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1. General Introduction 

 

1.1. Background and Introduction of Present study 

 

Recent years have witnessed a growing interest in transition metal oxides (TMOs) as 

an important component for the development of innovative devices due to their versatile 

physical properties such as electrical conductivity, optical, and magnetic properties1-4. 

The variation of the intriguing functional properties in TMOs originates from the 

flexibility of multi-valence states in the transition-metal (TM) cations, which depend on 

the stoichiometry and their nearest neighboring ions. For this reason, TM ions often forms 

various phases with drastic differences in the electronic structure, and such behavior 

makes them attractive as the ideal platform for the development of advanced electronic 

devices. One of the effective methods for modulating their property is the use of redox 

reaction of TMOs since the valence states of TM ions can be controlled with the oxygen-

anion ratio, hydrogen impurities, and their coordination numbers 5, 6. Thus, the control of 

oxygen proficiency/deficiency and protonation of TMOs are the most promising way for 

demonstrating devices with multifunctional switching abilities. 

Conventional method for triggering the redox reaction has been the use of electrolysis 

with liquid electrolyte, which can induce oxidation, oxygen-vacancy formation, and 

protonation of TMOs by applying an electric field at room temperature (RT). In this 

method, the ionic dopants can penetrate into the bulk region of TMOs and can change 

their properties. In addition, after the removal of an applied electric field, the ionic 

dopants remain in the TMOs, and the application of a reverse electric field can remove 
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them. Therefore, electrochemical modification can be utilized for switching TMO-based 

devices in a non-volatile way. This method has the advantage of being a room temperature 

operation since the conventional approach for controlling the amount of oxygen ions 

/proton in TMOs is heating under an oxidative/reductive atmosphere7-10. However, the 

electrochemical approach has not been applied to practical devices because it can suffer 

from the risk of liquid-leakage. 

Water-infiltrated nanoporous glass is a good candidate for liquid-leakage-free 

electrolyte, where the liquid water is confined in the nanopores in glass, and no leakage 

of the liquid water can occur because of the large surface tension between the water and 

glass. Furthermore, water contains hydroxide (OH-) and hydrogen (H+), which are strong 

oxidizing agent (OH-) and reducing agent (H+) for TMOs, and their electro-optical and 

electromagnetic properties can be reversibly controlled by applying a positive/negative 

electric field 11-14. 

This dissertation focuses on metal oxides because transition metal oxides (TMOs) 

change their optical property or magnetic property together with the electrical property in 

a redox reaction using water (Figure 1) 15-17. Tungsten trioxide (WO3) was chosen as the 

active TMO 18, 19 since WO3 shows an electrochromic phenomenon in which optical and 

electrical properties simultaneously change by a redox reaction. Therefore, it can be used 

in electrochromic transistors (ECTs), which have attracted increasing attention as 

advanced multifunctional devices utilizing electrochromism and switching of electron 

transport in a nonvolatile manner. For example, a dual way of storing/reading of 

information becomes possible with optical and electrical signals if they are combined 
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with display technology. Thus, ECTs are appropriate for advanced multifunctional 

switching devices. 

 

1.2. Electrochromic devices 

 

The electrochromism is defined as a phenomenon in which a material undergoes a 

reversible optical color change when an electrical current is applied to it. During the 

electrochromic phenomenon, the external stimulus is an electrical. Similarly, 

thermochromism reversibly changes the optical properties due to thermal stimulus, and 

the external stimulus of photochromism is light. Electrochromism has been known for a 

long time 20. In 1704, Diesbach et al. discovered hexacyan-iron, which changes from 

transparent to blue. Tungsten trioxide (WO3) 
18, 21, 22 is the most famous electrochromic 

material among commonly used electrochromic materials 23-33. Electrochromism in bulk 

WO3 was reported in the 1930s by Kobosew and Nekrassow. In 1969, S.K. Deb et al 

demonstrated the electrochromism in the WO3 thin film 21, 34, but the mechanism of its 

operation was clarified later in 1975 by B.W. Faughnan et al. It was reported that 

electrochromism in WO3 occurs by ionic-reaction 35. 

The structure of a typical electrochromic device shown in Figure 2, which consists 

of the following parts: 

(1) Transparent electrode to assist electron transfer. 

(2) An electrochromic active layer made of an electrochromic material that causes optical 

changes. 
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(3) Electrolyte layer that supplies ions that contribute to the electrochemical reaction. 

(4) Counter electrode layer that performs a redox reaction opposite to that of the 

electrochromic active layer. 

 

1.2.1. Tungsten trioxide (WO3) as an active material 

WO3 is a colorless transparent insulator with a bandgap of 2.6-3.0 eV 36. When 

Alkali-ion or proton is electrochemically inserted to WO3, it changes to a blue metal 

AxWO3 called Tungsten bronze 37. 

WO3 + xA+ + xe− ⇔ AxWO3 

Initially, the valence state of tungsten in tungsten trioxide (WO3) is a stable W6+. When a 

proton (H+) is inserted, to maintain the charge balance, hexavalent tungsten becomes W5+. 

Thus, this process is a carrier-doping, and AxWO3 becomes metalized. When a mixed-

valence state of W5+ and W6+ is created, localized electrons in W5+ can absorb light and 

transfer to the W6+ site, which changes the color 35, 38. The electron in the 5d orbital of W 

can also go through a d-d transition in the d orbital, which can also absorb light 39. The 

carrier doping also enables plasma absorption. 

 

 

1.2.2. Solid electrolyte 

An electrolyte is required to supply protons to the active WO3 layer. Although many 

organic and inorganic electrolytes have been reported 40-52, the conventional EC device 

usually has a risk of liquid leakage because it uses liquid electrolyte. Therefore, solid 
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electrolyte was implemented in this research, and C12A7 with nanopores or TaOx was 

selected as the solid electrolyte. 

 

Water-infiltrated nanoporous 12CaO·7Al2O3 glass (calcium aluminate with 

nanopores, CAN) 

One of the two solid electrolytes used in this research is a porous thin film made of 

12CaO·7Al2O3 (C12A7), an alumina cement material, fabricated at room temperature 

under high oxygen pressure. Inside the thin film, nanopores with a diameter of ~10 nm 

are present at high density. In 2009, Prof. Hiromichi Ohta (currently Professor of 

Research Institute for Electronic Science, Hokkaido University) developed a method to 

easily produce porous membranes, which was named “Calcium Aluminate with Nanopore” 

(CAN) 53, 54. Due to the capillary action, all nanopores inside the CAN thin film exhibit 

moisture from the atmosphere. This CAN thin film can be used as a solid electrolyte 

without leakage like a wet sponge. Furthermore, by applying a voltage in a CAN film 

sandwiched between two electrodes, H+ and OH- present in the nanopore can be used as 

a strong reducing/oxidizing agent or strong dielectric 15, 54, 55. 

There are two ways of using CAN thin films for the modulation of electrochromic 

devices. As described above, by applying a voltage to the CAN thin film, it is possible to 

move protons H+ and hydroxide ions OH- in the film to the both ends of the CAN thin 

film. The reaction depends on the bandgap of the active layer material, as shown in Figure 

3. When the conduction band minimum (CBM) of the active layer material in contact 

with the CAN is higher than the hydrogen level (eg SrTiO3, KTaO3), H
+ attracted to the 
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active layer does not react with the active layer and forms a double-layered electric 

capacitor, which can accumulate high-density charge carriers on the active layer electrode 

surface 55. On the other hand, when the CBM of the active layer material is lower than 

the hydrogen level, proton H+ enters the active layer and causes an electrochemical 

reaction 15, 56. In this study, CBM of active WO3 is lower than the hydrogen level, and an 

electrochemical reaction can be expected when proton H+ entered the active layer. 

 

Tantalum oxide (TaOx) 

To enhance the device performance, an excellent ionic conductor is required as the 

electrolyte layer (gate insulator) 57-59. Therefore, Tantalum oxide (TaOx) film was 

implemented as the solid electrolyte due to its high ionic conductivity. Figure 4 shows a 

Cole-Cole plot of the TaOx and CAN film measured at RT in air. In both TaOx and CAN, 

a semicircle was observed on the high-frequency side. The semicircle of TaOx ends 

around 1 kHz. This relationship is similar to that of CAN, which indicates that water 

molecules are present in the TaOx film. However, the ionic conductivity of TaOx (125 nS 

cm-1) is 5 times higher than that of CAN (24 nS cm-1). The difference in the ionic 

conductivity is not surprising since the CAN film has a nano-porous structure while TaOx 

film has a nano-pillar array structure. Furthermore, it is likely that the water contained in 

TaOx film is not perfectly pure and slightly acidic due to the dissolution of organic 

compounds like carbon dioxide. 
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1.2.3. NiO thin film as the counter Layer 

A typical electrochromic device requires a counter electrode layer that performs a 

redox reaction opposite to that in the electrochromic active layer. In this study, proton H+ 

in the solid electrolyte layer thin film is injected into the electrochromic active amorphous 

WO3 (a-WO3) layer and reacts (WO3 + H+ + xe− ⇔ HxWO3). In addition to protons, the 

electrolysis of water produces OH− ions as well, so a counter layer that absorbs OH− is 

necessary. In this study, NiO was used as the counter layer (OH− ion absorber). NiO is 

known as an oxidative electrochromic material that reacts with OH− ions to become 

NiOOH, and the color changes from colorless to brown. The reaction mechanism from 

colorless and transparent NiO to brown NiOOH occurs as follows 60, 61: 

 

NiO + OH− ⇔ NiOOH + e- 

 

It is an oxidative coloring reaction in which divalent Ni2+ forms the decolored state and 

trivalent Ni3+ forms the colored state. The counter layer NiO also serves as a buffer 

material for the solid-electrolyte and the top gate electrode. For example, when ITO 

electrode was deposited on the solid-electrolyte layer directly, the resistance of ITO 

increased rapidly with time and lost its role as an electrode. The phenomenon is related 

to the fact that ITO does not have a sufficient reaction mechanism with the OH− ion from 

the electrolyte. In other words, since NiO can act as a counter electrode as well as a buffer 

layer between the electrode and the solid electrolyte layer CAN thin film, the NiO layer 

was expected to enable reversable electrochemical reactions in the device. 
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1.3. Recent practical electrochromic device 

 

There are various types of electrochromic devices, which are categorized in Figure 

5. The electrochromic material can be classified as liquid or a solid type. When the 

electrochromic material is liquid type, the electrolyte material and the counter material 

should be in a liquid state. If the electrochromic material is solid type, there are three 

types of electrolyte layers: solid, gel, and liquid type. In case of liquid type, there are two 

types of counter layer, a liquid type, and a solid type. On the other hand, for solid type 

electrolyte layer, the counter layer is also solid type. Examples of solid-type counter 

layers include thin-film types fabricated by the vacuum process and thick-film (bulk) 

types formed by conventional coating methods. The most famous electrochromic window 

is used in the Boeing 787 aircraft (Figure 6), which has a gel-electrolyte type 

electrochromic device. However, when the electrolyte layer is liquid or gel type, there is 

a risk of electrolyte leakage. In fact, in an electrochromic antiglare mirror, an accident of 

electrolyte leakage has been reported when the mirror broke. To completely prevent 

leakage, sealing of the electrolyte is necessary, which is not economically viable. This 

issue can potentially be resolved by utilizing solid electrolyte since it removes the source 

of leakage. 

In addition, although WO3 is used as an active material for many electrochromic 

devices, they cannot make full use of the electrical characteristics of WO3. As described 

above, WO3 has a colorless and transparent insulator but become a blue metal if Alkali 

ion or Proton is introduced. 
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WO3 (insulator) + H+ + xe− ⇔ HxWO3 (metal) 

 

However, conventional electrochromic devices have a parallel plate structure 

(electrochromic display), and the insulator to a metal transition cannot be used. This 

limitation was overcome with a new electrochromic device using a three-terminal 

transistor structure 15, 56, but practical usages are difficult because liquid-electrolytic was 

implemented. 

 

 

1.4. Previous Study 

 

Recently, many researchers reported a thin film transistor (TFT)-type electrochromic 

(EC) device using WO3 as the active material 62-68. P. Barquinha et al. and X. Meng et al. 

reported a TFT-type EC device with WO3 thin film deposited at low temperature as the 

active layer 62, 67. Although they succeeded in utilizing the change in channel conductivity 

in addition to the color change, they used a liquid-electrolyte or ionic liquid as a 

electrolyte layer (gate insulator). To avoid potential leakage, Prof. Hiromichi Ohta’s 

research group used CAN thin film (Calcium Aluminate with Nanopore) as a gate 

insulator on WO3 thin film heteroepitaxial grown on sapphire substrate and fabricated an 

all-solid-state TFT structure. The simultaneous modulation of the color tone and 

conductivity was successful, but the use of single-crystal sapphire substrate (~ 4000 JPY) 

and the high temperature growth of epitaxial WO3 greatly increase the cost. To make the 
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device economically viable, this research focused on developing amorphous WO3 

electrochromic transistor on glass substrate instead of an expensive single crystal 

substrate using a room temperature process.  

 

 

1.5. Research strategy and Outline of thesis 

 

Utilizing the changes in both the optical and electrical properties of WO3 enables 

multifunctional electronic devices such as information display/storage device having a 

memory function. However, past researches on electrochromic devices mostly focused 

on electrochromic display configuration (parallel plate), which does not make use of the 

change in the electrical conductivity of the active layer. To fully utilize the functional 

properties of WO3, it is necessary to use a three-terminal structure such as a TFT, and 

solid electrolyte is preferred for preventing the leakage of liquid electrolyte. Figure 7 

shows the concept image of an all-solid electrochromic transistor, which is based on the 

protonation/deprotonation of WO3. This approach is promising for the realization of 

simultaneous electrical switching between colorless/colored and insulating/conducting 

states 17. However, practical aspects like performance enhancements and cost reduction 

have not been addressed. 

The aim of this research is developing high-performance all-solid-state three terminal 

electrochromic WO3 transistor at a commercially viable cost. To ease the device 

fabrication, a room temperature process was investigated, and a TFT-type device was 

prepared on glass substrates to reduce the raw materials cost. Amorphous WO3 film was 
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used as an active layer, and a solid electrolyte was formed on the thin film as a gate 

insulator. ITO thin film was used as a source-drain electrode for transparency, and a NiO 

/ ITO bilayer film was used as a gate electrode to enable reversibility. Lastly, to meet the 

high demand for mechanical flexibility in electronic devices, the development of flexible 

high-speed electrochromic transistors was also attempted. 

. 

This dissertation is mainly composed of three sections. 

 

1. A transparent electrochromic transistor with three-terminal geometry 17 

Proton and hydroxide play an essential role for tuning the functionality of oxides due 

to their ability to control the oxygen stoichiometry and electronic state. Tungsten trioxide 

(WO3), a well-known electrochromic (EC) material, was chosen as the active layer. To 

utilize both the electrochromism and metal-insulator (MI) transition, conventional 

parallel-plate configuration was changed to three-terminal transistor configuration. This 

section demonstrates the fabrication and operation of a transparent switchable EC-MI 

device with three-terminal TFT-type structure using amorphous a-WO3 channel layer, 

which was fabricated on glass substrate at room temperature. Water-infiltrated nano-

porous glass, CAN (calcium aluminate with nano-pores), was used as a liquid-leakage-

free solid gate insulator. Initially, the as-prepared device was fully transparent in the 

visible region. Upon the application of positive gate voltage, the active channel became 

dark blue, and electrical resistivity of the a-WO3 layer drastically decreased due to 

protonation. Upon the application of negative gate voltage, the active channel 
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deprotonated and returned to a transparent insulator. Excellent cyclability was observed, 

and the transparent EC-MI switching device demonstrated in this section provides a 

pioneering route for the development of advanced smart windows. 

 

2. Fast operation of a WO3-based solid-state electrochromic transistor 69 

The abovementioned electrochromic transistors (ECTs) attract attention as advanced 

memory technology because one can use both electrochromism and switching of 

electrical conductivity in a nonvolatile manner. However, the operating speed is slow 

(operating time >1 min) compared to liquid-based ECTs (~20 s) due to their asymmetric 

gate-source electrode configuration. In this section, a fast operation of a solid-state ECT 

with three terminal gate-source-drain electrodes was demonstrated using an amorphous 

WO3 film as the electrochromic material and amorphous TaOx as the solid electrolyte. By 

the insertion of a thin ZnO layer between the source and drain electrodes to achieve 

pseudo symmetric gate-source electrode configuration, the operation time was greatly 

reduced to less than 1 s at ±3 V application while keeping the on-to-off ratio of ~30. The 

present approach is effective to improve the operating speed of ECTs and may be 

practically used in advanced memory technologies. 

 

3. An oxide-based flexible electrochromic transistor under mechanical stress70 

Today mechanical flexibility has become an important feature for electronic devices, 

especially in flat display panels. Here, the device operation of a tungsten oxide based 

flexible electrochromic transistor (ECT) was demonstrated. The device was fabricated on 
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0.1-mm-thick polyethylene terephthalate film and can be operated by applying voltage of 

±3 V for 1 s when the radius of curvature was larger than 16 mm, indicating that the 

flexible ECT exhibited a strong resistance to static strains. However, the resistance of the 

channel increased by fatigues from applying cyclic flexural strains. Present flexible ECT 

would highly be useful for the economically viable curved display panels. However, its 

vulnerability to fatigue needs improvements for other applications. 
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Figure 1. Research concept of functional oxide devices. Water contains oxygen (OH–) 

and hydrogen (H+). OH- is a strong oxidizing agent and H+ is a strong reducing agent for 

TMOs. The electro-optical and electromagnetic properties of TMOs can be controlled by 

using water. Such a combination of electrochemistry and oxide electronics will lead to 

advanced multifunctional devices, such as electrochromic and spintronic devices based 

on TMOs. 
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Figure 2. Basic structure of electrochromic device (electrochromic display type). The 

electrochromic devices are composed of electrochromic active layer, electrolyte layer, 

and counter layer, which are sandwiched by two transparent electrodes (usually ITO).  
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Figure 3.  Reactions in the active layer in contact with the thin CAN film. When the 

conduction band minimum (CBM) of the active layer material located in contact with the 

CAN is higher than the hydrogen generation level (eg SrTiO3, KTaO3) H
+ attracted to the 

active layer surface does not react with the active layer, forms an electric double-layer 

capacitor, and accumulates high-density carriers on the active layer electrode surface10. 

On the other hand, when the CBM of the active layer material is lower than the hydrogen 

generation level, proton H+ enters the active layer material and causes an electrochemical 

reaction. 
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Figure 4. Cole-Cole plot of the TaOx and CAN film measured at RT. The calculated 

conductivity of TaOx and CAN was 125 nS cm-1 and 24 nS cm-1, respectively. Ionic-

conductivity of TaOx film was 5 times higher than CAN film. Since the CAN film has a 

nano-porous structure, but tantalum oxide film has a nano-pillar array structure, it is easy 

to imagine that the nanopillar array structure has higher ionic-conductivity than the nano-

porous structure. 
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Figure 5. Classification of electrochromic devices. The electrochromic material can be 

classified liquid or a solid type. When the electrochromic material is liquid type, the 

electrolyte material, and the counter material should be a liquid state. When the 

electrochromic material is solid type, there are three types of electrolyte layers: solid, gel 

and liquid type. When the electrolyte layer is a liquid type, there are two types of a counter 

layer, a liquid type, and a solid type. When the electrolyte layer is a solid type, the counter 

layer is a solid type. Solid-type counter layers include thin-film types fabricated by 

vacuum processes, and thick-film (bulk) types formed by coating methods. 
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Figure 6. Electrochromic windows used on Boeing 787 aircraft.  
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Figure 7. Concept of an electrochromic metal-insulator switching device (ECT: 

Electrochromic transistor). The device can be switched from a colorless transparent / 

insulator state (left panel) to a dark blue / metallic state (right panel) simultaneously by 

electrochemical protonation / deprotonation at RT in air.  
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2. Experimental Method 

 

2.1. Pulsed Laser Deposition (PLD) method 

 

The electrochromic transistors were fabricated using pulse laser deposition method 

(PLD) technique, which is one of the physical vapor deposition methods for thin-film 

deposition. The pulsed laser deposition (PLD) method irradiates a target material placed 

in a vacuum with focused laser light (pulse laser), and excited species (ion, neutrality) are 

generated with photochemical reaction, which is accompanied by explosive vaporization 

since the energy of the laser is very large. The vaporized atoms/molecules are sprayed on 

the substrate above and deposited as a thin film. Figure 1 shows the apparatus for PLD, 

whereas Figure 2 shows the ablation in the deposition chamber. The excited chemical 

species generated in this way are called plume, which can collide with the gas in the 

chamber. Therefore, in the PLD method, the laser settings (power, optical path etc.) as 

well as the vacuum conditions can affect the deposition process. The laser irradiates the 

material that forms the thin film called the target.  

Detailed reaction kinetics of PLD method involves a high-intensity light-matter 

interaction. At first, the laser beam with a pulse width of about 10 ns is focused and 

irradiated on the target surface, and a very high power density (laser fluence) can be 

obtained at the peak of one pulse. Therefore, thin films can be formed relatively easily 

even with a target material having a high melting point as long as the material absorbs 

laser light. Since the high degree of vacuum required by other PVD methods is not 

required, the oxygen partial pressure in the reaction system can be high, and the oxygen 
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content in the thin film can easily be adjusted with the partial pressure of oxygen. In 

addition, film growth can be controlled with the number of pulses 1, 2. As only the 

outermost surface of the target can be instantaneously ablated with the pulse laser, solid 

state diffusion in the target is negligible, and the composition of the target is uniformly 

transferred to the film. In-situ observation is also possible using RHEED (reflection high-

energy electron diffraction). Unlike molecular beam epitaxy (MBE) and sputtering, which 

continuously deposit films, the PLD method can independently control nucleation and 

surface migration. These features of PLD are suitable for the growth of thin films of multi-

component complex oxides or metal oxides having a high melting point. 

Thin film growth with the PLD method is performed through three main processes. 

The first step is the ablation of the target by the laser light, which chemically excites the 

species in the target. The ablated target forms vapor, reaches the substrate, and finally 

forms the film. During the ablation process, the interaction between the laser beam and 

the solid surface varies greatly depending on the laser intensity, pulse width, wavelength, 

and solid absorption coefficient. For example, when a short-wavelength laser source is 

used, since the absorption coefficient of solid is usually large, most of the light is absorbed 

in the vicinity of the target surface, and the temperature near the target surface rises 

sharply. Within a few nanoseconds, the target surface exceeds the melting point, causing 

a rapid expansion, and atoms/molecules are ejected out of the target surface. These 

atoms/molecules also to absorb laser light and are re-excited to become thermal plasma 

as the temperature rises again. The high-energy plasma instantaneously expands in the 

vacuum and leaves the surface.  
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In gas phase processes, the behavior of atoms ejected from the target surface is 

determined by the laser energy and the chamber atmosphere. In oxygen atmospheres, 

shock waves are generated from the target surface during the ablation. As the atmospheric 

gas pressure increases, a stronger shock wave is generated, and the atoms are compressed. 

A hot, compressed oxygen gas layer is formed at the front of the shock wave, and a 

formation of monoxide is promoted in that layer by the collision between the plume and 

the oxygen gas. Since the mean free path of atoms decreases as the oxygen pressure 

increases, the distance between the target and the substrate also plays a major role in the 

film formation. 

In order to produce a high-quality thin film, it is important to control the crystal 

growth process on the substrate. Thin film crystal orientation can be controlled by 

controlling thermodynamics (thin film growth temperature) and kinetics (flux of atoms). 

Using RHEED during the film growth, the growth temperature and kinetics can 

systematically be controlled, and in situ observation of crystal growth modes (three-

dimensional growth, layer-by-layer growth, step-flow growth) is possible. 
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2.2. Structural characterization 

 

2.2.1. XRD measurement 

X-ray diffraction (XRD), which is one of the most essential characterization tools in 

the research field, enables detailed structural characterizations of the material according 

to Bragg's law: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 

Where d is the lattice distance, θ is the Bragg angle, 2θ is the diffraction angle, and 

n is an integer. The path difference between the X-rays scattered on two adjacent atomic 

planes is expressed by 2dsinθ. When this path difference is an integral multiple of the 

incident X-ray wavelength λ (the X-ray wavelength used in this study is the CuKα1 line λ 

≈ 1.54 Å), constructive interference occurs between the scattered waves. In other words, 

a strong diffraction peak can be obtained when the Bragg condition is satisfied. Essential 

crystallographic information on the order of nanometer can be obtained as wavelengths 

on the order of sub-Å to Å can be used. In this study, high resolution X-ray diffractometer 

ATX-G of Rigaku Co., Ltd was used to characterize the films. This X-ray diffractometer 

has five measurement axes and can perform in diffraction scans in three dimensions. For 

example, out-of-plane measurement is performed for the out-of-plane orientation of the 

thin film, and in-plane measurement is performed when information within the thin film 

is needed. In addition, if the films are thin and has a flat surface smooth, the X-ray 

penetrates into the sample surface at a shallow angle with an out-of-plane 2θ/ω 

arrangement. From the interference fringes measured between 0° and 10°, the density, 
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thickness, and surface roughness of the thin film can be obtained. This is called the X-ray 

reflectivity measurement (XRR measurement). 

 

2.2.2. Scanning transmission electron microscopy (STEM) 

In this study, scanning transmission electron microscopy (STEM) was used to 

observe the structure of the fabricated device. STEM is a technique that can obtain 

structural information from a thin specimen by irradiating an electron beam and analyzing 

the transmitted electrons. Inelastically and elastically scattered electrons are also 

collected by the objective lens, and electron diffraction (ED) micrographs are formed, 

which give information on crystallography, orientation, and lattice defects etc. In the 

bright field (BF) mode, an objective aperture is inserted in the back focal plane of the 

objective lens (the surface from which the electron diffraction pattern appears), and only 

the central transmitted wave is passed through the aperture to form an image. Diffraction 

does not occur in this mode, so the contrast of the image is the brightest. Conversely, a 

region that satisfies the Bragg condition is imaged with a dark contrast. This observation 

mode is suitable for comprehensive structural characterization of the entire specimen. In 

this study, amorphous material was used, and the crystal structure was observed from the 

electron diffraction microscopy 3-5. 

Figure 3 shows electron diffraction images of single crystal, polycrystal, and 

amorphous Si. In the case of single crystal, a diffraction pattern according to the 

symmetry of the crystal is observed. In the case of polycrystals, concentric patterns 

(Debye rings) are formed instead of spots due to the random crystal orientations. In case 
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of amorphous Si, since there is no crystal structure, a clear diffraction spot cannot be 

observed, and a concentric halo pattern is formed, which is blurred. 

 

2.2.3. Optical property measurement 

In this study, light transmittance was used to measure the changes in the optical 

properties during the operation of the fabricated electrochromic device. For a certain 

wavelength, the following expression holds among the absorptance Aλ, the reflectance Rλ, 

and the transmittance Tλ of the material. 

𝐴𝜆 + 𝑅𝜆 + 𝑇𝜆 = 1 

Since the electrochromic device fabricated in this study has an element size on the order 

of μm, the light transmittance was measured with MSV-5200 JASCO with an irradiation 

light size of 100 μm, manufactured by JASCO Corporation.  

 

2.3. Operating mechanism 

In this section, the operating mechanism of this electrochromic transistors is 

described. Figure 4 shows the operating mechanism of electrochromic transistor. Above 

all, this device is a current-driven type electrochemical device, not conventional field-

effect transistor. Firstly, when a positive voltage is applied to the top gate electrode, the 

water-infiltrated nanoporous thin film (solid-electrolyte) acts as a dielectric, and the a- 

WO3 and NiO thin film surfaces are slightly metalized due to electrostatic effects and 

then form an electric double-layer capacitor. Consequently, proton H+ and hydroxide ion 

OH− inside the solid-electrolyte thin film are attracted to the a-WO3 and NiO thin film 
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surfaces, respectively. Protonation (WO3 + xH+ + xe− ⇔ HxWO3) 6 and hydroxylation 

(NiO + OH− ⇔ NiOOH + e−) 7, 8 make the a-WO3 thin film metalized and colored. 

Conversely, when a negative voltage is applied, the a-WO3 thin film becomes an insulator 

and decolorized by deprotonation as the hydroxide ions and hydrogen ions move back to 

the nanoporous film. 
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Figure 1. Overview of PLD system 

 

 

 

 

 

 

 

 

 

 

Figure 2. Film deposition with PLD equipment 
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Figure 3. Electron diffraction (ED) pattern images of single crystal Si (left panel), 

polycrystalline Si (center panel), and amorphous Si (right panel). The single crystal, 

polycrystalline, and amorphous structures show a discrete spot, ring, and halo patterns, 

respectively.  
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Figure 4. Schematic image of Electrochromic transistor operating mechanism.  
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3. A transparent electrochromic metal-insulator switching device with 

three-terminal transistor geometry 

 

3.1. Introduction 

 

A transparent electrochromic metal-insulator (EC-MI) switching device that can be 

electrically switched from a colorless transparent insulator to a colored metallic conductor 

would be ideal for future energy-saving technologies, such as advanced smart-windows. 

In the OFF state, such transparent EC-MI switching device fully transmits visible light, 

whereas it does not transmit light in the ON state. Furthermore, the device is switched 

from insulator to conductor at the same time, which can function as an ON/OFF power 

switch for other electronic devices.  

Among many potential electrochromic materials, tungsten trioxide (WO3) 1 shows 

the greatest suitability for the EC-MI switching devices. Stoichiometric WO3 is a 

transparent insulator with a bandgap (Eg) of 2.6–3.0 eV 2  and has a defect perovskite-

type structure with space group P21/n, in which A-sites in the ABO3 lattices are vacant 3 . 

If the vacant A-sites become occupied by protons (H+), i.e. the formation of tungsten 

bronze, it becomes an electrical conductor and opaque to visible light following the 

valence-state change of W ion from W6+ to W5+ 4. Thus, the protonation/deprotonation of 

WO3 is promising method for the realization of simultaneous electrical switching between 

colorless/colored and insulating/conducting states, as shown in Figure 1. 

Various types of WO3-based EC devices have been actively developed for 

applications in energy-saving smart windows 5, 6; however, their MI switching behavior 
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has not been utilized with EC switching simultaneously because of their two-terminal 

structure, which involves a parallel-plate electrode configuration. Electrostatic charge 

modulation using three-terminal thin-film transistors (TFTs) 7, 8 on a WO3 thin film could 

be used to realize simultaneous EC-MI switching; however, it remains difficult to fully 

switch their coloring state because of limitations associated with the carrier-doping range 

and modifiable thickness 9. Several researchers have developed liquid-electrolyte gated 

transistors 10, 11 and successfully demonstrated EC-MI switching of WO3. However, 

because these devices require liquid electrolytes, they are less practical for application, 

which depends on effective sealing. 

In this chapter, a liquid-leakage-free transparent EC-MI switching device is 

demonstrated. Figure 2a. schematically illustrates the device structure, which has a 

typical three-terminal TFT-type structure composed of an active channel, a gate insulator, 

and source-drain-gate electrodes. An amorphous a-WO3 thin film was used as the active 

channel layer because EC switching of a-WO3 film prepared on glass substrate at room 

temperature (RT) has been previously reported 12. The gate insulator consists of an a-

12CaO·7Al2O3 (a-C12A7) thin film with nanoporous structure (calcium aluminate with 

nanopore, CAN) 13, 14. It should be noted that the film porocity of CAN film can be 

controlled by oxygen pressure (PO2) during thin-film deposition at RT (porous structure 

can be observed at PO2 > 1 Pa), and the nanopores with average diameters of 10−20 nm 

connect with each other when the pore fraction reaches ~30%, leading to the percolation 

conduction of water in the CAN film. Since C12A7 is a hydroscopic material, water vapor 

in air is automatically absorbed into the CAN film, like a solid sponge, via the capillary 
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action in the interconnected nanopores. Therefore, water electrolysis can be used in the 

solid gate insulator. A NiO/ITO (indium tin oxide) bilayer film was used as the transparent 

gate electrode, and ITO thin films were used as the transparent source and drain electrodes.  

The device with leakage-free water can be considered as the nanosized 

electrochemical cell with a nanogap parallel plate structure, which enables the high 

electric-field application for ion migration and effective protonation/deprotonation of the 

a-WO3 layer (Fig. 2b). Thus, a gate voltage (Vg) application induces water electrolysis in 

the CAN film and produces H+ and OH− ions move for protonating the a-WO3 layer (WO3 

+ xH+ + xe– → HxWO3)
 15 and hydroxylating the NiO layer (NiO + OH– → NiOOH + 

e–), 16 respectively. The NiO counter layer is expected to work as the OH– absorber, which 

maintains a better electrochemical balance and should improve the reversibility as well 

as the reproducibility of device operation. Alternative positive and negative Vg 

applications induce the reversible protonation/deprotonation of a-WO3 layer, switching it 

from a transparent insulator to a dark blue conductor. The present EC-MI switching 

device with the two combined functions of color changing as a display and electrical 

switching as a transistor in one device can be reversibly operated at RT without sealing; 

thus, it may be suitable for a wide-range application in future energy-saving technologies, 

such as advanced smart-windows. 
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3.2. Experimental 

 

Device fabrication  

The present liquid-leakage-free transparent EC-MI switching device (active channel 

area: 400 μm in width and 800 μm in length) was fabricated on an alkaline-free glass 

substrate (Corning® EAGLE XG®, substrate size: 10  10  0.7 mm) by pulsed laser 

deposition (PLD) using stencil masks. All thin-film fabrications were conducted at room 

temperature (RT), where a KrF excimer laser (wavelength of 248 nm, repetition rate of 

10 Hz) was used to ablate ceramic target disks. Firstly, 20-nm-thick metallic ITO films 

(resistivity, ρ = 1.0 mΩ cm at RT) were deposited at O2 pressure (PO2) of 4 Pa as the 

transparent source and drain electrodes. Then, a-WO3 channel layer was deposited under 

PO2 of 7 Pa, where the deposition rate of a-WO3 film was 6 nm min−1. 300-nm-thick CAN 

gate insulator was deposited under PO2 of 5 Pa to make CAN film with nanoporous 

structure 13, 14. NiO (20 nm) / ITO (20 nm) bilayer film was deposited as the transparent 

gate electrode on the CAN film surface, where the nanopores in the CAN film is small 

enough to prevent the NiO/ITO film penetrate into the CAN film and reach the a-WO3 

layer during the deposition. The density of a-WO3 film was 5.96 g cm–3, evaluated by 

grazing incidence X-ray reflectivity, which corresponds to 82% of ideal density of a WO3 

crystal (7.29 g cm–3) 17. The AC conductivity of the CAN film was 3.7 × 10−8 S cm−1 at 

RT, slightly less than the 5.6 × 10−8 S cm−1 of ultrapure water 18. 
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Structural characterization  

Crystallinity of the fabricated thin films were investigated with grazing incidence X-

ray diffraction analyses (Cu Kα1, ATX-G, Rigaku Co.), which revealed that all oxide 

layers were amorphous expect for the polycrystalline NiO film. Cross-sectional thin-film 

samples for TEM observations were prepared by focused-ion-beam (FIB) micro-

sampling technique, in which the multilayer structure region of the TFTs was cut and 

thinned by FIB (FB-2000A, HITACHI) to obtain samples for the cross-sectional 

observation. The cross-sectional microstructure and electron diffraction pattern of the a-

WO3 devices were examined by high-resolution TEM and STEM (JEM-ARM200F, 200 

kV, JEOL Ltd.). 

 

Electrical and optical property measurents 

Gate current (Ig) was measured between the gate and source electrodes during the Vg 

application using a source measurement unit (Keithley 2450). Since electrochemical 

reaction during the device operation was non-volatile, the electrical and optical properties 

were measured after turning the Vg off. Rs were measured by the d.c. four-point probe 

method (van der Pauw configuration). For the retention time dependence of Ig and Rs 

(Figs. 5a and 5b), Ig was measured at 1 s intervals while Rs was measured at intervals of 

20 s at +3 V, 10 s at +5 V, 5 s at +10 V, 5 s at –3 V, 2 s at –5 V, and 1 s at –10 V, respectively. 

Thermopower (S) was measured by creating a temperature difference (ΔT) of ~4 K in the 

film using two Peltier devices, where the temperatures of both sides of a-WO3 channel 

layer were monitored by two thermocouples. The thermo-electromotive force (ΔV) and 
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ΔT were simultaneously measured, and the S-values were obtained from the linear slope 

of the ΔV–ΔT plots. Optical transmission spectra were measured by UV-Vis/NIR 

microscope with the light irradiation area of 100 μm in diameter (MSV-5200, JASCO). 

The relative humidity value during the device performance test was ~30 % at 25 ○C. Since 

the present device exhibits electrochemically reversable operation, the water in CAN gate 

insulator is not be lost during the device operation, and the degradation of CAN due to 

gas penetration is prevented. However, it is likely that the humidity in air slightly affect 

the device operation, but it is beyond the scope of this dissertation and should be tested 

in future. 

 

3.3. Result 

 

Figure 2c shows a bright-field scanning transmission electron micrograph (BF-

STEM, heavy atoms appear dark) of the cross-section of the resultant device, which 

reveals the multi-layer structure of ITO (20 nm)/NiO (20 nm)/CAN (300 nm)/a-WO3 (80 

nm) on the glass substrate. Several bright spots with diameters of 10−20 nm are clearly 

seen in the CAN film, indicating the presence of high-density nanopores in the CAN film. 

Figure 2d shows the selected-area electron diffraction patterns of the NiO/ITO gate 

electrode layer (top) and the a-WO3 channel layer (bottom). A broad halo was observed 

for the a-WO3 film, confirming the amorphous structure. Meanwhile, a ring diffraction 

pattern was seen for NiO/ITO film, originating from polycrystalline nature of NiO film, 
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which was also confirmed by the grazing incidence X-ray diffraction measurements of 

each thin film. 

 

Metal-insulator switching  

The MI switching of the device was investigated by measuring the sheet resistance 

(Rs) and thermopower (S) at RT after applying Vg for a given amount of time. Figure 3a 

plots Rs as a function of applied ±Vg at RT. Firstly, a positive Vg up to +10 V was applied 

to protonate the a-WO3 channel (left panel, application time of 20 s each), and then 

negative Vg up to –10 V was applied to deprotonate the a-HxWO3 channel (right panel, 

application time of 10 s each). The initial a-WO3 channel was insulating, but the reduction 

in Rs of more than six orders of magnitude was observed upon the application of positive 

Vg; the Rs exponentially decreased from 17 MΩ sq.−1 at +2 V, plateaued at ≥ +8 V, and 

stabilized at Rs = 30 Ω sq.−1 when Vg was +10 V. It should be noted that the protonated a-

HxWO3 channel was stable under ambient and vacuum conditions at RT, confirming the 

non-volatile device operation. Subsequently, by applying negative Vg up to –10 V, Rs 

clearly recovered, reaching an insulating state (6.8 MΩ sq.−1). 

Then the S for a-WO3 channel protonated and deprotonated at each ±Vg was 

measured since S is a good measure to evaluate the changes in the electronic-structure 

resulting from carrier doping (protonation) 19, 20. Figure 3b shows the relationship between 

S and 1/Rs for the device at RT. S-values were always negative, indicating that the channel 

layer is an n-type conductor. The |S| linearly decreased from 47 μV K–1 to 11 μV K–1 in a 

logarithmic scale against 1/Rs and the linear relation was observed regardless of the 
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direction of the electrochemical reaction, suggesting that protonation of the a-WO3 

channel provides electrons to the conduction band. The derivative of the electronic 

density of states (DOS) with respect to the energy near the Fermi energy (EF), 

( )

FE E

DOS E

E =

 
  

, becomes moderate, resulting in the consequent reduction of |S|-values.  

Figure 3c shows the results of repeated Rs switching of the a-WO3 channel at various 

Vg: ±3, ±5, and ±10 V. For protonation (+Vg), the Vg application time was 20 s while the 

that for deprotonation (−Vg) was 10 s. Clear cyclability of Rs switching was observed at 

each Vg, and the Rs modulation ratio was largely dependent on the magnitude of Vg; the 

ON/OFF ratio was ~103 at ±3 V, ~104 at ±5 V, and ~106 at ±10 V. Reversible and stable 

Rs switching with large ON/OFF ratios occurred rapidly on the order of seconds.  

The device operation is considered to be largely dependent on time-scaled processes 

consist of ionic polarization in water, electric double layer formation, electrochemical 

reaction, and H+ diffusion in the a-WO3 channel upon the Vg applications. Among these 

processes, the rate-determining step has been reported to be the surface reaction process 

21, 22. Therefore, the discrepancy between the application times of +Vg (protonation) and 

−Vg (deprotonation) should originate from the activation barrier of the surface reaction. 

For example, the diffusion of H+ in and out of the active layer has different interfacial 

resistances 23, which can be seen from the different gate current flowing in the device at 

the Vg with the same magnitude and a different sign (Fig. 6a and 6b). In addition, the Vg-

dependent ON/OFF ratio of the Rs modulation (Fig. 3c) suggests that the diffusivity of H+ 
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along the out-of-plane direction can be controlled by Vg, and the entire channel is 

protonated by applying Vg ≥ 8 V. 

 

Electrochromic switching  

Next, the EC switching of the device was evaluated. Figure 4a shows the optical 

transmission spectra of the device in the initial state (black line) and protonated states at 

+3 V (red line), +5 V (green line), and +10 V (blue line). The transmission (T) of the 

device greatly changed by upon the application of +Vg. The initial device was, to some 

extent, transparent in the visible region. After protonation, T at λ = 700 nm was reduced 

to 24% that of the initial state (transmission decrease of 35%). The inset shows the optical 

micrographs of the device at the initial and protonated states (+10 V); the color clearly 

changes from transparent colorless to opaque dark blue, as can be seen in the L*a*b* color 

space (Fig. 4b), confirming the optical modulation of the a-WO3 channel. Figure 5 shows 

the optical reflectance of each state. From optical transmittance and reflectance, the 

absorption coefficient of the device in the initial state (black line) and protonated states 

at +3 V (red line), +5 V (green line), and +10 V (blue line) are shown Figure 6. The 

absorption near the wavelength of 800 nm gradually increases with increasing applied 

voltage. This result indicates plasma absorption occurred by free-electron carrier increase. 

Thus, simultaneous EC-MI switching was realized in the device. It should be noted that 

there is no direct evidence for the hydroxylation of NiO to form NiOOH in this device, 

which should also affect the optical transmission spectra as NiO changes its color from 

transparent to deep brown by hydroxylation 24. However, considering that the no gas 
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formation was observed in this device, it is likely that the OH– ions were indeed absorbed 

by the NiO counter layer. In fact, many reports on the hydroxylation of NiO with aqueous 

solutions and their effect on electrochromic devices 24. Therefore, NiO should play as 

OH– absorption layer but further confirmation is necessary. 

 

3.4. Discussion 

 

To clarify the device operation mechanism, the relationship between the flowing 

current and Rs of the a-WO3 channel under various Vg was investigated. Figures 6a and 

6b summarize the retention-time (t) dependence of the gate current (Ig) along with Rs for 

the a-WO3 channel under Vg of ±3, ±5, and ±10 V, where +Vg was initially applied for 

protonation (Fig. 6a) and –Vg was subsequently applied for deprotonation (Fig. 6b). Ig and 

Rs were measured during and after the Vg application, respectively. Upon the application 

of +Vg (Fig. 6a), +Ig always increased with t (the Ig at +10 V showed an irregular jump, 

exponentially increased, and then eventually saturated) with the Rs simultaneously 

decreasing, indicating the electrochemical protonation of the a-WO3 channel. On the 

other hand, upon the application of –Vg (Fig. 6b), –Ig decreased with t at each –Vg while 

Rs simultaneously increased due to electrochemical deprotonation. This observation 

suggests the following device operation mechanism. The +Vg application first 

accumulates charge carriers at the film surface via electrostatic field effect with small +Ig, 

resulting in the formation of parallel-plate capacitor. The electric field then starts to reach 

the channel surface, and a further +Vg application causes dissociation of H+ and OH– ions, 
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which are attracted to the top and bottom film surface. This should be primary origin of 

the significant increase in Ig at the initial stage. The H+ and OH– ions diffuse from the 

surface to bulk region of a-WO3 film and NiO counter layer, where the conductivity 

improvement of each layer exponentially increases the Ig. 

Next, the variation in Rs of the a-WO3 channel with respect to applied electron density 

was compared (Fig. 6c). The applied electron density (Q) was estimated as, 𝑄 =
𝐶

𝑠 × 𝑞
 
 

where C is total coulomb amount calculated from the integral value of the Ig–t plots in 

Fig. 6a and 6b, s is the surface area of a-WO3 channel, and q is elementary charge, 

respectively. During protonation (+Vg application), Rs steeply decreased with increasing 

Q up to 1.2 × 1017 cm–2 (≡1.5 × 1022 cm–3) and then remained unchanged with further 

electron injection. In contrast, during deprotonation (–Vg application), Rs increased 

moderately until Q reached up to 1.3 × 1017 cm–2 (≡1.6 × 1022 cm–3) and then sharply 

switched to an insulating state. The changes in Rs with Q seems to be different during the 

protonation and deprotonation processes, which should be attributed to the 

inhomogeneous H+ distribution in a-HxWO3 channel along the out-of-plane direction and 

the H+-concentration dependent activity (chemical potential) of H+ transport 25. The 

critical Q for MI switching of the a-WO3 channel corresponds to the ideal Q value (1.3 × 

1017 cm–2) required for the achieving 100 % protonation/deprotonation in the a-WO3, 

which agrees with the theoretical value that can be predicted according to the following 

reaction: WO3 + H+ + e– ⇆ HWO3 (the Q is estimated by AN
M

T
Q 


=


, where M is 
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molar mass of WO3, ρ is the film density, T is the film thickness, and NA is Avogadro 

constant, respectively). 

The activation energy (Ea) of the electrical conductivity for the fully protonated a-

HxWO3 channel calculated from the Rs–T measurements (Fig. 7) was Ea = 4.3  10–3 eV. 

This was an order of magnitude smaller than Ea = 5.0  10–2 eV reported for the a-HxWO3 

film (x = 0.32) 26. Since the Ea is a function of x due to the band filling, the lower Ea in 

the a-WO3 channel layer supports that it is effectively protonated by water-electrolysis 

with the application of high electric-field in the present TFT-type structure. In addition, 

Rs decreased and increased along the same universal trend under all values of Vg. This 

indicates that all provided electrons were used for electrochemical protonation and 

deprotonation of the a-WO3 channel, obeying Faraday’s laws of electrolysis. These 

confirm that the device operation can be controlled by the current density. 

 

 

3.5 Conclusion 

 

The present device with leakage-free water can be reversibly switched from a 

colorless transparent insulator to a colored metallic conductor in a short amount of time 

(~10 s). In the ON state, visible light cannot transmit through the device, whereas the 

visible light can fully be transmitted in the OFF state. The device can also function as an 

ON/OFF power switch for other electronic devices. As the device is mainly composed of 

amorphous oxide films, which can be deposited at RT. This means that there are almost 

no limitations on the substrate material selection for the device fabrication. Moreover, the 
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device can be operated without sealing due to the liquid-leakage-free CAN gate insulator. 

These features are suitable for the development of large-area devices and mass 

production; thus, the present device may find practical application in future energy-saving 

technologies, such as advanced smart windows.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. A transparent electrochromic metal-insulator switching device 

with three-terminal transistor geometry 

 49 

References 

 

[1] C. G. Granqvist, Sol. Energy Mater. Sol. Cells 60, 201-262 (2000). 

[2] P. P. González-Borrero, F. Sato, A. N. Medina, M. L. Baesso, A. C. Bento, G. 

Baldissera, C. Persson, G. A. Niklasson, C. G. Granqvist and A. F. d. Silva, Appl. Phys. 

Lett. 96, 061909 (2010). 

[3] H. Zheng, J. Z. Ou, M. S. Strano, R. B. Kaner, A. Mitchell and K. Kalantar-zadeh, 

Adv. Funct. Mater. 21, 2175-2196 (2011). 

[4] P. G. Dickens and M. S. Whittingham, Quarterly Reviews, Chemical Society 22, 30-

44 (1968). 

[5] C. G. Granqvist, Sol. Energy Mater. Sol. Cells 92, 203-208 (2008). 

[6] S. K. Deb, Sol. Energy Mater. Sol. Cells 92, 245-258 (2008). 

[7] H. Ohta and H. Hosono, Mater. Today 7, 42-51 (2004). 

[8] E. Fortunato, P. Barquinha and R. Martins, Adv. Mater. 24, 2945-2986 (2012). 

[9] C. H. Ahn, A. Bhattacharya, M. Di Ventra, J. N. Eckstein, C. D. Frisbie, M. E. 

Gershenson, A. M. Goldman, I. H. Inoue, J. Mannhart, A. J. Millis, A. F. Morpurgo, D. 

Natelson and J.-M. Triscone, Rev. Mod. Phys. 78, 1185-1212 (2006). 

[10] M. J. Natan, T. E. Mallouk and M. S. Wrighton, J. Phys. Chem. 91, 648-654 (1987). 

[11] P. Barquinha, S. Pereira, L. Pereira, P. Wojcik, P. Grey, R. Martins and E. Fortunato, 

Adv. Electron. Mater. 1 (2015). 

[12] S. K. Deb, The Philosophical Magazine: A Journal of Theoretical Experimental and 

Applied Physics 27, 801-822 (1973). 

[13] H. Ohta, Y. Sato, T. Kato, S. Kim, K. Nomura, Y. Ikuhara and H. Hosono, Nat. 

Commun. 1, 118 (2010). 

[14] H. Ohta, T. Mizuno, S. Zheng, T. Kato, Y. Ikuhara, K. Abe, H. Kumomi, K. Nomura 

and H. Hosono, Adv. Mater. 24, 740-744 (2012). 

[15] J. Vondrák and J. Bludská, Solid State Ionics 68, 317-323 (1994). 

[16] X. H. Xia, J. P. Tu, J. Zhang, X. L. Wang, W. K. Zhang and H. Huang, Sol. Energy 

Mater. Sol. Cells 92, 628-633 (2008). 

[17] S. Tanisaki, J. Phys. Soc. Jpn. 15, 566-573 (1960). 

[18] T. S. Light, S. Licht, A. C. Bevilacqua and K. R. Morash, Electrochem Solid St 8, 

E16-E19 (2005). 

[19] T. Katase, K. Endo and H. Ohta, Physical Review B 90 (2014). 



3. A transparent electrochromic metal-insulator switching device 

with three-terminal transistor geometry 

 50 

[20] T. Katase, K. Endo, T. Tohei, Y. Ikuhara and H. Ohta, Adv. Electron. Mater. 1 (2015). 

[21] M. A. Vannice, M. Boudart and J. J. Fripiat, J. Catal. 17, 359-& (1970). 

[22] Y. Xi, Q. Zhang and H. Cheng, J. Phys. Chem. C 118, 494-501 (2013). 

[23] Z. K. Luo, Z. S. Ding and Z. H. Jiang, J. Non·Cryst. Solids 112, 309-313 (1989). 

[24] C. G. Granqvist, in Handbook of Inorganic Electrochromic Materials, edited by C. 

G. Granqvist (Elsevier Science B.V., Amsterdam, 1995), pp. vii-viii. 

[25] R. S. Crandall, P. J. Wojtowicz and B. W. Faughnan, Solid State Commun. 18, 1409-

1411 (1976). 

[26] R. S. Crandall and B. W. Faughnan, Phys. Rev. Lett. 39, 232-235 (1977). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. A transparent electrochromic metal-insulator switching device 

with three-terminal transistor geometry 

 51 

 

Figure 1. Concept of an electrochromic metal-insulator switching device. The device can 

be switched from a colorless transparent/insulator state to a dark blue/metallic state 

simultaneously using electrochemical protonation / deprotonation at RT in air. In the ON 

state, the visible light cannot be transmitted through the device, whereas it can be fully 

transmitted in the OFF state. Furthermore, the device can function as an ON/OFF power 

switch for other electronic devices as well. Such a device would be useful for advanced 

smart window application. 
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Figure 2. A transparent EC-MI switching device. (a) Schematic device structure of three-

terminal TFT-type device, composed of a-WO3 (80 nm), CAN (300 nm), and NiO (20 

nm) / ITO (20 nm) layers. Transparent ITO thin films are used for all the electrodes. (b) 

Device operation mechanism. During the positive Vg application, protonation of a-WO3 

layer and hydroxylation of NiO layer occur simultaneously. Conversely, a-HxWO3 and 

NiOOH return to a-WO3 and NiO during the negative Vg application. (c) Cross-sectional 

BF-STEM image of the device. Trilayer structure is clearly seen. Many bright spots in 

the CAN layer from the nanopores can be observed, which is fully occupied with water. 

(d) Selected area electron diffraction patterns of NiO/ITO layer (upper) and a-WO3 layer 

(lower). 
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Figure 3. Metal-insulator switching of the transparent EC-MI switching device. (a) Sheet 

resistance (Rs) as a function of applied Vg in the a-WO3 layer. Rs values were measured 

after Vg application, where positive Vg up to +10 V was applied for protonation of a-WO3 

film (left panel, Vg application time of 20 s each), and then negative Vg up to –10 V was 

applied for deprotonation of a-HxWO3 film (right panel, Vg application time of 10 s each). 

(b) Thermopower (S) as a function of 1/Rs at RT. The linear relation between –S and 

logarithmic 1/Rs was reversible and reproducible. (c) Repetitive switching test by 

applying various Vg = ±3, ±5, and ±10 V. The Rs modulation ratio can be controlled to be 

~103 for ±3 V, ~104 for ±5 V, and ~106 for ±10 V, respectively. 
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Figure 4. Electrochromic switching of the transparent EC-MI switching device. (a) 

Optical transmission spectra of the device. Significant decrease of the transmission is 

seen with increasing Vg. The inset shows the optical micrographs of the device; after the 

application of Vg = +10 V, the device became opaque / dark blue (right), whereas the 

device was colorless transparent at the initial state (left). (b) L*a*b* color space plot of the 

device at each state in (a). 
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Figure 5. Optical reflectance spectra of the device at each voltage application state. 
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Figure 6. The absorption coefficient of the device in the initial state (black line) and 

protonated states at +3 V (red line), +5 V (green line), and +10 V (blue line) from optical 

transmittance and reflectance. The absorption near the wavelength of 800 nm gradually 

increases with increasing applied voltage. 
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Figure 6. Switching mechanism of the transparent EC-MI switching device. (a, b) 

Retention time (t) dependence of gate current (Ig, upper) and sheet resistance (Rs, lower) 

under application of various ±Vg’s from 3, 5, and 10 V, where (a) +Vg was initially applied 

for protonation and (b) –Vg was subsequently applied for deprotonation. (c) Electron-

density (Q) dependence of Rs under application of the various values of Vg. Q was 

calculated as the integrated value of the Ig–t plots in (a, b). The universal changes in Rs 

are presented by the black lines. The critical Q of protonation and deprotonation was 1.2–

1.3 × 1017 cm–2, which corresponds well with the ideal Q (1.3 × 1017 cm–2) required for 

the 100 % protonation / deprotonation reaction of WO3 + H+ + e– ⇆ HWO3. 
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Figure 7. Temperature dependence of sheet resistance (Rs) for the a-WO3 channel layer 

of the device protonated at Vg = +3 V, +5 V, and +10 V applied for 20 s. All the Rs–T 

curves showed semiconduct behaviors; the exponential increase of Rs was observed with 

decreasing temperature. This is consistent with other reports on the electrical conductivity 

of a-WO3, a-HxWO3, and a-NaxWO3 films, which follows the variable range hopping 

model between localized electronic states. The inset shows the activation energy (Ea), 

estimated from ln (1/Rs) vs. 1000/T relation at 300–200 K range. The Ea largely decreased 

from 1.3  10–1 eV to 4.3  10–3 eV, and the Rs–T curve at +10 V showed almost no 

temperature dependence. Considering that the minimum Ea of electrochemically prepared 

a-HxWO3 film (x = 0.32) was reported to be 5.0  10–2 eV, the proton concentration is 

much higher in the a-HxWO3 channel of the present device. 
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4. Fast operation of a WO3-based solid-state electrochromic transistor 

 

4.1. Introduction 

 

Recently, electrochromic transistors (ECTs), which can function as both 

electrochromic displays (ECDs) and three terminal transistors, have attracted increasing 

attention as advanced memory devices because ECTs have advantages against 

conventional data storage devices, which can store 1 bit information of 0 or 1 1, 2. For 

example, WO3-based ECTs drastically change their resistance when the gate voltage is 

positive. At the same time, the color of the ECT turns from almost colorless transparent 

into dark blue. Thus, ECTs can store the information of electrical resistance and color 

simultaneously in a non-volatile manner2, 3.  

Although many EC materials including organic materials are known4-6, inorganic 

WO3 has become popular as the active material of ECT devices because WO3-ECTs show 

large on/off current switching ratio and intense color change, and there are many reports 

on WO3-based ECT that investigated the structure phase transition and metal-insulator 

transition using a liquid electrolyte and an epitaxial WO3 film7-10. Furthermore, 

amorphous WO3-ECT was prepared even on a paper substrate2. Very recently, 

neuromorphic transistor11, 12, which imitated synaptic movements, has been developed 

using WO3-ECTs. Some studies utilized solid electrolyte to build WO3-ECTs3, 13 , which 

have advantage over liquid electrolyte based WO3-ECTs because they are free from the 

leakage issues. 

ECTs are quite different compared to conventional field effect transistors (FET). In 
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the case of FET, charge carrier accumulation from to the electrostatic field generates the 

conducting channel. On the other hand, for ECTs, the chemical composition in the active 

channel must be changed by the electrochemical reaction to modulate the resistance. 

Therefore, the operating speed of ECTs is much slower than conventional FETs; the 

operation speed of WO3-based ECT devices with liquid electrolyte are around 20 

seconds2. In addition, the operation of the all-solid-state WO3 based-ECT requires at least 

1 min3, 13.  

In order to overcome this issue, the device structure was considered. In contrasts to 

the ECTs, ECDs can usually be operated within several milliseconds6, 14. Figure 1 

schematically shows the structural difference between an ECD (Fig. 1a) and an ECT (Fig. 

1b). Both devices are composed of WO3, electrolyte, and NiO, which are sandwiched by 

two transparent conducting oxides (TCOs). In ECD, its parallel plate electrode 

configuration and uniform distribution of electric field allow its operating speed to be 

much faster than that of ECT, of which the electrode configuration is asymmetric. 

However, while the ECT is much slower, its three-terminal configuration can utilize the 

changes in the resistance, which is not possible in the ECD configuration. This dilemma 

can perhaps be resolved if the structures of ECD and ECT are combined.   

This chapter demonstrates a fast operation of a solid-state WO3-ECT. A three terminal 

thin film solid-state ECT with a parallel plate electrode configuration was fabricated as 

shown in Fig. 1c. In order to realize a symmetric electrode configuration, a thin ZnO layer 

was inserted as a thin TCO. This approach greatly reduced the operation time to less than 

1s at ±3 V application while keeping the ON/OFF ratio of ~30. This present ECT structure 



4. Fast operation of a WO3-based solid-state electrochromic transistor 

 61 

advances the current ECT’s technology and may be implemented in advanced memory 

technology utilizing both electrochromism and transistor operation. 

 

4.2. Experimental 

 

The ECT devices were fabricated on an alkaline-free glass substrate by pulsed laser 

deposition (PLD) with KrF excimer laser (248 nm, 10 Hz) using stencil masks as shown 

in Figs. 2a and 2b. All film fabrication processes were conducted at room temperature. At 

first, 30-nm-thick ZnO films (Electrical conductivity: ~50 S cm−1) were deposited on the 

substrate as the bottom TCO layer.15, 16 Then the source and drain electrodes (a-ITO), a-

WO3 active layer (100 nm), a-TaOx electrolyte (250 nm), NiO counter layer (20 nm), and 

gate electrode (a-ITO) were deposited sequentially using stencil masks (Fig. 2a). The 

active channel size was 800 μm in length and 400 μm in width as schematically shown in 

Fig. 2b. The ITO, WO3 and TaOx films were amorphous, whereas the ZnO and NiO films 

were polycrystalline (Fig. 3). 

Since a thin ZnO layer was inserted as a thin TCO, the electrical resistance switching 

ON/OFF ratio should be lower than previously reported ECTs without the bottom TCO 

layer (ON/OFF ratio ~106, Fig. 1b). The ON/OFF ratio can be controlled using the 

following equation, which describes the relationship between tWO3 and tTCO: 

log(𝑂𝑁/𝑂𝐹𝐹) = log(𝑡𝑊𝑂3 𝑡𝑇𝐶𝑂⁄ ) + log(𝜎𝑊𝑂3 𝜎𝑇𝐶𝑂⁄ ) . Figure 2c shows the calculated 

ON/OFF ratio as a function of the thickness ratio of tWO3 / tTCO. Since a 30-nm-thick ZnO 

(~50 S cm
−1) was used, the maximum ON/OFF ratio was calculated be ~50 (red filled 
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circle). 

 

4.3. Result and discussion 

 

The TCO layer significantly improved the operation speed of the present ECT. Figure 

4a shows the change in the sheet resistance (Rs) of the present ECT (w/ TCO) as a function 

of time during both the protonation (Vg = +3 V, left) and deprotonation (Vg = −3 V, right) 

stages at room temperature. The Rs of the ECT without the TCO layer is also shown for 

comparison (dotted line). When Vg = +3 V was applied, the Rs of the present ECT dropped 

from ~3000 Ω sq−1 to ~100 Ω sq−1 within 1 s. The ON/OFF ratio was ~30, which is similar 

to the maximum ON/OFF ratio as described above. On the other hand, the ECT w/o TCO 

showed very slow decay of Rs; the Rs changed slowly, taking >50 s from ~107 Ω sq−1 to 

~90 Ω sq−1. In the case of deprotonation stages, the present ECT showed fast recovery of 

Rs within 1 s, and the operation of the present ECT device obeys Faraday’s laws of 

electrolysis (see Fig. 5). These results clearly indicate that the present ECT with TCO 

layer can operated at much faster speed as compared to the previous ECT without the 

TCO layer. 

The optical transmission changes in the present ECT are shown in Figure 4b. The 

transmission (T) of the deprotonation state was 67 % at the wavelength (λ) of 550 nm and 

has a high overall transmittance in the visible region. After a gate voltage application of 

+ 3V, the transmittance dramatically decreased to 28 % at λ= 550 nm, and the average 

transmittance in the visible region was greatly reduced. To check the cyclability of the 
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present ECT, alternating Vg = ±3 V at 4 s period was applied (i.e. 2 s at +3 V and 2 s at −

3 V), and the sheet resistance was monitored (Fig. 6). Cyclability over 90 % was achieved 

after 500 repetitions, which ensures the good reversibility of the present ECT device. 

Figure 7 shows a comparison between other WO3-ECTs and the present ECT in this 

work. The red star symbol represents the present ECT (operating voltage ±3 V, and 

operating time 1 s) while the other WO3-ECTs with an asymmetric electrode 

configuration and liquid electrolyte are shown as blue circles. Although all-solid WO3-

ECTs improve the operating time and voltage (shows the green symbol)3, 13, 17, the 

operating speed was still slow as compared with WO3-ECTs using liquid electrolyte2, 7-10, 

18, 19. However, the present ECT can operate at voltages as low as 3 V and has a very fast 

operation time (less than 1 s). By inserting bottom TCO layer, a three terminal thin film 

transistor structure with parallel plate electrode configuration was realized. It is also 

worth noting that present device is all-solid state and free of liquid-electrolytes.  

 

4.4. Conclusion 

 

In summary, the all-solid high-speed and low-voltage operating ECT was achieved 

by inserting a TCO layer on the glass substrate. The operation speed of the present ECT 

at ±3 V was less than 1 s, which is remarkably faster compared to the previously reported 

ECTs. Since all fabrication processes are performed at room temperature, the present ECT 

can be fabricated not only on glass substrates but also on flexible substrates such as 

plastics, which will have significant economic advantages. This new EC device structure 

will be advance the EC technology and advanced memory devices. 
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Figure 1. Electrochromic devices. Schematic device structures of (a) electrochromic 

displays (ECDs), (b) reported electrochromic transistor, and (c) present electrochromic 

transistor. All devices are composed of WO3, electrolyte, and NiO, which are sandwiched 

by two ITO (a transparent conducting oxide, ITO). Since there is a parallel plate electrode 

configuration, the operating speed of (a) is much faster than that of (b), of which the 

electrode configuration is asymmetric. Although one can use the resistance change in the 

case of (b), it cannot be used in the case of (a). In order to overcome this dilemma, the 

device structure (c) is proposed, which is a three terminal thin film transistor structure 

with parallel plate electrode configuration. It can be expected that the device (c) exhibits 

both fast transistor-like characteristic as well as the electrochromic display characteristics.  
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Figure 2. Present electrochromic transistor with the bottom TCO layer.  (a) Schematic 

cross-sectional and (b) top view of the electrochromic transistor device. The device was 

fabricated on Corning EAGLE XG glass substrate. Using the stencil masks, ZnO was 

deposited as the bottom TCO layer (30 nm), ITO as the source and the drain electrodes, 

a-WO3 layer (100 nm), solid-electrolyte a-TaOx (250 nm) layer, and NiO layer. The active 

channel size is 800 μm in length and 400 μm in width. (c) It can be roughly hypothesized 

that the on-to-off current ratio depends on the thickness ratio of WO3 and the TCO if the 

electrical conductivity of the TCO (σ) is fixed (the σ of HWO3 was assumed to be 7000 

S cm−1). The red circle is showing the point of the present result. 
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Figure 3. Glancing incidence XRD patterns of each layer of the present device. In the 

case of ZnO and NiO films, diffraction peaks of 0002 ZnO, and 111 and 002 NiO are seen, 

whereas only halo patterns are seen in TaOx, WO3, and ITO. These results clearly indicate 

that the TaOx, WO3, and ITO layers are amorphous, whereas ZnO and NiO are randomly 

oriented polycrystalline.  
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Figure 4. Change in the sheet resistance and the optical transmission before and after the 

protonation. (a) The decay of the sheet resistance (Rs) when +3 V is applied (left) and 

recovering of Rs when −3 V is applied. The result without the bottom TCO is also shown 

for comparison (dotted lines). The Rs drops within 1 s when +3 V is applied, whereas the 

Rs increases within 1 s when −3 V is applied. The operation time of the present device is 

much faster than the device without the TCO layer. (b) Optical transmission spectra of 

the present device. The transmission (T) of the deprotonated state (gray line) is 67 % at 

550 nm whereas as the protonated state shows 28 % at  =550 nm. The inset shows the 

photographs of the device. After the protonation, the device becomes dark blue whereas 

the device was transparent at the deprotonated state. 
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Figure 5. Sheet resistance of the device as a function of the integrated electron density 

(Q). Details of the calculation process of charge electron-density are described elsewhere. 

To achieve 100 % protonation/oxidation, Q =1.5 × 1022 cm−3 is required based on 

electrochromic reaction: WO3 + xH+ + xe− → HxWO3. The present ECT device obeys the 

Faraday’s laws of electrolysis. (a) The Rs gradually decreases from 3 × 103 Ω sq.−1 to 8 × 

101 Ω sq.−1 with increasing Q and saturates when Q is 4 × 1022 cm−3. (b) The Rs increases 

from 8 × 101 Ω sq.−1 to 3 × 103 Ω sq.−1 with increasing Q and saturates when Q is 4 × 1022 

cm−3. 
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Figure 6. Cycle characteristics of the electrochromic transistor device. Repetitive 

property of the electrochromic device by applying repeatedly at Vg = ±3 V for 2 seconds. 

After 500 repetitions, the cyclability is more than 90 %. 
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Figure 7. The operating voltage vs. the operating time. The operating time and voltage 

of the present device is 3 V and less than 1 s, which are smaller than that of the reported 

solid electrolyte devices (green) and ionic liquid or liquid electrolyte (blue) devices.  
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5. An oxide-based flexible electrochromic transistor under mechanical 

stress 

 

5.1. Introduction 

 

Mechanical flexibility has become an important feature for electronic devices as the 

elimination of mechanical constraints is essential for various applications including 

modern flat display panels (FPDs), solar cells, and sensors. Therefore, flexible electronics 

research area is rapidly growing1. Experimentally demonstrated examples include: 

flexible-circuits2, thin film transistors (TFTs)3, organic light emitting diodes (OLEDs)4, 

tensor sensors5, and solar cells6,7. This chapter is devoted to adding flexibility in 

electrochromic transistors (ECTs), which can be utilized to simultaneously store both 

optical and electronic states 8,9.  

Like TFTs, ECTs are composed of three electrodes of source, drain, and gate. 

However, their operation mechanism is different from that of conventional TFTs. In order 

to turn on/off the ECT, electrochemical redox reaction is utilized whereas pure 

electrostatic charge accumulation/depletion is utilized in TFTs. Similar to an 

electrochromic display (ECD)10-12, the color of ECT can be modulated simultaneously 

with increase/decrease of the electrical resistivity. This is due to the changes in the 

valence state of the transition metal ion in the active material, which can be changed by 

the electrochemical redox reaction. Since the electrochemical redox reaction switches the 

chemical composition of the active material, ECTs can function as a non-volatile memory. 

In addition, the energy consumption is significantly low as compared to other FPDs such 
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as liquid crystal displays (LCDs) and OLEDs.  

ECT (ECD) is composed of electrolyte/active laminations of electrochromic material 

sandwiched by two electrodes. Previously, liquid electrolytes13-15 were used as the 

electrolyte of ECT. Therefore, previous ECTs were highly vulnerable to mechanical 

failures that can be caused by bending. In order to overcome this problem, recent studies 

successfully demonstrated the operation of all-solid-state ECTs9, 16-18, which were 

fabricated at room temperature. Although the room temperature fabrication is compatible 

with economically viable flexible materials, all-solid-state ECTs on flexible substrates 

have not been demonstrated yet.  

The all-solid-state ECT device consists of four different oxide layers including 

electrochromic amorphous WO3, water moisture containing TaOx as porous gate insulator, 

shunting ZnO layer, and transparent conducting ITO electrodes.16 The mechanical 

properties of oxides tend to be brittle. Therefore, if these materials are deposited on 

flexible substrates as a device, clarifying the effect of mechanical strains on the device 

performance is crucial for understanding the physical flexural limitations as well as 

improving the flexibility.  

This chapter demonstrates the operation of all-solid-state ECTs on flexible substrates 

and investigate the effect of static/cyclic flexural strains on the device performance. The 

flexible ECT without any strain showed excellent performances including fast operation 

within 1 s at low operation voltage of ±3 V just like ECTs on rigid substrates 16. The 

device showed strong resistant to static strains. However, its performance was highly 

vulnerable to cyclic stresses, which is typical mechanical characteristic of oxides. This 
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work suggests that the present flexible ECT has a great potential for curved display panels, 

and the flexural strain test results will be of great value in understanding the flexural 

durability of layer structured devices consist of oxide films. 

 

5.2. Experimental  

 

The flexible ECT device was fabricated on 100-μm-thick polyethylene terephthalate 

(PET) substrate (Nakai Industrial Ltd., 20 × 20 × 0.1 mm). Except for the substrate, the 

device fabrication is almost the same with chapter 4. The oxide thin films were deposited 

by pulsed laser deposition (PLD, KrF excimer laser) at room temperature with different 

stencil masks. Two differently sized devices were prepared. The channel length (L) × 

channel width (W) of the ECT were 100 μm × 200 μm and 800 μm × 400 μm, respectively. 

First, 30-nm-thick polycrystalline ZnO film was deposited on a PET film as the bottom 

TCO layer, which applies a uniform electric field in the active layer and increases the 

operating speed16. Then 60nm-thick ITO/ZnO films were deposited as transparent 

electrodes (source and drain). Next, 100-nm-thick amorphous WO3 active layer19, 250-

nm-thick tantalum oxide (TaOx) solid-electrolyte layer20, and 20-nm-thick polycrystalline 

NiO layer were deposited sequentially on the bottom TCO layer. The NiO plays as a 

counter layer (NiO + OH− → NiOOH + e−)21. Finally, 60-nm-thick ITO/ZnO bilayer film 

was deposited as the transparent gate electrode on the NiO layer. Figure 1 shows the 

optical micrograph and schematic cross-sectional view of the resultant flexible ECT, 

which was bendable. 



5. An oxide-based flexible electrochromic transistor under mechanical stress 

 76 

5.3. Result 

 

Optical transmission 

In order to check the electrochromism of the resultant flexible ECT, the optical 

transmission spectra were measured by UV-VIS Fiber-microscope (Source: L7893, 

HAMAMATSU Co., Detector: HR4000 High-Resolution Spectrometer, Ocean Optics 

Inc.). For protonation, a gate voltage (Vg) of +3 V was applied for 3 s to the flexible ECT. 

The as-prepared ECT was almost colorless and transparent, but it changed to dark blue 

upon protonation, which is similar to my previously reported ECT on rigid substrates.16 

The optical transmission in the visible light region (400−800 nm in wavelength) 

drastically decreased to 28 % after protonation. However, upon de-protonation (Vg = −3 

V for 3 s), the transmission recovered to 71 % in the visible region as shown in Fig. 2. 

The inset shows the optical micrograph of the protonated and de-protonated device, which 

clearly demonstrates the electrochromism of the resultant flexible ECT.  

 

Effect of static flexural strain 

Then the effect of bending on the electron transport of the ECT was examined during 

protonation and de-protonation using 800 μm ×400 μm sized devices. The resultant ECT 

was bent at fixed radii of curvature (30 mm, 16 mm, 12 mm, and 6 mm) and protonation 

/ de-protonation was performed in the device. Figure 3(a) shows the optical micrograph 

of the experimental setups of the bending test of the ECT devices at various radii of 

curvature. The tensile strain on the films was estimated with the ratio between half the 
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substrate thickness and the radius of curvature (r)22, which yields 0.16 % for 30 mm, 

0.31 % for 16 mm, 0.41 % for 12 mm, and 0.83 % for 6 mm. Figure 3(b) shows the sheet 

conductance (s) as a function of operating gate voltage ±Vg at each radius of curvature. 

First, a positive gate voltage (Vg) from +0.5 V to +5 V was applied to protonate the device 

(Fig. 3b left panel, Vg application time of 1s each), and then negative Vg also applied from 

-0.5 V to −5 V to de-protonate the device (Fig. 3b right panel, Vg application time of 1 s 

each). The s values were measured by the dc four-probe method with van der Pauw 

electrode configuration with a source measure unit (Keithley 2450) 9, 16. The initial s 

(~10-4 Ω−1 sq) reflects the s of the 30 nm ZnO thin film (bottom TCO layer). In case of 

curvature radius (r) = flat, 12 mm and 16 mm, the s gradually increase then suddenly 

reach to ~10-2 Ω−1 sq at +3 V. On the other hand, in case of r = 12 mm and 6 mm, Vg = 

+3.5 V and 4 V were required for s to reach ~10-2 Ω−1 sq, respectively. Subsequently, by 

applying negative Vg, s clearly recovered, reaching the initial state at Vg = −3.5V. Figure 

3(c) summarizes the retention-time (t) dependence of the Rs at various radii of curvature. 

The sheet resistance (Rs) was measured every 1 s after the protonation / de-protonation at 

room temperature. For protonation, positive d.c. gate voltage (+3 V) was applied to the 

ECT for 1 s, and then the RS was measured. This sequence was repeated several times. 

Similarly, for de-protonation, negative d.c. gate voltage (−3 V) was applied to the ECT 

for 1 s, and then RS was measured. This sequence was repeated several times as well. The 

solid lines are the results of the logistic function fitting. When r was larger than 16 mm, 

the relationship between Rs and retention time (t) did not change significantly; the Rs 

decreased from ~4000 Ω sq−1 to ~100 Ω sq−1 within 1 s during protonation and increased 
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from ~100 Ω sq−1 to ~4000 Ω sq−1 within 1 s during de-protonation. However, Rs started 

to increase when the r was below 16 mm, and the operating time increased slightly from 

< 1 s to 2−3 s.  

Overall, flexural strains increased the operation voltage and operation time of the 

flexible ECTs, and the protonation stages were affected a bit more strongly. Surprisingly, 

despite the changes in the operation time, the absolute values of Rs after 

protonation/deprotonation were not significantly affected by the static flexural strains. 

This suggests that the active WO3 and shunting ZnO remain unharmed up to r = 6 mm. 

On the other hand, the resistance of the top gate electrode before the bending experiment 

was ~ 100 Ω, but it increased to ~ 10 kΩ, after the bending test at radius r = 6 mm. This 

indicates the operation delay due to the flexural strains is mainly attributed to mechanical 

damages in the ITO/ZnO electrodes (gate). This is likely attributed to the fact that the 

outermost layer is under the highest tensile strain. Therefore, the static flexure strain 

degrades the operation speed, but overall, the present flexible ECTs show great 

performance which 3V, 1sec operation in r > 16 mm. These results indicate that present 

ECTs are resistant to static flexural strains and have the potential for curved display 

applications. 

 

Effect of dynamic flexural strain 

Finally, the effect of cyclic flexural strains on the flexible ECT device performance 

was investigated. Bending moments (i.e. minimum strain = 0, maximum strain ≠ 0) were 

repeatedly exerted to the flexible ECTs, and the bending axis was parallel to the long axis 
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of the device. 800 μm × 400 μm sized device worked only for 50 flexural cycles even 

under at r = 16 mm. Since resistance to cracking increases with decreasing size, the cyclic 

tests were performed using 200 μm × 100 μm sized device. The ECT was bent 10 times, 

then performed protonation / de-protonation. After each protonation / de-protonation, the 

two-terminal resistance was measured. Since the 200 μm × 100 μm size device only has 

a two-terminal source-drain electrode, two-terminal resistance (R) and sheet resistance 

(Rs) can be compared by Rs = R(W/L). The test was performed until the device showed 

infinite resistance, which indicates a complete mechanical failure in the device (or fatigue 

limit). Figure 4 shows the changes in the two-terminal resistance (Rdeprotonation, Rprotonation) 

as a function of flexural cycles at various r (r = 16, 12 and 6 mm). At r = 16, 12, and 6 

mm, the device lasted ~410, ~220, and ~30 cycles, respectively. Before the test, the ECT 

showed Rdeprotonation ~35 kΩ and Rprotonation ~1 kΩ. Both Rdeprotonation and Rprotonation gradually 

increased with the number of cycles. 

 

5.4. Discussion 

In general, cyclic flexural strains have a significant effect on the device compared to 

static flexural strains. During the cyclic flexural strains test, the resistance values of the 

active WO3 layer and ZnO layer, which are directly related to protonated and de-

protonated states, gradually increased in all cases. This suggests that both the active WO3 

and shunting ZnO are being affected by the cyclic flexural strains, which is drastically 

different from the effect of static flexural strains. This is not surprising since most 

materials show higher strengths in static strain tests23. These results show that the present 
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ECTs are highly susceptible to fatigue and not suitable for applications that require 

dynamic strain resistant unless the radius of curvature is large.  

Furthermore, the optical micrographs of the device were obtained after bending tests 

by Laser scanning microscope (VK-9710, KEYENCE). The optical micrographs of the 

fractured devices at their fatigue limits after cyclic flexural strains are shown in Fig. 5(a), 

(b), and (c), the radii is r = 16, 12 and 6 mm, respectively. At all radii, the cracks in the 

device resemble mode I fracture, where the crack propagation direction and the fracture 

surface are perpendicular to the tensile stress. Above r = 12 mm, a series of straight crack 

lines are observed, which are typical brittle fracture characteristics commonly observed 

form amorphous oxide films24-27. This strongly suggests that the crack initiates in the 

outer ITO top gate electrode, which is consistent with the device performance tests. 

However, at r = 6 mm, the long crack lines become short elliptical pores that are clustered. 

This suggests a change in the fracture mechanism when r decreases from 12 mm to 6 mm. 

The new failure mechanism is likely attributed to the fracture of porous TaOx since short 

elliptical pores come from the evolution of micropores23. This cracking mechanism is 

likely related to the sharp performance degradation during the cyclic flexural stress tests 

at r = 6 mm as well as the large device (800 μm ×400 μm, only lasted 50 cycles) since 

these cracks are initiated at the micropores and the 200 μm × 100 μm sized device exhibits 

less number of pores. Compared to failures in ITO, mechanical damages in TaOx is much 

more critical to the device performance since the active WO3 is directly in contact with 
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the TaOx. The fracture characteristics demonstrate that the flexure strengths of ETCs are 

limited by the ITO electrode and TaOx at low and high tensile strains, respectively.  

The present flexible ECTs exhibited good resistance to static flexural strains, and the 

corresponding performance degradation is a minor delay in the device operation with no 

damages in the WO3 and ZnO layers. Since the main damage in the device structure is in 

the ITO/ZnO electrodes, changing the gate electrode to flexible materials28 or fabricating 

special structure29-32 would improve the device performance under static flexural strains. 

In contrast, fatigue from cyclic flexural strains noticeably degraded the electrical 

properties of WO3 and ZnO, which decreased the ECT performance. The fatigue limit 

drastically decreases if r changes from 12 mm to 6 mm, and r > 16 mm seems to be 

necessary to maintain reasonable device performance under cyclic flexure stresses. 

Adding another layer that exerts compressive strains on the device can potentially negate 

the tensile strains from bending, but detailed failure analysis in the future is necessary to 

improve the cyclic flexural durability of the present device. 

5.5. Conclusion 

 

In summary, this chapter demonstrated the performance of a flexible ETC on 0.1-

mm-thick polyethylene terephthalate substrate, which was fabricated using pulsed laser 

deposition technique at room temperature. The ETC consists of electrochromic tungsten 

oxide, water containing porous gate insulator tantalum oxide, and transparent conducting 

ITO. The resultant ECTs showed fast operation within 1 s at low operation voltage of ±3 
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V while showing excellent resistance to static flexural strains. However, their 

performances were strongly degraded by cyclic flexural stresses and fatigues, which were 

evident from the crack formations in the device. Therefore, high bending radius (r > 16 

mm) is required for sustaining acceptable device characteristics. Since the present flexible 

ECT can be fabricated at room temperature, low cost polymer-based substrates can be 

used. The strong resistance to static flexural strains observed from the present ECTs 

would be of great value for economically viable curved FPD devices in the future. 
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 Figure 1. A flexible ECT. Using the stencil masks, the ECT was fabricated on 

0.1-mm-thick PET substrate. The resultant ECT is bendable. 
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Figure 2. Optical transmission spectra of the flexible ECT, which is composed of 50-nm-

thick ITO, 10-nm-thick ZnO, 20-nm-thick NiO, 250-nm-thick TaOx, 100-nm-thick WO3, 

10-nm-thick ZnO, and 0.1-mm-thick PET. The optical transmission in the visible light 

region dramatically decreased after the protonation, and it recovered after the de-

protonation. The inset shows the photographs of the device. After the protonation (applied 

Vg= +3V), the device becomes dark blue whereas the device was transparent at the de-

protonation (applied Vg= −3V). 
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Figure 3. (a) The optical micrographs of the experimental setups of the bending test of 

the ECT devices at various radii of curvature. The tensile strain was kept at 0.16 % for 30 

mm, 0.31 % for 16 mm, 0.41 % for 12 mm, and 0.83 % for 6 mm. (b) Sheet conductance 

(s) as a function of applied Gate voltage (Vg) at various curvature radius, where positive 

Vg applied for protonation (left panel, Vg application time of 1s each), and then negative 

Vg applied for deprotonation (right panel, Vg application time of 1s each). (c) Effect of 

bending on the electron transport of the ECT during protonation and de-protonation. 

Retention time (t) dependence of sheet resistance (Rs) under application of ±Vg= 3 V. 
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Figure 4. Change in the two-terminal resistance (Rdeprotonation, Rprotonation) as a function of 

flexural cycles at the various r (r = 16, 12 and 6 mm). The ECT showed reasonable device 

characteristics even after 410 cycles of the bending test (r = 16 mm). 

 



5. An oxide-based flexible electrochromic transistor under mechanical stress 

 89 

 

Figure 5. Optical micrographs of ECTs at their fatigue limits, obtained by a laser 

microscope. The radii of curvature are: (a) r = 16 mm, (b) r = 12 mm, and (c) r = 6 mm. 

Above, r = 12 mm, the crack lines are long and straight, which are typical brittle fracture 

characteristics of thin amorphous films. However, at r = 6 mm, clustered short elliptical 

pores are shown, which is likely from the fracture of porous TaOx. 
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6. Summary 

 

In this research, oxide-based electrochromic transistors (ECTs) was developed using 

an a-WO3 thin film as the active layer, which exhibited the functionality of both the 

electrochromic displays (ECDs) and three-terminal transistors. Present WO3-based ECTs 

have potential as multifunctional electronic devices because WO3-based ECTs turn from 

highly resistive to conductive state when a positive gate voltage is applied. At the same 

time, the color of the ECT turns from almost colorless transparent to dark blue. Thus, it 

can exhibit display information and electrical resistance information simultaneously. 

The chapter3 demonstrated all-solid a-WO3 based electrochromic transistors. 

Tungsten trioxide (WO3), a well-known electrochromic (EC) material for the smart 

window, is a wide bandgap insulator but becomes a metallic conductor HxWO3 upon 

protonation. Although the electrochromism can be utilized with metal-insulator (MI) 

switching in one device, such EC-MI switching could be utilized in previous EC devices 

because of their two-terminal structure with parallel-plate configuration. Here, a 

transparent EC-MI switchable device with a three-terminal TFT-type structure was 

demonstrated using an amorphous a-WO3 channel layer, which was fabricated on a glass 

substrate at room temperature. Water-infiltrated nano-porous glass, CAN (calcium 

aluminate with nano-pores), was used as a liquid-leakage-free solid gate insulator. At the 

as-deposited state, the device was fully transparent in the visible-light region. Upon 

applying a positive gate voltage, the active channel became dark blue, and the electrical 

resistivity of the a-WO3 layer drastically decreased due to protonation. Upon applying a 
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negative gate voltage, deprotonation occurred, and the active channel returned to a 

transparent insulator.  

In the chapter4, a WO3-based electrochromic transistor with a fast operation speed 

was successfully developed. Although an all-solid oxide-based electrochromic transistor 

was demonstrated earlier, those devices had long operating speed (operating time ~20 s) 

and required high-operating voltage (Vg = ~10 V) due to their asymmetric gate-source 

electrode configuration. Here, a fast operation of a solid-state ECT was achieved. A solid-

state ECT with three terminal gate-source-drain electrodes was fabricated using an 

amorphous WO3 film as the electrochromic material and amorphous TaOx as the solid 

electrolyte. With the insertion of a thin ZnO layer between the source and drain electrodes 

to achieve a pseudo symmetric gate-source electrode configuration, the operation time 

was greatly reduced to less than 1 s at the gate voltage of ±3 V while keeping the on-to-

off ratio of ~30. 

In the chapter5, since the oxide-based electrochromic transistor in this research can 

be fabricated at room temperature process, flexible substrates were used to fabricate 

flexible devices. This chapter focused on the device operation and mechanical endurance 

of a tungsten oxide-based flexible electrochromic transistor (ECT), which was fabricated 

on a 0.1-mm-thick polyethylene terephthalate film. The ECT can be operated by applying 

a voltage of ±3 V for 1 s when the radius of curvature was larger than 16 mm, indicating 

that the flexible ECT exhibited strong resistance to static strains. However, the resistance 

of the channel increased by fatigues from applying cyclic flexural strains. Present flexible 

ECT would highly be useful for the economically viable curved display panels. However, 
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its vulnerability to fatigue needs improvements for other applications. 

This research proposed and developed a three-terminal oxide-based ECT that can 

utilize the electrical and optical changes due to EC phenomena of transition metal oxides. 

Amorphous WO3 was selected as the active layer, and the three-terminal transistor 

structure was adapted for utilizing both the electrical and optical changes of WO3. The 

fabrication and operation of all-solid ECT by using a solid electrolyte were successful. In 

addition, by inserting ZnO thin film as bottom TCO, the operating speed was improved 

(~20 s → within 1 s). The ECTs fabricated on a flexible substrate can operate at high 

speed even in a bending state of r > 16 mm.  

Table 1 summarizes and compares the characteristics of ECT, liquid crystal display 

(LCD), and flash memory. LCD is a typical information display device that utilizes color 

tone changes, which can operate within milliseconds but requires standby power due to 

its volatile nature. Thus, LCD does not work as an information storage device. Flash 

memory device can store information and has a very fast operation speed (10-9 ~ 10-3 sec). 

Although the flash memory such as USB memory is widely used, it has can only utilize 

electrical resistivity changes and has only one-bit information capacity of 0 or 1. On the 

contrary, the ECTs developed in this research fulfill expectations for advanced 

multifunctional devices, which can utilize not only electrical resistance changes but also 

optical color changes.  

Figure 1 shows an application example of electronic equipment using ECTs. Placing 

ECTs on the window and combining it with touch panel technology may enable the 

window to be used as a transparent-electronic blackboard. In addition, ECTs can be 
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placed on curved displays because it has flexibility. I envision that these ECTs 

technologies will move the technology of the electronic device forward and be utilized in 

advanced multifunctional devices. 
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Table 1. Summary and comparisons of the characteristics of ECT, LCD, and flash 

memory. 
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Figure 1.  Application example of electronic equipment using ECTs. (upper) Placing 

ECT on the window and combining it with touch panel technology may enable the 

window to be used as a transparent-electronic blackboard. (bottom) The ECTs placed on 

the curved panel display. 
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