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1. General Introduction

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 properties'™.
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 > . 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 atmosphere’™'°.

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 -1,

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) '°!7. Tungsten trioxide (WO3) was chosen as the
active TMO '® 1Y since WOj3 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 ?°. In 1704, Diesbach et al. discovered hexacyan-iron, which changes from
transparent to blue. Tungsten trioxide (WO3) '® 2122 is the most famous electrochromic
material among commonly used electrochromic materials >*-**. Electrochromism in bulk
WOs3 was reported in the 1930s by Kobosew and Nekrassow. In 1969, S.K. Deb et al
demonstrated the electrochromism in the WO; thin film 2! **, but the mechanism of its
operation was clarified later in 1975 by B.W. Faughnan et al. It was reported that
electrochromism in WOs occurs by ionic-reaction .

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

WOs is a colorless transparent insulator with a bandgap of 2.6-3.0 eV *°. When
Alkali-ion or proton is electrochemically inserted to WOs, it changes to a blue metal
AxWOs called Tungsten bronze *’.

WO; +x4" +xe” © 4:WO3

Initially, the valence state of tungsten in tungsten trioxide (WO3) is a stable W, When a
proton (H") is inserted, to maintain the charge balance, hexavalent tungsten becomes W>*.
Thus, this process is a carrier-doping, and A:WO3 becomes metalized. When a mixed-
valence state of W>" and W®" is created, localized electrons in W>" can absorb light and
transfer to the W' site, which changes the color 3> 3%, 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 *°. The

carrier doping also enables plasma absorption.

1.2.2. Solid electrolyte
An electrolyte is required to supply protons to the active WOs3 layer. Although many
organic and inorganic electrolytes have been reported *°->2, 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 TaO, was

selected as the solid electrolyte.

Water-infiltrated nanoporous 12Ca0O-7AI1203 glass (calcium aluminate with
nanopores, CAN)

One of the two solid electrolytes used in this research is a porous thin film made of
12Ca0-7A1203 (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) 334 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 >3,

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 *°. 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 !>, In this study, CBM of active WOs is lower than the hydrogen level, and an

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

Tantalum oxide (TaOy)

To enhance the device performance, an excellent ionic conductor is required as the
electrolyte layer (gate insulator) °’°. Therefore, Tantalum oxide (TaOy) film was
implemented as the solid electrolyte due to its high ionic conductivity. Figure 4 shows a
Cole-Cole plot of the TaO, and CAN film measured at RT in air. In both TaO, and CAN,
a semicircle was observed on the high-frequency side. The semicircle of TaO, ends
around 1 kHz. This relationship is similar to that of CAN, which indicates that water
molecules are present in the TaOy film. However, the ionic conductivity of TaO, (125 nS
cm™) is 5 times higher than that of CAN (24 nS cm™). 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
TaO, 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
WOs (a-WOs) layer and reacts (WO3 + H" + xe- <& H,WO3). 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 % °!:

NiO + OH™ < NiOOH + ¢

It is an oxidative coloring reaction in which divalent Ni** forms the decolored state and
trivalent Ni*" 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 WOs; is used as an active material for many electrochromic
devices, they cannot make full use of the electrical characteristics of WOs. As described
above, WOs has a colorless and transparent insulator but become a blue metal if Alkali

ion or Proton is introduced.
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WOs (insulator) + H" + xe” & H,WOj3 (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 '>°°, 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 WOs as the active material %, P. Barquinha et al. and X. Meng et al.
reported a TFT-type EC device with WOs3 thin film deposited at low temperature as the
active layer %7, 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 WOs 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 WOs greatly increase the cost. To make the



1. General Introduction

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 WO;3 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 WQOs, 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 WOs. This approach is promising for the realization of
simultaneous electrical switching between colorless/colored and insulating/conducting
states !7. 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 WO; 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

10
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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 !’

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
(WO:3), 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-WO;3 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-WOs3 layer drastically decreased due to

protonation. Upon the application of negative gate voltage, the active channel

11
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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 WOs-based solid-state electrochromic transistor ¢

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
WO:s 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 stress’’
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

12
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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.

13



1. General Introduction

References

1]J. Mannhart and D. G. Schlom, Nature 430, 620-621 (2004).

2] H. Takagi and H. Y. Hwang, Science 327, 1601-1602 (2010).

3] E. Dagotto, Science 309, 257-262 (2005).

4] T. Onozato, T. Katase, A. Yamamoto, S. Katayama, K. Matsushima, N. Itagaki, H.
Yoshida and H. Ohta, J. Phys.: Condens. Matter 28, 255001 (2016).

[5] M. A. Hayward and M. J. Rosseinsky, Chem. Mater. 12, 2182-2195 (2000).

[6] J. B. Goodenough, Rep. Prog. Phys. 67, 1915 (2004).

[7] Z. Shao and S. M. Haile, Nature 431, 170-173 (2004).

[8] A. M. Chippindale, P. G. Dickens and A. V. Powell, J. Solid State Chem. 93, 526-533
(1991).

[9] V. N. Andreev, V. M. Kapralova and V. A. Klimov, Physics of the Solid State 49, 2318-
2322 (2007).

[10] H. Jeen, W. S. Choi, M. D. Biegalski, C. M. Folkman, I. C. Tung, D. D. Fong, J. W.
Freeland, D. Shin, H. Ohta, M. F. Chisholm and H. N. Lee, Nature Materials 12, 1057-
1063 (2013).

[11] H. Ji, J. Wei and D. Natelson, Nano Lett. 12, 2988-2992 (2012).

[12] J. Jeong, N. Aetukuri, T. Graf, T. D. Schladt, M. G. Samant and S. S. P. Parkin,
Science 339, 1402-1405 (2013).

[13] O. T. Tambunan, M. Y. Lee, D. H. Kim, K. J. Parwanta and C. U. Jung, Journal of
the Korean Physical Society 64, 1845-1848 (2014).

[14] N. Lu, P. Zhang, Q. Zhang, R. Qiao, Q. He, H.-B. Li, Y. Wang, J. Guo, D. Zhang, Z.
Duan, Z. Li, M. Wang, S. Yang, M. Yan, E. Arenholz, S. Zhou, W. Yang, L. Gu, C.-W.
Nan, J. Wu, Y. Tokura and P. Yu, Nature 546, 124-128 (2017).

[15] T. Katase, K. Endo, T. Tohei, Y. Ikuhara and H. Ohta, Adv. Electron. Mater. 1,
1500063 (2015).

[16] T. Katase, Y. Suzuki and H. Ohta, Adv. Electron. Mater. 2, 1600044 (2016).

[17] T. Katase, T. Onozato, M. Hirono, T. Mizuno and H. Ohta, Sci. Rep. 6, 25819 (2016).
[18] C. G. Granqvist, Sol. Energy Mater. Sol. Cells 60, 201-262 (2000).

[19] P. P. Gonzalez-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. da Silva, Appl. Phys.

[
[
[
[

14



1. General Introduction

Lett. 96, 3 (2010).

[20] J. R. Platt, The Journal of Chemical Physics 34, 862-863 (1961).

[21] S. K. Deb, The Philosophical Magazine: A Journal of Theoretical Experimental and
Applied Physics 27, 801-822 (1973).

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

[23] K. Itaya, K. Shibayama, H. Akahoshi and S. Toshima, J. Appl. Phys. 53, 804-805
(1982).

241 R. J. Colton, A. M. Guzman and J. W. Rabalais, J. Appl. Phys. 49, 409-416 (1978).
25] L. D. Burke and O. J. Murphy, J. Electroanal. Chem. 112, 379-382 (1980).

26] D. Tench and L. F. Warren, J. Electrochem. Soc. 130, 869-872 (1983).

27] L. Shimizu, M. Shizukuishi and E. Inoue, J. Appl. Phys. 50, 4027-4032 (1979).

28] S. Gottesfeld, J. Electrochem. Soc. 127, 272-277 (1980).

29] F. B. Kaufman, A. H. Schroeder, E. M. Engler and V. V. Patel, Appl. Phys. Lett. 36,
422-425 (1980).

[30] K. Kaneto, K. Yoshino and Y. Inuishi, Jpn. J. Appl. Phys. 22, 1L412-1L414 (1983).
[31] T. Kobayashi, H. Yoneyama and H. Tamura, J. Electroanal. Chem. 177, 293-297
(1984).

[32]J. Livage and J. Lemerle, Annu. Rev. Mater. Sci. 12, 103-122 (1982).

[33] H. Yamamoto, T. Sugiyama and M. Tanaka, Jpn. J. Appl. Phys. Part 2 - Lett. 24,
L305-L307 (1985).

[34] S. K. Deb, Appl. Opt. 8 Suppl 1, 192-195 (1969).

[35] B. W. Faughnan, R. S. Crandall and M. A. Lampert, Appl. Phys. Lett. 27, 275-277
(1975).

[36] P. P. Gonzalez-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).

[37] J. Vondrék and J. Bludska, Solid State lonics 68, 317-323 (1994).

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

[39] S. K. Deb, Sol. Energy Mater. Sol. Cells 25, 327-338 (1992).

[40] M. Green and D. Richman, Thin Solid Films 24, S45-S46 (1974).

[

[

[

[
[
[
[
[
[

41] M. Green and K. S. Kang, Thin Solid Films 40, L19-L21 (1977).
42] G. G. Barna, J. Electron. Mater. 8, 153-173 (1979).
43] M. Miyamura, S. Tomura, A. Imai and S. Inomata, Solid State lonics 3-4, 149-152

15



1. General Introduction

(1981).

[44] S. K. Mohapatra, G. D. Boyd, F. G. Storz, S. Wagner and F. Wudl, J. Electrochem.
Soc. 126, 805-808 (1979).

[45] A. T. Howe, S. H. Sheffield, P. E. Childs and M. G. Shilton, Thin Solid Films 67,
365-370 (1980).

[46] J. P. Randin and R. Viennet, J. Electrochem. Soc. 129, 2349-2354 (1982).

[47] W. C. Dautremont - Smith, G. Beni, L. M. Schiavone and J. L. Shay, Appl. Phys.
Lett. 35, 565-567 (1979).

[48] L. M. Schiavone, W. C. Dautremont - Smith, G. Beni and J. L. Shay, Appl. Phys.
Lett. 35, 823-825 (1979).

[49] M. Shizukuishi, E. Kaga, I. Shimizu, H. Kokado and E. Inoue, Jpn. J. Appl. Phys.
20, 581-586 (1981).

[50] H. J. Stocker, S. Singh, L. G. VanUitert and G. J. Zydzik, J. Appl. Phys. 50, 2993-
2994 (1979).

[51]T. Saito, Y. Ushio, M. Yamada and T. Niwa, So/id State lonics 40-41, 499-501 (1990).
[52] M. J. Duggan, T. Saito and T. Niwa, Solid State lonics 62, 15-20 (1993).

[53] H. Ohta, Journal of Materials Science 48, 2797-2805 (2013).

[54] H. Ohta, Y. Sato, T. Kato, S. Kim, K. Nomura, Y. Ikuhara and H. Hosono, Nat.
Commun. 1, 118 (2010).

[55] 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).

[56] T. Katase, K. Endo and H. Ohta, Physical Review B 90, 161105 (2014).

[57] M. J. Duggan, T. Saito and T. Niwa, Solid State lonics 62, 15-20 (1993).

[58] K. Tajima, Y. Yamada, S. Bao, M. Okada and K. Yoshimura, Solid State lonics 180,
654-658 (2009).

[59] M. Zhu, Z. Zhang and W. Miao, Appl. Phys. Lett. 89 (2000).

[60] I. C. Faria, R. Torresi and A. Gorenstein, Electrochim. Acta 38, 2765-2771 (1993).
[61] 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).

[62] P. Barquinha, S. Pereira, L. Pereira, P. Wojcik, P. Grey, R. Martins and E. Fortunato,
Adv. Electron. Mater. 1 (2015).

[63] M. Wang, S. Shen, J. Ni, N. Lu, Z. Li, H. B. Li, S. Yang, T. Chen, J. Guo, Y. Wang,
H. Xiang and P. Yu, Adv. Mater. 29 (2017).

16



1. General Introduction

[64] S. G. Altendorf, J. Jeong, D. Passarello, N. B. Aetukuri, M. G. Samant and S. S.
Parkin, Adv. Mater. 28, 5284-5292 (2016).

[65] X. Leng, J. Pereiro, J. Strle, G. Dubuis, A. T. Bollinger, A. Gozar, J. Wu, N. Litombe,
C. Panagopoulos, D. Pavuna and 1. Bozovic, npj Quantum Mater 2 (2017).

[66] C. ViolBarbosa, J. Karel, J. Kiss, O. D. Gordan, S. G. Altendorf, Y. Utsumi, M. G.
Samant, Y. H. Wu, K. D. Tsuei, C. Felser and S. S. Parkin, Proc. Nat.l Acad. Sci. U. S. A
113, 11148-11151 (2016).

[67] X. Meng, F. Quenneville, F. Venne, E. Di Mauro, D. Isik, M. Barbosa, Y. Drolet, M.
M. Natile, D. Rochefort, F. Soavi and C. Santato, J. Phys. Chem. C 119, 21732-21738
(2015).

[68] H. Kalhori, M. Coey, I. Abdolhosseini Sarsari, K. Borisov, S. B. Porter, G. Atcheson,
M. Ranjbar, H. Salamati and P. Stamenov, Sci. Rep. 7, 12253 (2017).

[69] T. Onozato, Y. Nezu, H. J. Cho and H. Ohta, AIP Adv. 9, 025122 (2019).

[70] T. Onozato, H. J. Cho and H. Ohta, Jpn. J. Appl. Phys. (2019).

17



Invisible

ON Optical properties @

Visible
Electrical properties
+ Optical properties

= Electrochromic device

1.General Introduction

Paramagnetic

w

Oxygen & Hydrogen

-
c
[}
=
=
o

©
£

w

ON

ON Magnetic properties

Al
Insulating

Ferromagnetic

‘Carrier . .
Electrical properties

Electrical properties : .
+ Magnetic properties

= Spintronic device

Conducting

Large current

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 surface'’.
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 TaO, and CAN was 125 nS cm’! and 24 nS cm™!, respectively. lonic-
conductivity of TaO, 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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2.1. 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 ! 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:

2dsinf = ni

Where d is the lattice distance, 6 is the Bragg angle, 26 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 2dsinf. When this path difference is an integral multiple of the
incident X-ray wavelength A (the X-ray wavelength used in this study is the CuKg; line A
=~ 1.54 A), 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-A to A 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 26/w

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 .

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 A4,, the reflectance R;,
and the transmittance 7 of the material.

Ay +R+T, =1

Since the electrochromic device fabricated in this study has an element size on the order
of um, the light transmittance was measured with MSV-5200 JASCO with an irradiation

light size of 100 um, 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 (WOs + xH" + xe- & H,WO3) ¢ and hydroxylation
(NiO + OH™ & NiOOH + ¢") 78 make the a-WOjs 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 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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3. A transparent electrochromic metal-insulator switching device with
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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) ! shows
the greatest suitability for the EC-MI switching devices. Stoichiometric WO3 is a
transparent insulator with a bandgap (E,) of 2.6-3.0 eV ? and has a defect perovskite-
type structure with space group P2i/n, in which A-sites in the ABOs lattices are vacant ° .
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 W®* to W>* #. Thus, the protonation/deprotonation of
WO:s 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 WOs-based EC devices have been actively developed for

applications in energy-saving smart windows > ®; 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) 8 on a WOj 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 °. Several researchers have developed liquid-electrolyte gated
transistors % ! and successfully demonstrated EC-MI switching of WOs;. However,
because these devices require liquid electrolytes, they are less practical for application,
which depends on effective sealing.

In this chapter, a liguid-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-WOs3 thin film was used as the active
channel layer because EC switching of a-WOs film prepared on glass substrate at room
temperature (RT) has been previously reported '°. The gate insulator consists of an a-
12Ca0-7A1,03 (a-C12A7) thin film with nanoporous structure (calcium aluminate with
nanopore, CAN) '* 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 Po> > 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 I'TO 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-WO;s layer (Fig. 2b). Thus, a gate voltage (V) application induces water electrolysis in
the CAN film and produces H" and OH™ ions move for protonating the a-WOj3 layer (WO3
+xH" + xe- — H,WO3) ' and hydroxylating the NiO layer (NiO + OH~ — NiOOH +
e"), ' 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-WQO3 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 um in width and 800 pum in length) was fabricated on an alkaline-free glass
substrate (Corning® EAGLE XG®, substrate size: 10 x 10 x 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, p = 1.0 mQ cm at RT) were deposited at O 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-WOs3 film was 6 nm min™'. 300-nm-thick CAN
gate insulator was deposited under Po> of 5 Pa to make CAN film with nanoporous
structure '** . 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-WO; film was 5.96 g cm™, evaluated by
grazing incidence X-ray reflectivity, which corresponds to 82% of ideal density of a WO3
crystal (7.29 g cm ) 7. The AC conductivity of the CAN film was 3.7 x 10 S cm ™! at

RT, slightly less than the 5.6 x 108 S cm™! of ultrapure water '®.
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Structural characterization

Crystallinity of the fabricated thin films were investigated with grazing incidence X-
ray diffraction analyses (Cu Kai, 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-
WOs3 devices were examined by high-resolution TEM and STEM (JEM-ARM200F, 200

kV, JEOL Ltd.).

Electrical and optical property measurents

Gate current (/) 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 V; off. Ry were measured by the d.c. four-point probe
method (van der Pauw configuration). For the retention time dependence of /g and Rs
(Figs. 5a and 5b), I; was measured at 1 s intervals while Rs was measured at intervals of
20sat+3V,10sat+5V,5sat+10V,5sat-3V,2sat—5V,and 1 sat—10V, respectively.
Thermopower (S) was measured by creating a temperature difference (A7) 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 (AV) and
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AT were simultaneously measured, and the S-values were obtained from the linear slope
of the AV-AT plots. Optical transmission spectra were measured by UV-Vis/NIR
microscope with the light irradiation area of 100 pm 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-WOs3 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 V, for a given amount of time. Figure 3a
plots Rs as a function of applied £V, at RT. Firstly, a positive V; up to +10 V was applied
to protonate the a-WOs3 channel (left panel, application time of 20 s each), and then
negative Vs up to —10 V was applied to deprotonate the a-H,WO3 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 MQ sq.”! at +2 V, plateaued at > +8 V, and
stabilized at Rs = 30 Q sq.”! when ¥V was +10 V. It should be noted that the protonated a-
HxWO; channel was stable under ambient and vacuum conditions at RT, confirming the
non-volatile device operation. Subsequently, by applying negative Vy up to —10 V, Rs
clearly recovered, reaching an insulating state (6.8 MQ sq.”}).

Then the S for a-WO; channel protonated and deprotonated at each +V, was
measured since S is a good measure to evaluate the changes in the electronic-structure
resulting from carrier doping (protonation) '*-2°. Figure 3b shows the relationship between
S and 1/R; 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 pV K 'to 11 uyVK'ina

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),

{GDOS(E)

prs } , becomes moderate, resulting in the consequent reduction of |S|-values.
E=E;

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 ~10° at +3 V, ~10% at 5 V, and ~10° 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 V, applications. Among these
processes, the rate-determining step has been reported to be the surface reaction process
2122 Therefore, the discrepancy between the application times of +V, (protonation) and
—V; (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 2°, which can be seen from the different gate current flowing in the device at
the ¥y with the same magnitude and a different sign (Fig. 6a and 6b). In addition, the V-

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

protonated by applying Vy > 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 (7)) of the
device greatly changed by upon the application of +V;. The initial device was, to some
extent, transparent in the visible region. After protonation, 7 at A = 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 1s 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 ?*. 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 **. 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-WOs3 channel under various V; was investigated. Figures 6a and
6b summarize the retention-time (#) dependence of the gate current (/g) along with R for
the a-WO3 channel under Vg of +£3, +5, and +£10 V, where +V; was initially applied for
protonation (Fig. 6a) and —V; was subsequently applied for deprotonation (Fig. 6b). /; and
Rs were measured during and after the V' application, respectively. Upon the application
of +Vy (Fig. 6a), +1; always increased with ¢ (the /g 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-WQO3 channel. On the
other hand, upon the application of -V, (Fig. 6b), —/; decreased with ¢ at each —V; while
Rs simultaneously increased due to electrochemical deprotonation. This observation
suggests the following device operation mechanism. The +V, application first
accumulates charge carriers at the film surface via electrostatic field effect with small +/,
resulting in the formation of parallel-plate capacitor. The electric field then starts to reach

the channel surface, and a further +V; 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 Iy at the initial stage. The H" and OH ™ ions diffuse from the
surface to bulk region of a-WQO; film and NiO counter layer, where the conductivity
improvement of each layer exponentially increases the /.

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

C
sxq

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

where C is total coulomb amount calculated from the integral value of the I— plots in
Fig. 6a and 6b, s is the surface area of a-WO;3 channel, and ¢ is elementary charge,
respectively. During protonation (+V application), Rs steeply decreased with increasing
Qupto 1.2 x 107 cm? (=1.5 x 10*? cm™) and then remained unchanged with further
electron injection. In contrast, during deprotonation (—Vg application), Rs increased
moderately until Q reached up to 1.3 x 107 cm™ (=1.6 x 10?> cm™>) 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-HyWO3 channel along the out-of-plane direction and
the H'-concentration dependent activity (chemical potential) of H* transport 2°. The
critical Q for MI switching of the a-WOj3 channel corresponds to the ideal O value (1.3 %
10! cm™) required for the achieving 100 % protonation/deprotonation in the a-WOs,

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

xT

P
M

reaction: WO3; + H" + ¢- 5 HWOs3 (the Q is estimated by Q= x N, where M is
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molar mass of WOs, p is the film density, 7 is the film thickness, and Na is Avogadro
constant, respectively).

The activation energy (Ea) of the electrical conductivity for the fully protonated a-
H,WOs5 channel calculated from the R«—T measurements (Fig. 7) was E, =4.3 x 107 eV.
This was an order of magnitude smaller than E, = 5.0 x 1072 eV reported for the a-H,WO3
film (x = 0.32) 2°. Since the E, is a function of x due to the band filling, the lower E, 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,
R decreased and increased along the same universal trend under all values of V. This
indicates that all provided electrons were used for electrochemical protonation and
deprotonation of the a-WOs 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.
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OFF
Protonation
Deprotonation
L olorless / Insulator ark blue 7 Metallic - vvvv‘

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

ON

H

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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a Switching
Transparent Bipolar +/- dc
electrodes power source
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Glass substrate

b c d

NiO/ITO

NiO/ITO electrode

Glass sub. 100.:nm

Figure 2. A transparent EC-MI switching device. (a) Schematic device structure of three-
terminal TFT-type device, composed of a-WOs3 (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-H,WO3 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-WOs3 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 V; in the a-WO3 layer. Rs values were measured
after V' application, where positive Vg up to +10 V was applied for protonation of a-WO3
film (left panel, V application time of 20 s each), and then negative ¥z up to —10 V was
applied for deprotonation of a-H,WOs film (right panel, Vy 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 Vy =43, 45, and =10 V. The Rs modulation ratio can be controlled to be
~10? for £3 V, ~10* for £5 V, and ~10° 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 V. 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).

54



3. A transparent electrochromic metal-insulator switching device
with three-terminal transistor geometry

100 s
: Initial -
I +3V |
;@ +10V:
Q:_ 60 L ]
()] | A
(&)
O ]
E |
5 ]
2 40 .
[0} J
as :
20 |
0- |

500 1000 1500 2000

Wavelength, A (nm)

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 (7) dependence of gate current (/g, upper) and sheet resistance (Rs, lower)
under application of various =V,’s from 3, 5, and 10 V, where (a) +V; was initially applied
for protonation and (b) —V,; was subsequently applied for deprotonation. (c) Electron-
density (Q) dependence of Rs under application of the various values of V,. O was
calculated as the integrated value of the Ig—¢ plots in (a, b). The universal changes in R
are presented by the black lines. The critical Q of protonation and deprotonation was 1.2—
1.3 x 10'7 em™2, which corresponds well with the ideal O (1.3 x 10'7 cm™2) required for

the 100 % protonation / deprotonation reaction of WO3 + H" + ¢~ 5 HWO:.
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Figure 7. Temperature dependence of sheet resistance (Rs) for the a-WOs3 channel layer
of the device protonated at Vy; = +3 V, +5 V, and +10 V applied for 20 s. All the Re—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-WOs3, a-H:WO;3, and a-Na,WOs films, which follows the variable range hopping
model between localized electronic states. The inset shows the activation energy (Ea),
estimated from In (1/Rs) vs. 1000/T relation at 300-200 K range. The E, largely decreased
from 1.3 x 107! eV to 4.3 x 107 eV, and the R+T curve at +10 V showed almost no
temperature dependence. Considering that the minimum £ of electrochemically prepared
a-H,WOs film (x = 0.32) was reported to be 5.0 x 1072 eV, the proton concentration is
much higher in the a-H:WO3 channel of the present device.
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4. Fast operation of a WOs-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 2. For
example, WOs-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 manner? >

Although many EC materials including organic materials are known**¢

, inorganic
WOs 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 WOs-based ECT that investigated the structure phase transition and metal-insulator
transition using a liquid electrolyte and an epitaxial WOs film’!°, Furthermore,
amorphous WO3-ECT was prepared even on a paper substrate’. Very recently,

neuromorphic transistor!! !2

, which imitated synaptic movements, has been developed
using WO3-ECTs. Some studies utilized solid electrolyte to build WO3-ECTs> '3 | which
have advantage over liquid electrolyte based WOs-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 WOs-based ECT devices with liquid electrolyte are around 20
seconds’. In addition, the operation of the all-solid-state WO3 based-ECT requires at least
1 min® 12,

In order to overcome this issue, the device structure was considered. In contrasts to
the ECTs, ECDs can usually be operated within several milliseconds® '*. 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

Is at £3 V application while keeping the ON/OFF ratio of ~30. This present ECT structure
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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™!) were deposited on the
substrate as the bottom TCO layer.!> !¢ Then the source and drain electrodes (a-ITO), a-
WO:s 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 um in length and 400 um in width as schematically shown in
Fig. 2b. The ITO, WOs3 and TaO, 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 ~10°, Fig. 1b). The ON/OFF ratio can be controlled using the
following equation, which describes the relationship between twos and frco:
log(ON/OFF) =log(twos/trco) +10g8(0wo3/07rco)- Figure 2¢c shows the calculated

ON/OFF ratio as a function of the thickness ratio of two3 / ftco. Since a 30-nm-thick ZnO

(~50 S cm™!) 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 (R;) of the present ECT (w/ TCO) as a function
of time during both the protonation (V= +3 V, left) and deprotonation (Vy = =3V, right)
stages at room temperature. The Ry of the ECT without the TCO layer is also shown for
comparison (dotted line). When V, =+3 V was applied, the R, of the present ECT dropped
from ~3000 Q sq ! to ~100 Q sq ! 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 Ry; the R, changed slowly, taking >50 s from ~107 Q sq ! to
~90 Q sq '. 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 (7)) of the deprotonation state was 67 % at the wavelength (1) 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 A= 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 V', =+3 V at 4 s period was applied (i.e. 2sat+3 Vand 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)> !> 7, the
operating speed was still slow as compared with WOs3-ECTs using liquid electrolyte® "'%
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 WOs3, 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-WO;3 layer (100 nm), solid-electrolyte a-TaO, (250 nm) layer, and NiO layer. The active
channel size 1s 800 um in length and 400 um 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 (o) is fixed (the 6 of HWO3 was assumed to be 7000

S cm™). 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 TaO,, WO3, and ITO. These results clearly indicate
that the TaO., 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
R 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 (7) of the deprotonated state (gray line) is 67 % at
550 nm whereas as the protonated state shows 28 % at A =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 x 10?* cm™ is required based on
electrochromic reaction: WO3 + xH" + xe™ — HxWOs. The present ECT device obeys the
Faraday’s laws of electrolysis. (a) The R, gradually decreases from 3 x 10° Qsq.”! to 8 x
10" Q sq.”! with increasing QO and saturates when Q is 4 x 10°> cm. (b) The R, increases
from 8 x 10! Q sq.™ to 3 x 10> Q sq.”! with increasing O and saturates when Q is 4 x 10?

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 V; =+3 V for 2 seconds.
After 500 repetitions, the cyclability is more than 90 %.
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72



5. An oxide-based flexible electrochromic transistor under mechanical stress

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 growing®. Experimentally demonstrated examples include:
flexible-circuits?, thin film transistors (TFTs)?, organic light emitting diodes (OLEDs)?,
tensor sensors®, and solar cells®’. This chapter is devoted to adding flexibility in
electrochromic transistors (ECTs), which can be utilized to simultaneously store both
optical and electronic states 8°.

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)%*2, 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 electrolytes*'®> 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 ECTs® 1618 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 WOs3, water moisture containing TaOyas porous gate insulator,
shunting ZnO layer, and transparent conducting ITO electrodes.’® 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 6. 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-um-thick polyethylene terephthalate
(PET) substrate (Nakai Industrial Ltd., 20 x 20 x 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) x
channel width (W) of the ECT were 100 um x 200 um and 800 um x 400 um, 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 speed®. Then 60nm-thick 1TO/ZnO films were deposited as transparent
electrodes (source and drain). Next, 100-nm-thick amorphous WOs active layer®®, 250-
nm-thick tantalum oxide (TaOy) solid-electrolyte layer?®, 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 + )2, 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.
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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 (V) 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.'®
The optical transmission in the visible light region (400—800 nm in wavelength)
drastically decreased to 28 % after protonation. However, upon de-protonation (¥ = —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 um x400 pum 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)*?, 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 (o) as a function of operating gate voltage +V, at each radius of curvature.
First, a positive gate voltage (V) from +0.5 V to +5 V was applied to protonate the device
(Fig. 3b left panel, V; application time of 1s each), and then negative V; also applied from
-0.5 V to =5 V to de-protonate the device (Fig. 3b right panel, ¥, application time of 1 s
each). The oy values were measured by the dc four-probe method with van der Pauw
electrode configuration with a source measure unit (Keithley 2450) * 6. The initial o;
(~10* Q7! sq) reflects the o5 of the 30 nm ZnO thin film (bottom TCO layer). In case of
curvature radius () = flat, 12 mm and 16 mm, the oy gradually increase then suddenly
reach to ~10 Q! sq at +3 V. On the other hand, in case of » = 12 mm and 6 mm, V, =
+3.5 V and 4 V were required for o; to reach ~1072 Q! sq, respectively. Subsequently, by
applying negative Vg, o clearly recovered, reaching the initial state at Vy =—3.5V. Figure
3(c) summarizes the retention-time (¢) dependence of the R; 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 » was larger than 16 mm,
the relationship between Rs and retention time (¢) did not change significantly; the R

decreased from ~4000 Q sq ! to ~100 Q sq ! within 1 s during protonation and increased
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from ~100 Q sq ! to ~4000 Q sq ! within 1 s during de-protonation. However, R; started
to increase when the » was below 16 mm, and the operating time increased slightly from
<lsto2-3s.

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 R, 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 » = 6 mm.
On the other hand, the resistance of the top gate electrode before the bending experiment
was ~ 100 Q, but it increased to ~ 10 kQ, after the bending test at radius » = 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 » > 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 # () 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 um x 400 um sized device worked only for 50 flexural cycles even
under at » =16 mm. Since resistance to cracking increases with decreasing size, the cyclic
tests were performed using 200 pm % 100 pm 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 um % 100 pm 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 = 16, 12 and 6 mm). At » = 16, 12, and 6
mm, the device lasted ~410, ~220, and ~30 cycles, respectively. Before the test, the ECT
showed Raeprotonation ~35 kQ and Rprotonation ~1 k€. Both Raeprotonation 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 WOs 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 WOs3
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 tests?®. 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 films?*?7. 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 micropores®. This cracking mechanism is
likely related to the sharp performance degradation during the cyclic flexural stress tests
atr =6 mm as well as the large device (800 um x400 pum, only lasted 50 cycles) since
these cracks are initiated at the micropores and the 200 um x 100 pum 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 WOz 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 materials?® or fabricating
special structure?®-32 would improve the device performance under static flexural strains.
In contrast, fatigue from cyclic flexural strains noticeably degraded the electrical
properties of WOz 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 ( > 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 TaO,, 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
Vo= +3V), the device becomes dark blue whereas the device was transparent at the de-

protonation (applied Ve= —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
(os) as a function of applied Gate voltage (V) at various curvature radius, where positive
V, applied for protonation (left panel, ¥ application time of 1s each), and then negative
Vo applied for deprotonation (right panel, ¥, 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 » (» = 16, 12 and 6 mm). The ECT showed reasonable device

characteristics even after 410 cycles of the bending test (» = 16 mm).
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Figure 5. Optical micrographs of ECTs at their fatigue limits, obtained by a laser
microscope. The radii of curvature are: (a) » = 16 mm, (b) » = 12 mm, and (c) » = 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 » = 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-WOs thin film as the active layer, which exhibited the functionality of both the
electrochromic displays (ECDs) and three-terminal transistors. Present WOs3-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-WO;3; 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 H:WO3; 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-WOs3 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-WOj 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 WOs-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 (V= ~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 WOj3 film as the electrochromic material and amorphous TaO, 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 WOs. 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 » > 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 ~ 107 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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ECT LCD Flash memory

Operating speed ~1 sec 103 sec 109~ 103 sec
Color change O O X
Resistivity change O X O
Non-volatile O X O

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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