface on SrTiO; and LSAT is smaller than for the film grown on MgO. From
the rocking curve and AFM measurement results, I conclude that SrTiOj is a suitable
substrate material for the growth of BaSnOj; films with good crystallinity.
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Figure 3.1: XRD patterns for BaSnOj; films grown on SrTiO;, MgO, and LSAT sub-
strates: (a) wide scan, (b) narrow scan around (002) peaks, and (c) rocking curves of
the BaSnOj; (002) peaks, (d) AFM images of BaSnO; films grown on SrTiO;, MgO,
and LSAT substrates.
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3.1.2 Growth condition of BaSnO; thin films on SrTiO; substrates

A difficult problem with BaSnOj; thin film growth is SnO and Sn volatility. There
have been several studies the looked into preventing Sn evaporation from BaSnO; thin
films, such as using higher oxygen background pressure during growth [14], solid phase
epitaxy [15], and source material modifications [16]. Typical reported PLD growth
conditions for BaSnO; films are 700 to 900°C growth temperature and 50 to 100 mTorr
oxygen pressure [14, 15,17,37]. Fig. 3.2 shows the effect of changing the growth
temperature at a constant background pressure of 100 mTorr on the XRD patterns close
to the BaSnO; (002) peaks. The base of the (002) peaks of films grown at 950°C
and 1150°C is broader than for the sample grown at 750°C. There are several peaks
components visible in the XRD pattern of the 1150°C film. These additional peaks are
most probably caused by a film stoichiometry change and phase segregation due to Sn
loss. The optimal growth temperature for BaSnOj; films appears to be around 750°C.
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**1 FWHM
°*1 068 r
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o 2 230
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10bH MﬁL
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Figure 3.2: Effect of growth temperature on the XRD patterns close to the (002) peak
position of BaSnOj; for films grown at 100 mTorr.
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Figure 3.3: (a)The effect of the oxygen pressure on the XRD patterns in the vicinity
of the BaSnO; (002) peak for film grown at 800°C, (b) Reference XRD patterns of
BaSnO; films grown on SrTiOj; substrates by MBE with different Sn : Ba. [39]

Fig. 3.3 (a) shows the oxygen pressure effect on the XRD patterns of the (002) peaks
of BaSnOj; film grown at 800°C. The insets of XRD patterns show the rocking curve
profiles of the BaSnO; (002) peaks. The FWHM of the rocking curve for the 10 mTorr
film is an order of magnitude narrower than for the other samples, which means that the
crystallinity of the film grown at 10 mTorr is much better than other films. However,
there is a secondary phase peak at around 45.1°. Other groups have also observed
this peak in BaSnOj; films grown on SrTiO; substrates by PLD and MBE [38, 39].
Fig. 3.3 (b) shows reference XRD patterns of BaSnOj; films grown on SrTiO; substrates
by MBE with different Sn : Ba ratios [39]. The secondary phase peaks were observed
for films grown in the Sn-rich regime. Table 3.2 shows the XRF result for the BSO
films grown at different oxygen pressures. The SnO, ratio increases as the oxygen
pressure decreases, which is consistent with the appearance of the extra peak in the
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Table 3.2: XRF results for BaSnOj; films grown at different oxygen pressures.
’ Sample \ Oxygen pressure \ BaO (mol%) \ SnO, (mol%) ‘

kk049 10 mTorr 49.115 50.885
kk048 50 mTorr 49914 50.086
kk050 100 mTorr 50.906 49.094

XRD pattern of a film grown at 10 mTorr. The nearly stoichiometric film grown at
50 mTorr and the Ba-rich sample grown at 100 mTorr do not show this peak. This
behavior is the same for the MBE-grown films illustrated in 3.3 (b). Table 3.3 shows
the XRD peak positions of candidate materials consisting of Ba, Sn, and O that may
have diffraction peaks close to the 45° angle [40—43]. Although no other peaks of Sn,0;
could be observed, this secondary phase peak is the most probable, since excess Sn is
likely to lead to the segregation of the Sn,O; phase. From these results, I conclude that
the optimal conditions for BaSnOj; film growth is at 750 to 800°C and 10 to 50 mTorr
oxygen pressure. An indication of a Sn-rich film is the appearance of the secondary
phase peak which most probably comes from Sn,O3;. Accordingly, the laser fluence
should be adjusted so as to set the composition of the film close to the stoichiometric
Ba/Sn ratio at these growth temperatures and pressures.

Table 3.3: X-ray diffraction peak positions of materials consisting of Ba, Sn, and O
around the 45° diffraction angle. [40—43]
’ sample \ structure \ hkl \ peak position ‘
Sn Tetragonal | 211 449021 °
Sn, 05 Triclinic | -131 45.1619°
Ba;Sn,0; | Tetragonal | 118 45.8863 °
Ba,SnO, | Tetragonal | 202 459919 °
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3.2 Absorption coefficient of BaSnOj; thin film
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Figure 3.4: Optical transmittance spectra of double-side polished MgO, LSAT, and
SrTiOj5 substrates.

The calculation and experimental results of optical absorption properties of BaSnO;
thin film is discussed in this Section. Fig. 3.4 shows the transmittance spectra of double-
side polished MgO, LSAT, and SrTiO; substrates. The MgO substrate has the largest
optical band gap among these substrate materials. MgO is thus a suitable material for
optical absorption measurement of BaSnOj films.

BaSnO; films were grown on double-side-polished MgO substrates. The thickness
measured by XRF was 126 nm. Fig. 3.5 shows the XRD patterns and AFM images
of the BaSnO; films grown on double-side MgO substrate at 800°C and 30 mTorr for
the optical measurements. Only (001) orientation peaks of BaSnO; can be observed
in Fig. 3.5(a), which indicates that the film is grown epitaxially on MgO. The surface
roughness is about 15 nm, which is small enough to not affect the reflectance at the film
surface. Fig. 3.6(a) shows the transmittance spectra of samples measured before and
after BaSnO; film deposition on MgO substrates. If the reflectance at the film surface
is neglected, the transmittance and absorption coefficient spectra of the BaSnOj; film
can be calculated with the help of the following equation

Tsub+ﬁlm
Thim = , 3.1
fil T 3.1
1
a = —3 ln(Tﬁlm). (32)

The calculation results are shown in Figs. 3.6(b,c). The oscillation of the transmittance
spectrum of the BaSnOj film (Fig. 3.6(b)) below 4 eV is caused by the film thickness in-
terference fringes of the film. The film thickness can be estimated from this oscillation
period using the following equations

21’110’ = m/ll, (33)
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Figure 3.5: XRD patterns and AFM images of BaSnO; films grown on double-side
polished MgO: (a) wide scan (b) narrow scan of (002) peaks, and (c) AFM images.

1
2n,d = (m + 5)/12, 3.4)

where n; and n, are the refraction indices for A; and A, d is the film thickness, m is an
integer, and A; and A, are the wavelengths at which the transmittance reaches a local
minimum and maximum, respectively. When 4; = 865 nm (1.43 eV) and A, = 445 nm
(2.79 eV), n; = 1.9, and n, = 2, [12], the calculated film thickness d is 128 nm. This
calculated result is in good agreement with the thickness measured by XRF. The ab-
sorption coeflicient value of BaSnOj is in reasonable agreement with the result of spec-
troscopic ellipsometry reported by Chambers et al., in which a BaSnOj; film was grown
on a SrTiOj; substrate by MBE [12]. The indirect and direct band gaps of BaSnO3 were
determined by constructing Tauc plots [44] as shown in Figs. 3.6(d,e). The fitting gave
the indirect band gap and direct band gap of 2.94 eV and 3.48 eV, respectively. This
indirect band gap value is in good agreement with the band gap reported Chambers [12]
and by Kim [10] for BaSnOj; single crystal specimens. The direct band gap is in good
agreement with the bandgap value reported by Liu [11] for a BaSnOj; film grown on a
MgO substrate by PLD. However agreement is not as good with the reports of 3.1 eV
by Kim [10] and 3.57 eV by Chambers [12]. This disagreement with the results re-
ported by Kim [10] probably comes from the broader spectral range of my absorption
data, which allows me to identify a linear region inaccessible for Kim et al. [10].
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Figure 3.6: Optical properties of BaSnOs3: (a) transmittance spectra of MgO and
BaSnO3;/MgO, (b) transmittance spectrum of the BaSnO; film, (c) absorption coeffi-
cient spectrum of the BaSnOj; film, (d) plot of the indirect band gap, and (e) plot for the
direct band gap.

From these experiments and calculations, the reasonable optical properties of BaSnOj;
were obtained. The obtained absorption coefficient spectrum was used for TOF mea-
surement and photoelectrochemical measurement.
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3.3 Time-of-flight measurement for BaSnQO; thin films

3.3.1 Time-of-flight measurement setup
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Figure 3.7: (a) Schematic illustration of the TOF carrier mobility measurement system.
(b) Picture of typical samples mounted on a ceramic package. (c) Picture of a XYZ
sample stage used for laser positioning. (d) Picture of the beam expander and ND
filters.

In this section, a self-made time-of-flight (TOF) measurement setup is introduced.
Fig. 3.7(a) shows a schematic illustration of the measurement system. thin film sam-
ples with patterned electrodes were mounted on 44-pin ceramic packages (PB-44713-
N, Kyocera), and wires were attached from the electrode pads to the edge contacts of
the ceramic package (Fig. 3.7(b)). The ceramic packages were mounted in a holder
on a XYZ stage to measure the transient signal under pulsed laser light irradiation
(Fig. 3.7(c)). A frequency-quadrupled Nd:YAG laser (Teemphotonics, PNU-M01210)
operating at a wavelength of 266 nm was used for inducing free carriers in the samples.
The photon energy of 4.7 eV is larger than the band gap of all samples used in this
work. The laser produced 12 uJ pulses with a pulse length of 350 ps and a maximum
repetition rate of 1 kHz. The repetition rate of the laser was controlled with a function
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Figure 3.8: (a) Schematic illustration of the Si sample structure used in TOF test mea-
surement. (b) Capacitance plots of the Si sample.

generator (NF, WF1944B). The spot size and the laser pulse energy were adjusted with
the help of a beam expander and neutral density (ND) filters (Fig. 3.7(d)). The beam
expander consists of 2 lenses, one with positive focal length of 100 mm and another
one with a negative focal length of -20 mm (Galilean beam expander). Expansion of
the ~ 100 um Gaussian beam width of the laser was necessary to ensure that the laser
energy density incident on the sample surface remains below the damage threshold of
the thin film samples. The ND filters with the optical density (OD) of 0.5, 1, 2 were
used. A bias voltage was applied to top electrode of a sample with another function
generator (NF, WF1944B). The voltage through the resistance placed in series with
the sample was measured as a function of time with a storage oscilloscope (Tektronix,
TDS3054B). The oscilloscope analog front end bandwidth is 500 MHz. Together with
the 350 ps pulse length of the laser, the bandwidth of the oscilloscope sets the time
resolution of the measurement.

Before drift mobility measurement of BaSnOj thin films, the drift mobility of a Si
single crystal was measured as a test to validate the experimental setup. High-resistance
(10 to 20 kQcm) 500 um thick Si single crystal wafers were bought from University
Wafer, Inc. The penetration depth of the Nd:YAG laser light at 4.7 eV is about 5 nm
in Si, which is much shorter than the wafer sample thickness [45]. Fig. 3.8(a) shows a
schematic illustration of the sample structure for this measurement. Gold metal elec-
trodes were deposited on both side of the Si single crystal by vacuum vapor deposition.
The Si sample was attached to the bottom of a gold-plated ceramic packages with silver
paste to form the bottom contact. Al wires were attached to the top electrode and the
bottom of the ceramics package with an ultrasonic wedge bonder (7476D, Westbond).
Fig. 3.8(b) shows capacitance measurement results of the Si sample. The capacitance
of the wafer was less than 20 pF for the electrode size used in the experiment. The
bias dependence is caused by the symmetric Schottky junctions forming at the top and
bottom Au electrode contacts with the Si wafer.
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When a 50 Q resistance was placed in series with the sample, the RC time constant
was ~ 1 ns, matching the time resolution of the electrical and optical parts of the
measurement system. The transit time of the photocarriers can be measured by the
current duration method in which the RC time constant must be much smaller than
the transit time. Figs. 3.9(a,b,c) shows transient signals measured with an oscilloscope
through a 50 Q resistance. The top electrode bias was -1, -4, or -8 V for measuring
the drift mobility of electrons towards the back electrode. The plots show that the
current duration became shorter as the applied electric field increased. The transit time
of the photocarriers was determined by picking the center point of the transit signal
tails, which correspond to the average transit time of photocarriers. The drift mobility
of electrons can be obtained from the slope of a 1/, vs V/d? plot:

1 Vv

=u—, 3.5
L THE (3.5)
where ¢, is the transit time, V is the absolute value of the applied voltage, and d is the
sample thickness. From this plot, as shown in Fig. 3.9(d), the obtained drift mobility
was estimated to be 50 cm?/sV. This value is too small for the drift mobility of a Si sin-
gle crystal, indicating that this result is affected by the space charge effect as discussed
later.
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electron drift mobility.
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sured with a digital oscilloscope over a 50 Q series resistance. (b) Magnified figure for
the signal obtained under weak excitation.

Figs. 3.10(a,b) shows the excitation laser intensity dependence of the transient sig-
nal measured with an oscilloscope through a 50 Q resistance. A —1 V bias was applied
to the top electrode. The current pulse duration was clearly dependent on the laser
intensity. The average pulse duration became shorter when the excitation laser inten-
sity was decreased with ND filters. The signal shape also changed, becoming more
rectangular when a weaker laser intensity was used as shown in Fig. 3.10(b). This
kind of behavior is known as space charge limited current. [46,47] When the photo-
generated carrier charge ¢ is much larger than the charge on the electrode of condenser
Q, a large carrier reservoir is generated close to top electrode and only a small part
of photo-generated carriers are injected into the bulk semiconductor at any one time.
To measure the average transit time of photocarrier, all the photocarrier must be in-
jected into the bulk at the same time. The photo-generated carrier charge ¢ can be
calculated by integration the transient current signal. The obtained value was shown in
table 3.4. Obviously, g is much larger than the charge on the electrode of the condenser
Q (C = 20 pF), providing a long current duration. Due to the space charge effect, a
sufficiently weak excitation should be used to measure the correct drift mobility.

Table 3.4: The photo-generated carrier charge calculated by integrating the transient
current signal.

| NDfilter | q[C] | NDfilter | q[C] |
ODO 2.9x10°* | OD2 1.0x107
OD0.5 [ 1.7x107® [ OD2.5 | 3.7x10°"°
OD1 8.2x10~° | OD3 8.8x107""!
OD1.5 [39x10° [ OD3.5 | 4.0x10°"
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Figs. 3.11(a,b) show the bias dependence of the transient signal, measured with
OD2.5 and OD3 ND filters, respectively. The applied bias on the top electrode is shown
in the labels of each figure. The transit time of photocarriers was determined by pick-
ing the center point of the transit signal tails, marked by black lines. The drift mobility
of electrons was obtained from the slope of a 1/t, vs V/d?* plot. Figs. 3.11(c,d) show
these plots for two excitation intensities. The obtained drift mobilities are 499 cm?/sV
and 1248 cm?/sV for excitation with OD2.5 and OD?3 filters, respectively. The reported
electron mobility of Si at room temperature is about 1400 cm?/sV. [48] The drift mobil-
ity obtained with the OD?3 filter is in good agreement with the reported value of electron
mobility in Si. From this test measurement, it was concluded that the self-made TOF
measurement system works as intended.
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3.3.2 BaSnOQOj; sample preparation
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Figure 3.12: Typical RHEED oscillation behavior during (a) BaSnO3 deposition on Nb-
doped SrTiOs, (b) BaTiO5 deposition on Nb-doped SrTiO3, and (¢) BaSnOj; deposition
on BaTiOs.

BaSnO; thin films were grown on 0.5wt% Nb-doped SrTiO; substrates at 750°C and
an oxygen pressure of 30 mTorr. The film thickness of BaSnO; was estimated by
measuring the RHEED specular intensity oscillation period length. Fig. 3.12(a) shows
typical RHEED oscillations during BaSnO; deposition. Periodic intensity oscillations
can be observed after an initial growth of a few unit cells. The non-periodic behavior
during initial growth is probably related to the large lattice mismatch between the film
and the substrate. The oscillation period corresponds to the growth of one BaSnO;
(4.12 A) unit cell layer. The 0.5wt% Nb-doped SrTiOj; substrates have sufficiently low
resistivity to be used as metallic bottom electrodes in TOF experiments.

BaSnO; thin films were also grown on BaTiO; buffer layers to decrease the lattice
mismatch and possibly improve the film crystallinity and grain structure. BaTiO3; has
tetragonal perovskite structure with the lattice parameters of ¢ = b = 3.994 A and
c=4.038A. [49] The in-plane lattice mismatch between BaTiO; and BaSnOs is 3.0%.
In-plane lattice constant tuning using BaTiO; buffer layers has been reported by Terai,
et al. [50]. In this paper, a strained 30 nm BaTiOj; film was grown on a SrTiOj3 substrate
at 650°C. After deposition, an atomically smooth surface and a fully relaxed BaTiO;
film were regained by vacuum annealing at 1100°C in 10~° Torr of oxygen.

The same method was used in this work to decrease the lattice mismatch between
the BaSnO; film and a Nb-doped SrTiO; substrate. BaTiO; films were grown on Nb-
doped SrTiO; substrates at 650°C at several oxygen pressures. The thickness of the
BaTiOj; films was adjusted to 20 nm by counting RHEED oscillations as shown in
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Figure 3.13: (a) The narrow XRD scans around the (002) peak of the as-grown BaTiO;
films while the blue lines show the XRD patterns of the BaTiO; films taken after anneal
the samples for 1 hour at 1100°C in 107® Torr of oxygen. (b,c) the AFM images of
BaTiO; films before and after high-temperature annealing..

Fig.3.12(b). The red plots in Fig. 3.13(a) show a narrow XRD scans around the (002)
peak of the as-grown BaTiO; films while the blue lines show the XRD patterns of
the BaTiOs films taken after anneal the samples for 1 hour at 1100°C in 107® Torr
of oxygen. The films grown in 5 mTorr and 20 mTorr were originally strained after
growth and relaxed after vacuum annealing, similar to the report by Terai et al. [50].
Figs. 3.13(b,c) show the AFM images of these films before and after high-temperature
annealing. A step and terrace surface can be seen in the surface image of film grown at
5 mTorr. This surface is smooth enough for use as a buffer layer.

A 750 nm thick BaSnOj; film was grown at 750°C at an oxygen pressure of 30 mTorr
on a BaTiO; buffer layer grown at 5 mTorr. The RHEED oscillations during the BaSnO;
deposition on the BaTiO; buffer layer is shown in Fig.3.12(c). A clear intensity oscil-
lation was obtained when BaSnOj3; was grown on a BaTiO; buffer layer because of
a better lattice match than with the Nb-doped SrTiO; substrate. However, the crys-
tallinity of the BaSnO; film on a BaTiOj; buffer layer was worse than without a buffer.
Figs. 3.14(a,b) show the narrow scan XRD patterns around the (002) peaks and the
rocking curves of the (002) peaks of the BaSnOj; films grown directly on a Nb-doped
SrTiOj; substrate and on a BaTiO; buffer layer. Even though BaTiO; has a better lattice
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Figure 3.14: Narrow scan XRD patterns around the (002) peaks and rocking curves of
the (002) peaks of BaSnOj; films grown on Nb-doped SrTiO; and on a BaTiO; buffer

layer.

match with BaSnO;, the FWHM of the rocking curve of the film grown on the BaTiO;
buffer (shown in green) was an order of magnitude broader than the rocking curve of a
film grown directly on the SrTiO; substrate (blue plot). The reason for this result is not
clear.

In conclusion, thick BaSnO; films grown directly on Nb-doped SrTiOj substrates
were used for time-of-flight measurements. Semitransparent Au top electrodes were
deposited on the film surface by vacuum evaporation. The samples were attached to
ceramic packages and metal wires were attached to the top electrodes with silver paste
and to the substrates with an ultrasonic wedge bonder (7476D, Westbond) as shown in
Fig. 3.15(a). In total, 6 BaSnO; films were prepared on Nb-doped SrTiO;. The best
results were obtained from sample kk084 for which the XRD data is shown in blue in
Fig. 3.14. The measurement details for this sample and for the thickest sample, kkO87
(shown in red in Fig. 3.14), are discussed in Chapter 3.3.3. The crystallinity of these
films was very good as seen from the rocking curves in Fig. 3.14.
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3.3.3 Drift mobility of BaSnOj; thin films
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Figure 3.15: (a) BaSnOj; sample structure for time-of-flight measurement, (b,c) Capac-
itance vs bias measurements of two BaSnOj samples.

A 500 MHz oscilloscope was used in my measurement setup to measure the transient
current signals. The oscilloscope analog bandwidth thus sets the time resolution of this
measurement setup to the order of 10~ s. If the lifetime of photocarriers is less than
1 ns, it is impossible to measure the drift mobility of photocarriers by the TOF method.
Figs.3.15(b,c) show the capacitance measurement results for two BaSnO; films. The
capacitance of the 750 nm thick sample (kk0O84) and 3000 nm thick sample (kk087)
are about 140 pF and 30 pF, respectively. The capacitance of the 750 nm film rapidly
decreases at high bias of over —8 V due to breakdown. When a 50 Q resistance was
placed in series with the sample, the RC time constants are about 7 ns and 1.5 ns.
Therefore taking the RC time constants into consideration, for accurate measurement,

it is desirable for the transient time of photocarriers to be much longer, on the order of
10 ns.
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Figure 3.16: Transient signal shapes of BaSnOj films in the (a) microsecond and (b)
millisecond time scales. (c) The excitation frequency dependence of the transient signal
shapes.

Figs. 3.16(a,b) shows the transit signal of the 750 nm BaSnO; samples (kk084)
measured with a 50 € series resistance and a -1 V bias applied to the top electrode.
The signal shape is different from the silicon test sample case and the measured current
shows a very long, millisecond scale decay tail. This time response is too long for
this signal to represent carrier diffusion. Instead, this time constant reflects the trapped
carrier lifetime in BaSnQOs, possibly affected by carrier hopping under the applied bias.
Fig. 3.16(c) shows the excitation laser repetition rate dependence of the transit signal
for the same sample. The signal decay time is clearly repetition rate dependent, with
longer decay times being observed for higher laser repetition rates. This behavior is
consistent with photocarrier trapping. The growing relaxation tail represents carriers
accumulated in trap states when trap states do not fully relax by recombination before
the next excitation pulse. To exclude the trapped carriers effect on the transit signal, the
excitation laser frequency was set to 0.1 Hz in the following experiment.
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Figure 3.17: (a) Distribution of photocarriers in a sample with non-dispersive trans-
port, (b) current signal for non-dispersive transport, (c¢) distribution of photocarriers in
sample with dispersive transport and (d) current signal for dispersive transport. [47]

This kind of signal shape is known as a dispersive current signal. Fig. 3.17 shows
the schematics of distribution of photocarriers and current signals for non-dispersive
transport (a,b) and dispersive transport (c,d) obtained by TOF measurement. [47] In
the case of Si, the photocarriers can drift to the bottom electrode without trapping
because of high-crystallinity and long carrier lifetime, leading to a Gaussian packet
of photocarriers as shown in Fig. 3.17(a) and a rectangle current shape as shown in
Fig. 3.17(b). On the other hand, the current shapes shown in Fig. 3.17(d) are obtained
in many semiconductor materials. [25, 26, 51] This kind of current shape reflects the
presence of various trap states with different trap depths in the sample material. Some
of the photocarriers drift without trapping or detrapping while most of the photocarriers
are trapped as shown in Fig. 3.17(c). The transit time of photocarriers cannot therefore
be clearly observed. In this case, a kink may appear in a log(#) —log(V) plot as shown in
the inset of Fig. 3.17(d). When the position of the kink is dependent on the magnitude of
the bias, the position of the kink can be considered as the transit time of photocarriers.
[47,52]
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Figure 3.18: The applied bias dependence of transient signals of the 750 nm BaSnO;
sample on (a) a linear scale and (b) normalized transient signals in a log(z) — log(V)
plot. (c) Plot of electron drift mobility.

Figs. 3.18 (a,b) show the applied bias dependence of transit signals of the same
sample on a linear scale and the normalized transient signals in a log(¢) — log(V) plot.
The bias-dependent kinks can be observed in Fig. 3.18(b). From the slope of a 1/¢, vs
V/d? plot using these kink positions, the drift mobility of electron can be calculated as
6.3 x 1073 ¢cm?/sV as shown in Fig. 3.18(c). This mobility is much smaller than the
reported Hall mobility (70 cm?/sV) of La-doped BaSnO; films grown on SrTiOs. [14]
There are two reasons that may cause this difference. The dominant reason is probably
space charge effect. Strong excitation may cause the space charge limited current like
in the case of Si as shown in Chapter 3.3.1. The photogenerated carrier charge should
be on the order of 1078 C. This is much bigger than the charge on the electrode of the
condenser (140 pF). And the fitting line in Fig. 3.18 (c) doesn’t pass through origin.
The applied bias appears to be increased by the constant amount of Vy = 9 V. This
increased bias can be seen in the case of Si and the amount of the bias become small as
the laser intensity decrease as shown Figs 3.9 (d) and 3.11 (c,d). It means this is caused
by space charge effect: when a large carrier reservoir is generated close to top electrode,
the holes are rapidly drawn out to top electrode applied negative bias and the electrons
remain. Only a small part of this electrons are injected into the bulk semiconductor
at any one time because ¢ is much bigger than Q. This electron reservoir may cause
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Figure 3.19: (a) Transient signals of the 750 nm BaSnO; sample with an ND filter on a
linear scale. (b,c) Normalized transient signals of the BaSnO; sample with ND 0.5 and

1 filters on a double logarithmic scale.

increased applied bias. Although the situation is different from this measurement, the
applied bias reduction due to space charge effects was reported by W. E. Spear for Se in
hole mobility measurement by TOF [53]. Accordingly, A weak intensity of excitation
laser should be used. Fig. 3.19(a) shows the transient signals of the same sample with
an ND filter in a linear plot. The duration of transient signals become shorter as the
laser intensity become weaker. However the bias dependent kinks cannot be observed
in log(?) — log(V) plots as shown Figs. 3.19(b,c), indicating that photocarriers cannot
reach the bottom electrode due to heavy trapping and short carrier lifetime.
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Another reason is the insufficient film thickness of BaSnO3. As mentioned in Chap-
ter 2.6, the penetration depth of the excitation laser must be much smaller than the
sample thickness. However, the film thickness and penetration depth of the laser are
750 nm and about 80 nm, respectively. A suitable sample thickness for time-of-flight
measurement is usually more than 10 times larger than the penetration depth. [26, 54].
The film thickness of BaSnO3; may not be sufficient compared to the penetration depth.
To test this assumption, the transient signals of a 3 yum BaSnOj; film (kk087) were mea-
sured. Fig. 3.20(a) shows the transient signals of the 3 yum BaSnOj; film in a linear plot.
A very short current durations of less than 100 ns were observed, even though strong
excitation was used. The corresponding log(#) — log(V) plot is shown in Fig. 3.20(b).
The bias dependent kinks cannot be observed. These results indicate the none of the
photocarriers reach the bottom electrode due to a short lifetime.

From these results, I conclude that it is impossible to measure the correct drift mo-
bility of photocarriers in BaSnOj; thin film with this TOF setup due to heavy trapping
and short trapping lifetime. The transient signals recorded by the oscilloscope are lim-
ited by the short lifetime of carriers and hence no long-range charge migration takes
place before the loss of the photoexcited carriers. In other words, the diffusion length
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of photocarriers in the BaSnO; thin film is much smaller than the film thickness. The
obtained electron drift mobility was 6.3 x 10~ cm?/sV. This value is thus not indica-
tive of the true carrier mobility due to space charge effects and rapid recombination.
To evaluate the correct drift mobility, other methods such as picosecond optical time-
of-flight [55] or photoelectrochemical performance analysis [56] may be useful, since
carrier diffusion over nanometer distances can be determined
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3.4 Photoelectrochemical analysis of BaSnQOj; thin films
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Figure 3.21: (a) Cyclic voltammetry curves of Rh-doped SrTiO; films with different
thicknesses. (b) Film thickness dependence of photocurrent density at —0.25 V in cyclic
voltammetry measurement (red) and a simulation result (blue). [56]

In a previous study by Kawasaki [56], it was found that the semiconductor film thick-
ness affects the photocurrent density in cyclic voltammetry measurements. Fig. 3.21(a)
shows reference data for cyclic voltammetry measurements of a Rh-doped SrTiO;
film. [56] The Rh-doped SrTiOj; film thicknesses were 300 nm, 100 nm, and 20 nm.
This thickness dependence can be understood in terms of light absorption and charge
transport efficiency. The red line in Fig. 3.21(b) shows the film thickness dependence
of photocurrent density at —0.25 V vs a reversible hydrogen electrode (RHE) in cyclic
voltammetry measurement and the blue line shows a simulation result of the incident
photon to current efficiency (IPCE) using an analogous model used for analyzing solar
cell performance [57], in which the electric field in the film was assumed to be lin-
ear [56]. From this simulation, the photocarrier lifetime and drift mobility of Rh-doped
SrTiO; film were estimated. The estimated photocarrier lifetime value of 7 ps is in good
agreement with the lifetime measurement result 10 ps that was obtained by measuring
transient THz absorption in a pump-probe experiment [56]. In this section, the same
analysis method was used to estimate the lifetime and mobility of photoexcited carriers
in BaSnO;.
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3.4.1 Sample preparation for photoelectrochemical measurement
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Figure 3.22: (a) Sample structure for photoelectrochemical measurement. (b) Crystal
structure of Sr,RuQ,. (c) Typical RHEED oscillation during Sr,RuO, deposition and
(d) during BaSnOj; deposition.

In total, 7 BaSnO3/Sr,RuO4(SRO)/SrTiO; heterostructure samples were prepared. The
sample structure is shown in Fig. 3.22(a)). The only difference between samples was
the BaSnO; film thickness. Sr,RuQ;, is a metallic oxide material which has the Ruddlesden-
Popper (n = 1) structure with lattice parameters a,b = 3.873 A and ¢ = 12.754 A as
shown in Fig. 3.22(b) [58]. Sr,RuOy is a metallic oxide that can be used as a bottom
electrode and doesn’t affect the photoelectrochemical performance.

Firstly, Sr,RuQy, films were grown on SrTiO; substrates at 700°C at 1 mTorr. The
lattice mismatch between Sr,RuQO,4 and SrTiOj; is 0.82%. Fig. 3.22(c) shows the typical
RHEED specular intensity oscillation behavior during the deposition of the Sr,RuO,
layer. The RHEED intensity oscillations correspond to the growth of half a unit cell of
Sr,Ru0y, (6.37 A). The thickness of the Sr,RuQ, films were set at 20 nm by monitoring
the RHEED oscillation period. After the deposition of the Sr,RuO, electrode layer,
BaSnO; films were grown on Sr,RuQ,/SrTiO; at 750°C and 30 mTorr oxygen pres-
sure. The lattice mismatch between Sr,RuO, and BaSnOj; is 6.3%. Fig. 3.22(b) shows
typical RHEED oscillations during the initial layer deposition of a BaSnOj; film on the
Sr,RuOy surface. The RHEED oscillation during BaSnOj deposition rapidly disappear
in a few periods, indicating that the BaSnO; films were grown on Sr,RuQOy, in a wetting
layer and island growth mode due to large lattice mismatch.
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Figure 3.23: (a) A wide XRD scan of a BaSnO3/Sr,RuO,/SrTiO; structure. (b) Narrow
scans around the BaSnOj; (002) peaks and (c) the rocking curves of the BaSnO; (002)
peaks.
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Fig. 3.23(a) shows a wide scan XRD pattern of the BaSnO3/Sr,Ru0,/SrTiO; struc-
ture. Only (00/) orientation peaks of BaSnO;, Sr,RuO, and SrTiO; were observed,
which means that the BaSnOj3 and Sr,RuQy, films were grown epitaxially. Figs. 3.23(b,c)
show XRD narrow scans close to the (002) peaks of BaSnOs;, and the rocking curves
of the BaSnO; (002) peaks, respectively. The labels show the sample identification and
the film thickness of each sample. The thickness and the ratio of BaO/SnO, was mea-
sured by XRF as shown in Table 3.5. All samples were found to be slightly Sn-rich.
As shown Fig. 3.23(b), the peak position of the thinner films, except for kk094, are
slightly shifted due to epitaxial strain from the expected bulk peak position, which is
marked with a black line. The peak positions of thicker films are almost the same as
the bulk peak position, which means that the top part of thicker films is fully relaxed.
The crystallinity of thicker films is also obviously better than the thinner films as can
be seen by the narrowing of the rocking curve widths as the film thickness increases.
This crystallinity difference may also affect the photoelectrochemical performance.

Table 3.5: XRF measurement results of BaSnO3/Sr,RuO4(SRO)/SrTiO; samples.
| Sample | Film thickness | BaO (mol%) | SnO2 (mol%) |

kk093 19 nm 48.86 51.14
kk094 37 nm 48.76 51.24
kk088 56 nm 48.83 51.17
kk092 99 nm 48.32 51.68
kk090 229 nm 48.52 51.48
kk089 272 nm 47.88 52.12
kk096 494 nm 47.65 52.35
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3.4.2 Cyclic voltammetry and carrier mobility simulation
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Figure 3.24: Cyclic voltammetry curves of several BaSnO3; samples under illumination
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with chopped UV light (240-300 nm) from a 100 W Xe lamp.

Fig. 3.24 shows the cyclic voltammetry curves of these samples under illumination
with chopped UV light (240 to 300 nm) from a 100 W Xe lamp. The measurements
were done in a 0.1 M K,SO, aqueous solution (pH=7) with a Pt counter electrode and
a Ag/AgCl reference electrode. The dark current shape and the photoresponse ampli-
tude varies considerably between samples. These differences are probably caused by
crystallinity changes due to the large lattice mismatch and SnO,/BaO composition ratio
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Figure 3.25: (a) Photoinduced current density of BaSnO; films at -0.1 V vs RHE as a
function of film thickness (red dots). Simulation results of IPCE with u = 4.5 cm?/sV
and 7 = 75 ps (blue line), u = 7.5 cm?/sV and 7 = 80 ps (black line). (b,c) Linear
internal electric field and the quadric potential corresponding to the band bending in
the case of 250 nm and 500 nm thick films.

changes. In the case of Rh-doped SrTiOs, the dark current shapes were quite similar
for film thicknesses between 20 and 300 nm, as shown Fig.3.21(a). Rh-doped SrTiOs;
has a good lattice match with Sr,RuQy film and the SrTiO; substrate, which means
that thickness-dependent crystallinity changes are negligible in the Rh-doped SrTiO;
experiments. The photoinduced current density of BaSnO; films at —0.1 V vs RHE as
a function of the film thickness is shown with red dots in Fig. 3.25(a). The thickness
of the BaSnOj thin films clearly affects the photoelectrochemical performance. This
thickness dependence can be understood in terms of light absorption and charge trans-
port efficiency: when the film thickness become thicker, the amount of absorbed light is
increased but the efficiency of charge transport to the semiconductor surface decreases.
The simulation of the incident photon to current efficiency (IPCE) was conducted to
estimate the photocarriers lifetime and mobility. Although the photoinduced current
density with the 100 W Xe lamp is not perfectly proportional to IPCE, IPCE should
show a similar film thickness dependence. A linear internal electric field was assumed
in the whole semiconductor thickness in this simulation [57]. Figs. 3.25(b,c) show the
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linear internal electric field and quadric potential corresponding band bending in the
case of 250 nm and 500 nm thick films. The force acting on a photocarrier at a cer-
tain depth depends on the film thickness as shown in Fig. 3.25(b), providing thickness
dependence of charge transport efficiency. The incident photon to current efficiency
(IPCE) was calculated using the following equations:

w
IPCE(%) = (1 — R)B f aexp(—ax)(1 - %);%dx, (3.6)
0
_ Vi + Vapp
=—w (3.7
1
B= HT& (3.3)
UE

where R is the reflectance of the sample, « is the absorption coefficient, W is the film
thickness, [ is a collection parameter at the sample surface, u is the carrier mobility, 7
is the carrier lifetime, S is the recombination velocity, Vy; is the built-in potential in the
space charge region in the semiconductor and V,,, is the applied bias. The parameter
value used in the simulation were: R = 0.1, @ = 10° cm™, S = 10" cmy/s, V4; = 0.4 V
and Vy,, = 0.1 V.

The IPCE simulation results are plotted with a blue line for u = 4.5 cm?/sV,
7 = 75 ps and with a black line for u = 7.5 cm?/sV, T = 80 ps. Although the sim-
ple model doesn’t allow perfect fitting, a carrier lifetime estimate can be found. The
simulation doesn’t consider possible thickness-dependent crystallinity changes of the
films caused by a large lattice mismatch between the film and the substrate. Thinner
films have lower crystallinity, resulting in lower performance as shown by the blue
line. Crystallinity improves as the BaSnO; films become thicker, following the black
line. To validate this simulation, The IPCE was measured for 494 nm BaSnO; sample
(kk096) with the monochromator (Bunkoukeiki, BML-10J). Figs. 3.26 (a,b) show the
cyclic voltammetry curves of this sample under illumination with chopped light at the
wavelength of 300 nm and 350 nm,respectively. The photocurrent value under light il-
lumination at 350 nm was used for IPCE calculation because the photocurrent at -0.1V
vs RHE was too small when the wavelength of light less than 300 nm was illuminated
due to weak light intensity of the monochromator. The IPCE was calculated as 0.74
% from the current density 0.99 uA/cm? and light intensity 0.48 mW/cm?. Although
the illuminated wavelength was different from Xe lamp, this value is in good agree-
ment with the simulation result. This means that the simulation is reasonable. Thus,
the electron drift mobility and lifetime of BaSnO; were estimated to be in the range of
i =451t07.5cm?sV and 7 = 75 to 80 ps. From these results, it was concluded that
the photocarrier mobility of BaSnO; is much lower than the Hall mobility obtained
by La-doping and the lifetime is on the order of picoseconds. This means that high
efficiency of photoelectrochemical performance cannot be expected even for BaSnOs,
even though the material has a highly dispersive conduction band.
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Chapter 4

Conclusion

4.1 Summary

Solving the energy supply problems in an environmentally acceptable manner requires
solutions to two major problems of collecting energy and storing energy. Hydrogen
may play an important role in this solution since it is possible clean energy carrier and
solar energy can be used to directly produce hydrogen from water either in a photo-
catalytic or a photoelectrochemical water splitting cell. However, efficient wide-gap
semiconductor materials that can be used as light-absorbing photoelectrodes in water
splitting cells have not been found so far.

It is therefore quite important to study the physical processes that limit the energy
conversion efficiency in semiconductor materials. In particular, the low drift mobil-
ity of photoexcited carriers is a factor that severely limits the solar energy harvesting
efficiency.

In this work, I analyzed the drift mobility of photoexcited carriers in non-doped
BaSnO; thin films. BaSnO; can be expected to show high electron drift mobility due
to a large dispersion of the conduction band. An attempt was made to measure the drift
mobility by the time-of-flight (TOF) technique. The measurement probes the migration
of photogenerated charge and thus represents a similar physical system as exists in
photoelectrochemical water splitting cells under light illumination.

The optimization of the PLD growth conditions of BaSnOj; thin film to obtain the
best crystallinity is discussed in Chapter 3.1. It was concluded that SrTiOj; is a suit-
able substrate material for the growth of BaSnOj; films with good crystallinity and that
the optimal conditions for BaSnO; film growth are 750 to 800°C and 10 to 50 mTorr
oXygen pressure.

The optical absorption properties of BaSnOj; thin films are discussed in Chapter
3.2. BaSnOs; thin films were grown on MgO substrate for optical measurement. This
substrate material has a larger optical band gap than BaSnO;, which makes it possible
to measure the absorption spectrum of the film. The measurements showed that reason-

67



able indirect band gap (2.94 eV) and direct band gap (3.48 eV) values can be obtained.
The absorption coefficient was measured to determine the depth of the photoexcitation
used in the TOF experiments.

The self-made TOF measurement setup is introduced in Chapter 3.3. A test mea-
surement was made with a high-resistivity Si single crystal and it was shown that the
simple TOF measurement system works as intended. An attempt was made to measure
the drift mobility of BaSnO; thin films with the TOF measurement system. BaSnO;
thin films were grown for these experiments on 0.5wt% Nb-doped SrTiO; substrates
that are metallic and can be used as a bottom electrode. The electron drift mobility ob-
tained by the TOF method for the BaSnOjs thin films was 6.3 x 10~ cm?/sV. However,
this value was found to be unreliable due to space charge effects. It was found that it
is impossible to measure the real drift mobility of photocarriers in a BaSnOj thin film
with this TOF setup due to heavy trapping and a subnanosecond carrier lifetime. The
measurements showed that the diffusion length of photocarriers in the BaSnOj thin film
is much shorter than the film thickness.

The photoelectrochemical performance of BaSnO; thin films is discussed in Chap-
ter 3.4. The lifetime and mobility of photoexcited carriers in BaSnO; were estimated
by fitting the film thickness dependence of photoelectrochemical activity.
BaSnO3/Sr,Ru0,4/SrTiO; heterostructures were used in the photoelectrochemical mea-
surements, where Sr,RuO,4 was used as a bottom electrode. The measurements indi-
cated that despite the favorable band structure, even in BaSnOj3, high-efficiency pho-
toelectrochemical performance was not obtained. The lifetime and drift mobility of
photocarriers in BaSnO; were estimated to be in the range of u = 4.5 to 7.5 cm?/sV and
7 =75 to 80 ps by simulation.

4.2 Conclusion

High drift mobility of photocarriers and high efficiency of photoelectrochemical per-
formance cannot be expected even for BaSnOs;, even though the material has a highly
dispersive conduction band. The long range electron mobility obtained by TOF analysis
was 6.3 x 1073 cm?/sV. The simulated IPCE was a few percent under UV irradiation.
These results are most probably due to heavily trapping that limits the photocarrier
trapping lifetime to picosecond order. Accurate measurement of the drift mobility by
TOF is impossible if the lifetime is below about 1 ns. A short carrier lifetime also
limits the efficiency of photoelectrochemical energy conversion because photocarriers
cannot migrate to the semiconductor surface. Although the photocarrier lifetime and
drift mobility may improve if films are grown by a different growth technique, such
as molecular beam epitaxy, or if homoepitaxial films are used [16, 59], these options
would not solve the problem of scaling for practical use.

In general, non-doped oxide materials always have empty trap states due to intrinsic
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vacancies or defects. This means that the diffusion length of photocarrier is strongly
limited by trapping and the drift mobility of photocarrier is much lower than the Hall
mobility obtained by doping an insulating oxide to a metallic state. In conclusion, high-
crystallinity material such as Si, where the photocarrier lifetime is much longer than in
oxide materials, should be used for solar energy harvesting in conjunction with suitable
oxide electrodes for water splitting to produce hydrogen fuel.
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