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High Optical Modulation and IR-Suppression Electrochromic 
Device Using WO3/AZO/Au/AZO Films
以三氧化鎢/氧化鋅鋁/金/氧化鋅鋁多層結構為基底之可高光學調控及紅外線
抑制功能的智慧型電致變色元件研究

朱 建 勳1  ■  吳 宏 偉2  ■  黃肇瑞1,3,4

   C.H. Chu, H.W. Wu,
 

J.L. Huang

本研究提出了一種新型的電致變色元件，

其元件結構為三氧化鎢 (WO3)/氧化鋅摻雜鋁

(AZO)/金 (Au)/氧化鋅摻雜鋁 (AZO)之多層薄

膜。元件之製備方法為利用射頻磁控濺鍍系統

沉積WO3及AZO薄膜和利用離子濺鍍系統沉積

Au薄膜。該研究探討AZO/Au/AZO多層透明電

極於不同熱退火處理下，不同導電度之透明電極

對電致變色元件之影響。其AZO/Au/AZO多層

透明電分別於退火氣氛為真空、氮氣及氧氣及退

火溫度為攝氏 100至 400度下，並持續溫度為 3

分鐘下進行熱退火處理，進一步探討退火溫度及

退火氣氛對AZO/Au/AZO多層透明電極之光電

特性之影響。其結果發現在真空氣氛下退火溫度

為 200度時可得到高品質之多層透明電極，該多

層透明電極之電阻率可低於 6.34×10-5Ω-cm及

於可見光之透光度可高達 92.3%。因此，我們利

用此退火條件製備透明電極並應用於電致變色元

件。利用AZO/Au/AZO多層透明電極製備之電

致變色元件可同時實現具有高調控之高性能電

致變色元件 (著色態 )及可抑制紅外線之低輻射

(Low-E)玻璃之功能 (去色態 )。該電致變色元

件於可見光波長為 550 nm時，著色態及去色態

之對比度可高達 80%，著色態之透光度為 7.92%

及去色態之透光度為 87.74%。同時，此元件同

時擁有相當快速的響應時間，其著色態之響應時

間為 9.9秒及去色態之透光度為 4.7秒。

關鍵字： 氧化鋅摻雜鋁 /金 /氧化鋅摻雜鋁、退

火條件、電致變色元件、三氧化鎢

This study presents a novel electrochromic 

(EC) device using WO3/AZO/Au/AZO f ilms. 

The f ilms were prepared by simultaneous RF 

magnetron sputtering (for WO3 and AZO) and ion 

sputtering (for Au). We investigated the effect of 

annealing conditions on the conductivity of the 

transparent electrode (AZO/Au/AZO films). The 

AZO/Au/AZO films were annealed in vacuum, 

nitrogen or oxygen atmosphere at a series of 

temperatures 100, 200, 300 or 400℃ for 3 min. 

When annealed at 200℃ in vacuum atmosphere 

the multilayer films (at 8 nm thickness Au layer) 

had the best resistivity of 6.34×10-5 Ω-cm and 

maximum optical transmittance of 92.3 %. We 

used the AZO/Au/AZO films at 200℃ in vacuum 

atmosphere for the electrochromic device. The 

multilayer AZO/Au/AZO f ilms can provide 

not only high optical modulation but also IR-

suppression for high performance electrochromic 

device and low-E glass. The electrochromic 

device showed high optical modulation (ΔT) at 

a wavelength of 550 nm: the transmittance of the 

colored state (7.92 %) and that of the bleached 

state (87.74 %). The rapid response time of the 

device was found to be about 9.9 s for colored 

state and 4.7 s for bleached state.

Key words: A Z O / A u / A Z O ,  A n n e a l i n g 

conditions, Electrochromic device, 

Tungsten oxide
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I. INTRODUCTION
Electrochromic (EC) smart windows are able to control the throughput of visible light and solar 

radiation into buildings and can impart energy efficiency as well as human comfort by having different 

transmittance levels depending on dynamic needs(1). Recently, the electrochromic devices have been 

widely studied and useful to smart window applications(2-4).

Tungsten oxide (WO3) is good material for electrochromic device, because WO3 is having multiple 

valence states, high coloration efficiency and good stability compared with other materials(5). In(6), 

authors proposed the electrochromic device deposited by co-sputtering metallic titanium and tungsten. 

The optical modulation (ΔT) is found to be ΔT = 70%. In(7), the effects of the structural evolution and 

electrochromic properties were investigated. The films annealed at 300 °C exhibit ΔT ≈ 40% at λ = 

633 nm. In(8), the self-organized macroporous WO3 films by anodic oxidation of DC sputtered tungsten 

layers on ITO-coated glass was presented. The ΔT ≈ 50% at 632.8 nm and a switching speed of about 

8 seconds are also achieved. In(9), authors proposed the AZO films were employed as transparent 

electrodes in a WO3 based all-solid electrochromic device. The optical modulation (ΔT) is found 

to be ΔT ≈ 50%. However, these works are having no IR-suppression characteristic and the optical 

modulation should be further improved for achieving the EC smart window applications.

In this study, we proposed the all-solid-state electrochromic device based on WO3/AZO/Au/

AZO structure for the first time. The AZO/Au/AZO films to be the electrode in the electrochromic 

device can provide high optical modulation to 80% and simultaneously having the characteristic of 

IR-suppression. The electrochromic device is also having rapid response time between coloration 

(9.9 seconds) and bleaching (4.7 seconds). The WO3/AZO/Au/AZO structure were prepared by RF 

magnetron sputtering (for WO3 and AZO) and ion sputtering (for Au). The use of WO3/AZO/Au/AZO 

structure also improves cycle lifetime and durability of the electrochromic device.

II. EXPERIMENTAL PROCEDURES
(1) AZO/Au/AZO Transparent Conducting Oxide Films

The AZO/Au/AZO tri-layer films were deposited on the glass substrate (Corning Eagle) by 

rf magnetron sputtering using an AZO ceramic target (99.9995% purity and Al2O3 : ZnO = 2 : 98 

wt%) and ion sputtering using a Au metal ring target (99.99% purity). The AZO film sputtering was 

performed in an Ar (180 sccm) atmosphere at a pressure as high as 2.4 Pa (base pressure 4.0×10-4 Pa) 

at RF power of 250W. The substrate temperature kept at 70 °C and the distance between substrate and 

target was 15 cm. The Au thin film sputtering was performed at a pressure of 8 Pa (base pressure 18 

Pa) in the sputtering chamber with 0.5 kV and 18 mA. The substrate temperature kept at 27 °C. The 

thickness of the AZO layer was 30 nm and the Au was 8 nm(10). 

(2) WO3 Electrochromic Films
The WO3 films were deposited on the AZO/Au/AZO films by rf magnetron sputtering using a 
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WO3 ceramic target (99.9% purity, 200 mm diameter, 50 mm thickness) in an Ar (100 sccm) + O2 (40 
sccm) atmosphere at a pressure as high as 0.667 Pa (base pressure 4.0×10-4 Pa) at RF power of 300W. 
The thickness of WO3 film was controlled at around 300 nm. The electrolyte was 1M LiClO4/propylene 
carbonate solution.

(3) Analysis and Measurement
The crystal structure of the WO3 films were analyzed by X-ray diffraction (XRD) measurement 

using Rigaku (BRUKER D8 ADVANCE) system with a Cu Ka (k = 0.154056 nm). Transmittance-
modulation measurements were performed with an electrolyte solution of 1 M lithium perchlorate 
(LiClO4, 99%, Alfa Aesar, UK) in propylene carbonate (PC, 99%, Alfa Aesar, UK) using a UV–vis 
spectrophotometer (JASCO V670, Japan) and a potentiostat (VersaStat II Potentiostat/Galvanostat, 
Princeton Applied Research, USA). The cyclic voltammetry measurement employed the WO3 
films, Ag/AgCl electrode, and Pt sheet as the working electrode, reference electrode, and counter 
electrode, respectively. The coloration and bleaching potential were kept constant at +2.0 V and -2.0 
V, respectively. The cross-sectional view was analyzed using transmission electron microscopy (field 
emission gun (FEG)-TEM,FE1 TECNAI G2 F20) (FE1/ USA /Hillsboro) operating at 200 kV.

III. RESULTS AND DISCUSSION
Fig. 1 shows the photograph of the electrochromic device at colored and bleached states. The 

evaluation of device based on WO3/AZO/Au/AZO structure confirmed that the active layer of the 
device changed from transparent to deep blue color associated with WO3 reduction and simultaneous 
Li+ insertion as result of the application of negative voltage to -2V (colored state). Oppositely, when 
the applied voltage operated at +2V, the device is changing to transmittance (bleached state). The 
electrochromic device reveals very good optical modulation to 80 % (within 5 seconds) between the 
colored and bleached states. The proposed electrochromic device would be the promising applications 

Fig. 1   Photograph of the electrochromic device at colored and bleached states.
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to smart windows.

Fig. 2 shows the cross-sectional high-resolution transmission electron microscope (HRTEM) 

images of the WO3/AZO/Au/AZO films. The top and bottom AZO films (30 nm) show a dense, 

inhomogeneous, and columnar grain structure as indicated by uniform contrast. The Au layers of 

8 nm shows the continuous and crystalline structure. The WO3 film showed a loose, non-uniform, 

and revealing amorphous structure with nano-crystalline. The AZO/Au/AZO films and WO3 film 

show a polycrystalline and amorphous (nano-crystalline) structure as proved by analysis of selected-

area diff ract ion (SAD) pat terns .  In 

order to achieve high performance of 

the electrochromic device, controlling 

the crystallization of WO3 film is very 

important. In this study, the deposition 

of WO3 film is controlled to form nano-

crystalline structure, therefore, obtaining 

the advantages of rapid response time, good 

optical modulation, better stability, and 

long lifetime for the electrochromic device.

Fig.  3  shows the XRD pat terns 

corresponding to the WO3 thin films. The 

strong peak (002) at the 23.14° along with 

(-112) and (-310) were observed for WO3 

thin films and indicated polycrystalline 

nature of the thin films. In order to confirm 

the half maximum (FWHM) of XRD 

(002) peak and average crystallite size 

corresponding to the WO3 thin film that 

can be calculated by using the Scherrer's 

equation as follows:

D
0.9λ

βcosθ

where λ = 1.54Å and β = B-b (B is the 

observed FWHM and b is the instrument 

function determined from the broadening of 

the monocrystalline silicon diffraction line). 

The WO3 film shows the average crystallite 

size and full width at half maximum 

Fig. 2 Cross-sectional HRTEM images of the WO3/
AZO/Au/AZO structure.

Fig. 3 The XRD patterns corresponding to the WO3 
thin films
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(FWHM) are  a round 14 .65  nm and 
0.59°, therefore, the WO3 film shows the 
nanocrystalline structure. For the traditional 
EC glass, the WO3 film (polycrystalline) is 
less favorable for ions to diffuse through, 
that because the lithium ion movement 
through the film is obstructed by the dense 
structure leading to a slower response time. 
The nanostructure WO3 films can make a 
short diffusion path for ion-tungsten oxide 
interaction that can reduce the response 
time (11-13).

Fig.  4 shows the field emission 
scanning electron microscope (FE-SEM) 
images of the WO3 thin films. In order to 
further confirm that the average crystallite 
size of the WO3 thin film is about 14.65 
nm, thus used the FE-SEM to observe the 
surface morphology of the WO3 thin film. 
It can be found that the grain size of the 
WO3 film is less than 15 nm on the surface 
morphologies. Therefore, we defined the 
crystal structure of the WO3 thin film is 
microcrystalline structure.

Fig. 5 shows the optical transmittance 
spectra under the bleached and colored state 
of the electrochromic device at 200 to 1900 
nm wavelength. The transmittance of only 
WO3 film is achieving about 92.26% at 550 nm wavelengths, however, no IR suppression obtained 
after 1000 nm wavelength. The transmittance of only AZO/Au/AZO film is achieving about 86.33%. 
For the proposed WO3/AZO/Au/AZO structure, 7.92% transmittance at colored state and 87.74% 
transmittance at bleached state is obtained at 550 nm wavelength. The optimal optical modulation ΔT 
(%) = T (bleached, 550 nm) – T (colored, 550 nm) = 80% can be well achieved. It clearly observed that 
the distinguished IR suppression is appeared after 1000 nm wavelength so as to effectively apply on 
Low-E glass applications (14-16). Besides, due to the chemical stability of AZO/Au/AZO films to the Li+ 
erosion, no dark spots were appeared in the electrochromic device. Therefore, the WO3/AZO/Au/AZO 
structure can be also applied on electromagnetic compatibility applications.

Fig. 4 The field emission scanning electron microscope 
(FE-SEM) images of the WO3 thin films. 

Fig. 5 Optical transmittance spectra under bleached 
and colored state of the electrochromic device 
at 200 to 1900 nm wavelength.
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Fig. 6 shows the transmittance as 

a function of time under colored and 

bleached state in the 35 cm2 (7 cm × 5 cm) 

electrochromic device. The required times 

of changing coloration and bleaching are 

defined as 90% in the optical modulation 

at 550 nm wavelength. The time to 90% 

coloration (TColor) is around 9.9 seconds. 

The time to 90% bleaching (TBleach) is 

around 4.7 seconds. To compare the 

previous works, the time of coloration and 

bleaching is much better to ≥ 50% than 

those reported studies(17-20). The proposed 

WO3/AZO/Au/AZO structure implies that 

Li+ can quickly and easily intercalated/deintercalated in the WO3 film. The response time is highly 

dependent on the diffusion coefficient of Li+ and e-, showing a fast response between coloration and 

bleaching in the WO3/AZO/Au/AZO structure. Additionally, the AZO/Au/AZO structure is also 

affecting the response time, due to the large number of electrons caused many current paths in the 

material to increase the charge-capacity of the films, wherein the higher charge-capacity indicates 

more Li+ and e− intercalation/extraction during the cyclic voltammetry process(21). The comparison of 

performance between the previous works and proposed device was summarized in Table 1.

Table 1.   Comparison of performance between the previous works and proposed device.

Ref. Electrode
Device
Area
 (cm2)

Coloration 
Time 
(sec)

Bleaching 
Time 
(sec)

Optical 
Modulation 

∆T (%)

IR 
Suppression

(8) ITO 2.5 18.6 10 40 X

(9) AZO 4.0 X X 50 X

(21) ITO 6.5 15 X 65 X

(23) ITO X 32 8 75 X

(24) ITO 25.0 10 20 55 X

(25) ITO 9.0 X X 57 X

(26) ITO 5.0 X X 56.7 X

This
study AZO/Au/AZO 35 9.9 4.7 80

Yes
> 50% 

suppression

Fig. 6 Transmittance as a function of time (sec) 
under colored and bleached state in the 35 cm2 
electrochromic device (at 550 nm wavelength).
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Fig. 7 shows the continuous potential 
cycling testing curves up to 20 and 50 
cycles for the proposed device. The 
applied voltage is controlled at ± 2V for all 
experiments. In Fig. 7 (a), the coloration 
state is gradually increasing in the initial 
potential cycling before 5 cycle testing,  
this is because electrolyte is formed to 
solid-electrolyte inter-phase (SEI) adsorbed 
on the surface of the WO3 film(22), as called 
the activation effect in the electrochromic 
device. The cycling performance was 
saturated after a few initial cycling, referred 
to as the transient cycling period. After 
testing the 50 potential cycles (after 18000 
seconds), the electrochromic device shows 
the good stability and long lifetime, as 
shown in Fig. 7 (b).

IV. CONCLUSION
In this study, the new WO3/AZO/Au/

AZO based electrochromic device with high 
optical modulation, rapid response time, 
and IR-suppression films were successfully 
demonstrated. The multilayer AZO/Au/
AZO electrodes were performed to achieve 
high performance electrochromic device for the first time. In comparison of previous works, this study 
provides high optical modulation (ΔT) of 79.% at 550 nm wavelength, rapid response time about 9.9 s 
(for colored stat) and 4.7 s (for bleached state), and IR-suppression (>50%) after 1000 nm wavelength. 
The results obtained with electrochromic smart windows based on new WO3/AZO/Au/AZO structure, 
provide motivation for future optimization studies and improvements in device large size, flexible, and 
memory effects. 
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