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Abstract

This paper describes a fabrication method of a logotype-selective electrochromic (EC) glass. The EC glass performance based on the sample

size, WO3 film thickness, and internal impedances under various applied voltages are also discussed. The logotype-selective electrochromic glass

was fabricated by the sputter deposition process. Both working and counter electrode were coated with ITO/WO3 films. The specific logotypes of

‘‘NCUT’’ and ‘‘NUU’’ can be displayed with positive and negative voltages applied to the EC glass. EC glasses of various sizes (1 cm2, 4 cm2,

9 cm2, 25 cm2, and 100 cm2) were also fabricated by sputter deposition process. When voltage (�3.5 V) was applied to the device, the active layer

of the assembled device changed from almost transparent to a translucent blue color (colored). The average transmittance in the visible region of

the spectrum for a 100 cm2 EC device was 73% in the bleached state. The best device, with a 140 nm WO3 active layer, had average transmittances

in the colored and bleached states of 11.9% and 54.8%, respectively. Cyclic voltammogram tests showed that reproducibility of the colored/

bleached cycles was good. Nyquist plots showed that increasing the device size decreased the current density, and the electrolyte impedance

increased because of a low conductive electrolyte in the device.
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1. Introduction

Electrochromic (EC) devices are of interest in different

fields of technology. Among the numerous possible applica-

tions, one is the information display. Tungsten oxide is by far

the most extensively studied EC material. Highly disordered

WO3 films are usually employed in work on EC. In general, an

EC window consists of four layers. Two layers of conducting

oxide material, adjacent to the glass layers, supply the voltage

to the central two layers, consisting of an ion conducting/

electrolyte layer and an EC layer (typically WO3). All the

layers are normally transparent to visible light. In recent years,

there have been sustained efforts to develop EC technology and

devices. Many companies are continuously working to

complete the commercialization process. To implement this

technology, their products must be capable of coloring and

bleaching thousands of times with little or no performance loss.

EC windows enable the changing of their optical transmittance
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by applying appropriate electrical signals to the window

structure. In many applications, such as ‘‘smart’’ EC buildings

where windows are required, control of the window’s

transmittance is automated to ensure a constant level of

transmitted daylight for different outdoor illuminations.

In recent years, the nanometer technological progress has

led to the creation of many special new materials. Therefore

now, information photoelectricity, catalysis, and magnetism

have broader application domains because of nanotechnology.

For example, the tungsten oxide (WO3) semiconductor, which

has rich special physics and chemical properties, is widely

treated as electrochromic (EC) [1], photochromic [2,3],

gasochromic [4], catalyzed [5], and hide material [6], and it

even has potential as a superconducting material [7]. Since the

1980s, to further develop its application domain using the WO3

fine performance, many researchers have reduced the crystal

grain size to increase the surface effect [8,9]. The manufactur-

ing methods include sol–gel [10], sputter [11], evaporation

[12,13], chemical vapor deposition [14], and anodization

[15,16].

One group of chromogenic optically switching materials

displays reversible spectral coloration–bleaching when they are
d.
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Fig. 1. Schematic diagram of the logotype-selective electrochromatic glass structure; (a) logotypes of ‘‘NCUT’’ and ‘‘NUU’’ of WO3 films were coated on both ITO

glass. (b) ‘‘NCUT’’ was observed in the negative voltage state.

Fig. 2. Photograph of EC glass devices (a) in the negative voltage state

(‘‘NCUT’’), and (b) in the positive voltage state (‘‘NUU’’), respectively.
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subjected to double charges and monovalent cation injection–

extraction. Valve metals such as Al, Ti, Sn, Nb, and W can form

a thick oxide film of Al2O3 [17], TiO2 [18], SnO2 [19], Nb2O5

[20], and WO3 [21] through anodization. Aggressive ions like

chloride and fluoride are usually added to the electrolyte to

attach to the compact barrier and form porous anodic film.

Transition metal oxides of WO3 have transparent and

semiconducting physical characteristics, making them suitable

for electrochromic (EC) devices [22–25]. In EC glass, the

transmittance of WO3 films can be altered in a reversible and

persistent manner by the intercalation/de-intercalation of small

cations (H+, Li+, Na+) and electrons into the film.

To enhance the application of EC glass, we fabricated a

logotype-selective electrochromic (EC) glass, which can

alternate between logotypes of ‘‘NCTU’’ and ‘‘NUU’’ under

alternating negative and positive voltages. We also fabricated

EC glass samples of various sizes and evaluated the device

performance by UV–VIS–NIR optical photometer, cyclic

voltammetry (CV), and electrochemical impedance spectro-

scopy (EIS) tests.

2. Experimental

EC glass has a configuration of glass/ITO/WO3/1 M

LiClO4-PC/ITO/glass. The WO3 thin film was deposited onto

ITO (10 V/sq) glass by RF magnetron sputtering using a 4-in.

tungsten metal target with a purity of 99.99%. A mixture of

argon and oxygen gasses with a ratio of Ar/O2 of 3 was used for

the deposition. The base pressure of the deposition chamber

was kept at 1 � 10�6 Torr. Working pressure was set to

5 � 10�3 Torr, and sputtering power during deposition was

100 W for 10–120 min. The thickness of the WO3 film ranged

from about 10 to 140 nm. A sample of 10 cm � 10 cm EC glass



Fig. 3. Images of the electrochromatic glass devices and optical transmittance spectrum. (a) EC glass with transparent characterization in a bleached state, (b) EC

glass with blue color translucent characterization in a dyed state, (c) the glass in the visible light range has 73% and (d) 55% transparency in the bleached and dyed

states.

C.C. Chen, W.D. Jheng / Ceramics International 38 (2012) 5835–5842 5837
was obtained by assembling two pieces of the ITO glass in the

following way. The two electrodes were assembled into a

sandwich-type cell and sealed with hot-melt film (SX1170,

Solaronix, thickness 0.1 mm), and electrolyte was injected into

the space between the two electrodes with a syringe. The device

was then sealed with vacuum glue. The optical transmission

and reflection spectra were recorded using a UV–VIS–NIR

optical photometer (JASCO V570) with an integrating sphere

(JASCO ISN-470) in the range from 400 to 800 nm. The

electrochromic properties were characterized using the cyclic

voltammetry (CV) method by impedance Measuring Unit (IM

6) from Zahner. Two electrodes were used to perform the

electro-chemical tests in an electrolyte of a 1 M LiClO4 in

propylene carbonate solution. The internal impedance was

evaluated by the electrochemical impedance spectroscopy

(EIS) results.

3. Results and discussion

Electrochromatic glass includes transparent substrates

(glasses), working electrode (ITO/WO3), ion conductive layer

(1 M LiClO4-PC), and counter electrode (ITO/WO3). Both
working and counter electrodes in this study were composed of

the same ITO/WO3 films, but WO3 films with different

logotypes were deposited on the electrodes. Fig. 1 shows a

schematic diagram of a logotype-selective EC structure. First,

logotypes of ‘‘NCUT’’ and ‘‘NUU’’ were made on the ITO

glasses using the tape masking method. Then the unmasked

areas of ‘‘NCUT’’ and ‘‘NUU’’ were deposited with WO3 films,

in which both electrodes served as working electrode or counter

electrode (Fig. 1(a)). The result was marked areas of ITO films

and unmarked areas of WO3 deposition film. Whether positive

or negative voltage was applied to the working electrode was

controlled with a power switch. When the negative voltage was

applied to the electrode with the NCUT logotype, which served

as a working electrode, and the electrode with the NUU

logotype, which served as a counter electrode, the EC glass

presented the blue NCUT logotype (Fig. 1(b)). When the

positive voltage was applied, the EC glass presented the blue

NUU logotype. For example, Fig. 2 shows photographs of the

EC glass device: (a) is the negative voltage state (‘‘NCUT’’),

and (b) is the positive voltage state (‘‘NUU’’), respectively.

In order to investigate the blanched/colored property in a

large size EC glass, we made a 10 cm � 10 cm EC glass. This



Fig. 4. Transmission spectra of EC glass with various WO3 film thicknesses.

The device with (a) 10 nm, (b) 50 nm, (c) 80 nm, and (d) 140 nm WO3 film

thickness has 60.7%, 34.8%, 19.6%, and 11.9% transparency, respectively, in

the visible light range in the bleached state (�3.5 V).
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large size EC glass has a typical structure of glass/ITO/WO3 as

a working electrode, 1 M LiClO4-PC, as electrolyte, and ITO/

glass as a counter electrode. Fig. 3 shows photographs of

10 cm � 10 cm EC glass devices and the optical transmittance
Fig. 5. Transmission spectra of EC glass with various WO3 film thicknesses and app

glass, the device with (a) 10 nm had transparencies of 65.5%, 64.2%, 63.6%, 61.6%,

61.5%, 59.8%, 33.1%, and 19.6%; and (d) 140 nm, 61.0%, 60.6%, 59.7%, 25.3%,
spectrum. Fig. 3(a) is the as-prepared state and shows the

transparent state (blanched). In Fig. 3(b), when voltage

(�3.5 V) was applied to the device, the active layer of the

assembled device changed from being almost transparent to a

translucent blue color (colored). The device had 62.1%

(Fig. 3(c) and (d)) 34.8% (Fig. 3(d)) transparency in the

visible light range in the blanched and dyed states. In the

colored process, electrons are injected into the EC layer (WO3)

from the ITO and cation (Li+) from the electrolyte. The reverse

happens for the bleaching process. The electron-transfer

reaction occurs within the thin films of EC oxide (WO3)

sandwiched between a transparent electrode of ITO coated

glass substrates and an electrolyte, allowing for ready

conduction of the Li+ ion needed for the charge balance in

solid-solution electrodes. Fig. 4 shows the transmission spectra

of EC glass with various WO3 film thicknesses. When the

device had an active layer, the WO3 film thicknesses were (a)

10 nm, (b) 50 nm, (c) 80 nm, and (d) 140 nm, and the

transmittances were 60.7%, 34.8%, 19.6%, and 11.9%

transparency, respectively, in the visible light range in the

bleached state (�3.5 V). The transmittance decreased as the

film thickness increased. Fig. 5 shows the transmission spectra
lied voltages. When 0 V, �1 V, �2 V, �3 V, and �3.5 V was applied to the EG

 60.7%, (b) 50 nm, 62.1%, 61.8%, 60.5%, 42.5%, and 34.8%; (c) 80 nm, 61.7%,

 and 11.9%, respectively, in the visible light range in the bleached state.



Table 1

Transmission spectra of EC glass with 10 nm, 50 nm, 80 nm, and 140 nm WO3 film thicknesses in the colored (0 to �3.5 V) and bleached (1–3.5 V) states. The device

with 140 nm WO3 film thicknesses had 61.0%, 11.9%, and 54.8% transmittance in the original, colored, and bleached states, respectively.

Original Colored Blanched

Applied voltage (V) 0 �1 �2 �3 �3.5 1 2 3 3.5

Transmittance %

10 nm 65.5 64.2 63.6 61.3 60.7 61.1 64.3 65.1 65.2

50 nm 62.1 61.8 60.5 42.5 34.8 50.7 58.7 59.7 60.0

80 nm 61.7 61.5 59.8 33.1 19.6 28.9 50.3 54.8 56.5

140 nm 61.2 60.6 59.7 25.3 11.9 20.1 48.9 54.6 54.8
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of EC glass with various WO3 film thicknesses and applied

voltages. The device with (a) 10 nm WO3 film had average

transparencies of 65.5%, 64.2%, 63.6%, 61.6%, and 60.7%

transparency in the visible light range under 0 V, �1 V, �2 V,

�3 V, and �3.5 V voltage applied in a bleached state; (b)

50 nm WO3 film had average transparencies of 62.1%, 61.8%,

60.5%, 42.5%, and 34.8%; (c) 80 nm WO3 film had average

transparencies of 61.7%, 61.5%, 59.8%, 33.1%, 19.6%; and (d)

120 nm WO3 film had average transparencies of 61.0%, 60.6%,

59.7%, 25.3%, and 11.9%. Details of the transmittance values

are shown in Table 1. The results show that the differences in

transmittance of 10 nm, 50 nm, 80 nm, and 120 nm active

layers in the EC glass were 4.5%, 25.2%, 36.9%, and 42.9%
Fig. 6. Cyclic voltammetry of EC glass performed between �3 Vand +3 V with a sc

with increases in sample size from (a) 1 cm2 to (b) 4 cm2, (c) 9 cm2, and (d) 25 c
between �3.5 V (colored) and 3.5 V (bleached). Also, the clear

color change in the device was noted when the applied voltage

was below �3 V (colored) and above 2 V (bleached).

Fig. 6 shows the results of cyclic voltammetry of EC glass

performed between �3 V and +3 V with a scan rate of 100 mV

in 1 M HClO4-PC electrolyte. Because of the low conductive

electrolyte in the device, the current density decreased with

increases in sample size from (a) 1 cm2 to (b) 4 cm2, (c) 9 cm2,

and (d) 25 cm2. The voltammograms clearly show all the

samples had better reversibility and reproducibility in their

electrochemical analysis. When the EC device was in the

colored state (negative voltage) Li+ ion was doped into WO3

film. The quantity of Li+ ions moving in and out of the WO3
an rate of 100 mV in 1 M HClO4-PC electrolyte. The current density decreased

m2.



Fig. 7. EC glass structure simulated using an Equivalent circuit where v1 and

v2 represent working electrodes and v3 and v4 represent the electrolyte and

counter electrode.
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film can be detected by current density. A larger device had

larger impedance. In the colored state of the 25 cm2 device,

which had the greatest impedance, the Li+ ions were impeded

from moving into the WO3 film within the 30 s charge time

(scan from 0 to �3 V). In bleached states, fewer Li+ ions moved

out of the WO3 film. For example, devices with 1 cm2, 4 cm2,

9 cm2, and 25 cm2 areas had values of P1 (1.7 V,

8.34 mA cm�2), P2 (1.4 V, 5.3 mA cm�2), P3 (1.3 V,

3.4 mA cm�2), P4 (1.2 V, 0.27 mA cm�2).
Fig. 8. Nyquist plots of EC glass with device sizes of (a) 1 
Fig. 7 shows the EC glass structure simulated using an

Equivalent circuit, where v1 and v2 represent the working

electrodes and v3 and v4 represent the electrolyte and counter

electrode. In the circuit, the ohmic impedance includes ITO

resistance and transport wire resistance (R0). The working parts

of the ITO/WO3 and WO3/electrolyte interfaces are presented

as C1//R1 and C2//R2. The electrolyte presents as C3//(R3 + W).

The counter part of ITO/electrolyte is presented as C4//R4.

Fig. 8 shows the impedance spectrum in the Nyquist

presentation of a WO3-based EC glass with device sizes of

(a) 1 cm2, (b) 4 cm2, (c) 9 cm2, and (d) 25 cm2, respectively,

made by the standard fabrication process. This impedance

spectrum consists of ohmic resistance (R0), which is a starting

point on the X axis; three arcs (v1, v2, v3), which are in the high

frequency range; and one Warburg’s diffusion impedance (v4),

which is an oblique line. Arcs or oblique lines in the Nyquist

plot represent the existence of an electrochemical interface.

The Nyquist plots show that increasing the device size increases

the electrolyte impedance. In Fig. 9, the impedances in the high

frequency regions also show that the impedances of working

and counter electrodes increased with sample size increases. In

the EC glass, the conductive ITO film has lower impedance, but

the semi-conductive WO3 film (logo part) and ionic LiClO4/PC

electrolyte present higher impedance. Therefore, most of the
cm2, (b) 4 cm2, (c) 9 cm2, and (d) 25 cm2, respectively.



Fig. 9. Nyquist plots of EC glass with device sizes of (a) 1 cm2, (b) 4 cm2, (c) 9 cm2, and (d) 25 cm2 in high frequencies regions, respectively.
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impedance was produced by the logo part of the WO3 film and

electrolyte.

4. Conclusions

Various thicknesses of WO3 film were deposited on ITO

glass to form electrochromic glass. The characteristics of the

EC glass were determined using UV–vis transmittance

spectra, cyclic voltammetry, and electrochemical impedance

spectrum equipment. Alternating logotypes (‘‘NCUT’’ and

‘‘NUU’’) presented on the electrodes under alternating

voltage control when the device was in the negative and

positive voltage states. The device with 140 nm WO3 as the

active layer had average transmittances  in the colored and

bleached states of 11.9% and 54.8%, respectively. The

transmittance spectra results showed that a clear color

change in the device was observed when the applied voltage

was below �3 V (colored) and above 2 V (bleached). The

EIS results showed that increasing device size also increased

the internal impedances of the working electrode, counter

electrode, and electrolyte. Specific logotypes of WO3

electrochromic films on ITO glass can improve logotype-

selective EC glass for application as a functional display

controlled by voltage variation.
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