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

especially in flat display panels. Here we demonstrate the device operation of a tungsten 

oxide based flexible electrochromic transistor (ECT), which was fabricated on 0.1-mm-

thick polyethylene terephthalate film. The ECT can be operated by applying voltage of 

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

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

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

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

its vulnerability to fatigue needs improvements for other applications. 
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1. Introduction 

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

elimination of mechanical constraints is essential for various applications including modern 

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

area is rapidly growing1). Experimentally demonstrated examples include: flexible-circuits2), 

thin film transistors (TFTs)3), organic light emitting diodes (OLEDs)4), tensor sensors5), and 

solar cells6),7). In this study, we focus on adding flexibility in electrochromic transistors 

(ECTs), which can be utilized to simultaneously store both optical and electronic states 8),9).  

 

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

operation mechanism is different from that of conventional TFTs. In order to turn on/off the 

ECT, electrochemical redox reaction is utilized whereas pure electrostatic charge 

accumulation/depletion is utilized in TFTs. Similar to an electrochromic display (ECD)10-12), 

the color of ECT can be modulated simultaneously with increase/decrease of the electrical 

resistivity. This is due to the changes in the valence state of the transition metal ion in the 

active material, which can be changed by the electrochemical redox reaction. Since the 

electrochemical redox reaction switches the chemical composition of the active material, 

ECTs attributes as a non-volatile memory. In addition, the energy consumption is 

significantly low as compared to other FPDs such as liquid crystal displays (LCDs) and 

OLEDs.  

 

ECT (ECD) is composed of electrolyte/active material laminate, which is sandwiched by 

two electrodes. Previously, liquid electrolytes13-15) were used as the electrolyte of ECT. 

Therefore, previous ECTs were highly vulnerable to mechanical failures that can be caused 

by bending. In order to overcome this problem, recent studies successfully demonstrated the 

operation of all-solid-state ECTs9,16-18), which were fabricated at room temperature. 

Although the room temperature fabrication is compatible with economically viable flexible 

materials, all-solid-state ECTs on flexible substrates have not been demonstrated yet.  

 

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

electrochromic amorphous WO3, water moisture containing TaOx as porous gate insulator, 
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shunting ZnO layer, and transparent conducting ITO electrodes.16)  The mechanical 

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

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

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

flexibility.  

 

Here we demonstrate 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 substrates16). 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 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. 

 

2. Experimental methods 

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

substrate (Nakai Industrial Ltd., 20 × 20 × 0.1 mm). The oxide thin films were deposited by 

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

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

(W) of the ECT were 100 μm × 200 μm and 800 μm × 400 μm, respectively. First, 30-nm-

thick polycrystalline ZnO film was deposited on a PET film as the bottom TCO layer, which 

applies a uniform electric field in the active layer and increases the operating speed16). Then 

60nm-thick ITO/ZnO films were deposited as transparent electrodes (source and drain). Next, 

100-nm-thick amorphous WO3 active layer19), 250-nm-thick tantalum oxide (TaOx) solid-

electrolyte layer20), and 20-nm-thick polycrystalline NiO layer were deposited sequentially 

on the bottom TCO layer. The NiO plays as a counter layer (NiO + OH− → NiOOH + e−)21). 

Finally, 60-nm-thick ITO/ZnO bilayer film was deposited as the transparent gate electrode 

on the NiO layer. Figure 1 shows the optical micrograph and schematic cross-sectional view 

of the resultant flexible ECT, which was bendable.  
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3. Results and discussion 

3.1 Results 

3.1.1 Optical transmission 

In order to check the electrochromism of the resultant flexible ECT, we measured the optical 

transmission spectra by UV-VIS Fiber-microscope (Source: L7893, HAMAMATSU Co., 

Detector: HR4000 High-Resolution Spectrometer, Ocean Optics Inc.). For protonation, we 

applied a gate voltage (Vg) of +3 V 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 our previously reported ECT on rigid substrates.16) The optical transmission in the 

visible light region (400−800 nm in wavelength) drastically decreased to 28 % after 

protonation. However, upon de-protonation (Vg = −3 V for 3 s), the transmission recovered 

to 71 % in the visible region as shown in Fig. 2. The inset shows the optical micrograph of 

the protonated and de-protonated device, which clearly demonstrates the electrochromism 

of the resultant flexible ECT.  

 

3.1.2 Effect of static flexural strain 

Then we examined the effect of bending on the electron transport of the ECT during 

protonation and de-protonation using 800 μm ×400 μm sized devices. We bent the resultant 

ECT at fixed radii of curvature (30 mm, 16 mm, 12 mm, and 6 mm) and performed 

protonated / de-protonated 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 substrate thickness 

and the radius of curvature (r)22), which yields 0.16 % for 30 mm, 0.31 % for 16 mm, 0.41 % 

for 12 mm, and 0.83 % for 6 mm. Figure 3(b) shows the sheet conductance (s) as a function 

of operating gate voltage ±Vg at each radius of curvature. First, a positive gate voltage (Vg) 

from +0.5 V to +5 V was applied to protonate the device (Fig. 3b left panel, each Vg 

application time of 1s), and then negative Vg also applied from -0.5 V to −5 V to de-protonate 

the device (Fig. 3b right panel, each Vg application time of 1 s). The s values were measured 

by the dc four-probe method with van der Pauw electrode configuration with a source 

measure unit (Keithley 2450). The detail of our electrical conductivity measurement was 
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described elsewhere.9,16) The initial s (~10-4 Ω−1 sq) reflects the s of the 30 nm ZnO thin 

film (bottom TCO layer). In case of curvature radius (r) = flat, 12 mm and 16 mm, the s 

gradually increase then suddenly reach to ~10-2 Ω−1 sq at +3 V. On the other hand, in the case 

of r = 12 mm and 6 mm, Vg = +3.5 V and 4 V were required for s to reach ~10-2 Ω−1 sq, 

respectively. Subsequently, by applying negative Vg, s clearly recovered, reaching the initial 

state at Vg = −3.5V. Figure 3(c) summarizes the retention-time (t) dependence of the Rs at 

various radii of curvature. We measured the sheet resistance (Rs) every 1 s after the 

protonation / de-protonation at room temperature. For protonation, positive d.c. gate voltage 

(+3 V) was applied to the ECT for 1 s, and then the RS was measured. This sequence was 

repeated several times. Similarly, for de-protonation, negative d.c. gate voltage (−3 V) was 

applied to the ECT for 1 s, and then RS was measured. This sequence was repeated several 

times as well. The solid lines are the results of the logistic function fitting. When r was larger 

than 16 mm, the relationship between Rs and retention time (t) did not change significantly; 

the Rs decreased from ~4000 Ω sq−1 to ~100 Ω sq−1 within 1 s during protonation and 

increased from ~100 Ω sq−1 to ~4000 Ω sq−1 within 1 s during de-protonation. However, Rs 

started to increase when the r was below 16 mm, and the operating time increased slightly 

from < 1 s to 2−3 s.  

 

Overall, flexural strains increased the operation voltage and operation time of the flexible 

ECTs, and the protonation stages were affected a bit more strongly. Surprisingly, despite the 

changes in the operation time, the absolute values of Rs after protonation/deprotonation were 

not significantly affected by the static flexural strains. This suggests that the active WO3 and 

shunting ZnO remain unharmed up to r = 6 mm. On the other hand, the resistance of the top 

gate electrode before the bending experiment was ~ 100 Ω, but it increased to ~ 10 kΩ, after 

the bending test at radius r = 6 mm. This indicates the operation delay due to the flexural 

strains is mainly attributed to mechanical damages in the ITO/ZnO electrodes (gate). This is 

likely attributed to the fact that the outermost layer is under the highest tensile strain. 

Therefore, the static flexure strain degrades the operation speed, but overall, the present 

flexible ECTs show great performance which 3V, 1sec operation in r > 16 mm. These results 

indicate that present ECTs are resistant to static flexural strains and have the potential for 

curved display applications. 
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Finally, we tested the effect of cyclic flexural strains on the flexible ECT device performance. 

We repeatedly exerted bending moments (i.e. minimum strain = 0, maximum strain ≠ 0) to 

the flexible ECTs, and the bending axis was parallel to the long axis of the device. 800 μm 

× 400 μm sized device worked only for 50 flexural cycles even under at r= 16 mm. Since 

resistance to cracking increases with decreasing size 23), we performed the cyclic tests using 

200 μm × 100 μm sized device. We bent the ECT 10 times, then performed protonation / de-

protonation. After each protonation / de-protonation, we measured the two-terminal 

resistance. Since the 200 μm × 100 μm size device only has a two-terminal source-drain 

electrode, two-terminal resistance(R) and sheet resistance (RS) can be compared by RS = 

R(W/L).  The test was performed until the device showed infinite resistance, which indicates 

a complete mechanical failure in the device (or fatigue limit). Figure 4 shows the changes 

in the two-terminal resistance (Rdeprotonation, Rprotonation) as a function of flexural cycles at 

various r (r = 16, 12 and 6 mm). At r = 16, 12, and 6 mm, the device lasted ~410, ~220, and 

~30 cycles, respectively. Before the test, the ECT showed Rdeprotonation ~35 kΩ and Rprotonation 

~1 kΩ. Both Rdeprotonation and Rprotonation gradually increased with the number of cycles. 

 

3.2 Discussion 

In general, cyclic flexural strains have a significant effect on the device compared to static 

flexural strains. During the cyclic flexural strains test, the resistance values of the active 

WO3 layer and ZnO layer, which are directly related to protonated and de-protonated states, 

gradually increased in all cases. This suggests that both the active WO3 and shunting ZnO 

are being affected by the cyclic flexural strains, which is drastically different from the effect 

of static flexural strains. This is not surprising since most materials show higher strengths in 

static strain tests23). These results show that the present ECTs are highly susceptible to 

fatigue and not suitable for applications that require dynamic strain resistant unless the radius 

of curvature is large.  

Furthermore, we observed the optical micrographs of the device 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), 
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the radii is r = 16, 12 and 6 mm, respectively. At all radii, the cracks in the device resemble 

mode I fracture, where the crack propagation direction and the fracture surface are 

perpendicular to the tensile stress. Above r = 12 mm, a series of straight crack lines are 

observed, which are typical brittle fracture characteristics commonly observed form 

amorphous oxide films24-27). This strongly suggests that the crack initiates in the outer ITO 

top gate electrode, which is consistent with the device performance tests. However, at r = 6 

mm, the long crack lines become short elliptical pores that are clustered. This suggests a 

change in the fracture mechanism when r decreases from 12 mm to 6 mm. The new failure 

mechanism is likely attributed to the fracture of porous TaOx since short elliptical pores come 

from the evolution of micropores23). This cracking mechanism is likely related to the sharp 

performance degradation during the cyclic flexural stress tests at r = 6 mm as well as the 

large device (800 μm ×400 μm, only lasted 50 cycles) since these cracks are initiated at the 

micropores and the 200 μm × 100 μm sized device exhibits less number of pores. Compared 

to failures in ITO, mechanical damages in TaOx is much more critical to the device 

performance since the active WO3 is directly in contact with the TaOx. The fracture 

characteristics demonstrate that the flexure strengths of ETCs are limited by the ITO 

electrode and TaOx at low and high tensile strains, respectively.  

The present flexible ECTs exhibited good resistance to static flexural strains, and the 

corresponding performance degradation is a minor delay in the device operation with no 

damages in the WO3 and ZnO layers. Since the main damage in the device structure is in the 

ITO/ZnO electrodes, changing the gate electrode to flexible materials28) or fabricating 

special structure29-32) would improve the device performance under static flexural strains. In 

contrast, fatigue from cyclic flexural strains noticeably degraded the electrical properties of 

WO3 and ZnO, which decreased the ECT performance. The fatigue limit drastically 

decreases if r changes from 12 mm to 6 mm, and r > 16 mm seems to be necessary to 

maintain reasonable device performance under cyclic flexure stresses. Adding another layer 

that exerts compressive strains on the device can potentially negate the tensile strains from 

bending, but detailed failure analysis in the future is necessary to improve the cyclic flexural 

durability of the present device. 
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4. Conclusions 

In summary, we 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 V while 

showing excellent resistance to static flexural strains. However, their performances were 

strongly degraded by cyclic flexural stresses and fatigues, which were evident from the crack 

formations in the device. Therefore, high bending radius (r > 16 mm) is required for 

sustaining acceptable device characteristics. Since the present flexible ECT can be fabricated 

at room temperature, low cost polymer-based substrates can be used. The strong resistance 

to static flexural strains observed from the present ECTs would be of great value for 

economically viable curved FPD devices in the future. 
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Fig. 1. A flexible ECT. Using the stencil masks, we fabricated an ECT on 0.1-mm-thick PET 

substrate. The resultant ECT is bendable. 
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Fig. 2. Optical transmission spectra of the flexible ECT, which is composed of 50-nm-thick 

ITO, 10-nm-thick ZnO, 20-nm-thick NiO, 250-nm-thick TaOx, 100-nm-thick WO3, 10-nm-

thick ZnO, and 0.1-mm-thick PET. The optical transmission in the visible light region 

dramatically decreased after the protonation and it recovered after the de-protonation. The 

inset shows the photographs of the device. After the protonation (applied Vg= +3V), the 

device becomes dark blue whereas the device was transparent at the de-protonation (applied 

Vg= −3V). 
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Fig. 3. (a) The optical micrographs of the experimental setups of the bending test of the ECT 

devices at various radii of curvature. The tensile strain was kept at 0.16 % for 30 mm, 0.31 % 

for 16 mm, 0.41 % for 12 mm, and 0.83 % for 6 mm. (b) Sheet conductance (s) as a function 

of applied Gate voltage (Vg) at various curvature radius, where positive Vg applied for 

protonation (left panel, each Vg application time of 1s), and then negative Vg applied for 

deprotonation (right panel, each Vg application time of 1 s). (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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Fig. 4. Change in the two-terminal resistance (Rdeprotonation, Rprotonation) as a function of flexural 

cycles at the various r (r = 16, 12 and 6 mm). The ECT showed reasonable device 

characteristics even after 410 cycles of the bending test (r = 16 mm). 
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Fig. 5. Optical micrographs of ECTs at their fatigue limits, obtained by a laser microscope. 

The radii of curvature are: (a) r = 16 mm, (b) r = 12 mm, and (c) r = 6 mm. Above, r = 12 

mm, the crack lines are long and straight, which are typical brittle fracture characteristics of 

thin amorphous films. However, at r = 6 mm, clustered short elliptical pores are shown, 

which is likely from the fracture of porous TaOx. 

 

 


