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Photoconductivity of a heterostructure is very interesting and can be applied
in photo-sensing systems and photo-electric electronic devices. The perovskite
heterostructures of BiFeO; (BFO) on SrTiO; (STO) have been studied for the photo-
induced conductance of two-dimensional electron gas (2DEG), where the theoretical
calculation indicates that a 2DEG exists at the interfaces. In this thesis, we present how
to control the conductance of BFO thin films as a function of an external electric field
and UV light irradiation. We prepared BFO thin films on STO (100) using an RF
magnetron sputtering system with 3 different conditions as follows: at room
temperature (RT), then calcination at 600 °C for 2 hours (CAL), in air, and at high
temperature 600 °C (HT). There are 3 configurations of the heterostructure as follows:
Au/STO, Au/mBFO/STO (m stands for masked), and Au/BFO/STO. In the experiment,
the BFO thin films with RT conditions were the main sample to study the conductance
of the heterostructure in 3 configurations and the effect of biasing high voltage. While
the CAL and HT conditions were compared to the conductance with the RT condition,
only the Au/BFO/STO configuration was tested. The conductance was studied with and
without UV irradiation. It was found that when the UV lisht was turned on, the
conductance of all samples increased abruptly due to the formation of oxygen-
vacancy-induced 2DEG states with slow-charging. The conductance has non-linearly
increased, with the Au/mBFO/STO configuration having greater conductance than the
total of each individual BFO film and STO crystal. Under UV exposure, the conductance
was ~76.46 nS, while the BFO film and STO crystal were ~0.23 nS and ~3.67,
respectively. Moreover, the conductance can be controlled to increase or decrease by
using an electric field to switch the ferroelectric polarization of BFO thin films. The

conductances of the Au/mBFO/STO configuration were increased by Ac =58.91 nS and
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decreased by Ac =9.93 nS after the positive and negative bias under UV illumination.
The electric fields with positive and negative bias can also be switched in the diode
directions with the forward and reverse bias directions, respectively. Finally, the
current-voltage characterization (I-V curve) demonstrated the photovoltaic behaviors
that inferred the self-polarized and built-in electric field in BFO thin films under
illumination. The short- circuit current (I) and open- circuit voltage (V,J) can be
controlled to increase or decrease by using an electric field to change the polarization
of BFO thin films. These effects may find new applications in photo-sensing systems

with research development for next generation optoelectronic devices.
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CHAPTER |
INTRODUCTION

1.1  Background and motivation

Resistivity of a material is used to compare the ability of different materials to
conduct electric currents, e.g., the resistivity of insulators is higher than that of
conductors. In addition, resistivity of materials depends on temperature, such as the
resistivity of conductors typically increases as temperature rises, whereas the resistivity
of semiconductors normally decreases as temperature rises (Lacy, 2010). The four-
point probe technique is a typical way to measure electrical resistivity in bulk and thin-
film materials (Schroder, 2015). This technique removes the effect of the resistance of
a wire and contacts. Resistivity can be applied to many different applications, such as
resistive sensors (thermal, light, and gas sensors) (Wu et al., 2020; Yu et al,, 2009),
resistive touch screens (displays of smartphones, tablets, and screen monitors) (Nam
et al,, 2021), and resistive switching devices next-generation memory, resistive random
access memory (RRAM), and computing applications (Khan et al., 2021). The use of
such materials is determined by the specific application. Therefore the development
of materials, particularly multiferroic materials in various forms, including ceramic
bulks, thin films, and nanostructures, has been extensively studied as materials in
spintronics (Sando et al., 2013), magnetoelectrics (Bibes and Barthélémy, 2008), and
resistive  sensors (Dziubaniuk et al., 2013). Multiferroic materials, which exhibit
ferroelectrics and ferromagnets or antiferromagnets behaviors simultaneously, have
attracted much attention due to their interesting physics and immense potential for
multifunctional applications. The resistive switching phenomenon in multiferoic thin
films is one of the interesting properties that is being intensively studied. This is a
complicated phenomenon that influences from polarization states (Singh et al., 2021),
point defects (Das and Kumar, 2021), and electron injection processes from electrodes
(Andreeva et al., 2020). In addition, light illumination voltage pulses and white light can

be used to control the resistive switching (Silva et al,, 2016). This opens new



opportunities for energy-related and photoelectric devices.

Photoelectric devices or light sensors transform light energy (photons), whether
visible or infrared light, into an electrical (electrons) signal. It can be divided into two
types. First, the illumination creates electricity, such as photovoltaics or photoemissive
devices. When a sufficient photon energy strikes photodevices, it causes free electrons
to be released from sensitive substances. The photon energy is determined by the
frequency of the incident light. As the frequency of light increases, the photon energy
also increases. Therefore, more photon energy can be converted into more electrical
energy too. Second, photoresistors or photoconductors change the electrical
resistance when light illuminates to the device. Photoconductivity occurs when light
strikes a semiconductor materials such as cadmium sulphide (CdS) and cadmium
selenide (CdSe) (Acharya et al., 2010). A light-dependent resistor (LDR) is another name
for a photoresistor. The resistance of a photoresistor decreases with increasing incident
light intensity.

The oxide heterointerfaces have attracted a lot of attention due to their
photoresistive properties. Aswin et al. measured photoconductivity on LaAlOs (LAO)
and LaAlCrOs/SrTiO; (STO) heterostructures and the persistent photoconductivity seen
in these heterostructures might be due to charge separation (Aswin et al,, 2016).
Furthermore, the heterointerfaces also have an important phenomenon, namely the
two-dimensional electron gas (2DEG). Ohtomo and Hwang discovered the 2DEG at the
interface of the insulating oxides LAO and STO (Ohtomo and Hwang, 2004). This has
been creating new principle in all-oxide electronics device with various interesting
properties such as superconductivity (Wan et al., 2015), magnetoresistivity (Kormondy
et al,, 2018), negative electron compressibility (Riley et al., 2015) and ferroelectricity
(Kim et al., 2013). The creation and control of 2DEG have been extensively studied via
various effects such as a mechanical-bending-induced flexoelectricity (F. Zhang et al,,
2020), a strain-induced ferroelectric polarization (Guo et al., 2016), and an intensive
ultraviolet irradiation (Meevasana et al., 2011). The 2DEG states at the bare lightly 0.1%
La-doped STO (001) surface have been previously reported after being exposed to
ultraviolet synchrotron light probed by angle-resolved photoemission spectroscopy

(ARPES) (Meevasana et al,, 2011). The carrier densities can be controlled by the UV



iradiation dose due to the oxygen vacancy induction at the undoped STO (001) surface
(Suwanwong, Eknapakul, et al., 2015). The formation of 2DEG has also been studied on
KTaO; (KTO), BaTiOs; (BTO) and (Ca, Zr)-doped BTO surfaces using the same
methodology (Jaiban et al., 2020; King et al., 2012). The conducting interface and the
carrier densities, which are associated with the surface conductivity, can be suited for
nano-scale oxide and photoconductors devices (Jaiban et al., 2020; Masingboon et al.,
2013; Suwanwong, Eknapakul, et al., 2015; Suwanwong, Kullapapinyokul, et al., 2015).

Recently, a 2DEG has been studied on the perovskite heterostructures BiFeOs
(BFO) on STO interfaces where the theoretical calculation indicates that a 2DEG exists
at the (BiO)" and (TiO,)° interfaces (Z. Zhang et al., 2011). In terms of chemistry, the
BFO/STO heterostructure is quite comparable to the LAO/STO one. However, BFO
exhibits ferroelectric and antiferromagnetic properties simultaneously at room
temperature (Catalan and Scott, 2009; Ederer and Spaldin, 2005; Lebeugle et al., 2007)
while LAO does not have those. This helps to distinguish the BFO/STO from the
LAO/STO structure. The creation of a 2DEG state on BFO/STO has demonstrated a
metallic nature at the interface. The fluctuation in the valence state of the interfacial
Ti atoms in STO causes the 2DEG and the Ti to diffuse into the Fe atoms of BFO at
interfaces (Chen et al., 2015). The conducting interface can also be controlled by the
ferroelectric polarization of a BFO/STO superlattice (Fu et al., 2021) and a BFO/TbScO5
(TSO) heterostructure (Y. Zhang et al., 2018). Under UV irradiation, the formation of an
oxygen-vacancy-induced 2DEG state has been reported in the slightly doped metal
Bio.osLag.0sFe05 (BLFO) (Nathabumroong et al., 2020). The creation of 2DEG has required
epitaxially BFO thin films so far. To do that, the BFO thin films have to be grown on
the STO (100) substrates at a high substrate temperature (580-750 °C) (Ji et al., 2010;
Nakashima et al., 2018; Nakashima et al., 2020; Saenrang et al., 2017). However, there
are a few studies on amorphous oxides on STO substrate, that can create 2DEG via
oxygen vacancy formation (Lee et al,, 2012; Li et al., 2018; Scigaj et al., 2015).

In this work, we studied the photo-induced conductivity of a 2DEG at an
amorphous BFO/STO interfaces. The conductivity of UV-irradiated STO and BFO/STO
samples has been investigated. Furthermore, we demonstrate that conductivity can

be controlled by an electric field. This research could pave the way for new



approaches to controlling the conductivity induced by UV irradiation and electric field

in diode-like rectification applications.

1.2 Research objectives

1.2.1 To develop the RF magnetron sputtering system and deposit BFO thin
films using our own system.

1.2.2 To prepare the BFO on STO substrate for studying the optical property,
crystal structure, chemical composition, surface morphology, and thickness of BFO thin
films.

1.2.3 To investigate the electrical properties of the Au/mBFO/STO thin films
heterostructure under UV light exposure.

1.2.4 To understand the mechanism of the Au/mBFO/STO thin films

heterostructure under UV light exposure.

1.3 Outline of thesis

To help you understand the overview of this dissertation, each chapter is
described below. The thesis is divided into five main chapters. Chapter | is the
introduction that includes the background and motivation, research objectives, and
outline of the thesis. In chapter Il, we describe the fundamental structure, preparation,
and properties of BFO-based thin films. The effect of light irradiation on the BFO surface
is explained by dynamic and non-dynamic mechanisms. In chapter Ill, the procedure
of fabricating the BFO thin films heterostructure, including sample processing of the 3
configurations, e.g., Au/STO, Au/mBFO/STO, and Au/BFO/STO, is described. Moreover,
the basic, conductance, and current-voltage characterizations used in this work are
discussed. Chapter IV presents the experimental results and discussion, consisting of
basic, conductance, and current-voltage characterizations, as well as mechanism and
discussion. Finally, the conclusions and future research for this thesis are given in

Chapter V.



CHAPTER Il
LITERATURE REVIEWS

This chapter describes the fundamental structure, preparation, and properties
of BiFeO; based thin films. The electrical conductivity on the surface of perovskite
metal oxides is explained, such as the single crystals of SrTiO; and BiFeOs,. The effect
of light irradiation on the surface is also described with two mechanisms. The first is
the dynamic mechanism. The electrical conductivity changes immediately when light
is exposed to the surface of the materials. The dynamic mechanisms are related to
photoconductivity, photoelectric, and ferroelectric photovoltaic effects. The second is
the non-dynamic mechanism. The conductance still changes with the light exposer,
but it remains at that value for some time after the light is turned off. The two-
dimensional electron gases and oxygen vacancy are related to the non-dynamic

process.

2.1  Bismuth Ferrite (BiFeO,)

Bismuth ferrite (BiFeO; or BFO), is a multiferroic material that exhibits
ferroelectric and antiferromagnetic properties simultaneously at room temperature
(Catalan and Scott, 2009; Ederer and Spaldin, 2005; Lebeugle et al., 2007). The first
study on BFO was started by Smolenskii in 1959, and it is a typical multiferroic material
that has been extensively explored in recent years. However, the growth of a single
phase BFO was challenging (Smolenskii et al., 1959). To overcome this problem,
removing the secondary phases by treating the material with HNO; (nitric acid) was
used to synthesize a single phase BFO (Achenbach et al., 1967; Michel et al., 1969). A
few decades later, Kubel and Schmid were the first to investigate the monodomain
single phase in 1990 by X-ray diffraction (Kubel and Schmid, 1990). Since the single-
phase of BFO was synthesized, it manifests the intrinsic properties. In 2003, a large
ferroelectric polarization of ~60 uC/cm? was demonstrated for the first time by BFO

epitaxial thin films on an SrRuO; (SRO)/STO substrate (Wang et al., 2003). The films dis-



played a room-temperature spontaneous polarization higher than that of the bulk BFO
(~6.1 uC/cm?) (Teague et al.,, 1970) by 15 times. This was the first time which a high
polarization in BFO thin films was used to create a new opportunity in memories and
the next generation spintronic devices. Until recently, researches have focused on the
synthesis and characterization of BFO in ceramic bulk, thin films, and nanostructure.
The structure of a single phase of BFO at room temperature was classified as
rhombohedral distorted perovskite structure, belonging to the R3c space group
(Moreau et al., 1971). The structure of the perovskite BFO is shown in Figure 2.1, which
consists of a Bi ion at the corner positions, a transition Fe ion at the middle of the
cubic, and the six oxygen ions at the face centers (Naganuma, 2011). The BFO in
ceramic bulk exhibits ferroelectric properties below Curie temperature (T¢ = 1103 K)
and antiferromagnetic properties below Néel temperature (Ty = 643 K) (Sosnowska et
al,, 1982). The rhombohedral structure of perovskite BFO have lattice parameters of
a=3.96 A and a rhombohedral angle of 0=89.4° at room temperature with ferroelectric

polarization along the pseudocubic [111] direction (Catalan and Scott, 2009).
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Figure 2.1 A schematic of the rhombohedral structure of perovskite BFO (R3c space

group) with two unit cells along [111] direction (Naganuma, 2011).

2.1.1 Preparation of Bismuth ferrite thin films
The RF magnetron sputtering technique has been widely used for
depositing complex oxide thin films. Eom et al. were the first to deposit high-quality
films over large areas with the RF magnetron sputtering technique (Eom et al., 1989).

Normally, direct current (DC) magnetron sputtering technique is a method of coating



using metal targets such as gold (Au) (Ji et al,, 2010), but it is not suitable for oxide
materials as targets. The RF magnetron sputtering was operated with the alternating
current (AC) to avoid a charge accumulation on the oxide sputtering target. The typical
sputtering process is described as follows. The sputtering chamber is evacuated to
reach a high vacuum (10 torr). Then, an inert gas (argon gas) was flowed into a vacuum
chamber so that the pressure increases to 10° Torr. The radio frequency voltage was
applied between a substrate (anode) and a target (cathode). The power of the supply
is increased slowly, and then the Ar gases are ionized into Ar ions (Ar*) and electrons.
Ar" gains energy that corresponds to the voltage between a substrate and a target.
These ions are accelerated due to the electric field from applied voltage and bombard
the target surface. The sputtered atoms were ejected into vapors and transported to
the substrate. While the ionized electrons were trapped over the target by magnets
that were placed behind the cathode in order to enhance the bombardment. The
schematic diagram of the basic components of a magnetron sputtering system is shown

in Figure 2.2.
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Figure 2.2 The schematic diagram illustrating the basic components of a magnetron

sputtering system (Maurya et al., 2014).

The BFO thin films can be prepared by several thin film deposition
methods, including metal organic chemical vapor deposition (MOCVD) (Micard et al.,
2020; S. Yang et al,, 2010), pulsed-laser deposition (PLD) (Pei et al., 2020; You et al,,
2018), electron beam (e-beam) evaporation (Mijiti et al.,, 2021; Y. Zhang et al., 2018),



spray pyrolysis (Kossar et al., 2021), chemical solution deposition (CSD) (B. Yang et al.,
2021), the sol-gel method (Jiankang Li et al., 2020; Yin et al., 2010), and radio frequency
(RF) magnetron sputtering (Ichinose et al., 2021). However, MOCVD and spray pyrolysis
are normally used to grow films at a high temperature (800 °C) (Micard et al., 2020).
Therefore, these techniques are not suitable for BFO thin films at low operating
temperatures. The PLD and e-beam evaporation processes can grow only on a small
area of substrate. So, these techniques are not suitable for making large-scale,
homogeneous thin films. The CSD and sol-gel methods coat thin films on substrates
at an ambient temperature, but thin films must crystalize at a high post-annealing
temperature (700 °C) (B. Yang et al.,, 2021). So, for these reasons, the RF magnetron
sputtering method is a simple process for growing high-quality thin films on large area
substrates at low operating temperatures. This technique is favored for scaling up, and
is highly compatible with the electronic industry (Y. Li et al., 2008; J. Wu and Wang,
2010; Zhu et al.,, 2018). The depositions of BFO thin films by RF magnetron sputtering
were studied under various conditions as follows.

Ji et al. deposited epitaxial BFO thin films on vicinal STO (001) substrates
by RF magnetron sputtering with the SRO as a bottom electrode. Before the deposition
of BFO thin films, the STO substrate was cleaned with deionized water (DI) in an
ultrasonic bath and etched in buffered oxide etchant. Finally, the STO samples were
annealed in the air at 950 °C for 1 hour. The thin layer of SRO was first grown on the
substrate. After that, the BFO thin films with a thickness of 170 nm were grown with
an ArO, ratio of 7:1 at 5.8 mTorr and the RF power of 120 W. The substrate
temperature was 680 °C. The XRD results revealed that the (001) BFO films were
epitaxially grown on the (001) STO substrate (Ji et al., 2010).

Katiyar et al. prepared the BFO films with a thickness of 200 nm on SRO
as a buffer layer on Pt/TiO,/SiO,/Si substrates by the RF magnetron sputtering
technique. The growth condition was an Ar:O, ratio of 5:2 and kept the substrate
temperature at 675 °C. The XRD results revealed that the BFO thin films have a
polycrystalline rhombohedral phase (Katiyar et al., 2015).

Nakashima et al. used RF magnetron sputtering to deposit a 300-nm-

thick of BFO thin films with a single-domain structure with no domain walls on STO



(111) and a vicinal angle of 4° on STO (001) substrates. The diameter of a 4” target,
which was mixed between Bi,O; (99.99%) and a-Fe,O; (99.99%), was used. The
temperature of the substrate, the sputtering pressure, and the partial pressure of
oxygen were all set at 640 °C, 1.12 mTorr, and 3.75 mTorr, respectively. The XRD results
revealed that the (001) and (111) oriented perovskite single-phase BFO thin films were
formed on vicinal STO (001) and STO (111) substrates, respectively (Nakashima et al.,
2015).

Gomez-Iriarte et al. grew BFO thin films on Si (100) substrates by RF
magnetron sputtering. The BFO target manufactuctured by AJA International, Inc. was
used. To eliminate the SiO, layer and induce a hydrophobic surface, all substrates
were treated with hydrofluoric acid. The base pressure, working pressure, and RF power
were 10°® Torr, 3x107 Torr, and 35 W at a pure Ar atmosphere, respectively. BFO is
usually deposited in an O, atmosphere, while this work deposited the BFO in an
atmosphere of O, free. During deposition, the substrate temperature was kept constant
at 600 °C. The in situ annealing was performed at 700 °C for 1 hour at the base pressure
for pure BFO phase formation. The XRD results revealed that a R3cH polycrystalline
BFO pure phase was observed without any secondary phase (Gomez-Iriarte et al,,
2018).

Zhu et al. employed an off-axis RF magnetron sputtering technique to
deposit the BFO thin films on the STO substrate (Zhu et al., 2018). The SRO was first
grown on STO. The BijgsFeO; target was used. The 5% Bi excess in the target
compensated for the loss of this volatile element during the deposition process. The
base pressure and substrate temperature were set at 1.5x10° Torr and 650 °C,
respectively. After that, the BFO thin films were deposited on the SRO/STO substrate
at an Ar:0, ratio of 4:1 with a working pressure of 1.0x10% Torr and the RF power was
96 W. Finally, the systems were cooled to room temperature with the flow of pure
oxygen. According to the XRD result, the BFO thin films were well crystallized into a
single perovskite structure with (001)-oriented with no secondary phase (Zhu et al,,

2018).
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Table 2.1 Summary of the RF magnetron sputtering conditions of BFO thin films.

Substrate Working  Ratio of RF Substrate Crystal References
pressure Ar:O, power temperature structure
(mTorr) (W) Q)
SRO/STO (001) 5.8 7:1 120 680 Epitaxial (Jiet al,, 2010)
SRO/PY/TiO,/ - 52 - 675 Polycrystalline  (Katiyar et al,,
SiO,/Si 2015)
STO (111) and 4.87 3.3:1 70 640 Monodomain  (Nakashima et al.,
vicinal STO 2015)
(001)
Si (100) 3 Pure Ar 35 600 Polycrystalline  (Gomez-Iriarte et
al,, 2018)
SRO/STO (001) 10 a:1 96 650 Single crystal ~ (Zhu et al., 2018)

2.1.2 Ferroelectric property in Bismuth ferrite thin films

Ferroelectric materials is the materials that exhibit a spontaneous
electric polarization that switches polarization when exposed to an electric field (Lines
and Glass, 2001). When perovskite oxide materials change the structural phase from
the centrosymmetric cubic phase at a higher temperature to the low-symmetry phase
below the transition temperature, also known as the Curie temperature, the
ferroelectric phase occurs. The cation ions in oxide perovskite are moved relative to
the arrangement of the anion ions via this mechanism. The result of this process
produces the electric dipole moment, which is the cause of spontaneous polarization.
Ceramic bulk BFO exhibits ferroelectric and antiferromagnetic properties at room
temperature due to high Curie temperature (T¢ = 1103 K) and Néel temperature (Ty =
643 K) (Sosnowska et al., 1982). In 2003, a large remanent polarization of ~60 uC/cm?
was demonstrated for the first time of 200-nm-thick epitaxial BFO thin films on an
SRO/STO (001) substrate, as shown in Figure 2.3(a) (Wang et al.,, 2003). The films
displayed a room-temperature spontaneous polarization higher than that of the bulk
BFO (~6.1 uC/cm? (Teague et al,, 1970). About a year later, the effects of substrate
orientation on ferroelectric properties were studied. The pure phase of 200-nm-thick
BFO thin films were grown on (001), (101) and (111) single crystal SRO/STO substrates.

For each orientation, the hysteresis loops were found to have a remanent polarization
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(P) of ~55, ~80, and ~100 pC/cm? for (001), (101), and (111) STO substrates,
respectively. The BFO films grown on the (111) orientation have a single crystal with a
rhombohedral structure, whereas films grown on the (101) or (001) orientations are
monoclinically distorted from the rhombohedral structure due to the epitaxial
constraint (Jiefang Li et al., 2004). Das et al. also grew 600-nm-thick BFO thin films on
(001), (101) and (111) oriented STO substrates. The hysteresis loops were found to
have a remanent polarization (P,) of ~55, ~86, and ~98 uC/cm? for (001), (101), and
(111) STO substrates, respectively, as shown in Figure 2.3(b) (Das et al., 2006). Both
works confirm that the direction of spontaneous polarization lies close to the (111)

orientation, which is similar to the bulk crystals and ceramics.
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Figure 2.3 The ferroelectric hysteresis loop of BFO/SRO/STO thin films (a) at a
frequency of 15 kHz (Wang et al., 2003) and (b) at different orientation of (001), (101),
and (111) BFO films (Das et al., 2006).

The pure phase of BFO thin films with different thicknesses of 190-600
nm were grown on SRO/Pt/TiO,/SiO,/Si (100) substrates by RF sputtering, which also
exhibited a large polarization. The polarization shows ~80-95 uC/cm? with a mixture of
(110) and (111) orientations at 1 kHz and room temperature as shown in Figure 2.4(a)
(J. Wu et al,, 2011). The highest spontaneous polarization occurs in the (111) direction
for BFO thin films because the ions are displaced along the pseudocubic [111] direction
from their equilibrium locations (Ederer and Spaldin, 2005). As a result, the
combination of (110) and (111) orientations significantly improves the ferroelectric
characteristics of BFO thin films. To date, the polarization of BFO thin films normally

shows in epitaxial or polycrystalline thin films with a pure phase. However, there was
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a study on amorphous BFO thin films on Pt/Ti/SiO,/Si substrate. The polarization value
of thin films rises as the electric field increases, and the maximum polarization (P,,,) of
amorphous BFO thin films was 25 uC/cm? at 1 kHz with applied electric field of 1705
kV/cm. At low electric fields, the P-E loops have a narrow shape and a small P, value,

as shown in Figure 2.4(b) (Z. Li et al., 2021).
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Figure 2.4 The ferroelectric hysteresis loop at a frequency of 1 kHz (a) BFO thin films
on SRO/Pt/TiO,/SiO,/Si substrate at different thicknesses of 190-600 nm (J. Wu et al,,
2011) and (b) amorphous BFO thin films on Pt/Ti/SiO,/Si substrate with various applied
electric fields (Z. Li et al., 2021).

2.2  Dynamic mechanism
2.2.1 Photoconductivity effect

Photoconductivity is an electrical phenomenon in which a material
(semiconductors and some insulators) becomes more conductive after absorbing the
electromagnetic radiation, e.g., visible, ultraviolet, and infrared lights, or gamma
radiation. When the incident photons are absorbed on a material, the number of free
electrons and holes rises, which it increases the material's electrical conductivity. The
photons must have equal or greater energy than the band gap (E,) of the material to
excite the electrons and produce this effect (Qiu et al., 2020). The relationship between

the wavelength of radiation converts to photon energy (E) are shown in equation 2.1.

E (eV) = ;é‘;‘; (2.1)
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Where E is the photon energy and 4 is the wavelength of the incident
light. Figure 2.5 shows the schematic diagram of a bulk material with a cross section (A)
and length (L). The material was connected to electrodes for applying voltage (V) on
positive (+) and negative (-) electrodes and was exposed to an incident electromagnetic
radiation with wavelength (1), as shown in Figure 2.5 (Pollock, 2018). When the light was
exposed on the surface, a voltage was created, corresponding to an electric field,
allowing a current to flow through the material. A large number of electron-hole pairs
will be created. Therefore, the change in electrical conductivity (Ac) can be expressed
with the number of free electrons (An) and holes (Ap), as shown in equation 2.2.

Ao = Anepn, + Apeyy, (2.2)

Where W, is the mobility of the electrons, p is the mobility of the

holes, and e is the elementary charge. Using Ohm’s law,
V=IR (2.3)

Where V is the applied voltage between the two electrodes and R is

the electrical resistance which can be found as in equation 2.4.
L
R = pZ (2.4)

Where pis the electrical resistivity and the reciprocal of electrical
conductivity (p = i), L is the length between the electrodes, and A4 is a cross section

of the current path. Therefore, the photocurrent Iy is shown as in equation 2.5.

Ly, = SAG V (2.5)

A basic model of the photoconductivity of a bulk material with an

applied voltage (V), the cross section (A), and length (L) is shown in Figure 2.5.
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Figure 2.5 The schematic diagram of a bulk material with a cross section of the current
path (A), the length between the electrodes (L), and the applied voltage between the

two electrodes (V) with incident electromagnetic radiation (1) (Pollock, 2018).
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Figure 2.6 (a) The |-V characteristics in the dark (blue) and during UV exposure (red) on
BFO/LAO thin films and the schematic device geometry (insert), and (b) the
conductivity as a function of time and the extended plot of the blue area as a gradual
decay with the dark condition (insert figure) (Bhatnagar et al., 2014).

For example, the conductivity of 110 nm thick BFO films on LaAlO;
(LAO) was observed after the above-band gap light was exposed to the surface of the
sample. Photoconductivity has been reported to be persistent (Bhatnagar et al., 2014).
The current-voltage (I-V) characteristics of BFO/LAO before illumination were linear,
with the current ranging within 1-2 pA, which corresponding conductivity is 0.85 nS/cm.
After the UV light with photon energy above the band gap of BFO (hv = 3.06 eV) was
turned on, the photocurrent can be observed clearly with a conductivity of
approximately 240 nS/cm. The photocurrent of the sample during UV exposure is

almost 3 orders of magnitude higher than that of sample without UV exposure (Figure
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2.6(a)). The conductivity as a function of time was shown in Figure 2.6(b). After UV
exposure for 20 minutes, a logarithmic conductivity curve shows the abrupt decrease
when the UV light is turned off. However, the decay time is very long from the high
conductivity condition to the pristine conductivity value.
2.2.2 Photoelectric effect
The photoelectric effect is a phenomenon where electrons are emitted
from the surface of a material when the material absorbs electromagnetic radiation. This
process is also called photoemission, and the ejected electrons are called
photoelectrons. The photoelectric effect was discovered in 1887 by Heinrich Hertz
(Hertz, 1887). When ultraviolet light is irradiated on two metal electrodes with a voltage
placed across them, Hertz discovered that the voltage between the electrodes change.
This phenomenon indicates a ligsht-matter interaction, that classical physics cannot
explain, which characterizes light as an electromagnetic wave. In 1905, Einstein
explained in quantum mechanics that each particle of light, or photon, contains a fixed
amount of energy. The photon has energy (E = hv), where v is frequency of light and h
is Plank’s constant. The work function (w) is an intrinsic property of the metal that is
the least amount of energy required to remove one electron from the surface of the
bulk (solid) metal. When the photon energy that is larger than work function is exposed
on surface of a material, the kinetic energy of an ejected electron (Ey) is written as in
equation 2.6.

E,=hv—w (2.6)

Where Ej, is the kinetic energy of the ejected electron. In term of
binding energy (Ep) and work function (w), the kinetic energy of the ejected electron
can be written as in equation 2.7.

Ek = hV—Eb -W (27)

From this equation, it can present with the binding energy as show
equation 2.8.
Ep=hv—E,—W (2.8)


https://www.britannica.com/science/photon
https://www.britannica.com/science/photon
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2.2.3 Ferroelectric photovoltaic effect

Ferroelectric materials have spontaneous polarization and can be
switched by applying an external electric fields (Lines and Glass, 2001). These materials
can also create electron-hole pairs that generate a steady state photocurrent by light,
which is known as the photovoltaic effect. The ferroelectric photovoltaic (FEPV) effects
have been seen in the ferroelectric materials and produce photovoltage and
photocurrent in the polarization direction. The FEPV effects are distinct from regular
photovoltaic devices in two aspects. First, in a conventional photovoltaic device, light
absorption in a semiconductor creates electron-hole pairs, which are separated by an
electric field in a micrometer-thick depletion region. The maximum voltage these
devices can produce is equal to the semiconductor band gap (Eg). On the contrary, the
charge separation in ferroelectric materials is produced by spontaneous electric
polarization. This produces a photovoltage that can be significantly greater than the
band gap of ferroelectric materials, which is called an anomalous photovoltaic effect (S.
Yang et al,, 2010). Second, the direction of both photovoltage and photocurrent is
switchable by changing the polarization direction (Choi et al., 2009). Therefore,
ferroelectric materials can achieve a higher power conversion efficiency (PCE) than
conventional solar cells. The schematic FEPV devices consisted of vertical and lateral
structures are shown in Figure 2.7 (Yuan et al,, 2014). The devices have two electrodes
with an anode and a cathode. The electric dipole moment shows the polarization
direction in ferroelectric materials. The photovoltage is determined by many factors, i.e.,
the distance between the two electrodes, light intensity, remnant polarization in the
ferroelectric materials, crystal orientation, domain walls, and the ferroelectric/metal
interface. Several mechanisms are proposed to explain the FEPV materials' better

voltage output.

o
Z -Q\o‘\e —
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Dipole moment
Figure 2.7 The schematic diagram of ferroelectric photovoltaic device with (a) vertical

and (b) lateral structures (Yuan et al., 2014).
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Choi et al. reported a diode effect that has a nonlinear, unidirectional
and high electric conduction in the BFO crystal. This was related to the direction of an
electric polarization in the bulk. When the electric polarization is switched by an
external electric field, the diode effect also flips. The system consists of thin platelike
BFO crystal, with a thickness of ~90 pm, that has an in-plane dimension of ~1x2 mm?,
and a circular Ag electrode with a thickness of ~0.6 mm, as shown in Figure 2.8(a). The
forward and reverse bias directions are switched by large electric voltage pulses. When
the Ag/BFO/Ag samples were biased with electric pulses of +150 V (E = 17 kV cm™) on
the top electrode, the ferroelectric polarization direction pointed down, as shown in
the (piezoresponse force microscopy) PFM image in Figure 2.8(b). The electric current
flowing through the sample is high and also in a downward direction. Therefore, the

diode forward direction is from top to bottom, as shown in J(E) curve in Figure 2.8(c).
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Figure 2.8 (a) The schematic device geometry for PFM and current density J(E)
measurements on Ag/BFO/Ag samples with electric pulses +150 V (E =~ 17 kV cm™?). (b)
The topography (top panel) and the out-of-plane PFM image with color-scaled after
+150 V pulse (middle panel) and -150 V pulse (bottom panel). (c) The J(E) curves after
the +150 V, -150 V, and +150 V pulses, respectively (Choi et al., 2009).
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On the other hand, while the electric pulses of -150 V were applied on
top electrode, the ferroelectric polarization switched to the upward direction.
Therefore, the diode forward direction changes from bottom to top (continuing along
the polarization axis), which is called the reverse bias direction, as shown Figure 2.8(c)
(pink line). After the +150 V and -150 V were done, the +150 V pulses were applied
again. However, the second application of +150 V pulses does not entirely restore the
original J(E) curve, which might be owing to complicated variables including partial
polarization flipping or the development of conducting pathways (Choi et al., 2009).

S. Yang et al. discovered anomalous photovoltaic effects of single
crystal of BFO thin films on DyScO; (DSO) substrate at an open-circuit voltage (V,) of
16 V and a short-circuit current density (Js) of = 1.2x10* A cm? measured
perpendicular to the domain wall under white-light illumination. The |-V curves show
a significant photocurrent with no photoinduced of V. measured parallel to the
domain wall geometry, as shown in Figure 2.9. This photovoltage was when the domain
walls are parallel to the electrodes, while it vanished when the electrode orientation
and the domain walls are perpendicular to each other, as shown in Figure 2.9 (a and

c) and (b and d), respectively.
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Figure 2.9 The schematic diagram for |-V measurement with electrodes oriented (a)
parallel and (b) perpendicular to the domain wall geometry. The |-V characteristics in
the dark (blue) and after white-light exposure (red) on BFO/DSO thin films of the
electrodes oriented (c) parallel and (d) perpendicular to the domain walls (S. Yang et

al., 2010).
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To demonstrate that the photovoltaic effect could be controlled by an
electric field, voltage pulses of +200 V were applied to the planar of the two electrodes
to switch polarization direction. The |-V characteristics of the sample a perpendicular
with electrodes oriented to the domain walls for as-grown (black line) and after bias
voltage pulses of +200 V (blue and red lines) were shown in Figure 2.10(a). It was
consistent with Figure 2.9(d), that there is no observable photovoltaic response in this
geometry for as-grown sample. The formation of an anomalous photovoltaic effect in
this geometry occurs under light with +200 V (blue line). This corresponded to the PFM
image then the domain walls rotated by 90° from that of as-grown state (Figure 2.10(b)
(inset) top and middle panels). The in-plane and the net polarization directions for the
entire device structure are shown by the thin arrows and big arrows, respectively. This
result indicates that the domain configuration is essential to create the potential for
the anomalous photovoltaic effect. In addition, |-V measurements with -200 V (red line)
corresponds to the PFM image (Figure 2.10(b) (inset), bottom panels). This indicates
that the photo-induced voltage and current can be switched by a change in the in-

plane polarization direction of the BFO thin films.
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Figure 2.10 (a) The I-V characteristics under white-light exposure on BFO/DSO thin films
with electrodes oriented perpendicular to the domain wall for as-grown (black) and
after bias a voltage pulses of +200 V (blue and red). (b) PFM images of the device
structures as-grown (top panel), +200 V (middle panel), and -200 V (bottom panel) (S.
Yang et al., 2010).

Yi et al. reported the direction of the FEPV current and a diode-like
effect in BFO crystal can be reversibly switched by applying electric voltage pulses.

The thin BFO crystal with Au as top and bottom electrodes was biased with a voltage
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pulse of +210 V (E =~ 35 kV cm™) for 2 min, as shown in Figure 2.11(a). The downward
ferroelectric direction occurs after applying a positive voltage. The |-V characteristics in
the dark condition were observed as the forward bias direction (black open circles in
Figure 2.11(a)). The green laser with a wavelength of 532 nm was exposed on the side
of the sample, while top, and bottom surfaces were covered with black tape to
prevent unwanted light illumination. After the light irradiation, the FEPV effect was
observed in the forward bias direction with black solid circles. On the other hand, the
upward polarization direction occurs with the application of voltage pulse of -210 V.
The I-V curve shows the reverse direction in the dark and light irradiation, as shown in

Figure 2.11(b) with black open and solid circles, respectively (Yi et al.,, 2011).
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Figure 2.11 The |-V characteristics in the dark (black open circles) and under green
laser illumination (black solid circles) with (a) downward and (b) upward polarizations.
The insets for (a) and (b) is the schematic device geometry with downward and upward

polarization for I-V measurement, respectively (Yi et al.,, 2011).

2.3 Non-dynamic mechanism
2.3.1 Electronic structures of two-dimensional electron gases
A two-dimensional electron gas (2DEG) is a gas of free-moving electrons
in two dimensions that forms on the interface of insulating materials, such as the
interface of the insulating LAO and STO (Ohtomo and Hwang, 2004). Intensive UV
iradiation has been used to study the formation and control of 2DEG (Meevasana et

al., 2011). The 2DEG states at the bare lightly 0.1% La-doped STO (001) surface have
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been previously reported after being exposed to ultraviolet synchrotron light probed
by angle-resolved photoemission spectroscopy (ARPES). The 2DEG states of STO after
exposure to synchrotron (UV) light are shown in the ARPES data of STO and the
corresponding momentum distribution curves in the parabolic fits, as shown in Figure
2.12(a) and (b), respectively. The Fermi surface map from the ARPES data was observed
in the two dispersions with the total surface charge density to be determined as 7.1+
2x10'* cm™ (Figure 2.12(c)). This number is consistent with the 2DEG densities
measured at LAO/STO surfaces (Kalabukhov et al., 2007). Figure 2.12(d) shows the
schematic Fermi surface and band dispersions obtained from the measured electronic
structure. These results show that the 2DEG could be created on the UV-irradiated STO

surface (Meevasana et al.,, 2011).
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Figure 2.12 The 2DEG states of the lightly 0.1% La-doped STO after exposure to
synchrotron (UV) light. (@) ARPES data of La-doped STO at T = 20 K, with corresponding
momentum distribution curves in (b). (b) the parabolic fits to the data points from the
ARPES data. (c) Fermi surface map from the ARPES data. (d) the schematic Fermi surface
and band dispersions obtained from the measured electronic structure (Meevasana et
al,, 2011).

The undoped STO was also studied by the 2DEG during UV irradiation
by ARPES, as shown in Figure 2.13(a) (Suwanwong, Eknapakul, et al., 2015). The 2DEG
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state are extract of the surface density around 9x10™ cm™. In comparison to a
conventional semiconductor, this surface density has been high, showing that the
insulating surface change is significant. To investigate the changes at the STO surface,
the valence band of oxygen (O,,) peaks during the UV irradiation dose were measured.
The Oy, peaks during UV irradiation dose becoming smaller, which is associated with
the oxygen vacancy becoming larger, as shown in Figure 2.13(b). This result suggests
that during irradiation, the oxygen vacancies are created, and the 2DEG state forms
within the quantum well (Meevasana et al., 2011). This formation of 2DEG has also
been studied on KTaO; (KTO), BaTiO; (BTO) and (Ca, Zr)-doped BTO surfaces using the
same methodology (Jaiban et al., 2020; King et al., 2012). The conducting interface and
the carrier densities, which are associated with the surface conductivity, can be suited
for nano-scale oxide and photoconductors devices (Jaiban et al., 2020; Masingboon et
al., 2013; Suwanwong, Eknapakul, et al,, 2015; Suwanwong, Kullapapinyokul, et al.,
2015).
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Figure 2.13 The 2DEG states of the STO under exposure to synchrotron (UV) light. (b)
The valence band of the oxygen state (O,;) and the oxygen-vacancy state as a function
of UV irradiation dose (the zoomed-in graph is shown in the inset) (Suwanwong,

Eknapakul, et al., 2015).

Recently, the 2DEG has been studied on the perovskite heterostructures
BiFeO; (BFO) on STO interfaces where the theoretical calculation indicates that the
2DEG exists at the (BiO)" and (TiO,)° interfaces (Z. Zhang et al., 2011). In terms of
chemistry, the BFO/STO heterostructure is quite comparable to the LAO/STO one.
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However, BFO exhibits ferroelectric and antiferromagnetic properties simultaneously
at room temperature (Catalan and Scott, 2009; Ederer and Spaldin, 2005; Lebeugle et
al., 2007) while LAO does not have those. This helps to distinguish the BFO/STO from
the LAO/STO structure. A metallic nature with the creation of a 2DEG state on the
BFO/STO interface has been demonstrated. To investigate the electrical characteristics
of the interface, conductive atomic force microscopy (C-AFM) was examined on a cross-
sectional sample with a thickness of 20 pm. Figure 2.14 shows the surface topographic
image and nanoscale current mapping of the cross-sectional BFO/STO interface. This
demonstrated that the interface had a much higher current than its bulk elements.
Therefore, the interface became conducting and the 2DEG developed at the interface.
It is attributed to the difference in valence state caused by the Ti in STO diffusing into
the Fe of BFO at interfaces (Chen et al., 2015).

Figure 2.14 The creation of 2DEG at the BFO/STO interface with (a) surface topographic

image and (b) nanoscale current mapping (Chen et al., 2015).

The conducting interface can be controlled by the ferroelectric
polarization of a BFO/STO superlattice (Fu et al, 2021) and a BFO/TbScO; (TSO)
heterostructure (Y. Zhang et al,, 2018). Under UV irradiation, the formation of an
oxygen-vacancy-induced 2DEG state has been reported in the slightly doped metal
Bio.osLag.0sFe05 (BLFO) (Nathabumroong et al., 2020). The creation of 2DEG has required
epitaxially BFO thin films so far. To do that, the BFO thin films have to be grown on
the STO (100) substrates at a high substrate temperature (580-750 °C) (i et al., 2010;
Nakashima et al., 2018; Nakashima et al., 2020; Saenrang et al.,, 2017). However, there
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are a few studies on amorphous oxides on STO substrate, that can create 2DEG via
oxygen vacancy formation (Lee et al., 2012; C. Li et al.,, 2018; Scigaj et al., 2015).
2.3.2 Effects of oxygen vacancy

Oxygen vacancies are the most prevalent defect property in some metal
oxides, which are important phenomena related to electrical conductivity (Tanaka et
al.,, 2002). In the band structure of metal oxide, light exposure on the material surface
can produce an oxygen vacancy state between the valence and conduction bands.
Suwanwong et al. showed that the single crystal of STO on the (100) occurred in the
2DEG states at the UV-irradiated STO surface. UV irradiation on STO can create an
oxygen vacancy and can change resistance (Suwanwong, Eknapakul, et al., 2015). These
2DEG states are attributed in part to the surface's conductivity. Therefore, a resistivity
measurement was set up as shown in the inset of Figure 2.15(a). The gold electrodes
were coated on the surfaces of these STO crystals with a interdigitated pattern. The
experiment was set up to measure resistance. The resistance of the STO sample at a
pressure of 2x10® mbar was roughly 4 GQ before UV irradiation. When the UV was on,
the oxygen-vacancy-induced 2DEG state, the resistance decreased quickly to below 10
MQ. However, when the UV was off, the resistance would increase back to the initial
state, but at a slower rate because of the 2DEG on the STO surface. The 2DEG happens
over a significantly longer time period as in the ARPES data above (Figure 2.13). Jaiban
et al. also measured the conductance under UV in at wavelength of 405 nm on STO.
The UV was shone between two gold electrodes that were 2 mm apart (see Figure
2.15(b)). The conductances in the off states, whose contribution is mostly from the
slow-changing 2DEG states, grow along the dash lines when the exposure period is
increased. This result quantitatively agrees with the trends of increases in surface carrier
densities found in ARPES data (Jaiban et al., 2020). This plays a major role in the

resistance (conductance) changes found here.
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Figure 2.15 The measured resistance (conductance) of the STO surface where the on-

off UV irradiation process and the schematic diagram of the measurement setup (inset

figure) (a) Suwanwong et al. (Suwanwong, Eknapakul, et al., 2015) and (b) Jaiban et al.

(Jaiban et al., 2020), respectively.



CHAPTER lI
THIN FILMS PREPARATION AND CHARACTERIZATION

In this chapter, section 3.1 explains the procedure of fabricating the BFO thin
films heterostructure, including sample processing of the 3 configurations, e.g., Au/STO,
Au/mBFO/STO, and Au/BFO/STO. In section 3.2 and 3.3, the measurement systems

used in this work are discussed.

3.1  Thin film deposition and sample processing
3.1.1 BiFeO; thin films deposition by RF magnetron sputtering

In this thesis, we prepared BFO thin films on STO (100) using an RF
magnetron sputtering system. A two-inch-diameter BFO target was used (Kurt J. Lesker
Company, USA). The STO samples (Crystalbase, Japan) were used as the substrate. The
BFO thin films were deposited on STO (100) substrates using RF magnetron sputtering
with 3 different conditions as follows:

1. at room temperature (RT),

2. at room temperature, then calcination at 600 °C for 2 hours (CAL) in

air,

3. at high temperature 600 °C (HT).

The other growth parameters were 100 W, 6.0 mTorr, and 4:1 for RF
power, working pressure, and Ar:O, ratio, respectively. The films thicknesses were
varied with deposition time, which was 1, 5, and 30 minutes.

In this thesis, the BFO thin films with RT conditions were the main
sample to study the conductance of the heterostructure in 3 configurations and the
effect of biasing high voltage. While the CAL and HT conditions were compared to the
conductance with the RT condition, only the Au/BFO/STO configuration was tested.
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3.1.2 Fabrication of Au top electrode

The STO substrates were cleaned with acetone, ethanol, and deionized
water (DI water) using ultrasonic cleaners for 10 minutes, respectively. Then, these
substrates were dried with nitrogen gas. In this thesis, there are 3 sample configurations.
The schematic diagrams of the planar electrode in Figure 3.1(a), (b), and (c) show the
3 configurations mentioned earlier and will be devoted as Au/STO, Au/mBFO/STO (m
stands for masked), and Au/BFO/STO, respectively. However, to prepare the Au
electrode, we used the same procedure as follows. We prepared 65-nm-thick films of
Au with a rectangular shaped on each configuration using a direct current (DC)
sputtering system (GSL-1100X-SPC-12 Compact Plasma Sputtering Coater by MTI Inc.).
We used a shadow mask to put on top of the substrate before depositing and creating
the Au pattern electrodes. The sputtering current, the deposition time, and the
pressure were 10 mA, 5 minutes, and 56 mTorr, respectively. The width, length, and
interspacing of the planar electrodes are 350, 850, and 120 um, respectively. For the
Au/mBFO/STO configuration, we also used a shadow mask to put on top of the Au/STO
configuration before depositing and creating the BFO thin films pattern, as shown in

Figure 3.1(b).

(a) Au/STO (b)  Au/mBFO/STO (c) Au/BFO/STO
Top view Top view Top view

120 um
Au Au Au Au

Side view Side view Side view

Figure 3.1 The schematic diagram of the planar electrode of (a) Au/STO, (b)
Au/mBFO/STO, and (c) Au/BFO/STO.
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3.2  Basic characterization
3.2.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a technique used to study the crystalline
structure and identify phases. This technique distinguishes between amorphous and
crystalline materials based on physical properties. The principle of X-ray diffraction is
based on the constructive interference of monochromatic X-rays and a crystalline
sample. A cathode tube generates X-rays, which are filtered to create monochromatic
X-rays. It is collimated to concentrate and pointed towards the sample. When the x-
ray beam hits a sample surface, which represents the wave input, the sample produces
a scattered beam, which is the wave output, as shown in Figure 3.2. The interaction of
the incident rays with the sample produces constructive interference, which is the
identification of the difference between the structures of materials. The Bragg's law
equation explains these phenomena, as shown in equation 3.1.

nl = 2dsiné (3.1)

Where n is the order of diffraction, 4 is the wavelength of the incident

beam, d is the lattice spacing, and @ is the angle of the diffracted beam in degree.
. \ BRAGG'S LAW !
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Figure 3.2 The x-ray diffraction principle (https://www.veqter.co.uk/residual-stress-

measurement/x-ray-diffraction).


https://www.veqter.co.uk/residual-stress-measurement/x-ray-diffraction
https://www.veqter.co.uk/residual-stress-measurement/x-ray-diffraction

29

In this thesis, the XRD was used to study the effect of the crystallinity

on 3 different BFO thin films conditions. The phase and crystal structure were

characterized by the XRD D8 Advance Bruker with Cu Ke, radiation (A = 1.54056 A, 40
kV, 40 mA). The step size of 0.02° and step time of 0.2 s were used to record the XRD
patterns in the 26 range of 15° to 80°. The crystalline material was identified by
comparison of the XRD pattern with the Joint Committee for Powder Diffraction

Standards (JCPDS).

3.2.2 Atomic force microscope (AFM)

The atomic force microscope (AFM) is the most powerful microscopy
technique for investigating nanoscale samples surface. It provides a three-dimensional
topography image with high resolution up to an angstrom scale. The principle of AFM
is used a cantilever as a probe tip to scan over a sample surface which consists of
contact and non-contact mode. While the tip scans along the surface, the laser beam
is detected the motion of cantilever by reflection an incident beam to the position-
sensitive photo diode (PSPD) or photo detector. The feedback loop controls the height
of the tip above the surface, as shown in Figure 3.3. Therefore, the AFM can build an
accurate topographic map of the sample surface.

In this work, the AFM was used to identify the growth rate of BFO thin

films and to examine the surface morphology of the as-grown BFO films.
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Figure 3.3 Basic principle of atomic force microscopy (Pletikapi¢ and Ivosevi¢ DeNardis,

2017).
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3.2.3 Field emission scanning electron microscope (FESEM)

Field emission scanning electron microscope (FESEM) is used to
investigate the surface morphology of material. It provides topography, particle sizes,
and shapes at high magnifications of 10x to 300,000x more than scanning electron
microscopy (SEM). The principle of FESEM has a field-emission cathode in the electron
gun to provide the narrow electron beams with high electron energy. It can improve
the resolution of up to a nanometers scale and decrease the electrical charging of
samples. After the electron beam (primary electrons) impacts on the sample surface,
the electron will interact with electrons on the sample surface to produce secondary
electrons (inelastic interactions), which will be detected by the secondary electron
detector. While the backscattered electrons are detected from the reflected electrons
(elastic interactions), which will be detected by the backscattered electron detector.
The two detectors convert these electrons to the electrical signal and process by

computer, as shown in Figure 3.4.
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Figure 3.4 The field emission scanning electron microscope (FESEM) principle (Billah,

2016).
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In this thesis, the samples were placed onto stubs by using carbon tape
and were coated with carbon in a vacuum for 20 nm. The sample must have
conductivity to prevent charging. Therefore, coating the sample with carbon is
necessary. The FESEM, JEOL JEM. 7800X, was used to investigate the morphology of
BFO thin films.

3.2.4 Energy dispersive X-ray spectroscope (EDS)

The energy dispersive X-ray spectroscope (EDS) is used to analyse the
chemical composition, quantity, and distribution of the elemental composition. The
principle of EDS requires the appropriate high energy electrons to hit the electrons of
a sample in ground state. These electrons at the core level receive high energy until
the ejection of an atom. After that, an electron from a higher binding energy electron
level falls into the core hole. It emits an X-ray with the energy of the difference
between the electron level binding energies. The X-ray has a specific value for each
element. Therefore, the energy of X-rays is investicated by EDS for determining
elemental composition. In addition, the element analysis can set the area of interest
and create the elemental mapping of the sample.

In this thesis, the EDS was used to analyze the chemical composition
quantity and distribution of the Bi, Fe, and O compositions of the 3 different BFO thin
films conditions. The EDS technique is measured after the FESEM technique on the

same device.

3.2.5 Ultraviolet visible spectroscopy (UV-VIS)

Ultraviolet visible spectroscopy, or UV-VIS, is a technique that compares
the quantity of UV or visible light absorbed or transmitted through a sample and a
reference sample. The UV wavelengths of the spectrum range from 190 to 380 nm,
while the visible light range is from 380 to 740 nm. The absorption and transmission
are controlled by sample composition and electronic transitions within the molecule.
The principle of the UV-VIS technique is to use light to irradiate the sample. Some
atoms in the molecule will absorb light at various wavelengths depending on their
chemical bonds and crystalline structure. The specific energy of light excited the

electrons in the sample to the higher energy state. Electrons in the different chemical
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bonds need the specific energy of light to excite the electrons to the higher energy
state. Therefore, the absorption of light happens at the different wavelengths in
different samples. A schematic of the main components in a UV-Vis spectrophotometer
is shown in Figure 3.5. The optical band gap (Ej;) of the BFO thin film is calculated

using the Tauc equation as described in equation 3.2.
(ahv)"™ = A(hv — Ej) (3.2)

Where « is the absorbance coefficient, n = 0.5 for indirect band gap and
n = 2 for direct band gap materials, 4 is constant, hv is the photon energy with h is
Plank’s constant and v is the frequency of incident light. E is the optical band gap
(Jubu et al., 2020). According to the direct band gap of the BFO thin films, the optical
band gap is extrapolated by linear fitting of the plots between (ahv)? versus hv.
Therefore, E; values were determined using the linear extrapolation part of the plots
to (ahv)? = 0.

In this thesis, the absorption spectra were used to recording at room
temperature by using the UV-Vis spectrophotometer (Specord 250 plus, Analytik Jena,
A=190-900 nm, Germany). The transmission of BFO films was studied at a
monochromatic light wavelength of 405 nm using Ocean Optics HR4000 high-resolution

spectrometer.
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Figure 3.5 A schematic of the main components in a UV-Vis spectrophotometer
(https://www.technologynetworks.com/analysis/articles/uv-vis-spectroscopy-principle-

strengths-and-limitations-and-applications-349865).


https://www.technologynetworks.com/analysis/articles/uv-vis-spectroscopy-principle-strengths-and-limitations-and-applications-349865
https://www.technologynetworks.com/analysis/articles/uv-vis-spectroscopy-principle-strengths-and-limitations-and-applications-349865
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3.3 Conductance characterization
3.3.1 Principle of 2-wire sensing
The 2-wire resistance measurement is extensively used to determine
the sample's electrical conductance. It is developed from the four-point probe
technique. Typically, the four-point probe technique is used to measure the electrical
resistivity in bulk and thin-film materials. This technique removes the effect of the
resistance of a wire and contacts. The 4-point probe technique is suitable for a low
resistance sample, but it is inaccurate for a high resistance sample. However, the 2-
wire resistance measurement is good for samples with a high resistance. Because the
resistance of the sample is much greater than that of the wire, we may neglect the
resistance of the wires in the circuit.
In this thesis, the 2-wire resistance measurement is used to measure
the 3 configurations of electrical conductance, e.g., Au/STO, Au/mBFO/STO, and
Au/BFO/STO. The schematic diagram of the 2-wire resistance measurement is shown

in Figure 3.6. The resistance of the sample follows Ohm's law equation 3.3.

A Vmeasure (33)
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Figure 3.6 The schematic diagram of resistance measuring circuit of 2-wire system.

3.3.2 Conductance measurement
The conductance was measured using a precision source meter (Agilent
B2901A) with/without an illuminating collimated ultraviolet laser at wavelength 405
nm (hv = 3.06 eV with intensity ~12.45 m\W/cm?). An optical power meter was used to
measure the UV light intensity (Thorlabs model PM100D). The illuminated region was

a 0.15 mm radius circle that was set in the middle between Au electrodes. The voltage
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was applied between Au electrodes in constant voltage mode at 5 V. In this thesis,
there are 3 configurations of the heterostructure as follows: Au/STO, Au/mBFO/STO,
and Au/BFO/STO. The details of the conductance measurement of each configuration

are shown in section 3.3.3.

3.3.3 Sample configurations
3.3.3.1 Au/STO configuration
The Au/STO configuration was used as a reference sample for the
conductance measurement compared to samples with BFO films. The schematic
device geometry for conductance measurements of the Au/STO configuration was

shown in Figure 3.7.

Figure 3.7 The schematic device geometry for conductance measurements of the

Au/STO configuration.

3.3.3.2 Au/mBFO/STO configuration

The Au/mBFO/STO configuration was used to study the conductance at
interface. The conductance is generated by both the BFO thin films and the STO
substrate. The BFO thin films in this configuration are deposited at room temperature
with deposition time of 1, 5, and 30 minutes. Because this configuration must deposit
the Au electrode on the STO substrate before depositing BFO thin films, the CAL and
HT conditions are not suitable for this configuration. The high temperature at 600 °C
destroys the Au electrode, making it non-conductive. Figure 3.8(a) shows the device
geometry (top right) of the STO and Au/mBFO/STO configurations with Au electrodes,
while the optical surface image and the zoomed in area are presented at the top left
and the bottom of the figure, respectively. The schematic device geometry for

conductance measurements is shown in Figure 3.8(b).
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Figure 3.8 (a) The device geometry (top right) of STO crystal and Au/mBFO/STO
configuration with Au electrodes. The optical surface image (top left) and surface
morphology (bottom) and (b) the schematic device geometry for conductance

measurements of Au/mBFO/STO configuration.

To demonstrate how to control the conductance of Au/mBFO/STO
configuration (at the BFO/STO interface) with deposition time of 1 minute, we applied
electric fields across this interface, as shown in Figure 3.9. We applied a voltage of
+1.75 kV (E ~ 67 kV/cm) for 5 minutes between the top and bottom electrodes and
then measured conductance. The bias high voltage direction was defined as positive if
a positive bias voltage was applied to the top electrode and the bottom electrode
was grounded. While the negative means that the negative bias voltage was applied

to the top with the bottom electrode grounded.

High voltage

Figure 3.9 The schematic device geometry for conductance measurements of
Au/mBFO/STO configuration with applying high voltage on the top and bottom

electrodes.
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3.3.3.3 Au/BFO/STO configuration
The conductance of the Au/BFO/STO configuration was set up in a

schematic device geometry as shown in Figure 3.10. This configuration was studied
with a deposition time of 1 minute for two features. First, the conductance was
compared with the Au/mBFO/STO configuration. Second, the effect of the crystallinity
of BFO films on conductance was studied under 3 different conditions, e.g., RT, CAL,

and HT with multiple UV light exposures.

Au/BFO/STO

Figure 3.10 The schematic device geometry for conductance measurements of

Au/BFO/STO configuration.

3.3.4 Current-voltage measurement

The current-voltage (I-V) characteristic, or |-V curve, describes the
relationship between current through and voltage across a BFO film. The |-V curve
under UV illumination was performed to investigate the influence of BFO thin films on
the photovoltaic effect. These phenomena were measured in the short-circuit current
() at V = 0 V and in the open-circuit voltages (Vo) at | = 0 A. In these measurements,
the voltage in sweep mode was applied, ranging from -10.0 V to 10.0 V for the
Au/mBFO/STO configuration.

In this thesis, the Au/mBFO/STO configuration was applied at a high
voltage of 0.80 kV (E ~ 20 MV/cm) for 5 minutes between the electrodes and added
electrodes with bias 1 and bias 2, as shown in the schematic diagram in Figure 3.11(a).
Figure 3.11(b) shows the direction of applying positive and negative bias high voltage.

Then, the I-V curve was measured from -10.0 V to 10.0 V upon UV irradiation. The
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diode-like rectification effect was observed in which the positive and negative bias can
be switched in the diode directions in the forward and reverse bias directions under

UV illumination, respectively.

High voltage High voltage

(@) (b)  APPlying high voltage

to the BFO surface

- [ Biasl Bias? F

Positive bias | - | + -t

Negative bias| + | - + |-

Figure 3.11 (a) The schematic diagram of the Au/mBFO/STO configuration during bias

high voltage. (b) the direction of positive and negative bias high voltage.



CHAPTER IV
RESULTS AND DISCUSSION

This chapter presents the results and the discussion. Section 4.1 presents the
basic characterization of BFO thin films on the STO heterostructure. In sections 4.2 and
4.3, we present conductance and current-voltage characterizations. The last section is

the mechanism and discussion.

4.1 Basic characterization
4.1.1 X-ray diffraction (XRD)

The 3 different conditions of BFO thin were studied in terms of
crystallinity with a thickness of 743 nm. The x-ray diffraction spectra of the RT sample
show an amorphous phase, and HT samples were clearly observed in the prominent
(l00) BFO reflections together with (L00) peaks of the STO substrate, such as 100, 200,
and 300, as shown in Figure 4.1. From the XRD pattern, the STO substrate shows an
angle (20) equals 22.75° (100), 46.47° (200), and 72.57° (300). The BFO reflection peaks
of the HT sample were shown to be higher than those of the CAL sample. That
indicates the BFO thin films are almost epitaxial films on STO (100) single crystal
substrates by the RF magnetron sputtering system. Except, BFO thin films are deposited

at room temperature. However, the impurities phase from STO (100) substrates

diffracted by Cu-Kp radiation were observed and labeled with the “*” symbol.

In this thesis, the BFO thin films with RT conditions were the main
sample to study the conductance of the heterostructure in 3 configurations and the
effect of biasing high voltage. While the effect of the crystallinity on the conductance
of the CAL and HT conditions was compared to the RT condition, only the Au/BFO/STO
configuration was tested. Therefore, the next section of basic characterization of the

CAL and HT conditions was explained in Appendix C.



39

hd L]
=) R =) ~ D
LS 2 g g S
20 2 o ~0
EEE o (7 @h
W AN a W

;
&
+*
A
—

Intensity (a.u.)

20 30 40 50 60 70 80
20 (Degree)

Figure 4.1 XRD spectra of BFO/STO thin films at RT, HT, and CAL conditions. The

diffraction peaks labeled with “*” are from the STO (100) substrates diffracted by the
Cu-KB radiation.

4.1.2 Atomic force microscope (AFM)

An atomic force microscope (AFM) is usually used to investigate a
nanoscale sample's surface morphology. However, we employ AFM to investigate the
thickness in cross-section. Before the deposition of BFO thin films, we used an ultra-
thinned silicon wafer with a thickness of 50 um (University Wafer, Inc) to place on the
center of an STO (100) substrate. After the deposition of BFO thin films, we removed
the ultra-thinned silicon wafer from the STO substrate. It would have separate zones
for coated BFO thin films and non-coated surfaces. Then, the AFM was scanned across
these two areas. Figure 4.2 shows the line profile of the BFO/STO sample at a
deposition time of 30 min (red) and the topography image as a contrast between high
and low areas at RT condition. High and low areas are yellow and black, respectively.
To average film thickness, we used data from five cross-section lines. The thickness of
the BFO/STO at RT conditions was 20, 115, and 743 nm with a deposition time of 1, 5,

and 30 min, respectively.
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Figure 4.2 The line profile of the BFO/STO sample at 30 min and the AFM image.

4.1.3 Field emission scanning electron microscope (FESEM)

The morphology of the STO crystal and the BFO/STO sample were
studied by FESEM using 50 kX magnification. Figure 4.3 shows the STO and BFO/STO at
the RT condition at a deposition time of 1 min. Both surfaces are smooth and have
a uniform surface. The morphology of BFO thin films at RT conditions is a like the STO

crystal.

500 nm

Figure 4.3 FESEM images of (a) STO crystal and (b) BFO/STO sample in the RT condition

at a deposition time of 1 min.

4.1.4 Energy dispersive X-ray spectroscope (EDS)

The elemental composition of the STO crystal and BFO/STO thin films
was analyzed by energy dispersive X-ray spectroscopy (EDS). Figure 4.4 shows the EDS
elemental analysis of the STO crystal and BFO/STO thin films in RT conditions. Each
figure summarizes the number of elements in the weight percent and atomic percent.
Figure 4.4(a) shows the STO crystal which the atomic percent of Sr, Ti, and O elements
are 18.85, 16.96, and 64.18, respectively. The ratio of atomic percent between Sr, Ti,
and O was 1:1:3. The EDS results of the BFO/STO samples at different deposition times
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of 1, 5, and 30 min are shown in Figure 4.4(b-d). The atomic percent of Bi, Fe, and O
were increased with increasing deposition times. Moreover, STO crystals could be
detected at deposition times of 1, 5 min but the BFO of 30 min could only detect BFO
thin films due to the thickness of BFO thin films. Therefore, the atomic ratios were
1:1:3, indicating the presence of BiFeOj; thin films in the BFO for 30 min. Except, the
BFO for 1 and 5 min has oxygen from the STO crystal, which atomic percent of O was

not 3 times.

Sum Spectrum Sum Spectrum

(a) ()
STO Crystal BFO/STO at 1 min (RT)
Element Weight (%) Atomic (%) Element  Weight (%)
SrL 47.32 18.85 Bi M
Ti K 23.27 16.96 Fe L
OK 29.41 64.18 SrL
Ti K 19.89
OK 21.84
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Full Scale 13692 cts Cursor: 20.077 (0 cts) keV Full Scale 13692 cts Cursor: 20.077 (0 cts) keV
Sum Spectrum Sum Spectrum
() (d)
BFO/STO at 5 min (RT) BFO/STO at 30 min (RT)
Element Weight (%) Atomic Element Weight (%) Atomic (%)
Bi M 26.56 5. Bi M 15.06
Fe L 14.28 10.55 FelL 18.37 17.05
SrL 24.06 % | oK 20.95 67.89
i K 10.28
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Figure 4.4 EDS elemental analysis of (a) STO crystal. BFO on STO thin films in RT

conditions with deposition times of (b) 1 min, (c) 5 min, and (d) 30 min.

4.1.5 Ultraviolet visible spectroscopy (UV-VIS)

According to the Tauc equation as described in equation 3.2., the optical
band gap (Eg) is extrapolated by linear fitting of the plots between (ahv)? versus hv
at (ahv)? = 0. The BFO thin films were prepared on quartz substrates because they
hardly absorb light, while the STO substrate has optical absorption. The optical
absorption edges between (ahv)? versus hv of BFO/STO (RT) conditions with the
thickness of 20, 115, and 743 nm and the band gap were determined by extrapolating
the linear approach as illustrated in Figure 4.5. The optical band gap of BFO thin film
has a band gap of 2.58, 2.60, and 2.67 eV for 20, 115, and 743 nm, respectively.
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The transmission of BFO films was studied at a monochromatic light
wavelength of 405 nm using Ocean Optics’ HR4000 high-resolution spectrometer. The
thickness of BFO thin films affected the transmission of a monochromatic light
wavelength of 405 nm to the STO substrate. The transmission of BFO thin films through
the STO substrate had a coefficient of 100, 62, 28, and 0.15 percent with a thickness
of 0 (no BFO films), 20, 115, and 743 nm, respectively. Figure 4.6 show the transmission
of BFO films at a monochromatic light wavelength of 405 nm varies with the thickness

of the BFO films.
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Figure 4.5 The plots between (ahv)? versus hv of BFO/STO (RT) conditions with the
thickness of 20, 115, and 743 nm.
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Figure 4.6 The transmission of BFO films at a monochromatic ligsht wavelength of 405

nm with the thickness of 20, 115, and 743 nm.
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4.2 Conductance characterization
The electrical conductance of all samples was measured using the 2-wire
resistance measurement. The heterostructures of Au/STO, Au/mBFO/STO, and
Au/BFO/STO configurations were measured with multiple UV light exposures at 405
nm. The details of the conductance characterization are shown in sections 4.2.1 to
4.2.5, respectively.
4.2.1 Various configurations
In addition to the above-mentioned configurations, in this section we
added two more samples to further cover the experimental results: the Au/SiO,/Si and
the Au/mBFO/SIO,/Si configurations. The Au/SiO,/Si configuration was used as a
reference sample, and it did not change with UV light exposure. While the
Au/mBFO/SiO,/Si configurations were prepared BFO thin films, the growth parameters
were the same as when coating on the STO substrate, but the deposition time was 5
minutes (115-nm-thick). The BFO thin films of the Au/mBFO/STO configuration was
115-nm-thick films. Figure 4.7 shows the time-dependent conductance with multiple
UV light exposures. The conductance has non-linearly increased, with the
Au/mBFO/STO configuration having greater conductance than the total of each
individual BFO film (Au/mBFO/SIO,/Si configuration) and STO crystal (Au/STO
configuration). The conductance of the Au/SiO,/Si configuration was 0.083 nS, which
did not change when the UV was switched on. Therefore, this configuration was used
as a reference sample and a substrate for BFO thin films for the conductance
measurement. When the UV was switched on, the conductance of the
Au/mBFO/SiO,/Si configuration rapidly increased from ~0.10 nS to ~0.23 nS (Ac = 0.13
nS). This result indicated the conductance of individual BFO thin films was switched
by UV light. While the Au/STO configuration was enhanced from ~0.10 nS to ~3.67 nS
(Ac = 3.57 nS). The conductance of Au/STO configuration was quickly increased to a
peak state and subsequently rose due to the formation of oxygen-vacancy-induced
and slow-charging 2DEG states at the STO substrate (Nathabumroong et al., 2020),
(Suwanwong et al., 2015). After that, the conductance drops from the peak-state value
to the dark-conductance value when the UV light is switched off, and the process

continues under ON/OFF illumination. However, the Au/mBFO/STO configuration has
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more conductance than the sum of each individual BFO thin films and STO crystal,
which means the conductance has non-linearly increased from ~0.082 pS to ~14.38

nS (Ac =14.29 nS).
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Figure 4.7 The time-dependent conductance with different configurations with
multiple UV light exposure cycles with Au/SiO,/Si, Au/mBFO/SIO,/Si, Au/STO crystal,
and Au/mBFO/STO with the 115-nm-thick BFO films.

4.2.2 Various thicknesses of BFO thin films

The conductances of the Au/mBFO/STO configuration with different
thicknesses of 20, 115, and 743 nm and Au/STO were shown in Figure 4.8. When the
UV was switched on, the conductance decreased with the increasing BFO film
thickness. The 20-nm-thick films had the highest conductance under UV exposure,
where the conductance increased from ~0.14 nS to ~76.46 nS (Ac =76.32 nS).
However, the 743-nm-thick films had the lowest conductance, which increased from
~0.10 nS to ~0.92 nS (Ac =0.82 nS) under UV light irradiation. These results suggest
that the conductance under UV exposure was mostly contributed by the BFO/STO
interface. The thickness of BFO thin films was affected the transmission of a
monochromatic light wavelength of 405 nm to the STO substrate. Therefore, the 20-
nm-thick films had a transmission of BFO thin films through the STO substrate of 62%,

which is the highest conductance response to UV light, as shown in Figure 4.6.
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Figure 4.8 The time-dependent conductance of Au/STO and Au/mBFO/STO
configurations with different BFO thicknesses of 20, 115, and 743 nm with multiple UV

lisht exposure cycles.

The maximum electrical conductance of two conditions with the topic
4.2.1 (varied configurations) and 4.2.2 (varied the thicknesses of BFO thin films) were
summarized in Figure 4.9. The stack columns of the maximum conductance at different
configurations  with  Au/mBFO/SiO,/Si (115-nm-thick BFO films), Au/STO, and
Au/mBFO/STO (20-nm-thick BFO films) configurations have non-linearly increased

under illumination.
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Figure 4.9 The stack column of the maximum conductance at different configurations
with Au/mBFO/SiO,/Si (115-nm-thick BFO films), Au/STO, and Au/mBFO/STO (20-nm-

thick BFO films) configurations under illumination.
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We fitted the transmission and maximum conductance values, which

are reported in Figure 4.6 and Figure 4.9, respectively, as described in equation 4.1.
y=a Xexplbx (x —c)] (4.1)

Where a, b, and c are coefficients, and x is the thickness of BFO thin
films. The transmission coefficients of a, b, and ¢ are 66.27, 0.008, and 12.03,
respectively, and conductance coefficients are 90.02, 0.017, and 10.64. We fitted the
transmission and maximum conductance values as shown in Figure 4.10. It shows the
transmission (black) and conductance (red) with the experiment data (symbol) and
fitted data with equation 4.1 (line). An exponential decay of conductance is presented
to create the 2DEG at the BFO/STO interface in the heterostructure. When the BFO
thin films are thin, the conductance seems to be higher than that expected from the
transmission. It may be due to the oxygen vacancy or quantum well effect in the thin
film being higher than in the thick film. Therefore, BFO thin films with a thickness of 20

nm have shown the maximum conductance.

G 100 T ¥ T ¥ T ¥ T T T ¥ T
£ i

CIJ O Transmission

LC) 80 O Conductance

o I = Transmission fit

% 60} —Conductance_ fit
-g I - |
O L .
9 40

© I !
</ =20} 1
c

O

a  of O -
g_) L 2 L 2 L 2 L 2 L 2 ']
= 0 200 400 600 800 1000
= Thickness (nm)

Figure 4.10 The transmission (black) and conductance (red) of BFO films with

thicknesses of 20, 115, and 743 nm with the experiment data (symbol) and fitted data
(line).
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To focus on stable conductance, we irradiated UV light all the time. The
conductance progressively increased in the first stage, then reached its highest and
most stable value, as shown in Figure 4.11. Under UV exposure, the conductance
values for the Au/STO and Au/mBFO/STO configurations (20-nm-thick BFO films) were
estimated to be ~4.05 nS to ~110.51 nS (Ac =106.46 nS) at 300 seconds, respectively.
The conductance of both samples under dark conditions was very close at ~0.10-0.15

nS, with the Au/mBFO/STO configuration slightly higher than the Au/STO configuration.
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Figure 4.11 The conductance of Au/STO and Au/mBFO/STO (20-nm-thick BFO films)

configurations with and without (dark) UV illumination.

4.2.3 Various Au/mBFO/STO and Au/BFO/STO configurations

The conductance of Au/mBFO/STO configuration was compared to the
conductance of the Au/BFO/STO configuration under UV illumination. These results
show that the conductance of the two configurations differed. The conductance of
Au/mBFO/STO was higher than the Au/BFO/STO during UV light irradiation from ~35.52
nS to ~76.85 nS (Ac =41.33 nS). The time-dependent conductance between
Au/mBFO/STO and Au/BFO/STO (20-nm-thick BFO films) were shown in Figure 4.12.
These results indicated that the Au/mBFO/STO configuration or BFO/STO interface
created the 2DEG on STO. In dark conditions, the conductance of both samples was
remarkably similar at ~0.10-0.15 nS where the conductance of the Au/mBFO/STO was
slightly higher than the Au/BFO/STO.
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Figure 4.12 The time-dependent conductance with different configurations with

multiple UV light exposure cycles of Au/mBFO/STO and Au/BFO/STO configurations.

The 2DEG is created on the BFO/STO interface by UV radiation as shown

in Figure 4.13. The conductance of the Au/mBFO/STO configuration is collected by

2DEG between the BFO/STO interface (Figure 4.13(a)), but not the conductance of the
Au/BFO/STO configuration (Figure 4.13(b)). Therefore, the conductance of the
Au/mBFO/STO configuration is higher than the Au/BFO/STO configuration due to the
accumulated 2DEG. These results suggest that the 2DEG on BFO/STO was produced by

UV radiation, and the Au/mBFO/STO configuration can measure the conductance to

indicate the 2DEG formation.

(@) y

Figure 4.13 Schematic diagram of the 2DEG creation with (a) Au/mBFO/STO and (b)

Au/BFO/STO configurations.
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4.2.4 Various BiFeO; conditions of the Au/BFO/STO configuration

The effect of the crystallinity of BFO films on conductance was studied
on the Au/BFO/STO configuration with 3 different conditions, e.g., RT, CAL, and HT. The
thickness was 20 nm under all conditions. Because this configuration must deposit BFO
thin films on the STO substrate before depositing the Au electrode, the CAL and HT
conditions are suitable for this configuration. Figure 4.14 shows the time-dependent
conductance with RT, HT, and CAL conditions with multiple UV light exposure cycles.
Under UV illumination, the RT sample shows the highest conductance, and the HT and
CAL samples are followed by ~35.50, ~27.61, and ~17.54 nS, respectively. In dark
conditions, the conductance of both samples with RT and HT was remarkably similar
at ~0.10 nS while the CAL sample was slightly smaller than in both conditions. The
effect of 2DEG can be clearly observed on RT and HT samples, which increased

conductance during UV illumination.

Consider the 2DEG, which is caused by UV radiation and induced by
oxygen vacancies, as shown in Figure 4.13(b). The oxygen on the BFO surface has an
important effect on oxygen vacancies and change conductance. We assume that
oxygen on the BFO surface has an effect on oxygen vacancies, which more oxygen
vacancies directly affects more conductance. Therefore, the atomic percent of oxygen
(O) by EDS can be estimated to be that there is oxygen on the surface of the BFO.
Figure 4.4(b) shows that amorphous BFO thin films (RT) have the highest atomic percent
of oxygen, as shown in Figure C.3 of the HT condition and Figure C.4 of the CAL
condition. Under UV illumination, the RT sample shows the highest conductance due
to more oxygen vacancies than the CAT and HT conditions. Another reason is that the
CAT condition should be more oxidized (less oxygen vacancies) in air annealing than
the RT and HT conditions. The HT condition might also be oxidized in the high vacuum
condition, which still has oxygen. Therefore, the defects and oxygen vacancies might
be reduced in the annealing process as well, and fewer oxygen vacancies directly affect

less conductance.
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Figure 4.14 The time-dependent conductance with RT, HT, and CAL conditions with

multiple UV light exposure cycles.

4.2.5 The effect of the electric field of the Au/mBFO/STO configuration

To demonstrate how to control the conductance of the Au/mBFO/STO

configuration of 20-nm-thick BFO thin films, we applied electric fields across this
configuration, as shown in Figure 3.10. The time-dependent conductances of the as-
grown, after positive, and negative bias conditions are shown in Figure 4.15. The
conductances were increased and decreased by Ac =58.91 nS and decreased by Ac
=9.93 nS after the positive and negative bias under UV illumination, respectively. We
can control the conductance to increase or decrease by using an electric field to
change the polarization of BFO thin films. As a result, an electric field was used to
switch the ferroelectric polarization and control the conductance. As we know from
our previous work, during irradiation, oxygen vacancies are generated, and the 2DEG
state begins to develop inside the quantum well (Meevasana et al., 2011; Suwanwong
et al,, 2015). The charge on the surface or interface localized oxygen vacancies causes
a spatial redistribution of bulk carriers towards the surface/interface, which is
associated with the band bending at the surface. To understand more about the
increase or decrease of conductance by external electric fields, we explain the
quantum-well states of the 2DEG state in the Au/mBFO/STO configuration. The
polarization of BFO thin films can be controlled and switched in the polarization

direction by an electric field. The quantum well may be modified to be shallower or
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deeper by polarization of BFO thin films. The charges can accumulate less in shallow
quantum wells. It causes the electrical conductivity of the material to decrease. The
deeper quantum wells can accumulate more charges. As a result, the electrical

conductivity is increased.
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Figure 4.15 The time-dependent conductance of the Au/mBFO/STO configuration with
the as-grown, after positive and negative bias conditions (applying electric fields across

the BFO/STO interface) with multiple UV light exposure cycles.

4.3 Current-voltage characterization

A significant diode-like rectification effect was observed at the Au/mBFO/STO
configuration after applying an external electric field to the BFO surface under UV
illumination. Figure 4.16(a) shows the 1V characteristics of the Au/mBFO/STO
configuration with the as-grown, after positive, and negative bias conditions under UV
lisht exposure. The photocurrent in the as-grown condition was clearly observed
linearly upon illumination. The conductance of the |-V curve can be calculated from
the slope of the curve. Therefore, the conductance of the as-grown condition was
~19.30 nS. The electric field with positive and negative bias can be switched in the
diode directions with the forward and reverse bias directions, respectively. The
conductance in the positive voltage range (0 V to 10.0 V) was ~29.85 nS (an increase

of 54.66%) and ~8.48 nS (a decrease of 56.10%) for positive and negative bias,
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respectively. The conductance in the negative voltage range (-10.0 V to 0 V) was ~9.07
nS (a decrease of 53%) and ~27.16 nS (an increase of 40.72%) for positive and negative
bias, respectively.

The zoomed in area clearly presents photovoltaic behaviors, as shown in Figure
4.16(b). The short-circuit current (Is.) at V = 0 V and open-circuit voltages (Vo) at I = 0
A were 35.0 nA and -1.86 V for as-grown conditions, respectively. This result
demonstrated the photovoltaic behaviors that inferred the self-polarized and built-in
electric field in BFO thin films under illumination (Li et al., 2021). The I, and V.. can
be controlled to increase or decrease by using an electric field to change the
polarization of BFO thin films. The I,c and V. were 65.0 nA and -4.62 V for positive bias.
For negative bias, the I,c and V.. were 16.0 nA and -0.50 V.
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Figure 4.16 The |-V characteristics of the Au/mBFO/STO configuration with the as-
grown, after positive, and negative bias conditions under UV light exposure (a) from
-10.0 V to 10.0 V and (b) from -5.0 V to 5.0 V. These zoomed in areas clearly present

photovoltaic behaviors.

These results, compared with Figure 2.11 on page 20, showed a similar diode-
like effect. After positive and negative bias conditions, the |-V characteristics under
illumination (Figure 4.16) look like Figure 2.11(a) downward and Figure 2.11(b) upward
polarizations. These indicated that applying an external electric field to the BFO surface
under UV illumination showed the same behavior as applying electric voltage pulses
to the top and bottom electrodes. The surface, or horizontal, bias was changed the
polarization direction. However, the dark condition did not exhibit a diode-like effect,

as shown in Figure 4.17(b), which was different from the experimental results in Figure
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2.11. All the conditions, the as-grown, after positive and negative bias, the |-V curves
look the same. The significant diode-like rectification effect was observed only under
UV illumination.

Figure 4.17(a) presents the electrical conductance and voltage curves of the
Au/mBFO/STO configuration measured under UV irradiation. Note that the electrical
conductance shown in Figure 4.17(a) is calculated from the slope in Figure 4.16(a). The
as-grown case (triangle black line) is linear upon UV irradiation, and the electrical
conductance is #19.30 nS. Interestingly, the positive bias (triangle red line) increases
the electrical conductance by up to Ao =20 nS, while the negative bias (circle blue

line) decreases the electrical conductance by up to Ag = 20 nS.
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Figure 4.17 (a) Conductance and voltage with UV illumination with the as-grown, after
positive, and negative bias. (b) The |-V characteristics of the Au/mBFO/STO

configuration with the as-grown, after positive, and negative bias in the dark condition.

Figure 4.18(a) shows the |-V characteristics of the Au/mBFO/Si configuration with
the as-grown, after positive, and negative bias conditions under UV light exposure. The
I-V curves of all conditions were observed to be linear. The conductance was ~0.16,
~0.19, and ~0.09 ns for as-grown, after positive and negative bias, respectively. The
significant diode-like rectification effect was not observed in the Au/mBFO/Si
configuration. The I-V curve also clearly presents photovoltaic behaviors. The I and
Voo were 0.37 nA and -0.04 V, which are all almost the same. These indicate that the
FEPV is observed from BFO thin films under UV illumination. Figure 4.18(b) shows the
IV characteristics in the dark condition, which do not exhibit a diode-like effect, as

well as those shown in Figure 4.17(b).
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Figure 4.18 The |-V characteristics of the Au/mBFO/Si configuration with the as-grown,
after positive, and negative bias with (a) under UV light exposure and (b) in the dark

condition.

4.4  Mechanism and discussion

Figure 4.19(a)-(h) presents our proposed mechanisms for explaining the change
in electrical conductance of BFO thin films on STO. Consider the schematic
representation of the oxygen vacancies caused by UV radiation on the STO substrate
as shown in Figure 4.19(a). The oxygen vacancies originate from UV light irradiation of
the STO surface after the 2DEG occupies the quantum well. The polarization (P)
direction is depicted, and the STO surface has donor-like surface states that form a
positive charge, which bends the band downward in the system. The potential well of
STO is shown in Figure 4.19(b). The electrostatic potential is U = qV, where q is the
point charge and V is the electric potential of a point charge. The charge q is
represented by the electron charge (e). The slope of this graph represents the electric
field, which is large at the surface, whereas the electric field is screened in the bulk
(far from the surface). This represents the 2DEG states located inside the quantum well
caused by the bending downward of the band due to the photo-induced oxygen
vacancy. After UV irradiation of the BFO/STO interface, the 2DEG increases immediately
due to the polarization produced by the BFO topping layer as shown in Figure 4.19(c).
The polarization modifies the quantum well states of the STO substrate, resulting in
the deeper quantum well states of the BFO/STO interface as shown in Figure 4.19(d).
The proposed model suggests that the polarization produced by BFO explains how
the electrical conductance of the BFO/STO interface is greater than that of STO.
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Next, the variation in electrical conductance of the BFO/STO interface upon
applying an external electrical field can be understood based on the mechanisms
illustrated in Figure 4.19(e) and Figure 4.19(g). The tunable electrical conductance of
the BFO/STO interface under external electric field is explained by the complementary
electric field (Ey + AE) in positive bias and by the opposite electric field in negative
bias (Ey — AE), resulting from the electric field switching the polarization in the BFO
thin film, as shown in Figure 4.19(f) and Figure 4.19(h). The quantum wells of positive
bias and negative bias become deeper (see Figure 4.19(f)) and shallower (see Figure
4.19(h)) by the polarization of BFO thin films, respectively. We conclude that the
variation in the electrical conductance at the BFO/STO interface under an external
electric field may be attributed to less electron accumulation in shallow quantum
wells (negative bias) and more electron accumulation in deep quantum wells (positive
bias), leading to the decrease in electrical conductivity and the increase in electrical
conductivity, respectively.
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Figure 4.19 Schematic diagram of UV-light-induced oxygen vacancies. (a) STO crystal
and BFO/STO interface with (c) zero bias, (e) positive bias, and (¢) negative bias. The
electrostatic potential changes as a function of depth Z from the surface to the bulk.
(b) STO crystal and BFO/STO interface with the (d) zero bias, (f) positive bias, and (h)
negative bias. The yellow and pink positive charges represent the oxygen vacancy
charge of STO and the BFO/STO interface, respectively. The injection charges are red
and blue charges for positive and negative bias, respectively. The green charges
represent polarization charges, while the black and white arrows represent polarization

directions (P) caused by UV light and bias, respectively.



CHAPTER V
CONCLUSION AND FUTURE RESEARCH

5.1  Conclusions

In this thesis, we study the BFO thin films heterostructure with basic
characterization, conductance, and current-voltage measurement. The BFO thin films
on STO (100) were prepared using our home-made RF magnetron sputtering system
under 3 different conditions, e.¢., RT, HT, and CAL conditions. For the conductance
measurement, there are 3 configurations of the heterostructure as follows: Au/STO,
Au/mBFO/STO, and Au/BFO/STO configurations under multiple UV light exposures. The
BFO thin films with RT conditions were the main sample to study the conductance of
the heterostructure in 3 configurations and the effect of biasing high voltage. While the
CAL and HT conditions were compared to the conductance with the RT condition, only
the Au/BFO/STO configuration was tested. The results of our experiment with the 20-
nm-thick BFO thin films at RT conditions can be summarized as follows: First, the
conductance has non-linearly increased, with the Au/mBFO/STO configuration having
a greater conductance than the total of each individual BFO film and STO crystal.
Under UV exposure, the conductance was ~76.46 nS, while the BFO film and STO
crystal were ~0.23 nS and ~3.67. Second, the conductance can be controlled to
increase or decrease by using an electric field to switch the ferroelectric polarization
of BFO thin films. The conductances of the Au/mBFO/STO configuration were increased
by Ac =58.91 nS and decreased by Ac =9.93 nS after the positive and negative bias
under UV illumination. The quantum well may be modified to be shallower or deeper
by the polarization of BFO thin films. The charges can accumulate less in shallow
quantum wells. It causes the electrical conductivity of the material to decrease. The
deeper quantum wells can accumulate more charges. As a result, the electrical
conductivity is increased. Moreover, a significant diode-like rectification effect was
observed at the Au/mBFO/STO configuration after applying an external electric field

to the BFO surface under UV illumination. The electric field with positive and negative
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bias can be switched in the diode directions with the forward and reverse bias
directions, respectively. The polarization of BFO thin films can also be controlled by
the electric field that is applied to the BFO surface. The I-V curve demonstrated the
photovoltaic behaviors that inferred the self-polarized and built-in electric field in BFO
thin films under illumination. The I and V.. can be controlled to increase or decrease

by using an electric field to change the polarization of BFO thin films.

5.2 Improvement and future research

In studying the mechanism inside BFO thin films that increases the conductance
during UV light illumination, we must do more experiments and characterization by
X-ray photoelectron spectroscopy (XPS). The investigation of the polarization of BFO
thin films should be characterized by piezoresponse force microscopy (PFM). The
effects of light irradiation will be studied at a variety of wavelengths, such as green
lisht and red light. The high voltage bias to BFO thin films should be reduced to levels

equal to those used in general electronic circuits.
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APPENDIX A
RF MAGNETRON SPUTTERING SYSTEMS

All experiments in this thesis were carried out on our home-made RF
magnetron sputtering systems. These systems consisted of five main parts: a vacuum
system, water-cooling system, RF power supply system, magnetron sputtering source,

and substrate holder system. The details for each part were given as follows.

A.1 Vacuum system

The vacuum system produced a high vacuum at a base pressure of ~107 Torr,
which controlled and monitored the essential process parameters. These systems
consisted of a cylindrical stainless steel chamber, vacuum pumps, pressure gauges,
and gas flow controllers.

The cylindrical stainless steel chamber had a diameter of 254 mm and a height
of 340 mm and was made by the Synchrotron Light Research Institute (SLRI), as shown
in Figure A.1. The top and bottom flanges were connected to the substrate holder and
magnetron sputtering source, respectively. The right-side flange and gate valve were
connected to vacuum pumps, which are a turbomolecular pump, and a dry scroll
pump. The left-side flange was connected to the fast-entry access load lock doors.
The small flanges on the front and right were reserved for pressure gauges, as shown

in Figure A.1.
Top flange

Substrate holder

Left-side flange

Fast-entry access through

Right-side flange
Gate valve connected to

load lock doors the vacuum pumps

Pressure gauges

Bottom flange

Magnetron sputtering source

Figure A.1 A 2-dimensional drawing of the cylindrical stainless steel chamber.
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A schematic diagram presenting all the components of the vacuum systems is
shown in Figure A.2. The evacuation, operation, and ventilation procedures were the
three primary processes for these systems. The chamber was evacuated to a base
pressure of below 8x10” Torr using the vacuum pumps, including the dry scroll pump
and turbomolecular pump. The dry scroll pump was employed to decrease pressure
in the vacuum chamber with the atmospheric pressure down to 3x107 Torr. After that,
the turbomolecular pump was turned on, and it reduced the pressure to the base
pressure, which was monitored by a wide range gauge and displayed on the pressure
monitor. The power supply readouts type 247 controlled a mass flow controller (MFC)
to adjust the flow rate of argon and oxygen gases. Before the RF magnetron sputtering
system was operated, the argon and oxygen gases were introduced and flowed into
the chamber in two directions: the bottom of the chamber and the magnetron
sputtering source. After the film coating process was completed, the two vacuum
pumps and gate valve were turned off, and the nitrogen gas was introduced to the

chamber. Finally, the chamber’s atmaspheric pressure was at 7.5x10% Torr.

Chamber | ¢
Gate valve Wide range
Magrjetron cauge
s DK Sputtering Source
Turbomolecular Tarcet =
pump = e
\ . Pressure
° monitor
Angle N _I_ Manual
e
valve '% - I% = alve '8
[ - - =
Dry scroll Angle & UPS
valve
pump
Manual Manual
e
[ valve
Exhuast vae l%
N? Ar O?
U o Power
g = Gas line = = e supply
e = Electric line = readouts
Regulator type 247
valve ’_X %

N, gas
Ar gas
0, gas

Figure A.2 A schematic diagram of vacuum system:s.
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A.2 Water-cooling system

A schematic diagram presenting the water-cooling system is shown in Figure
A.3. This system consisted of a water chiller, a water filter, tubes, and ball valves. The
water chiller model AX 1.8A was purchased from Advance Cool Technology, Ltd. It
controlled water temperatures between 10-15 °C. The cooling water flowed to a water
filter to filter coarse sediment before it entered the magnetron sputtering source and

turbomolecular pump. The arrows show the direction of the cooling water.
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Turbomolecular Target =

W €
)

purmp

Anel UPS||
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>

valve
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Water valve chiller
4

W = Cooling water line > i

Figure A.3 A schematic diagram of the water system.

A.3 RF power supply system

A schematic diagram of the RF power supply system by AJA International, Inc.
is shown in Figure A.4. The RF power supply system consisted of the RF power supply,
model A300RF, It applied power at radio frequency of 13.56 MHz to the AT-3 automatic
matching network. The MC2 matching network controller adjusted the appropriate
radio frequency in the AT-3 automatic matching network and sent the signal via coaxial
cable to the magnetron sputtering sources. The maximum RF power is 300 watts and

can be delivered to the source for growing the thin films.
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Figure A.4 A schematic diagram of the RF power supply systems. Noted: e=Electrical

line.

A.4 Magnetron sputtering sources

The magnetron sputtering source, model A320-XP, was from AJA International,
Inc. for a target size of 2.0 inch x 0.25 inch in diameter. A maximum RF/DC discharge
power of 300 watts can be delivered to the source via cable. During the deposition of
thin films, the target was cooled by cooling water. The shutter was open. The
sputtering atoms were deposited onto the substrate. The target was mounted on a

copper cup to have good electrical and heat conductivities.

A.5 Substrate holder system

A schematic diagram of the substrate holder system consists of a 2.0 inch
sample stage substrate heater by Meivac Inc., model SU-200-HH, and a temperature
controller as shown in Figure A.5. The maximum temperature was 950 °C with a ramp
time of 12 min. The distance between the substrate and the target was approximately
6 cm. The temperature controller was designed in our lab for a maximum DC voltage
of 45V and a maximum current of 10 A, which corresponds to the specification of the

substrate heater.



73

Substrate holder

Thermocouple

e

6 cm
e
.
v | = v
Z|n|=

Shutter I J_—

N

Substrate —»

Temperature
controller

[T
1A

Target

Figure A.5 A schematic diagram of the substrate holder.

A.6 Deposition procedure

This section shows an operation of the RF magnetron sputtering for the
deposition of the BFO thin films. The deposition procedure was as follows:

1. Apply silver paste to the bottom of the sample, then place it on the
substrate holder and heat it for 10 minutes at around 80 °C to dry the silver paste.

2. Place the sample in the vacuum chamber and shut the load lock doors.

3. Open the dry scroll pump and the angle valve between the vacuum
chamber and the dry scroll pump to evacuate and decrease the pressure down to
3x10” Torr.

4. Open the water chiller, the gate valve, and the angle valve between the
turbomolecular pump and the dry scroll pump (close the angle valve between the
vacuum chamber and the dry scroll pump). After that, the turbomolecular pumps
were turned on to make the base pressure below 8x107 Torr.

5. In the case of thin film deposition at room temperature (RT), the Ar and O,
gases were introduced to the chamber at a flow rate of 16 and 4 sccm (rate ratio of
4:1), and the gate valve was dimmed slowly to set the operating pressure of 6x107
Torr. Next, the RF power supply and the AT-3 automatic matching network operated
the grow discharge at 100 W and set up a pre-sputtering time of 5 minutes. After that,

turn on the shutter and set the deposition time.
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6. In the case of thin film deposition at high temperatures (HT), the substrate
heater was operated up to 600 °C by the power supply heater. While the substrate
temperature increased between 300 °C to 600 °C, the Ar and O, gases were introduced
into the chamber at a flow rate of 16 and 4 sccm (rate ratio of 4:1), respectively, and
the gate valve was gradually dimmed to set an operating pressure of 6x10~ Torr. The
grow discharge was operated at 100 W and set up with a pre-sputtering time of 5
minutes. Then, the pre-sputtering was completed, and the substrate temperature was
stabilized at 600 °C. The shutter was open. The sputtering atoms were deposited onto
the substrate and set the deposition time. After the thin film deposition was
completed, the shutter and raise the temperature to 700 °C for 1 hour to anneal the
BFO thin films and purge the O, gas at a pressure of 6x107 Torr.

7. After the thin film deposition was completed, the shutter, the power supply
readouts type 247 (mass flow controller), the RF power supply, the AT-3 automatic
matching network, and the power supply heater (for high temperature) were closed.

8. The gate valve and the angle valve between the turbomolecular pump and
the dry scroll pump were closed. In the case of thin film deposition at high
temperatures, the substrate heater must reach near room temperature before closing
it.

9. To flow N, gas to atmospheric pressure, open the manual valve between
the N, gas tank and the chamber. Bring the sample out of the chamber.

10. In the case of thin film deposition at room temperature and moving to a
furnace, the sample was calcined at 600 °C for 2 hours. This process is called

“calcination temperatures (CAL)”.
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APPENDIX C
SUPPLEMENTARY RESULTS

C.1 Atomic force microscope (AFM)

The atomic force microscope (AFM) is used to investigate the thickness of BFO
thin films in cross-section. To average film thickness, we used data from five cross-
section lines. The thickness of the BFO/STO at RT, HT, and CAL conditions is shown in
Figure C.1. The deposition rate is calculated from the deposition time of 1, 5, and 30
min under all conditions. To find the deposition rate, we used a linear function to fit
the graph. The deposition rates were 24.90, 16.36, and 14.15 nm/min at RT, HT, and

CAL conditions, respectively.
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Figure C.1 The thickness of the BFO/STO at RT, HT, and CAL conditions.

C.2 Field emission scanning electron microscope (FESEM)

The morphology of the STO crystal and the BFO/STO sample were studied by
FESEM using 50 kX magnification. Figure C.2(a-i) shows the morphology in RT, HT, and
CAL conditions with deposition times of 1, 5, and 30 min. The morphology of BFO thin

films with various deposition times exhibits a smooth and uniform surface at RT



78

conditions, as illustrated in Figures C.2(a), (d), and (g). The FESEM images of HT and CAL
conditions reveal the crystalline grains to increase with deposition time. As shown in
Figure C.2(b), and (c), the surface is uniformly distributed and have small pore for
deposition times of 1 min. In addition, the deposition times were increased to 5 and
30 min, the crystalline grains and pore sizes have increased. Figure C.2(e) shows the
BFO thin film growth with layer-by-layer plus islands, which we observed on the
crystalline grains. While the BFO thin film in the CAL condition is denser in the
crystalline grains than in the HT condition, as shown in Figure C.2(f). The crystalline
grains and pore sizes were very large at the highest deposition times due to growing in
HT conditions with the island model, as illustrated in Figures C.2(h). The effect of
calcination combines the crystalline grains together, as shown in Figure C.2()). As a
result, these images indicate different features of the crystalline grains and pore sizes
due to different crystal orientations according to the x-ray diffraction spectra, as shown

in Figure 4.1.

RT HT _ CAL

5 min

30 min

500 nm

Figure C.2 FESEM images of the BFO/STO sample in RT, HT, and CAL conditions with

deposition times of 1, 5, and 30 min.
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C.3 Energy dispersive X-ray spectroscope (EDS)

The elemental composition of the STO crystal and BFO/STO thin films was
analyzed by energy dispersive X-ray spectroscopy (EDS). The EDS elemental analysis
of the BFO/STO thin films in HT conditions is shown in Figure C.3. Each figure
summarizes the number of elements in the weight percent and atomic percent. The
Bi element cannot be detected at the BFO for 1 and 5 min due to the highly volatile
nature of Bi atoms at high temperatures, as shown in Figure C.3(a) and (b). The atomic
percent of Fe was increased with increasing deposition times. The EDS results of all
conditions show the Sr, Ti, and O elements because pore sizes were very large, as
shown in FESEM images in Figure C.2(b), (e), and (H). The ratio of atomic percent
between Sr, Ti, and O was almost 1:1:3 in both conditions, where the atomic percent
of O came from BFO thin films. However, the Bi element can be identified at the BFO
for 30 min, as shown in Figure C.3(c). Although the amount of Bi is small compared to
the Fe elements, the BFO reflection peaks of the HT condition were shown to be
higher than those of the CAL condition, as shown in Figure 4.1. That indicates the BFO
thin films are almost epitaxial films, which is indicated by the XRD result as shown in

Figure 4.1.
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Figure C.3 EDS elemental analysis of BFO on STO thin films in HT conditions with

deposition times of (a) 1 min, (b) 5 min, and (c) 30 min.
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Figure C.4 shows the EDS elemental analysis of the BFO/STO thin films in CAL
conditions. With increasing deposition times, the atomic percent of Bi and Fe increased
while Sr and Ti decreased together with RT and HT conditions. The BFO for 1 and 5
min has a thickness of around 20 and 120 nm, respectively, and many pores, while the
BFO thin film at 30 min (the thickness of 430 nm) is denser, as shown in Figure C.2(c),
(f), and (i). An electron beam can penetrate the BFO thin film, so we can detect Sr and
Ti elemens, as shown in Figure C.4(a) and (b). The quantity of Bi is little in comparison
to the amount of Fe elements according with HT conditions because of the volatile
nature of Bi atoms. Therefore, the atomic ratios of the BFO thin film were not 1:1:3,
while the CAL conditions showed the BFO reflections together with the STO peaks of
the STO substrate, as shown in Figure 4.1. This suggests that the BFO thin films are

nearly epitaxial, which is indicated by the XRD result as shown in Figure 4.1.
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Figure C.4 EDS elemental analysis of BFO on STO thin films in CAL conditions with

deposition times of (a) 1 min, (b) 5 min, and (c) 30 min.
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