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Chapter 1. General Introduction 

 

1.1 Background of this study 

Due to the rapid advancement of information technology in recent years, the era of data 

is imminent to human society. Nowadays, computers and smartphones have become 

smaller and faster as the transistors became more efficient. This is well-reflected in the 

Moore’s law, stating that the number of transistors in an integrated circuit doubles every 

two years. Accordingly, the demand for data-storage memory with high performance is 

exponentially increasing.  

 

Memory can be classified into two types: volatile and non-volatile memory devices. 

Volatile memory devices retain the information only when the power is continually 

supplied. Otherwise, they will lose the stored data. Since continual supply of power comes 

with power consumption and instability, their application is limited to calculations.1,2 

Therefore, the non-volatile data-storage memory device is essential for practical storage 

applications since they can keep the information even without an active power source.3-5 

Among the non-volatile data-storage memory devices, flash memory6 and resistive 

random access memory (ReRAM)7 are explored intensively due to their low operation 

power and scalability. The market size of non-volatile memory devices is increasing year 

by year (Figure 1-1), worth USD 73 billion in 2020 and is expected to reach USD 120 

billion in 2026.8 
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Flash memory, a type of floating-gate memory invented by Toshiba in 1980, is widely 

used for data storage in electronics today as it makes the devices compatible with 

electrical erasing and rewriting ability.9 Flash memory is faster and more reliable than 

other non-volatile memory devices since it can erase data in blocks rather than by 

individual bits. There are two common flash memories: NOR and NAND Flash.3,10,11 

NOR Flash has lower density and is the component of cell phones. In contrast, NAND 

Flash offers higher density, which is suitable for different applications such as USB drives. 

 

However, one limitation of floating-gate flash memory is the charge retention issue, of 

which the mechanisms have been widely investigated.12-14 One mechanism is the stored 

charge leak out from the floating gate through the gate oxide or interpoly dielectrics, 

leading to data reliability problems.14 Therefore, non-charge based memory like ReRAM 

that utilizes resistance change instead of charge for storing the information became 

attractive due to its leakage-free aspect and more scalable features. ReRAM 7,15-17 is 

operated by modulating the resistance of active layers like metal oxides, where the metal 

oxides can be electrically controlled from an insulator to a conductor through the 

formation of a filament or conductive path by applying a voltage. For the formation of 

conductive filament, there are different mechanisms like the migration of oxygen vacancy 

or metal ions. When the conductive filament arises and connects to the electrode, a low 

resistance state (LRS) is obtained. Conversely, a high resistance state (HRS) is formed 

with the dissolution of the filament.18 Due to its simple structure and data reliability, 
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ReRAM is regarded as a better alternative for flash memory. Nevertheless, the lack of 

high-precision assembly in fabrication and the high bit error rate caused by random 

switching of produced ReRAM devices still cannot meet the industry standards for 

applications like automotives and smart devices.19,20  

 

Both the flash memory and ReRAM use electric charge to encode data, and therefore, 

suffer from issues associated with controlling charge. In this regard, some advanced 

memory devices such as the electrochromic device use the optical property instead,21-23 

while spintronic devices use the intrinsic spin of electrons.24-26 The coexistence and cross-

coupling between these functional properties extend the potential of advanced memory 

devices by storing information as changes in electrical, optical, and magnetic properties 

as illustrated in Figure 1-2. For example, smart windows based on electrochromic devices 

have already been applied to airplane windows (Boeing 787 Dreamliner) as the electronic 

curtain utilizing electrochemical control of color change from transparent to opaque, 

which is significantly advanced compared to the traditional pull-down window. Tungsten 

trioxide (WO3) is the most famous active material for electrochromic devices for this 

application, which exhibits a reversibly switchable color transition from colorless 

transparent insulator to blue conductor with protonation/deprotonation (H+).27 WO3 is an 

example of transition metal oxides (TMOs) utilized in advanced memory applications. 

TMOs, as one of the advanced materials, are composed of transition metal (TM) and 

oxide ions. The valence versatility of the metal ions from non-stoichiometry (associated 
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with the formation of defects) or stoichiometry of oxide ions can induce variations in 

functional properties. This phenomenon is attributed to the outer d electrons. Electron 

gain or loss in d orbitals cause a significant difference in the electronic structure of TMOs, 

which can even change the preferred crystal structures. Through controlling the crystal 

structure, TMOs exhibit a rich variety of magnetic, electrical, and optical properties. Thus, 

TMOs show an excellent potential for application in advanced memory devices. In fact, 

TMOs that exhibit electrical, superconducting, and magnetic switching phenomena, have 

been studied for advanced applications.28-31  

 

1.2 Defect engineering in TMOs for memory applications 

In general, defects significantly affect the physical properties of materials. This is 

especially common in TMO systems. Controlling the oxygen vacancy is the most 

common approach, but in addition to oxygen vacancies, Li+, H+, and Na+ ions also can be 

inserted or removed from the lattice of TMOs to tune their crystal structure and functional 

properties.32-36 To trigger such transitions, chemical or electrochemical approach has been 

traditionally studied to manipulate the valence state of TM, of which the versatility is 

accompanied by changes in the crystal structure or composition of TMOs. For example, 

in 2012, Ichikawa et al.37 tried to reduce and oxidize the SrCoO2.5 film into SrCoO2 and 

SrCoO3 by using strong reducing (CaH2) and oxidizing (NaClO) agents, respectively. The 

SrCoO3 epitaxial thin films were obtained topotactically at room temperature by the 

oxidation treatment. However, they could not observe any sign of SrCoO2 crystal 
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formation. All X-ray diffraction peaks disappeared, and therefore, it was concluded that 

the SrCoO2.5 crystal was destroyed by the reduction treatment. This indicates that CaH2 

is not appropriate as the reducing agent, which is probably due to difficulties in 

controlling the amount or speed of reduction. In addition, in 2017, Khare et al.38 realized 

the topotactic phase transformation of SrFeOx thin films from SrFeO2.5 to SrFeO3 by post-

annealing in the O2 atmosphere. Unfortunately, all these methods are not suitable for 

practical memory applications since the chemical reaction is irreversible and requires a 

relatively high reaction temperature as well as a long reaction time. 

 

Therefore, to overcome these problems, several researchers reported electrochemical 

methods to control the protonation/oxidation in TMOs (Figure 1-3). In 2019, by using 

the ionic liquid electrolyte, Saleem et al.39 succeeded in the electrochemical topotactic 

phase transition of SrFeOx epitaxial films. Also in 2017, via the electrochemical 

protonation of SrCoOx utilizing the residual water in the ionic liquid, the HxSrCoO2.5 

phase accompanied with the changes in optical, electrical, and magnetic properties was 

firstly demonstrated.40 When a voltage over 1.23 V was applied, water electrolysis 

theoretically occurs, which provides proton and oxide ions for the modulation of TMOs 

structure. Very recently, it was reported that the electrochemical control of oxygen and 

proton concentration in SrCoOx induced a thermal conductivity difference among tristate 

phases: HxSrCoO2.5, SrCoO2.5, and SrCoO3.
41 This offers another possible application like 

a thermal transistor. However, these examples involve the usage of liquid electrolyte with 
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the risk of liquid leakage, which limits the practical applications.  

 

1.3 Solid-state electrochemistry in TMOs 

For overcoming the leakage issue, the use of the all-solid-state structure is believed to be 

the most ideal way. There are many solid electrolyte candidates. One example is 

amorphous NaTaO3 
42,43. The nanopillar structure amorphous NaTaO3 film can be 

fabricated by pulsed laser deposition (PLD) method, and the film density can be 

modulated by the growth condition, which is beneficial for lowering film density for 

water vapor absorption. In 2016, Katase et al.42 used amorphous NaTaO3 film with 

nanopillar structure as the solid electrolyte to successfully convert SrCoO2.5 film to 

SrCoO3 film at room temperature. However, due to the strong alkalinity of NaOH 

resulting from the reaction between NaTaO3 and water, they could not protonate SrCoO2.5 

into HxSrCoO2.5. In this regard, the solid electrolyte containing neutral water in a similar 

porous structure can be of use. A mesoporous amorphous 12CaO·7Al2O3 (CAN) film, 

filled with ultrapure water in its meso-pores (~40 vol.%), shows an electrical conductivity 

value of 2 × 10−9 S cm−1 at room temperature.44 The advantage of CAN film as the solid 

electrolyte is that the water concentration could be modulated easily through controlling 

the oxygen pressure during fabrication processes as shown in Figure 1-4(a). Katase et al. 

demonstrated that VO2
33 and WO3

27 can be protonated at room temperature through an 

electrochemical method with CAN as the solid electrolyte (Figure 1-4(b)). From these 

considerations, it can be expected that both protonation and oxidation of SrCoO2.5 are 
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possible by using CAN as the solid electrolyte. 

 

In addition to the insertion and removal of H+ ions, another method for controlling the 

functional properties of TMOs involves the oxygen vacancy control (electrochemical 

redox control of oxygen migration). As mentioned earlier, Ichikawa et al.37 tried to reduce 

the SrCoO2.5 film by using CaH2 but failed. Hence, an alternate method is necessary to 

realize tristate devices using phase transition between SrCoO2.5−x, SrCoO2.5, and SrCoO3. 

In order to continually modulate the oxygen concentration, the solid-state electrochemical 

redox using an oxide ion-conductive electrolyte is needed. Yttria-stabilized zirconia (YSZ) 

has a great potential in this regard because YSZ is known as an excellent oxide ion (O2−) 

conductor45-47 exhibiting dc electrical conductivity of 10−6 S cm−1 at 300 °C as shown in 

Figure 1-548. It can be expected that O2− ions in a TMO crystal would be 

extracted/inserted by applying a voltage through YSZ at 300 °C in air. Moreover, YSZ is 

also an excellent substrate for TMO film growth. Lu et al.49 reported that SrCoO2.5 was 

heteroepitaxially grown on Gd-doped CeO2 (GDC)-buffered YSZ substrate and 

successfully controlled the crystalline phase between SrCoO2.5 and SrCoO3. Therefore, 

TMO films on YSZ substrates provide a great platform for studying solid-state 

electrochemistry of TMOs. 

 

1.4 Objective of this research 

The main target of this research is the development of all-solid-state memory devices by 
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cross-coupling the physical properties in TMO systems. SrCoOx and SrFeOx were 

selected as the candidates since their physical properties can be clearly modulated by the 

structural phase transition. SrCoO2.5 is known as an oxygen sponge50, where the ordering 

of one-dimensional oxygen vacancy channels in the structure can work as the path to 

accommodate additional oxygen, making it easy to modulate the oxygen stoichiometry 

through the topotactic redox reaction of SrCoOx. Moreover, SrCoOx exhibits tristate 

phases transition. These phases depend on the valence state of Co ions: brownmillerite 

(BM) SrCoO2.5 (Co3+) is orthorhombic structure with lattice parameters of a = 5.5739 Å, 

b = 5.4697 Å, and c = 15.7450 Å, which can be denoted as pseudo-tetragonal (a = 3.905 

and c/4 = 3.936 Å)51; perovskite (PV) SrCoO3 (Co4+) is a cubic structure with a = 3.830 

Å52; protonated BM HxSrCoO2.5 (Co2+)40,53 and another reduced phase SrCoO2 (Co2+)54. 

The crystal structures are summarized in Figure 1-6. BM SrCoO2.5 is a brown 

antiferromagnetic insulator, and PV SrCoO3 is a black ferromagnetic metal. In addition, 

protonated HxSrCoO2.5 is almost transparent in the visible spectrum, exerting electrically 

insulating and weak ferromagnetic behaviors. Furthermore, the thermal conductivity of 

SrCoOx can also be tuned by the electrochemical protonation and oxidation.41 From these 

considerations, SrCoOx is promising as the active material in the electrochemical memory 

device as the optical, electrical, magnetic, and thermal properties of SrCoOx are 

modulated electrochemically.  

 

Similarly, strontium ferrite (SrFeOx) also exhibits an obvious phase transition from 
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orthorhombic BM antiferromagnetic insulator (SrFeO2.5, Fe3+) to cubic PV helimagnetic 

metal (SrFeO3, Fe4+) by changing the oxide ion (O2−) concentration. The lattice 

parameters of SrFeO2.5 are a/√2 = 4.01 Å, b/4 = 3.90 Å, and c/√2 = 3.91 Å, whereas the 

a of SrFeO3 (Cubic) is 3.850 Å.55 Due to the multiple valence states of Fe, the valence 

state dependent physical properties can be studied in SrFeOx. In addition, since SrFeOx 

has a similar crystal structure with SrCoOx, it also can be used to examine the feasibility 

of the electrochemical redox treatment of TMO using YSZ as the solid electrolyte.  

 

The given dissertation is organized as the following. The background and motivation are 

discussed in Chapter 1. The experimental procedures including the film device fabrication, 

crystal structural characterizations, and functional property measurements are presented 

in Chapter 2. Chapter 3 focused on the analysis of the electronic structure of SrCoO2.5 

films by using the thermopower as the metric. An extremely small difference in the 

electronic structure and the oxidation states among the films are discussed using 

thermopower values exhibiting positive/negative sign reversal. In Chapters 4−6, 

proton/oxide ion insertion and removal in SrCoOx and SrFeOx systems by the solid-state 

electrochemical method as well as the resulting phase transition induced change on 

physical properties are investigated. Chapter 4 explored the solid-state electrochemical 

protonation of SrCoO2.5 into HxSrCoO2.5 using CAN electrolyte instead of ionic liquid. 

The crystalline phase was controlled from SrCoO2.5 to HSrCoO2.5, H1.5SrCoO2.5, and 

H2SrCoO2.5, which were accompanied with clear optical, electrical, and magnetic 
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property transitions. Chapters 5 and 6 concentrated on the electrochemical redox reaction 

using YSZ substrate as the solid-electrolyte. The crystalline phases were reversibly 

converted from an as-grown state to oxidized state. Simultaneously, the thermopower and 

optoelectronic properties of these thin films were clarified. Finally, all results and the 

contributions of the given doctoral research are summarized in Chapter 7. 
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Figure 1-1. Growth of the market size of non-volatile memory devices.8  
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Figure 1-2. Concept of transition metal oxides-based memory devices.  
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Figure 1-3. Schematic protonation/oxidation diagram of TMO electrochemical cell.  
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Figure 1-4. (a), Electrical conductivity of the CAN films as a function of water 

concentration. The CAN films were deposited at different oxygen pressure.44 (b), 

Schematic illustration of the solid-state VO2-based electrochemical device with CAN film 

as the solid electrolyte.33  
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Figure 1-5. Temperature dependence of the oxide ion conductivity of YSZ.48  
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Figure 1-6. Schematic crystal structure of (left) protonated HxSrCoO2.5, (center) SrCoO2.5, 

and (right) oxidized SrCoO3.  
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Chapter 2. Experimental Methods 

 

2.1 Pulsed Laser Deposition (PLD)  

Pulsed laser deposition (PLD) was used to fabricate TMO thin films. PLD is a type of 

physical vapor deposition (PVD) technology. It exhibits great controllability with high 

deposition rate and became a key technique for fabricating high-quality epitaxial thin 

films.1,2 Its schematic illustration is shown in Figure 2-1 (KrF excimer laser, λ = 248 nm). 

There are many complex phenomena involved in the film growth processes, but the 

growth mechanism can be briefly described as follows: (1) high-power laser pulse ablates 

the target surface to create a plasma plume in a vacuum chamber; (2) the particles in the 

plasmas are condensed onto a heated substrate and produce the film. The film deposition 

process is strongly related to the interaction between the plasma and the surface 

morphology of the substrate. If vaporized ions with high kinetic energy reach the substrate, 

they may bombard out a portion of the surface atoms and damage the substrate. In this 

case, a region of high collision rate forms in the vicinity of substrate due to the interaction 

between the initial flux of plasma particles and the sputtered atoms from the substrate 

surface, which causes particle condensation. The film grows immediately upon the 

formation of this collision region. In contrast, if the rate of plasma flow is low, the 

collision region cannot be formed, and the film growth directly relies on the flow of the 

ablated particles. For these reasons, the film quality and surface morphology are affected 

by substrate temperature, laser energy, deposition rate, and vacuum level during 
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deposition, which makes PLD suitable for preparing various forms of high-quality 

multifunctional films, such as optoelectronics, ferroelectrics, piezoelectrics, and high-

temperature superconductors. 

 

2.2 Reflection high-energy electron diffraction 

In this study, reflection high-energy electron diffraction (RHEED)3,4 in the PLD system 

was adopted to monitor the in-situ film growth process as shown in Figure 2-2. Generally, 

RHEED is installed in a high-vacuum chamber, where high-energy electrons (10−50 keV) 

are irradiated onto the film surface with an incidence angle of 3−5 °. These electron beams 

penetrate the atomic planes near the film surface, resulting in the RHEED pattern, which 

is the cross-sectional projection of the reciprocal lattice. To comprehend the RHEED 

pattern, it is essential to understand the Ewald construction (Figure 2-2(a)). When 

electron beam is incident on the crystal, it will be scattered by the lattice atoms. The 

diffraction spots appear only when the reciprocal lattice points fall on the Ewald sphere. 

One example from this research is shown in Figure 2-2(b). According to RHEED patterns 

associated with different surface morphology (Figure 2-2(c)), the film surfaces in this 

study were flat. 

 

2.3 Structure characterizations 

X-ray diffraction (XRD) was used for crystallographic analyses, including the crystalline 

phase, orientation, and lattice parameters as well as strain. X-ray diffraction condition 
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follows the Bragg's law, which can be expressed as: 

n∙λ = 2∙dhkl∙sin θ 

Here, λ is the wavelength of the X-ray radiation; n is the diffraction order; dhkl is the 

distance between the respective crystal planes; θ is the diffraction angle. 

 

In this study, high-resolution X-ray diffraction (HRXRD, ATX-G, Rigaku Co.)5 was used 

as shown in Figure 2-3(a-b). Monochromatic X-ray beam with a wavelength of 1.54059 

Å (Cu Kα1) was used. ω is the angle between the incident X-ray beam and the sample 

surface while 2θ is the angle between the incident beam and the diffracted beam. In 

addition, the other two Euler angles φ and χ can be adjusted for controlling the beam 

direction with respect to the in-plane axes. The orientations of the film and substrate can 

be clarified by the out-of-plane and in-plane XRD (Figure 2-3(c)). For the out-plane XRD, 

2θ/ω scan was performed. In the ω scan, the rocking curve can be obtained, where the 

crystal tilting can be estimated from the full width half maximum (FWHM, Figure 2-

3(d)). In contrast, by performing the 2θχ/φ scan with fixed 2θ/ω, one can get the in-plane 

diffraction information of the lattice. During the X-ray reflectivity (XRR) measurement, 

due to the reflectivity difference in the film and substrate, the incident X-ray reflected at 

the film/substrate interface and film surface interfere with each other, resulting in an 

oscillation (Figure 2-3(e)). By fitting the fringes, the thickness, density, and roughness 

can be estimated. 
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To investigate the film structure in detail, high-angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) was performed at the University of 

Tokyo (Figure 2-4). When the incident electron beam intervenes with the sample, it gets 

elastically and inelastically scattered, which changes the direction and energy of the 

electrons. The HAADF-STEM image is obtained by detecting the inelastically scattered 

electrons or thermal scattered electrons at high angles with an annular dark-field (ADF) 

detector. For ADF mode (range of θ2), the elements with larger Z-value are observed in 

brighter contrast, but elements with smaller Z-value are difficult to be observed.6,7 In order 

to visualize light atoms, annular bright-field (ABF, range of θ3) STEM8 and low-angle 

annular dark-field (LAADF) STEM9 are utilized. In the range of θ1, signal comes from 

incoherently scattered electrons at very high incident angles. This micrograph is known 

as HAADF Z-contrast micrograph, which is highly dependent on the atomic number (Z-

value).10 In addition, STEM can also analyze the electronic structure of the film with 

electron energy loss spectrum (EELS). It is also possible to perform micro-area energy 

dispersive spectroscopy (EDS) to analyze the chemical composition. 

 

Atomic force microscopy (AFM, Nanocute, Hitachi High-Tech Sci. Co.)11,12 was used to 

check the surface morphology of the films (Figure 2-5). The AFM is mainly composed 

of cantilever tip, scanning tube, laser, photoelectric detector, feedback system, and image 

system. If the tip is close to the sample, a reference value (setpoint) is set. The signal from 

the interaction between tip and film surface is detected as the tip moves along the surface. 
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Comparing this signal and the setpoint through the feedback system, the error signal can 

be obtained, which is directly fed through the feedback system that controls the scanning 

tube to change the voltage, keeping the measured value consistent with the setpoint. This 

process is recorded by the imaging system to reflect the surface morphology. In order to 

observe insulator to metal transition through electrochemical oxidation, conductive area 

of the film surface in a dimension of 5 μm × 5 μm (512 lines, 1 Hz) was visualized using 

conducting AFM (MFP-3D OriginTM, Oxford Instruments) by applying −2 V against the 

sample surface using Pt coated cantilever in the air at room temperature.13 

 

2.4 Optical property measurements 

The optical transmission and reflection spectra of the films were measured by using the 

ultraviolet-visible-near infrared (UV-VIS-NIR) spectrometer (SolidSpec-3700, Shimadzu, 

Figure 2-6). Generally, the spectrophotometer is mainly composed of a light source 

system, monochromator system, sample station, and detector. The light source is 

separated into a monochromatic light by the monochromator. Then, the monochromatic 

light illuminates the sample, causing a part of the light to be absorbed by the sample. 

Simultaneously, reflected and transmitted light can be gathered, which can be analyzed 

by the detecting and processing systems to extract the optical properties of samples. In 

addition, FT-IR (model IRPrestige-21, Shimadzu) was performed from 1300 nm to 5000 

nm to further analyze the optical transmission. 
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2.5 X-ray spectroscopy 

X-ray spectroscopy can analyze the valence state of ions by exciting the core electrons, 

among which the X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

spectroscopy (XAS) are widely used.14,15 XPS is sensitive to the surface chemical state. 

When a specimen is irradiated by X-rays, photoelectrons are emitted. During this process, 

the kinetic energy (EK) of the emitted photoelectrons is measured, and the binding energy 

(EB) is obtained using the Einstein equation: 

EB = hv – (EK + φ) 

where EB is the binding energy of the electron relative to the chemical potential, hv is the 

energy of the X-ray, and φ is the instrument's work function. EB is the characteristic of 

specific atomic configurations. The same atom in different chemical bonding 

environment results in different binding energy, which causes chemical shifts. Through 

the analysis of this chemical shift, the valence state of the same atoms in different states 

can be distinguished. 

 

On the other hand, XAS is a unique tool for observing the local structure around a selected 

element at atomic scales. When the incident X-ray energy is equal to the ionization energy 

of the core electrons, they will be emitted as photoelectrons, resulting in a sudden change 

of X-ray absorption. This is called an absorption edge in the X-ray absorption spectrum. 

The absorption edges K-edges, L-edges, and M-edges are corresponded to the principal 

quantum number n = 1, 2, and 3, respectively. Since the absorption edge is determined by 
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the quantum number and the electron configuration of the valence band, XAS can be used 

for qualitative analysis of elements and their chemical states.  

In this study, XPS was used to confirm the valence state of Co in as-prepared SrCoO2.5 

films. Al Kα flood gun was used to realize a charging-free measurement at room 

temperature. All spectra were calibrated with C 1s peak at 284.8 eV. XAS was also 

performed around the Co L2,3 edges in Pohang accelerator laboratory (2A). Surface-

sensitive electron yield mode was used (the penetration depth of X-ray ~10 nm). 

 

2.6 Thermopower 

Thermopower (S) is known as one of the methods to address the electronic density of 

states (DOS) around the EF (Figure 2-7). In the case of single-band semiconductors, the 

S value can be expressed by the Mott equation,16 
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where kB, e, n, and μ are the Boltzmann constant, electron charge, carrier concentration, 

and carrier mobility, respectively. The right side is usually simplified as the slope of the 

DOS around the EF, 
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. In this research, S was used to detect the change 

of the electronic structure of TMOs. S of the films was characterized through a standard 

steady-state method at room temperature. The specimen was supported between two 

Peltier devices with a gap of ~5 mm, which can generate temperature difference through 
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applying the forward/reverse current to each side. The temperature difference (ΔT) was 

recorded along with the thermos-electromotive force (ΔV) simultaneously. The 

thermopower was deduced from the slope of ΔT – ΔV linear fitting. 

 

2.7 Electrical resistivity 

The electrical resistivity of the films was measured by dc four-probe method in the van 

der Pauw electrode configuration.17 This method requires the specimen to be uniform and 

flat. Current is applied on two terminals, and the voltage drop is simultaneously measured 

through the other two terminals. Conventionally, it is necessary to repeatedly interchange 

current and voltage eight times as shown in Figure 2-8(a-b). The sheet resistance (R) can 

be calculated by the following equations: 

R1:     R
12,43

=
V2(43)–V1(43)

I12–I21

,             R2:     R
23,14

=
V2(14)–V1(14)

I23–I32

 

 

R3:     R
34,21

=
V2(21)–V1(21)

I34–I43

,             R4:     R
41,32

=
V2(32)–V1(32)

I41–I14

 

The series measurements are used to calculate the resistivity (ρ) based on the following 

equation: 

ρ
1
=

π

ln2

R1+R2

2
f [

R1

R2

] t 

Four possible configurations are: ρ1-R1, R2; ρ2-R2, R3; ρ3-R3, R4; ρ4-R4, R1. Here t is the 

thickness of film, and f is the geometrical factor, which is 1 for perfect in-plane symmetry. 
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Figure 2-1. (a) Schematic illustration and (b) photograph of the PLD system.  
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Figure 2-2. RHEED system. (a), The simplified diagram for the formation of RHEED 

pattern. (b), An example of RHEED picture from case of SrCoO2.5. (c), The relationship 

between film surface, recirocal space, and related RHEED patterns.4 

 



                             Chapter 2. Experimental Methods 

32 
 

 

 

Figure 2-3. High-resolution XRD system. (a), Photograph of HRXRD setup. (b), Bragg’ 

law. (c), Out-of-plane and in-plane measurment. (d), Rocking curve. (e), XRR curve of 

mulitlayers.  
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Figure 2-4. Schematic illustration of HAADF-STEM.  
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Figure 2-5. (a), Schematic diagram of AFM system. (b), photography of AFM instrument. 

(c), an example of AFM image.  

 



                             Chapter 2. Experimental Methods 

35 
 

 

 

Figure 2-6. Photograph of the UV-Vis-NIR spectrometer.  
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Figure 2-7. Schematic illustration of density of states explaining the relationship between 

thermopower and Fermi energy.  
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Figure 2-8. The resistivity measurement by van der Pauw electrode configuration. (a), 

Simple setup of van der Pauw method. (b), Repeated interchange of current and voltage 

probes.  
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Chapter 3. Unusually Large Thermopower Change from +330 

μV K−1 to −185 μV K−1 of Brownmillerite SrCoO2.5 

 

3.1 Objective of this Chapter 

An ideal active material for memory application exhibits a drastic difference in 

observable properties such as electrical conductivity, magnetic response, and optical 

absorption, upon a small external influence. One interesting factor that affects the 

electrical properties of SrCoO2.5 films is the lattice strain, where the Fermi energy (EF) in 

SrCoO2.5 films can be controlled through the lattice distortion. Therefore, it provides an 

opportunity to associate electrical properties with mechanical deformations, which can be 

utilized in developing SrCoO2.5 based memory devices. 

 

Till now, several studies have been done on the lattice strain-induced property variations 

in SrCoO2.5. In 2018, Zhao et al.1 reported that the electrical properties of epitaxial 

SrCoO2.5 thin films can be tuned by introducing epitaxial strain. Very recently, Song et 

al.2 reported that brownmillerite SrCoO2.5 films with different crystallographic 

orientations exhibited strongly anisotropic electrical conductivity. These reports suggest 

that the location of the EF in the electronic structure of the SrCoO2.5 films can be 

modulated if they are heteroepitaxially grown on ABO3 substrates with different lattice 

mismatches3. To utilize the versatile properties and understand the fundamental electronic 

structure of SrCoO2.5, it is essential to evaluate the location of the EF and its dependence 
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on strain state, even if the shift is extremely small. In order to clarify the electronic 

structure of SrCoO2.5, high power light sources such as electron beam or X-ray are usually 

used, and the obtained data are compared with the calculation based on the density 

functional theory (DFT). Since the data collection is usually performed in the vacuum 

chamber, there is a possibility that the SrCoO2.5 samples release lattice oxygen or adsorb 

oxygen in the vacuum chamber, and the reduction of the transition metal ion occurs, 

which affects the electronic structure and the oxidation state of the transition metal ion. 

Therefore, analysis without vacuum requirement is appropriate to analyze the electronic 

structure of SrCoO2.5. According to the relationship between EF and S, the thermopower 

measurement is an indirect probe to observe the changes in electronic structure because 

vacuum condition is not mandatory.4 

 

In this chapter, through a selection of ABO3-type single crystalline substrates (i.e. SrTiO3, 

LaAlO3, (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7, etc.), the lattice strains in SrCoO2.5 epitaxial thin 

films were modulated, and using thermopower measurements, the resulting physical 

properties were associated with a small shifting in EF, which can affect electrical 

properties significantly. This chapter establishes the proof of concept that SrCoO2.5 is an 

excellent candidate as the active material for advanced memory applications. 

 

3.2 Experimental  

SrCoO2.5 films were heteroepitaxially grown on (001) ABO3 single crystal substrates by 



                           Chapter 3. Unusually Large Thermopower Change from +330 

μV K−1 to −185 μV K−1 of Brownmillerite SrCoO2.5 

42 
 

PLD. During the film deposition, the substrate temperature was kept at 750 °C, and the 

oxygen pressure was kept at 10 Pa. KrF excimer laser pulses (~2 J cm−2 pulse−1, 10 Hz) 

were irradiated on ceramic targets. All film thicknesses were ~50 nm. The atomic 

arrangement around the film/substrate interface was observed using STEM operated at 

200 keV. HAADF images were taken with detection angle of 68 – 280 mrad. XPS spectra 

were obtained to address the valence state of Co ions. XAS around the Co L2,3 edges of 

the films were also obtained to thoroughly assess the electronic structure. In order to 

measure the S accurately, a large temperature difference (ΔT = 10 – 18 K) was introduced 

to the films (surface area: 10 mm × 10 mm). 

 

3.3 Results and discussion  

Heteroepitaxial growth of SrCoO2.5 was confirmed using RHEED and XRD 

measurements, and the crystallographic texture was mostly (001)[100] SrCoO2.5 || 

(001)[100] ABO3. Figure 3-1 shows the X-ray reciprocal space mappings (RSMs) around 

103 diffraction spots of the substrates as well as the resultant SrCoO2.5 films, which were 

used to analyze the lattice parameters in the in-plane direction (a) and the out-of-plane 

direction (c). Figures 3-2(a) and 2(b) show the extracted lattice parameters a and c, 

respectively. Only the films on SrTiO3, LSAT, and NdGaO3 show coherent epitaxial 

growth, of which the a lattice parameter agrees with that of the substrate. Since SrTiO3 

lattice is perfectly matched with SrCoO2.5, only the films on LSAT and NdGaO3 

substrates exhibit compressive in-plane strain. The lattice parameters of the SrCoO2.5 
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films on DyScO3, LaAlO3, and YAlO3 were different from the bulk single crystal values. 

The interface structures of SrCoO2.5 on different substrates observed from cross-sectional 

HAADF-STEM are shown in Figure 3-3(a)–(d). The atomic arrangement of the SrCoO2.5 

film grown on (001) SrTiO3 is coherent with SrTiO3 without any dislocations (Figure 3-

3(a)). On the other hand, SrCoO2.5 on YAlO3 is accompanied by misfit dislocations 

(arrows) at the interface every ~7 nm, which corresponds to the lattice mismatch (~5 %) 

(Figure 3-3(b)). This indicates that the lattice of the SrCoO2.5 on YAlO3 is fully relaxed. 

Furthermore, a-axis orientated domains (Figure 3-3(d)) with c-axis orientation (Figure 

3-3(c)) were observed in the SrCoO2.5 film on DyScO3 substrate. Despite the coexistence 

of two crystallographic orientations, the film/substrate interface was coherent. 

 

Figures 3-2(c)–2(h) show topographic AFM images of the resultant SrCoO2.5 films (2 

μm × 2μm). While an atomically flat terraced and stepped surface is seen from the 

SrCoO2.5 film on SrTiO3 (Figure 3-2(d)), the surface of other films shows intergranular 

features. The grain size of the films on DyScO3 (Figure 3-2(c)) is ~0.15 μm, LSAT 

(Figure 3-2(e)) is ~0.3 μm, NdGaO3 (Figure 3-2(f)) is 0.1−0.3 μm, LaAlO3 (Figure 3-

2(g)) is 0.2−0.3 μm, and YAlO3 (Figure 3-2(h)) is ~0.1 μm. The grain formation on 

LSAT, NdGaO3, and LaAlO3 is likely due to spiral growth of the SrCoO2.5 domain, 

whereas that on DyScO3 and YAlO3 is due to the formation of misfit dislocations. The 
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difference in the surface morphology is likely attributed to the difference in the initial 

film growth mechanism of SrCoO2.5 due to the lattice mismatch.  

 

Figure 3-4(a) shows the change in the S of the SrCoO2.5 films (blue symbols: as-grown, 

red symbols: after annealing at 300 °C in the air) measured at room temperature. The S 

of the as-grown SrCoO2.5 film on LSAT substrate was +230 μV K−1, close to the 

previously reported value (+254 μV K−1).4,5 However, SrCoO2.5 films on other substrates 

showed different S values, as they tend to decrease with decreasing substate lattice 

parameter. It is interesting to note that anomalously large change in thermopower from 

+330 μV K−1 (−69 μV K−1 after annealing at 300 °C in the air) on SrTiO3 to −185 μV K−1 

(−348 μV K−1 after annealing at 300 °C in the air) on YAlO3 was observed. These results 

indicate a shift in the EF in the valence band occurred as schematically shown in Figure 

3-4(b) and Figure 3-4(c). The reduction of thermopower after air annealing indicates a 

unidirectional change in the curvature by the reduction of the number of electrons in Co 

for the films.  

 

The origin of anomalously large changes in S can be assessed in the following manner: 

the lattice parameters of the SrCoO2.5 film on SrTiO3 substrate matched with those of the 

bulk, and the peak position of Co L2,3 edge in the EELS spectra (data did not show) was 

not different among the samples. Therefore, the chemical composition of the resultant 
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films was close to being stoichiometric. The XRD patterns of the SrCoO2.5 films before 

and after 300 °C annealing are almost the same, confirming the lattice of film did not 

change after the annealing. In addition, the electrical resistivity showed no clear tendency 

related to the lattice mismatch (Figure 3-5), which estimated the effect of lattice strain is 

small. Since the grain size weakly decreases with decreasing lattice mismatch (Figures 

3-2(c) − 2(h), Figure 3-6, and Table 3-1), the specific surface area of the SrCoO2.5 film 

grown on lattice-mismatched substrate is considered to be larger than that of the same 

film on lattice-matched substrate. These observations lead to the following hypotheses. 

(1) The SrCoO2.5 films grown on lattice-mismatched substrate adsorb oxygen gas due to 

their large specific surface area. (2) The adsorbed oxygen takes electrons away from the 

SrCoO2.5 film, which oxidizes Co ions and lowers EF. (3) The oxygen adsorption would 

strongly occur at 300 °C in air.  

 

The hypothesis can be verified with the oxidation state of Co ion from XPS and electron 

yield (EY) mode XAS (Figure 3-7). Tiny peak energy shift of both Co L3 and L2 edges 

were observed. With decreasing the substrate lattice parameter, the peak energy increases 

(Figure 3-7(c)), indicating the stabilization of higher Co valence state.5,6 Since the XPS 

and EY mode XAS measurements are sensitive to sample surface, these results indicate 

oxygen adsorption at the film surface tends to occur when the lattice parameter of the 

substrate is small. 
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Hypothesis (3) can be verified by annealing SrCoO2.5 films on (001) LSAT substrates at 

various temperatures (TA) in the air for 10 min and measuring the resultant XRD patterns, 

resistivity, and S at room temperature. The peak position and the shape of the out-of-plane 

XRD pattern of the SrCoO2.5 film did not change after the annealing while the change in 

resistivity was small (10 − 29 Ω cm). Figure 3-4(d) plots the change in the S of the 

annealed SrCoO2.5 films at room temperature. Positive S-values were observed when the 

TA was below 130 °C (region A) and above 320 °C (region C) whereas negative S values 

were observed when TA was in the range from 130 – 320 °C (region B). These results 

indicate that the EF shifts in the Coo DOS upon the thermal annealing as schematically 

shown in Figure 3-4(e). In region A, the EF is located higher energy side of the Coo DOS, 

showing positive S (~+140 μV K−1). When TA is in region B, the EF shifts to the lower 

energy side with negative S. When TA is in region C, the EF returns to the higher energy 

side. There are two critical temperatures: 130 °C and 320 °C. The former is due to oxygen 

adsorption after vaporization of water molecules from the surface while the latter is most 

likely oxygen desorption from the surface of the SrCoO2.5 film.7-9  

 

More sophisticated assessment of the electronic structure can be achieved by analyzing 

the optical conductivity. As schematically shown in Figure 3-8(a), several optical 

absorption peaks are present in SrCoO2.5.
1,10,11 The bandgap (~0.35 eV) is the d–d 

transition from occupied Coo to unoccupied Coo. Another d–d transition from occupied 

Coo to unoccupied Cot can be α or α’11 transition. The charge transfer transition from 



                           Chapter 3. Unusually Large Thermopower Change from +330 

μV K−1 to −185 μV K−1 of Brownmillerite SrCoO2.5 

47 
 

occupied O 2p to unoccupied Cot is called β transition. The optical conductivity results 

are shown in Figure 3-8(b) – 8(g). Three absorption peaks of α’ (~1.1 eV11), α (~1.4 eV) 

and β (~2.5 eV) are seen. The EF of SrCoO2.5 is located around the occupied Coo, which 

mainly constitutes the valence band. It can be noted that the peak area of α’ increases with 

decreasing the lattice parameter of the substrate. This indicates that the occupied Coo state 

around the EF increases with decreasing the lattice parameter of the substrate. 

 

Figure 3-9 schematically illustrates the EF in the electronic structure of the SrCoO2.5 films 

on lattice-matched SrTiO3 and lattice-mismatched YAlO3. A tiny position of Coo is 

unoccupied at the top of the valence band. Since the DOS of Coo is small, the EF can be 

modulated by the oxygen adsorption and the resulting free electron loss. When the EF is 

located on the higher energy side of the Coo state (Figure 3-9(a)), positive S is observed. 

On the other hand, when the EF is located on the lower energy side of the Coo state (Figure 

3-9(b)), negative S is observed. Since the lattice mismatch largely affects the formation 

of misfit dislocations and the surface morphology of the resultant SrCoO2.5 films, the 

oxygen adsorption tends to occur when the lattice mismatch is large. Hence, the S-value 

exhibits some dependence on the lattice mismatch. The adsorbed oxygen takes free 

electrons away from the film, and the EF shifts to the lower energy side. Therefore, the S 

tends to decrease with decreasing the substrate lattice parameter. Although the X-ray 

spectroscopy analyses revealed the difference of the oxidation state of the Co ions among 



                           Chapter 3. Unusually Large Thermopower Change from +330 

μV K−1 to −185 μV K−1 of Brownmillerite SrCoO2.5 

48 
 

the samples is very small, this tiny difference was detected by the thermopower, clearly 

showing that thermopower is an excellent measure for analyzing the location of EF in the 

electronic structure of SrCoO2.5 in a practical manner.  

 

In memory devices, tiny changes in the physical properties need to be detected and 

recorded with simple measuring techniques. In this regard, thermopower can be utilized 

to detect the tiny electronic structure variations due to its high sensitivity and easy 

accessibility. The tiny changes in electronic configuration could be reflected not only by 

the magnitude of thermopower but also by the sign of value. Therefore, the utilization of 

thermopower measurement will be promising in characterizing materials for memory 

applications.  

 

3.4 Conclusion 

This chapter showed that the location of the EF and the shape of the Coo state in the 

electronic structure of SrCoO2.5 films on various lattice-mismatched substrates can be 

visualized by measuring the thermopower. The microstructure analyses and the thermal 

annealing results revealed that the lattice mismatch caused the reduction of the grain size, 

which resulted in the slight increase of the oxidation state of the Co ions from an increase 

in the amount of adsorbed oxygen. Although the X-ray spectroscopy analyses revealed 

the difference in the oxidation state of the Co ions among the samples is small, unusually 

large change of the thermopower from +330 μV K−1 (lattice-matched SrTiO3 substrate) 
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to −185 μV K−1 (lattice-mismatched YAlO3 substrate) was observed due to EF shifting to 

the lower energy side. The present results clearly demonstrate the excellent sensitivity of 

thermopower for analyzing the location of EF in the electronic structure of SrCoO2.5 in 

practical environments. In addition, the huge changes in thermopower values by 

fractional changes of Co valence state, while keeping its crystal structure, is promising 

for characterizing materials for memory applications.  
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Figure 3-1. X-ray reciprocal space mappings around 103 diffraction spots of the 

substrates. The solid lines indicate the peak positions. Coherent epitaxial growth occurred 

only on SrTiO3, LSAT, and NdGaO3 substrates.  
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Figure 3-2. Lattice parameters of (a) a and (b) c for the SrCoO2.5 films grown on lattice-

mismatched substrates. Dotted lines show the bulk values. Solid lines indicate the ideal 

coherent growth of the film. Only the films on SrTiO3, LSAT, and NdGaO3 show coherent 

epitaxial growth. (c) – (h) Topographic AFM images (2 μm × 2μm) of the SrCoO2.5 films 

grown on (c) DyScO3, (d) SrTiO3, (e) LSAT, (f) NdGaO3, (g) LaAlO3, and (h) YAlO3 

substrates. Atomically flat terraced and stepped surface is seen in the SrCoO2.5 film on 

SrTiO3. The grain size of the films on DyScO3 is ~0.15 μm, on LSAT is ~0.3 μm, on 

NdGaO3 is 0.1 − 0.3 μm, on LaAlO3 is 0.2 − 0.3 μm, and on YAlO3 is ~0.1 μm.  
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Figure 3-3. Cross-sectional HAADF-STEM images of the SrCoO2.5 film/substrate 

interfaces on (a) SrTiO3, (b) YAlO3, and (c and d) DyScO3 substrates. The scale bar is 2 

nm. The schematic crystal structure is also shown to visualize the crystallographic 

orientation of the films. The arrows in (b) indicate the misfit dislocations.  
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Figure 3-4. (a) Change in the S of the SrCoO2.5 films (blue symbols: as grown, red 

symbols: annealed at 300 °C in the air) measured at room temperature. (b) and (c) 

Schematic energy band diagram of the SrCoO2.5 film around the Fermi energy (EF) [(b) 

as grown and (c) after 300 °C annealing in the air]. (d) Change in the S of the SrCoO2.5 

film grown on LSAT substrate after annealing at TA in air. (e) Schematic energy band 

diagram of the SrCoO2.5 film after annealing at the TA region A, B, and C. The EF moved 

upon the thermal annealing.  
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Figure 3-5. Temperature dependence of the resistivity of the SrCoO2.5 films grown on 

various substrates. The resistivity was measured in air. The electrical resistivity showed 

no clear tendency with the lattice mismatch.  
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Figure 3-6. Plots of the S of the SrCoO2.5 films grown on several lattice-mismatched 

substrates as a function of the grain boundary density, D−2. The grain size (D) was 

extracted from the topographic AFM images. In order to digitize the difference of the 

specific surface area between the films, the grain boundary density was calculated.  
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Figure 3-7. Peak energy shift of Co L3 edge. (a) XPS and (b) EY-mode XAS. (c) The 

plot of the peak energy of Co L3 edge as a function of the lattice mismatch. Tiny peak 

energy shift of both Co L3 and L2 edges are observed. Since the XPS and EY mode XAS 

measurements are sensitive to sample surface, these results indicate oxygen adsorption at 

the film surface tend to occur when the lattice parameter of the substrate is small.  
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Figure 3-8. (a) Schematic energy band structure of SrCoO2.5. The bandgap is ~0.35 eV, 

which is composed of d−d transition from Coo to Coo. In addition to the bandgap, optical 

absorptions occur at α, α’ (d−d transition from Coo to Cot), and β (charge transfer 

transition from O 2p to Cot). (b−g) Optical conductivity of the SrCoO2.5 films (as-grown). 

The optical absorptions peaking around 1.1 eV (α’), 1.4 eV (α), and around 2.5 eV (β) are 

seen. Note that the peak area of α’ increases with decreasing the lattice parameter of the 

substrate.  
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Figure 3-9. Schematic energy band structure of (a) SrCoO2.5 on SrTiO3 and (b) on YAlO3 

substrates (as-grown). The SrCoO2.5 film on SrTiO3 shows positive thermopower (S) 

whereas that on YAlO3 shows negative S. The EF of the SrCoO2.5 film on (a) SrTiO3 

locates on the higher energy side of α’ whereas that on (b) YAlO3 locates on the lower 

energy side of α’.  
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Table 3-1. The S, Grain size, and Grain boundary density of films on various substrates 

 

Substrate crystal Grain size, D 

(μm) 

Grain boundary 

density, D−2 (cm−2) 

S as-grown 

(μV K−1) 

S annealed 

(μV K−1) 

DyScO3 ~0.15 4.4 × 109 +146 −7 

SrTiO3 >> 2 << 2.5 × 107 +330 −69 

LSAT ~0.3 1.1 × 109 +230 −102 

NdGaO3 0.1 − 0.3 1 × 109−1 × 1010 +74 −213 

LaAlO3 0.2 − 0.3 1 × 109−2.5 × 109 +105 +61 

YAlO3 ~0.1 1 × 1010 −185 −348 
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Chapter 4. Solid-State Electrochemical Protonation of 

SrCoO2.5 into HxSrCoO2.5 (x = 1, 1.5 and 2) 

 

4.1 Objective of this Chapter 

In Chapter 3, strain-sensitive electronic properties in SrCoOx system and the respective 

EF changes were visualized by thermopower measurement. However, strain engineering 

is usually not reversible and therefore, cannot be utilized in memory applications. In this 

regard, ionic defect engineering such as non-stoichiometry and proton doping in this 

material can be considered since it also can significantly influence the electronic structure 

and physical properties. For example, metal-to-insulator, antiferromagnetic-to-

ferromagnetic, and transparent-to-opaque transitions induced by electrochemical 

protonation/oxidation of SrCoOx all have strong potential in memory applications. 

Therefore, scientists turned to the investigation of the physical property change of SrCoOx 

during the topotactic phase transition induced by electrochemical protonation. However, 

previous approaches were limited by the use of liquid electrolyte1,2 or strong alkalinity in 

the electrolyte3, which prevented protonation.  

 

To overcome these problems, this chapter focuses on the solid-state electrochemical 

protonation of SrCoO2.5 into H2SrCoO2.5 using a mesoporous amorphous 12CaO·7Al2O3 

(CAN)4,5 film as the solid electrolyte. Since CAN film could provide H+ for the 

electrochemical protonation, the crystalline phase was successfully modulated from 
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SrCoO2.5 to HSrCoO2.5 (phase A), H1.5SrCoO2.5 (phase B), and H2SrCoO2.5 (phase C) 

through the formation of an intermediate phase of H1.25SrCoO2.5. The physical properties 

of these phases are extensively discussed.  

 

4.2 Experimental  

Two-terminal electrochemical cells were fabricated by a pulsed laser deposition (PLD) 

technique with stencil masks (Figure 4-1). First, ~30-nm-thick 10 mol% Nb-doped 

SrTiO3 films were heteroepitaxially grown on (001)-oriented SrTiO3 substrate (10 mm × 

10 mm × 0.5 mm) at the substrate temperature of 900 °C in an oxygen atmosphere (1 × 

10−3 Pa). Second, ~50-nm-thick SrCoO2.5 active layers were heteroepitaxially grown on 

the Nb-doped SrTiO3 films with stencil mask (2.25 mm × 2.25 mm) at the substrate 

temperature of 850 °C in an oxygen atmosphere (10 Pa). Then, ~300-nm-thick 

mesoporous CAN was deposited on the SrCoO2.5 film at room temperature as the solid 

electrolyte. Finally, ~30-nm-thick ITO film was deposited as the top electrode at room 

temperature.  

 

Electrochemical protonation of SrCoO2.5 films was performed at room temperature in air 

as schematically shown in (Figure 4-1). When a constant voltage of +10 V was applied 

using a source meter (Model 2450, Keithley), the SrCoO2.5 film was converted into 

HxSrCoO2.5 film within several hours. After applying the bias voltage using gold-coated 

probes, all the in-situ XRD patterns were measured at room temperature in air. Each scan 
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took about 5 minutes and was plotted in a two-dimensional contour diagram. The 

magnetic moments of samples were measured at 10−300 K with 100 Oe field using a 

SQUID magnetometer (MPMS3, Quantum Design). To check the change in magnetic 

properties, magnetic hysteresis loops (M vs. H curves) were measured up to 7 T at 10 K. 

Then, secondary-ion mass spectrometry (SIMS) was performed to obtain the hydrogen 

concentration in the protonated sample (Front Side SIMS, PHI, 6800). Cs+ primary ion 

beam (2 keV) was scanned, and data were collected in an area from 40 × 40 μm. The 

hydrogen concentration was quantitatively analyzed by profiling proton-embedded silica 

with known H+ doses.  

 

4.3 Results and discussion  

The changes in the in-situ out-of-plane XRD pattern of the device during protonation are 

shown in Figure 4-2(a). The flowing current density (J) to the solid-state electrochemical 

cell during the voltage application is also shown (Figure 4-2(b)). Before the protonation 

(0 min), the 008 diffraction peak of BM-SrCoO2.5 (008BM) is seen together with 002 

SrTiO3 substrate (002s). Approximately 40 min after starting the protonation, 008 

diffraction peak of HSrCoO2.5 (008A) appears, and the intensity of 008BM becomes weak. 

Simultaneously, the J dropped from ~5 mA cm−2 to ~4 mA cm−2. Approximately 100 

mins after the protonation, the 008 diffraction peak of H1.5SrCoO2.5 (008B) appears 

together with the diffraction peak of an intermediate phase, which will be described later. 

Approximately 260 mins after the protonation, the 008 diffraction peak of H2SrCoO2.5 
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(008C) appears. Simultaneously, the diffraction peaks of 008A and the intermediate phase 

disappear. The J gradually decreased from ~3.6 mA cm−2 to ~0.3 mA cm−2. These results 

indicate that solid-state protonation is possible by using CAN as the solid electrolyte. 

 

In order to clarify the diffraction peak of the intermediate phase, the out-of-plane XRD 

patterns of another solid-state electrochemical cell after protonation were measured 

(Figure 4-2(c)). At 0 min, the 00l diffraction peaks of BM-SrCoO2.5 are seen together 

with those of 00l SrTiO3 substrate, indicating strong c-axis orientation of the BM-

SrCoO2.5 film. After the protonation, the diffraction peak position changes discretely from 

qz/2π = (0.6346 × l) nm−1 (BM-SrCoO2.5) to (0.6091 × l) nm−1 (HSrCoO2.5, A), (0.5968 × 

l) nm−1 (H1.5SrCoO2.5, B), and (0.5845 × l) nm−1 (H2SrCoO2.5, C) through the formation 

of the intermediate H1.25SrCoO2.5 phase (qz/2π = 1.822, 3.046, 4.253, 5.484, and 6.699 

nm−1). Figure 4-2(d) summarizes the schematic modification in the crystal structure upon 

the protonation. The lattice parameter c of BM-SrCoO2.5 is 1.5751 nm, which agrees well 

with the reported value (1.5745 nm)6. The lattice parameter c of phase B is 1.6756 nm, 

which also agrees well with that of H1.5SrCoO2.5 (1.675 nm)7. The intermediate 

H1.25SrCoO2.5 phase is a half-filled state in the oxygen vacancy site of HSrCoO2.5 (phase 

A) with an H2 dimer. Thus, the lattice parameter c is two times that of phases A and B. 

 

The hydrogen concentration in the samples measured by SIMS is shown in Figure 4-3. 

The hydrogen concentration of the H1.5SrCoO2.5 (phase B) sample is ~2 × 1022 cm−3. For 
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comparison, oxidized SrCoO3 samples were also prepared by applying negative voltage 

(−10 V) to the solid-state electrochemical cell for 1 h in air. Compared to the as-grown 

SrCoO2.5 sample and oxidized SrCoO3 samples, the H1.5SrCoO2.5 (phase B) sample is an 

order of magnitude higher in the hydrogen concentration. The quantitative hydrogen 

concentration was estimated to be 1.5 H per chemical formula of SrCoO2.5, which is close 

to the stoichiometry value of H1.5SrCoO2.5
7.  

 

Then, the optical transmission spectra of the as-grown BM-SrCoO2.5 sample, the 

protonated H1.5SrCoO2.5 (phase B, 240 min) sample, and the oxidized SrCoO3 sample are 

discussed (Figure 4-4). Compared to the BM-SrCoO2.5 sample, the H1.5SrCoO2.5 (phase 

B) sample is more transparent in the visible region, whereas the oxidized SrCoO3 sample 

shows lower transmissivity. The as-grown BM-SrCoO2.5 samples are brown, the oxidized 

SrCoO3 sample is black, and the protonated H1.5SrCoO2.5 (phase B) sample is colorless 

transparent as shown in the inset of Figure 4-4. Note that the low transmission in the IR 

region is due to the absorption of Nb-doped SrTiO3 film. The overall tendency of the color 

change in the electrochemical cells is similar to the previously reported tendencies in 

literature1,8. 

 

The magnetic properties of the solid-state electrochemical cell are shown in Figure 4-5. 

The magnetism of SrCoOx is closely linked to the concentration of oxygen in the lattice, 

likely due to the formation of oxygen holes9,10. A clear magnetic transition was observed 
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from the relationship between M versus T (Figure 4-5(a)). The as-grown BM-SrCoO2.5 

sample did not show any magnetic transition due to its antiferromagnetic ground state. 

On the other hand, a clear transition is observed in the oxidized SrCoO3 sample. The 

transition temperature (Tc) is estimated to be ~240 K, which is comparable to the reported 

Tc of the nearly stoichiometric perovskite SrCoO3
1,11,12. Further, the protonated 

H1.5SrCoO2.5 (phase B) sample showed a weak ferromagnetic behavior with Tc ~130 K, 

which is consistent with the reported value1. The field-dependent magnetization 

measurements at 10 K provide the deeper analysis (Figure 4-5(b)). The oxidized SrCoO3 

sample showed a clear ferromagnetic signal, and the hysteresis loop is clearly seen. The 

coercive field is estimated to be 500 Oe, which is ~1/4 of that observed from the ionic-

liquid case (~2000 Oe1). Since the SrCoO3 film is unstable and will lose oxygen in 

vacuum during the measurement, much lower coercive field than the ideal single crystal 

value was observed. In contrast, the protonated H1.5SrCoO2.5 (phase B) sample has a 

comparable magnetic moment to ionic-liquid gated HSrCoO2.5
1. These results clearly 

show that the optical and magnetic properties can be controlled electrochemically at room 

temperature in the air by using the solid-state electrochemical cells composed of SrCoO2.5 

and CAN solid electrolyte. 

 

4.4 Conclusion 

This chapter demonstrated the solid-state room-temperature electrochemical protonation 

of SrCoO2.5 films in air. All-solid-state electrochemical cells of SrCoO2.5 using CAN film 
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as the solid electrolyte was prepared. During the protonation, the crystalline phase 

discretely changed from SrCoO2.5 to HSrCoO2.5, H1.5SrCoO2.5, and H2SrCoO2.5 through 

the formation of an intermediate phase of H1.25SrCoO2.5. The H1.5SrCoO2.5 sample was 

colorless-transparent and showed weak ferromagnetism with Tc ~130 K. The present 

results suggest that the CAN film can be used as the solid electrolyte for the protonation 

treatment of TMOs, which overcomes the issue faced by previous approaches on the 

electrochemical treatments of TMOs using liquid electrolyte.  
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Figure 4-1. Schematic illustration of solid-state electrochemical protonation of SrCoO2.5 

film. The active area of the electrochemical cell is 2.25 mm × 2.25 mm. +10 V was applied 

for the protonation. Since CAN film contains ultrapure water, protonation of SrCoO2.5 

and oxidation of ITO films occurs during +10 V application.  
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Figure 4-2. Crystal phase modulation during the protonation. (a) Change in the out-of-

plane XRD pattern of the solid-state electrochemical cell during the electrochemical 

protonation treatment. The XRD patterns were taken every 5 min in situ. (b) Change in 

the current density (J) with holding time. (c) Out-of-plane XRD patterns of the solid-state 

electrochemical cell (another sample) after the electrochemical protonation treatment. A, 

B, and Int. denote HSrCoO2.5 (phase A), H1.5SrCoO2.5 (phase B), and H1.25SrCoO2.5 

(intermediate phase), respectively. (d) Schematic crystal structure change upon 

protonation.  
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Figure 4-3. Depth profiles of H, Ti, and Co ions of the multilayer samples measured by 

SIMS (40 μm × 40 μm). The hydrogen concentration of the protonated H1.5SrCoO2.5 

sample is ~2 × 1022 cm−3, confirming that H1.5SrCoO2.5 was formed. Since the film surface 

of ITO/CAN is rough, the SIMS results do not show a flat profile.  
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Figure 4-4. Optical transmission spectra of the solid-state electrochemical cells. As-

grown: BM-SrCoO2.5 sample, Protonated: H1.5SrCoO2.5 sample, Oxidized: SrCoO3 

sample. The gray line is the reference of Nb-SrTiO3 coated SrTiO3 substrate. The dotted 

lines were used to connect two different spectrometer results. (Inset) Photograph of the 

devices. The as-grown BM-SrCoO2.5 samples are brown, the protonated H1.5SrCoO2.5 

sample (240 mins) is colorless transparent, and the oxidized SrCoO3 sample is black, 

respectively.  
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Figure 4-5. (a) Temperature dependence of the magnetization of SrCoOx layer measured 

with the magnetic field of 100 Oe. The oxidized SrCoO3 sample shows clear magnetic 

transition with Tc ~240 K. The protonated H1.5SrCoO2.5 sample shows Tc ~130 K. Both 

Tc values are comparable to the reported values1. (b) M−H curves of the oxidized SrCoO3 

sample and the protonated H1.5SrCoO2.5 sample measured at 10 K.  
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Chapter 5. Macroscopic Visualization of Fast Electrochemical 

Reaction of SrCoOx Oxygen Sponge 

 

5.1 Objective of this Chapter 

Chapter 4 explored the electrochemical phase transition and the respective physical 

property change of SrCoO2.5, which involved protonation. This chapter moves beyond 

the H+ doping and explores the ability to control oxygen non-stoichiometry for reversible 

modulation of the phase and physical properties. Therefore, the rest of the given 

dissertation focuses on the electrochemical reduction/oxidation of TMOs using YSZ 

substrate as the solid-electrolyte to tune the oxygen concentration. As schematically 

shown in Figure 5-1(a), by changing the oxygen contents in SrCoO2.5 to form 

SrCoO3−δ.
1,2, the valence states of cobalt ion change from 3+ into 4+, which has excellent 

potential for memory applications. 

 

In order to further improve and optimize the device performance, the electrochemical 

oxidation needs to be visualized macroscopically. Usually, transmission electron 

microscopy (TEM) observation is used to visualize the electrochemical redox reaction in 

a material.3,4 However, TEM cannot be used for SrCoO3−δ because SrCoO3−δ easily 

releases oxygen and becomes SrCoO2.5 when an intense electron beam is irradiated. In 

this regard, conductive atomic force microscopy (AFM) provides an alternate powerful 

tool for analyzing the conductive region in a material.5 This chapter addresses the 
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macroscopic visualization of the electrochemical reaction of SrCoO2.5 films on YSZ 

substrate using conductive AFM. In order to further confirm the electrochemical 

oxidation mode, the S of SrCoOx film with various oxidation states was also analyzed 

because S is sensitive to the volume of conducting part in a mixed phase of insulating and 

conducting materials.6-11  

 

5.2 Experimental  

SrCoO2.5 films were heteroepitaxially grown on (001) YSZ single crystal substrate by 

PLD. During the film deposition, the substrate temperature was kept at 750 °C, and the 

oxygen pressure was kept at 10 Pa. KrF excimer laser pulses (~2 J cm−2 pulse−1, 10 Hz) 

were irradiated onto the ceramic target. First, 6-nm-thick 8 mol% Gd-doped CeO2 (GDC) 

buffer layer was grown followed by the growth of ~40-nm-thick SrCoO2.5.
12-14  

 

For the electrochemical oxidation, 55-nm-thick porous Pt film (relative density ~53%) 

with comb-shaped pattern was deposited on the backside of the YSZ substrate by d.c. 

sputtering (IB-3, Eiko Co.) at room temperature. Al foil was used as the counter electrode 

as shown in Figure 5-1(b). In order to oxidize the SrCoO2.5 into SrCoO3−δ, the sample 

was heated at 300 °C in air, and the oxidizing current was applied under −5 V or −10 V. 

The current density was up to −20 μA cm−2. The electrochemical reaction is denoted by 

the following formula. 

SrCoO2.5 + 0.5O2− → SrCoO3 + e−   
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Thus, the electron density of 1.61 × 1022 cm−3 is needed to fully oxidize SrCoO2.5 into 

SrCoO3. The required quantity of electricity per unit area was 1.61 × 1022 × (film 

thickness of SrCoO2.5) × 1.602 × 10−19 = 9.5 mC cm−2. The samples were labelled 

according to the transferred charge as 0.44 mC cm−2 (4.6 %) for sample A, 0.88 mC cm−2 

(9.3 %) for sample B, 2.1 mC cm−2 (22 %) for sample C, 4.0 mC cm−2 (42 %) for sample 

D, and 12 mC cm−2 (126 %) for sample E, respectively. 

 

5.3 Results and discussion  

The XRD of the resultant SrCoOx films are shown in Figure 5-2. Only intense diffraction 

peaks of 00l BM-SrCoO2.5 or 00l PV-SrCoO3−δ together with 00l GDC / 00l YSZ are seen 

from the out-of-plane XRD patterns (Figure 5-2(a)) in all cases, indicating strong c-axis 

orientation of the SrCoOx films. The as-grown sample was single phase SrCoO2.5, and 

sample E was single phase SrCoO3−δ. Samples A, B, C, and D were mixtures composed 

of BM-SrCoO2.5 and PV-SrCoO3−δ. Figure 5-2(b) is the magnified XRD patterns around 

008BM or 002PV Bragg peak. From as-grown to sample E, the peak intensity of 008BM 

decreased, whereas that of 002PV increased. The d-spacing of 008BM was 0.1973 nm, and 

that of 002PV was 0.1910 nm, which is ~3.2 % shorter than 008BM (Figure 5-3(a) and 

3(b)). From the d-spacing of 002PV, the lattice constant of the oxidized film is calculated 

to be 0.382 nm, which is closed to the lattice constant of SrCoO3 single crystal (0.3829 

nm).15 It should be noted that the average crystal tilting (= full width at half maximum of 
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the X-ray rocking curve, Figure 5-3(c) and 3(d)) of both SrCoO2.5 and SrCoO3−δ films is 

~0.7 °, which shows that the oxidization does not change the crystal tilting. 

 

According to the X-ray reflectivity measurements, the thickness of the SrCoO2.5 film was 

43.9 nm whereas that of the SrCoO3−δ was 42.5 nm. The film thickness decreased ~3.2 % 

due to the d-spacing decrease, indicating that the SrCoO2.5 was fully oxidized into 

SrCoO3−δ. The thickness of the GDC film was 6 nm, which did not change after the 

oxidation. In the topographic AFM images, several-hundred-nanometer-sized grain 

structures were seen from both SrCoO2.5 and SrCoO3−δ films, showing that their surface 

morphologies are essentially the same. Bright streaks in the RHEED pattern indicate that 

the SrCoO2.5 was heteroepitaxially grown on the substrate with smooth surface. These 

results indicate that electrochemical topotactic oxidation occurred without any 

crystallographic damages.  

 

Figures 5-2(c) – 2(h) are the reciprocal space mappings (RSM) of (c) as-grown, (d) 

sample A, (e) sample B, (f) sample C, (g) sample D, and (h) sample F. The RSMs show 

that the SrCoOx films were heteroepitaxially grown on the GDC/YSZ with the epitaxial 

relationship of (001)[100] SrCoO2.5 || (001)[110] GDC/YSZ. In Figure 5-2(c) and Figure 

5-2(d), only intense diffraction spot of 1112BM is observed. On the other hand, only 

intense diffraction spot of 103PV is observed in Figure 5-2(h). In Figures 5-2(f) – 2(g), 
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both diffraction spots are seen, clearly indicating that these films are the mixture 

composed of BM-SrCoO2.5 and PV-SrCoO3−δ. 

Since the as-grown sample was single phase SrCoO2.5 while sample E was single phase 

SrCoO3−δ, the BM-SrCoO2.5 into PV-SrCoO3−δ conversion rate was calculated from the 

ratio of the diffraction peak area of 008 BM-SrCoO2.5 and 002 PV-SrCoO3−δ as a function 

of the transferred charge over required charge for complete transition (Figure 5-4(a)). 

With increasing charge transport, the peak area of 002PV increases rapidly and saturates, 

whereas that of 008BM decreases rapidly and approaches to zero. The conversion rate was 

calculated as (peak area of 002PV)/(peak area of 002PV for sample E) as shown in Figure 

5-4(b). The conversion rate of as-grown was 0 %, sample A was 24.4 %, sample B was 

34.5 %, sample C was 60.0 %, sample D was 84.7 %, and sample E was 100 %. 

 

From the XRD and RSM results, several structural information including the lattice 

constants in both in-plane and out-of-plane directions and grain size were extracted. 

Figure 5-5 summarizes the changes in (a) scattering vector in the in-plane direction 

(qx/2π), (b) scattering vector in the out-of-plane direction (qz/2π) (1112BM or 103PV), (c) 

d-spacing value, and (d) inverse of the integral width (008BM or 002PV). The inverse of 

the integration width is equal to the coherence length in the out-of-plane direction of the 

film (Scherrer's equation). The qx/2π (Figure 5-5(a)) and qz/2π (Figure 5-5(b)) values of 

as-grown and samples B − E were similar to the bulk values. However, the qx/2π of 

1112BM for sample A (24.4 %) is small compared to the other samples. Although the out-
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of-plane lattice parameter was similar to the bulk value, the in-plane lattice parameter of 

sample A is 0.4052 nm, which is ~3.8 % larger than that of bulk BM-SrCoO2.5 (0.3905 

nm). The out-of-plane lattice parameter of both BM-SrCoO2.5 and PV-SrCoO3−δ gradually 

decreased with increasing the conversion rate (Figure 5-5(c)).  

 

Figure 5-5(d) shows the coherence length of 008BM or 002PV Bragg diffraction peak. If 

the electrochemical oxidation extends in the planar direction, a systematic change in the 

coherence length is expected. The values at 0 % (~19 nm) and 100 % (~17 nm) are smaller 

than the film thickness (~37 nm) calculated from the X-ray reflectivity measurements. 

This is probably due to the fact that the Bragg diffraction peak is affected by lattice 

distortion. The coherence length of 008BM did not change until the conversion rate 

reached 40 %. The coherence length of 008BM then gradually decreased with increasing 

conversion rate. On the other hand, the coherence length of 002PV was ~4 nm at 24.4 %. 

Conversion but increased to above 10 nm with increasing conversion rate. It then finally 

reached 17 nm. Even if qualitative increase in the coherence length of 002PV and decrease 

in that of 008BM are reflecting progressive oxidation in SrCoOx, since there is no 

systematic change, it does not reflect the grain size change upon planar oxidation. It 

should be noted that the lateral grain sizes of both BM-SrCoO2.5 (14.5 ±0.4 nm) and PV-

SrCoO3 (10.4 ±1.3 nm) are obviously smaller than the film thickness (~37 nm). Although 

these results roughly suggest the columnar oxidation of SrCoO2.5, they are not sufficient 

enough to fully confirm the nature of electrochemical oxidation in SrCoOx. 
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In order to differently address the electrochemical oxidation of SrCoOx, the electrical 

resistivity (ρ) was analyzed as shown in Figure 5-6(a) and Figure 5-7, and the S (Figure 

5-6(b)) of the SrCoOx was investigated as a function of the conversion rate. The as-grown 

sample showed insulating ρ − T behavior, which is similar to that of SrCoO2.5 reported 

by Lu et al.16 With increasing the oxidation state, the ρ − T approached to that of SrCoO3−δ. 

From these results, it can be confirmed that x in the SrCoOx films could be modulated 

from 2.5 to 3 by electrochemical oxidation. The as-grown sample (0 %) showed the ρ of 

4.0 Ω cm and the S of +70 μV K−1, whereas 100 % converted sample showed ρ = 0.7 mΩ 

cm and S = −0.5 μV K−1 at room temperature. Both ρ and S drastically decreased with 

increasing conversion rate. Note that the sheet resistance of GDC/YSZ substrate is 

extremely high (~1016 Ω, 0.5 mm) as compared to that of SrCoO2.5 (<107 Ω), and 

therefore, the SrCoO2.5 film (~40 nm) solely contributes the observed S. 

 

The ρ and S as a function of the conversion rate was predicted by assuming the conductive 

path is a parallel circuit composed of the insulating SrCoO2.5 region and the conducting 

SrCoO3−δ region as schematically shown in Figure 5-6(c). 
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where y is the conversion rate. The results are plotted as dotted lines in Figure 5-6(a) and 

Figure 5-6(b). Although the dotted lines reproduce both ρ and S well when the conversion 

rate is above 60 %, they do not reproduce the observed ρ and S when the conversion rate 

is less than 60 %. Hence, the system seems to be described by the isolated conducting 

SrCoO3−δ column surrounded by the insulating SrCoO2.5 matrix. Thus, the contribution 

from the series circuit of insulating SrCoO2.5 region and conducting SrCoO3−δ region 

along the current direction is not negligible. 

 

Therefore, the ρ and S as a function of the conversion rate was calculated by assuming 

oxidation in the columnar direction as shown in Figure 5-6(d). According to the 

percolation model 18, the observed ρ and S were reproduced very well as follows: 
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where ϕ is the conversion rate, and ϕc is the percolation threshold. These results suggest 

that columnar oxidation firstly occurs along with the oxidation direction and then spreads 

in perpendicular to the oxidation direction. 
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Figure 5-8 shows the macroscopic mapping of the insulating SrCoO2.5 region and the 

conducting SrCoO3−δ region in the partially oxidized SrCoOx films, obtained by the 

conductive AFM. Although their topographic AFM images (2 μm × 2 μm) did not show 

any noticeable differences, the electric current mappings clearly show differences 

(Figure 5-8(e) – (h)). Connection of the conducting region in (g) and (h) is clearly visible 

whereas that in (e) and (f) is not seen. Note that the lateral dimension of each highly 

conducting area stretches up to ~200 nm. As such, it is likely that the sample is fully 

oxidized along the depth direction, if the speed of oxidation is uniform. According to the 

percolation theory, the parallel electrical circuit model can be used for (g) and (h) of 

Figure 5-8 with uniform and high current distribution on the plane. However, both the 

parallel and series circuit models contribute for images with dot-like current distribution 

from (e) and (f), which are below the percolation threshold. These observations are fully 

consistent with the resistivity and thermopower values.  

 

These results are sufficient enough to claim successful visualization of the 

electrochemical oxidation of SrCoO2.5 film into SrCoO3−δ film. First, the columnar 

oxidation occurred along with the oxidation direction (perpendicular to the film surface) 

and then spread perpendicular to the oxidation direction (lateral direction).  
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5.4 Conclusion 

In this chapter, the electrochemical oxidation reaction of SrCoOx was investigated. 

Thermopower analysis and conductive AFM analyses were performed to macroscopically 

visualize the electrochemical oxidation. The XRD results suggested that columnar 

oxidation occurred. The resistivity and thermopower data can be explained by the 

percolation of conducting SrCoO3 columns. When the column density of SrCoO3 exceeds 

25 %, the resistivity and thermopower drastically decreased. The flowing current and the 

conducting area in the conductive AFM image increased with increasing oxidation state. 

All observations point out that columnar oxidation firstly occurred along with the 

oxidation direction and then spread perpendicular to the oxidation direction. This 

macroscopic image of the electrochemical oxidation would be of great use for developing 

a functional device utilizing the electrochemical redox reaction of SrCoOx.  
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Figure 5-1. Electrochemical reaction of SrCoOx oxygen sponge. (a) Schematic crystal 

structure of brownmillerate SrCoO2.5 and perovskite SrCoO3−δ. Although there are 

oxygen vacancies (VO2−) in SrCoO2.5 crystal, the vacancies are occupied with oxygen after 

the electrochemical oxidation (SrCoO3−δ). Valence states of cobalt ion change from 3+ 

into 4+ by the oxidation. This electrochemical reaction is reversible. (b) SrCoOx samples 

with different oxidation states. Oxidation current with different electron densities was 

applied to the multilayer structure composed of Pt/YSZ/GDC/SrCoO2.5/Al at 300 °C in 

the air as shown in the inset.  
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Figure 5-2. X-ray diffraction analyses of SrCoOx films with various oxidation states. (a) 

Out-of-plane XRD patterns. Intense diffraction peaks of 00lBM or 00lPV are seen together 

with 00lGDC/00lYSZ, indicating strong c-axis orientation of the films. (b) Magnified XRD 

pattern. With increasing the oxidation state, the peak position changed from 008BM to 

002PV. (c)−(h) RSMs around 1112BM or 103PV. Although the diffraction spot was 1112BM 

when the oxidation state is lower than 34.5 %, it changed into 103PV when the oxidation 

state was greater than 60 %.  
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Figure 5-3. Out-of-plane lattice parameter and tilting of SrCoOx films at room 

temperature. Out-of-plane Bragg diffraction patterns of (a) as-grown (x = 2.5, 008BM) and 

(b) electrochemically oxidized (x = 3−δ, 002PV) SrCoOx films. The d-spacing of 008BM is 

0.1979 nm, whereas that of 002PV is 0.1910 nm, ~3.2 % shorter than 008BM. Out-of-plane 

X-ray rocking curves of (c) 008BM for the as-grown and (d) 002PV for the 

electrochemically oxidized SrCoOx films. Average tilting (≡ full width at half maximum, 

FWHM) of both SrCoOx films is ~0.7 °.  
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Figure 5-4. Calculation of the conversion rate from BM-SrCoO2.5 into PV-SrCoO3. (a) 

Changes in the diffraction peak area of (red) 008BM-SrCoO2.5 and (blue) 002PV-SrCoO3−δ 

as a function of the quantity of electricity over required electricity. The required electric 

charge is 9.6 mC. With increasing the electricity, the peak area of 002PV increases rapidly 

and saturates whereas that of 008BM decreases rapidly and approaches to zero. (b) 

Conversion rate from BM-SrCoO2.5 into PV-SrCoO3−δ. Sample E was assumed to be fully 

oxidized. The conversion rate was calculated as (peak area of 002PV)/(peak area of 002PV 

for sample E).  
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Figure 5-5. Changes in the crystallographic size of the SrCoOx film as a function of the 

conversion rate. (a) Scattering vector in the in-plane direction (qx/2π) and (b) scattering 

vector in the out-of-plane direction (qz/2π) of 1112BM and 103PV. (c) d-value and (d) 

inverse of the integral width of 008BM and 002PV. Crystal phase changed from BM to PV 

around 40 − 60 %. The conversion rate dependences of the inverse of the integral width 

suggest that the columnar oxidation of SrCoOx occurred.  
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Figure 5-6. Electron transport properties of the SrCoOx as a function of the conversion 

rate at room temperature. (a) Resistivity and (b) thermopower. The as-grown sample (0 %) 

showed the resistivity of 4.0 Ω cm and the thermopower of +70 μV K−1, whereas 100 % 

converted sample showed 0.7 mΩ cm and −0.5 μV K−1. The dotted lines were calculated 

by assuming (c) the parallel electrical circuit of insulating SrCoO2.5 region and conducting 

SrCoO3−δ region. The solid lines were calculated by assuming (d) the percolation model 

(columnar growth) of conducting SrCoO3−δ region. The percolation model reproduces the 

observed values well, indicating that columnar growth of SrCoO3−δ occurred.  
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Figure 5-7. Temperature dependence of the resistivity of the SrCoOx films. The as-grown 

sample shows insulating ρ−T behavior, which is similar to that of SrCoO2.5 reported by 

Lu et al.16 With increasing the oxidation state, the ρ−T approaches that of SrCoO3 reported 

by Lu et al.  
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Figure 5-8. Macroscopic mapping of insulating SrCoO2.5 region and conducting 

SrCoO3−δ region. Topographic AFM images (2 μm × 2 μm) of (a) sample A (24.4 %), (b) 

sample B (34.5 %), (c) sample C (60 %) and (d) sample D (84.7 %). (e − h) Electric 

current mapping of the samples corresponding to the topographic AFM images of (a) – 

(d). The currents were taken under applying −2 V with respect to the sample surface. 

Connection of the conducting region in the images (g) and (h) is clearly visible whereas 

that in (e) and (f) is not seen. According to the percolation theory, parallel electrical circuit 

composed of insulating SrCoO2.5 region and conducting SrCoO3−δ region can be assumed 

for (g) and (h). However, both the parallel and series circuit composed of insulating 

SrCoO2.5 region and conducting SrCoO3−δ region contribute in the case of (e), which is 

below the percolation threshold (ϕc = 25 %).  
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Chapter 6. Solid-State Electrochemical Redox Control of the 

Optoelectronic Properties for SrFeOx Thin Films 

 

6.1 Objective of this Chapter 

The previous chapter showed that the electrochemical redox using YSZ as the solid 

electrolyte can be a very effective way to tune the phase and physical properties in SrCoOx 

films. Therefore, it is interesting to apply this electrochemical redox method to other 

oxide systems with functional properties depending on oxygen stoichiometry to further 

examine the feasibility of YSZ as the solid electrolyte.  

 

This chapter examines the solid-state electrochemical redox reaction of another type of 

TMOs, SrFeOx. Since the electrical, magnetic, and optical properties of SrFeOx can be 

modulated by the oxygen contents, it is suitable as the active material of multifunctional 

memory devices. It also exhibits topotactic phase transition between brownmillerite (BM) 

and perovskite (PV).1-3 However, past approaches are limited by the use of liquid 

electrolyte, which is not suitable for practical applications.4,5  

 

This chapter extends the solid-state electrochemistry of SrCoOx in the previous chapter 

to SrFeOx. SrFeOx epitaxial films on YSZ single crystal substrate were fabricated, and 

electrochemical redox reaction was performed. The resulting insulator (SrFeO2.5) to metal 

(SrFeO3−x) transition is thoroughly discussed. 
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6.2 Experimental  

The films were fabricated by PLD technique. First, ~10-nm-thick GDC (10 mol% Gd-

doped CeO2) was heteroepitaxially grown on a YSZ substrate at 750 °C in an oxygen 

atmosphere (3 Pa). GDC was used as a buffer layer to prevent the chemical reaction 

during the electrochemical redox treatment at 300 °C. GDC is also a well-known oxide 

ion-conducting electrolyte. Focused KrF excimer laser pulses (λ = 248 nm, fluence ~ 1.2 

J cm−2 pulse−1, repetition rate = 10 Hz) were irradiated onto the ceramic target of GDC. 

Subsequently, ~45−64 nm thick SrFeO2.5 film was heteroepitaxially grown on the GDC 

film at 750 °C in an oxygen atmosphere (1 × 10−3 Pa). The laser fluence was ~ 1.6 J cm−2 

pulse−1. After the bilayer film growth, the sample was cooled down to room temperature 

in the PLD chamber in an oxygen atmosphere (1 × 10−3 Pa). 

 

The electrochemical oxidation of SrFeO2.5/GDC/YSZ/Au multilayer structure sample 

was performed at 300 °C in air as shown in Figure 6-1(a). First, an Au electrode was 

sputtered on the back surface of the YSZ substrate. Then, the film surface was 

mechanically pressed on an Au foil. The current was applied through the Au electrodes 

under a constant voltage of −5 V. The samples were labelled according to the applied 

electron density as A (0.15 × 1022 cm-3), B (0.37 × 1022 cm-3), C (0.54 × 1022 cm-3), D 

(1.43 × 1022 cm-3), E (2.04 × 1022 cm-3), and F (3.99 × 1022 cm-3) (Figure 6-1(b)).The 

applied electron density (Q) was calculated as Q = (∫ I·t)/(V·e), where I is the current at 

time t, V is the volume of the SrFeOx film, and e is the electron charge. The ideal Q for 
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converting SrFeO2.5 into SrFeO3 is 1.65 × 1022 cm−3. After applying the current, the 

sample was immediately cooled down to room temperature. After the oxidation treatment, 

the bulk density and the thickness were measured by the X-ray reflectivity. 

 

6.3 Results and discussion  

The bulk density of the as-grown SrFeOx film was ~5.0 g cm−3, which is slightly larger 

than that of SrFeO2.5 (~4.8 g cm−3), and it gradually increased with Q (Figure 6-1(b)). 

The bulk density of sample F (3.99 × 1022 cm−3) was ~5.5 g cm−3, which is close to that 

of SrFeO3. Then, the crystalline phase of the resultant SrFeOx films is analyzed as follows. 

Only intense diffraction peaks of 00l BM-SrFeO2.5 are seen in the out-of-plane XRD 

pattern of the as-grown film (Figure 6-2(a)) together with 00l GDC / 00l YSZ, indicating 

strong c-axis orientation of the BM-SrFeO2.5. Upon reaching Q > 1.43 × 1022 cm−3, the 

diffraction peak of 002 BM disappeared, indicating a phase transition. The diffraction 

peak around qz/2π = 5 nm−1 shifted to the right (higher qz/2π) with increasing Q. In order 

to clarify the origin of this peak shift, the diffraction peaks were deconvoluted using 

Gaussian functions (Figure 6-3). With increasing Q, the phase changed step-by-step from 

SrFeO2.5 to SrFeO2.5+x and PV SrFeO3−x.  

 

To confirm the crystalline phases, the interplanar distances (d-values) were extracted from 

the magnified XRD patterns (Figure 6-3). The d-value changed step-by-step from 0.205 

nm to 0.198 nm, 0.1955 nm, and 0.194 nm, which were similar to those of SrFeO2.5, 
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SrFeO2.75, SrFeO2.875, and SrFeO3, respectively. Further, the peak area ratio was analyzed 

(Figure 6-2(c)). According to the peak analysis, the as-grown SrFeO2.5 developed into 

SrFeO2.5+x phase with increasing Q. In the images obtained from atomic force microscopy 

(AFM) (Figure 6-3), several ten-nanometer-sized grain structure was observed in all 

cases. If Q > 1.43 × 1022 cm−3, square-shaped morphologies were observed, most likely 

due to the bulk density change. The root mean square roughness was ~0.2 nm, which 

almost did not change after the oxidation treatment. 

 

Figure 6-5 summarizes the optical transmission spectra of the films. The as-grown film 

was yellowish-transparent, and the optical transmission at 2 eV was ~70% due to the high 

optical reflection of YSZ substrate (~25 %). The optical bandgap of the as-grown film is 

~2 eV, consistent with the reported value.6,7 A slight change in the curvature around 2.7 

eV is observed, indicating a charge transfer absorption from O 2p to Fe 3d of BM-

SrFeO2.5.
8,9 With increasing Q, the color changed into dark-brown, and the overall optical 

transmission gradually reduced. At Q = 3.99 × 1022 cm−3, the optical transmission at 2 eV 

decreased to ~30%. Two absorptions, located ~1.5 eV and ~2.5 eV, are observed in 

oxidized SrFeOx, which have been assigned as γ (charge transfer from O 2p to Fe 3d 

octahedral t2g) and δ (charge transfer from O 2p to Fe 3d octahedral eg) of perovskite 

SrFeO3, respectively.8,9 A similar change in the oxidation state of Co from +3 to +4 has 

been observed in the SrCoOx films deposited under varying oxygen pressures.10 These 

results clearly indicate that the oxidation state of Fe increased from +3 to +4 with 
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increasing Q. It is important to emphasize that these change in the optical transmission is 

reversible; the transmission at 550 nm in wavelength changed from 65% (reduced) to 6% 

(oxidized) repeatedly (Figure 6-6). 

 

Finally, the electrical properties of the films are shown in Figure 6-7. The electrical 

resistivity of the as-grown sample was too high to be measured. After the oxidation 

treatment, the resistivity decreased drastically from ~101 Ω cm to ~10−2 Ω cm at room 

temperature. The thermopower of the samples A, B, and C (Q < 0.54 × 1022 cm−3) was 

positive (150−200 μV K−1) while that of the samples D, E, and F was negative (−10 μV 

K−1), indicating a shape change and EF shift in valence band.7,9  These results clearly 

confirm that an insulator to metal transition occurred, which is further confirmed by the 

temperature dependence of the electrical conductivity (Figure 6-8) and the activation 

energy (Ea) around room temperature. The Ea of the electrical conductivity was ~0.2 eV 

for samples A, B, and C, which is similar to the reported values from SrFeO2.5+x thin 

films.11 The Ea for samples A, B, and C is smaller than the bandgap (~2 eV) of SrFeO2.5+x 

films, indicating that the Fermi energy is located slightly above the valence band 

maximum. The Ea significantly decreased upon further oxidation and approached zero, 

confirming the insulator to metal transition. 

 

6.4 Conclusion 

In summary, the solid-state electrochemical redox control of the optoelectronic properties 
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in SrFeOx was demonstrated using YSZ substrate as the solid electrolyte. With increasing 

the degree of oxidation, the phase gradually transfered from SrFeO2.5 to SrFeO2.5+x, and 

SrFeO3−x. The color of the film changed from yellowish-transparent to dark brown. 

Although as-grown SrFeO2.5 film showed high resistivity (ρ >101 Ω cm), the ρ greatly 

decreased (~10−2 Ω cm) with increasing the applied charge density. Simultaneously, the 

thermopower decreased significantly from ~+200 μV K−1 to ~−10 μV K−1. The optical 

and electrical properties of SrFeOx were modulated successfully by all-solid-state 

electrochemical oxidation reaction. The present results clearly show that SrFeOx has 

potential as the active material of solid-state multifunctional memory devices.  
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Figure 6-1. Electrochemical oxidation of SrFeOx films. (a) SrFeOx film samples oxidized 

by applying varied electron densities. The inset shows the schematic experimental setup 

of the electrochemical oxidation. (b) Bulk density of the SrFeOx films vs. electron density 

(Q). The bulk density gradually increases with Q.  
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Figure 6-2. Crystalline phases of the resultant SrFeOx films. (a) Out-of-plane XRD 

patterns. BM: Brownmillerite, PV: perovskite. With increasing the electron density Q, the 

BM phase changes into the PV phase. (b) Changes in the d-value of 008BM or 002PV as a 

function of Q. 1: SrFeO2.5, 2 and 3: SrFeO2.5+x, and 4: SrFeO3−x. (c) Change in the volume 

ratio of the phases as a function of Q.  

 

  



Chapter 6. Solid-State Electrochemical Redox Control of the  

Optoelectronic Properties for SrFeOx Thin Films 

104 
 

 

 

Figure 6-3. Magnified out-of-plane XRD patterns of the resultant SrFeOx films. The 

diffraction peaks were deconvoluted using Gaussian functions. 1: SrFeO2.5, 2 and 3: 

SrFeO2.5+x, and 4: SrFeO3−x.  
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Figure 6-4. Topographic AFM images of the SrFeOx films.  
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Figure 6-5. Optical transmission spectra of the resultant SrFeOx films on YSZ substrate. 

Transmission spectrum of YSZ substrate is also plotted for comparison.  

 



Chapter 6. Solid-State Electrochemical Redox Control of the  

Optoelectronic Properties for SrFeOx Thin Films 

107 
 

 

Figure 6-6. (a) Change in the optical transmission spectra of the SrFeOx films after the 

oxidation/reduction cyclic treatment. (b) Change in the optical transmission at 550 nm in 

wavelength.  
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Figure 6-7. Electrical properties of the resultant SrFeOx films. (a) Resistivity, (b) 

Thermopower. Although as-grown SrFeO2.5 film showed high resistivity (ρ >101 Ω cm), 

the ρ greatly decreased (~10−2 Ω cm) with increasing the applied charge density. 

Simultaneously, the thermopower decreased significantly from ~+200 μV K−1 to ~−10 

μV K−1.  
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Figure 6-8. (a) Temperature dependence of the electrical conductivity of the SrFeOx films. 

(b) Activation energy of the electrical conductivity of the SrFeOx films around room 

temperature. 
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Chapter 7. Summary and Future Prospects 

 

This given doctoral research investigated the fundamental functional properties of 

SrCoOx and SrFeOx films and examined the feasibility of utilizing them in all-solid-state 

device applications. The electronic structure of the films was electrochemically 

modulated and monitored with X-ray spectroscopy as well as thermopower measurement.  

 

Firstly, in order to study the electronic structure and location of EF of SrCoOx, the 

thermopower method was utilized in Chapter 3. The lattice mismatch and surface 

morphology effects on the EF were reflected by changes in thermopower values. Although 

the differences of the electronic structure and the oxidation states among the samples were 

extremely small, the thermopower significantly changed from +330 μV K−1 to −185 μV 

K−1 with a slight increase of lattice and/or absorbed oxygen in the SrCoO2.5 films, clearly 

demonstrating the effectiveness of thermopower to analyze the electronic structure and 

the oxidation states of TMOs. Chapter 4 addressed the protonation of SrCoO2.5 using 

CAN as the solid electrolyte. With increasing the H+ concentration, the phases were 

modulated form SrCoO2.5 to HSrCoO2.5, H1.5SrCoO2.5, and H2SrCoO2.5. In addition, the 

metal-to-insulator, transparent-to-opaque, and antiferromagnetic-to-ferromagnetic 

transitions also occurred. This approach solves the liquid leakage problem by using ionic 

liquid as the electrolyte. Chapter 5 discusses the electrochemical redox of controlling 

oxygen non-stoichiometry. The topotactic BM → PV phase transition induced by 
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electrochemical redox reaction utilizing YSZ as the solid electrolyte was visualized 

macroscopically using conductive AFM, which helps the comprehension of the oxidation 

direction. Simultaneously, the steep decrease of both resistivity and the absolute 

thermopower value indicated that the columnar oxidation occurred instead of layer-by-

layer oxidation. This electrochemical redox control of phase evolution was extended in 

another type of metal-insulator transition in SrFeOx system. Similar electrochemical 

modulation of oxygen concentration and electrochemically induced phase transition were 

discussed in Chapter 6. The optoelectronic properties of SrFeOx thin films were tuned 

reversibly by the solid-state electrochemical method used to control SrCoOx. Both 

SrCoOx and SrFeOx exhibited the phase transition accompanied by changes in physical 

properties through electrochemical redox using YSZ as the solid electrolyte. 

 

This research utilized the versatility of transition metal oxides in non-volatile memory 

application with an emphasis on achieving reversibility in all-solid-states. The results 

indeed demonstrated successful solid-state modulation of electrical, optical, and magnetic 

properties of SrCoOx/SrFeOx films with the use of CAN/YSZ as the solid electrolyte. 

Based on the results archived in this research, solid electrochemical devices utilizing 

transition metal oxides as an active layer can be implemented in memory applications. 

Electrochemical protonation has been proven to be an effective method for altering the 

physical properties such as electrical, optical, and magnetic properties of TMOs. 

Therefore, combing these physical properties transition would be valuable for advanced 
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application. However, one of the key requirements for practical application is the 

switching speed of electrochemical protonation, and further work needs to be done in this 

respect. Moreover, the tuning of oxygen concentration may vary properties other than the 

electrical, optical, and magnetic properties. Very recently, tunable thermal conductivity 

has been realized by electrochemically inserting H+ and O2− ions into the SrCoO2.5 lattice 

structure. However, the use of ionic liquid and ion gels as the electrolyte faced the leakage 

problem of liquid and poor mechanical stability.1 This research has solved this problem 

using CAN/YSZ as the solid electrolyte, which would be useful for electrochemical 

modulation of thermal conductivity. It provides a possibility to fabricate the thermal 

transistor utilizing transition metal oxides as the active layer.  

 

The contributions from this research push the limitations in current approaches in 

designing TMO memory devices and establish a pioneering footstep towards developing 

advanced memory devices suitable for satisfying the demands for the upcoming era of 

information. 
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