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Abstract: In this study, WO3–Nb2O5 electrochromic films and an ITO/WO3–Nb2O5/Nb2O5/NiVOx/
ITO all-solid-state electrochromic device were deposited using fast-alternating bipolar-pulsed
magnetron sputtering using tungsten and niobium targets. The influence of different sputtering
powers from the niobium target on the refractive index, extinction coefficient, optical modulation,
coloration efficiency, reversibility, and durability of the WO3–Nb2O5 films is discussed. The aim of
this work is to find the suitable Nb proportion to increase durability and less negative effect in the
electrochromic performance of Nb2O5-doped WO3 films. The lifetime of the WO3–Nb2O5 films is 4
times longer than pure WO3 films when the sputtering power of the Nb target is higher than 250 W.
The results show that WO3–Nb2O5 composite films used for an all-solid-state electrochromic device
can sustain over 3 × 104 repeated coloring and bleaching cycles while the transmission modulations
can be kept above 20%. The coloring and bleaching response times are 7.0 and 0.7 s, respectively.

Keywords: all-solid-state electrochromic device; bipolar-pulsed magnetron sputtering; WO3–Nb2O5

electrochromic films

1. Introduction

Electrochromism, a phenomenon displayed by certain materials, is characterized by reversible
changes in color when a driving voltage is applied. Various types of materials and structures can be
used to construct electrochromic devices, depending on the specific applications. Included among
the electrochromic materials is tungsten oxide (WO3), which is mainly used in the production of
electrochromic smart windows [1–6], anti-dazzle rear-view mirrors [7,8] and electronic-paper [9–11].
The electrochromic devices show promise for electronic paper displays because they can be operated
at low voltages, either in transmission or reflection mode, and the power consumption is relatively
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low. However, these devices suffer from characteristically short lifetimes and poor environmental
stability because of the absorbed water from the atmosphere that reacts with amorphous WO3 by
hydrolysis [12–14]. A few researchers have investigated the effects of mixed electrochromic films
(e.g., TiO2, V2O5, Nb2O5 and Mo) for improved durability, color neutrality, coloration efficiency,
and optical modulation [15–20]. However, the energy band gap, optical modulation, coloration
efficiency and reversibility of WO3-doped Nb2O5 films and Nb-doped WO3 films deposited by pulsed
spray pyrolysis [21,22], electron beam co-evaporation [23] or sputtering have rarely been investigated
and there has been no comparison made between the lifetimes of undoped WO3 and Nb2O5-doped
WO3 films. Furthermore, LiNbO3 [24–26] and LiTaO3 [27,28] served as the ion electrolyte layer in
monolithically electrochromic devices. Nb2O5 also has been reported for use as an ion conducting
layer [29]. Therefore, WO3 mixed with Nb2O5 might be a helpful Li+ intercalation and migration in
dense electrochromic layers to help avoid water absorption and to improve lifetime.

In this study, electrochromic films were prepared from materials such as WO3, niobium oxide
(Nb2O5) and tungsten-niobium oxide (WO3–Nb2O5), using a fast-alternating bipolar-pulsed reactive
magnetron sputtering technique. The optical, electrochemical properties and durability of these films in
colored and bleached states have been investigated. Furthermore, Nb2O5-doped WO3 films that have
a less negative effect for electrochromic properties and a high durability were selected and integrated
into an all-solid-state electrochromic device (ASSECD), according to the laminar structure design of
glass/ITO/WO3–Nb2O5/Nb2O5/NiVOx/ITO. The electrochromic performance and durability of the
same films and devices were also investigated.

2. Experimental Procedures

2.1. Film Deposition Process

WO3–Nb2O5 films were prepared by a home-made fast-alternative bipolar-pulsed reactive
magnetron sputtering deposition system, as shown in Figure 1. The vacuum chamber was evacuated
by a rotary pump and turbo-molecular pump. The substrates were affixed to vertical mounting plates
and were placed on a cylindrical drum which rotated at 60 rpm (revolutions per minute) during
deposition. The tungsten (W) and niobium (Nb) targets were also mounted vertically and placed
face-to-face on opposite sides of the rotating drum, 70 mm away from the substrate. Both targets were
182 mm × 62 mm × 6 mm in size with a purity of 99.995%. The base pressure was 8.0 × 10−6 torr.
Argon (Ar) was utilized as the sputtering gas with a flow rate of 50 sccm. The reactive gas was oxygen
(O2), and, in this study, its flow rate was a variable parameter related to the discharge voltage. The total
working pressure of Ar and O2 during deposition was maintained at 10 × 10−3 torr by using an
auto-tuning throttle valve. The fast-alternating bipolar-pulsed reactive magnetron sputtering process
was driven by two direct-current (DC) supplies (SDC-1022FDC, PSPLASMA Co., Seoul, South Korea)
connected with a pulse controller (SPIK 2000A, Shen Chang Electric Co., Taipei, Taiwan). The pulse
controller had an asymmetric pulse mode that allowed the sputtering power and pulse profile to
be independently regulated for two sputtering targets, allowing more stability and control over the
sputtering process and the proportion of pure WO3 and Nb2O5. All the experiments related to film
deposition were carried out without substrate heating.

Indium tin oxide (ITO), WO3, WO3–Nb2O5, and Nb2O5 films were deposited on B270 Schott
glass. The process parameters are listed in Table 1. Transparent electrodes of ITO film were deposited
by DC reactive magnetron sputtering. All electrochromic films were deposited on the ITO in a
single run. The oxygen flow rate for ITO film deposition was 1 sccm. Hall measurements for the
sheet resistance, carrier concentration and mobility of the ITO film were carried out with an ACCENT
HL5500 using the van der Pauw method. The sample size was 1 cm × 1 cm. The sheet resistance, carrier
concentration and mobility of the ITO films were 29.5 Ω/�, 30.2 cm2·V−1·s−1 and 2.9 × 1020 cm−3,
respectively. The WO3 and Nb2O5 films were deposited by DC reactive magnetron sputtering.
The variously proportioned WO3–Nb2O5 films were deposited by fast-alternating bipolar-pulsed
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reactive dual magnetron sputtering under different sputtering powers. The sample results for
W-Nb-150w, W-Nb-250w, W-Nb-350w, and W-Nb-450w, are shown in Table 1 and correspond to the
different sputtering powers (from the Nb target) at 150, 250, 350 and 450 W, respectively. The bipolar
pulse-width was modulated to have an on cycle of 50 µs and then an off cycle for 5 µs. The discharge
voltage for the films was controlled by a home-made proportional-integral-derivative (PID) controller
to ensure that the set point of the discharge voltage stabilized at the transition mode.

Coatings 2018, 8, x FOR PEER REVIEW  3 of 15 

W-Nb-250w, W-Nb-350w, and W-Nb-450w, are shown in Table 1 and correspond to the different 
sputtering powers (from the Nb target) at 150, 250, 350 and 450 W, respectively. The bipolar pulse-
width was modulated to have an on cycle of 50 μs and then an off cycle for 5 μs. The discharge voltage 
for the films was controlled by a home-made proportional-integral-derivative (PID) controller to 
ensure that the set point of the discharge voltage stabilized at the transition mode. 

 

Figure 1. Schematic representation of the fast-alternating asymmetric bipolar pulsed reactive dual 
magnetron sputtering deposition system. 

Table 1. Process parameters (pressure, P; argon flux, fAr; oxygen flux, fO₂; sputtering power, Psp; 
discharge voltage, Vdischarge; film thickness, d) used for film deposition; indium tin oxide, ITO. 

Samples P (mtorr) fAr (sccm) 
fO₂ 

(sccm) 
Psp (W) Vdischarge (V) d (nm) 

WO3 10 50 PID (DC) 250 550 411 

W-Nb-150w 10 50 PID (Bipolar) 
W 250 W 636 

442 
Nb 150 Nb 522 

W-Nb-250w 10 50 PID (Bipolar) 
W 250 W 620 

462 
Nb 250 Nb 565 

W-Nb-350w 10 50 PID (Bipolar) 
W 250 W 625 

467 
Nb 350 Nb 588 

W-Nb-450w 10 50 PID (Bipolar) 
W 250 W 610 

443 
Nb 450 Nb 625 

Nb2O5 10 50 PID (DC) 500 580 186 
ITO 3 40 1 (DC) 300 355 230 

2.2. Film Characterizations 

Scanning electron microscopy (SEM) images were taken on a Hitachi S-4800 scanning electron 
microscope (Hitachi, Tokyo, Japan) operated at an acceleration voltage of 10 kV. Energy dispersive 
X-ray spectroscopy analysis was performed on a Horiba EMAX-400 energy dispersive X-ray (EDX) 
(Horiba, Kyoto, Japan) microanalysis. The analytical conditions for EDX were as follows: accelerating 
voltage of 15 kV, working distance of 13.6 mm and magnification of 3000×. The samples were Pt 
coated to eliminate charging effects. The thin film crystalline structures were examined by X-ray 
diffraction (XRD) measurements carried out on a Bruker D8A using CuKα radiation (Bruker, 
Billerica, MA, USA ) (λ = 0.154060 nm) operated with glancing angle (an incident angle of 1°) θ/2θ 
measurements of 20°–70°. The transmittance curves for the colored and bleached WO3, WO3–Nb2O5, 
and Nb2O5 electrochromic films were measured using a Perkin-Elmer Lambda-900 optical 
spectrophotometer (Waltham, MA, USA) in the 350–2000 nm wavelength range. The refractive index, 
n, extinction coefficient, k, and film thickness of the WO3, WO3–Nb2O5, and Nb2O5 films were 
calculated at different positions using the envelope method [30]. 

The electrochemical properties of the WO3, WO3–Nb2O5, and Nb2O5 electrochromic films were 
measured by a JIEHAN ECW-5000 (Jiehan Co., Taichung, Taiwan). Cyclic voltammetry (CV) and 
chronoamperometric (CA) experiments were performed in a three-electrode arrangement. Platinum 

Figure 1. Schematic representation of the fast-alternating asymmetric bipolar pulsed reactive dual
magnetron sputtering deposition system.

Table 1. Process parameters (pressure, P; argon flux, f Ar; oxygen flux, f O2 ; sputtering power, Psp;
discharge voltage, Vdischarge; film thickness, d) used for film deposition; indium tin oxide, ITO.

Samples P (mtorr) f Ar (sccm) f O2 (sccm) Psp (W) Vdischarge (V) d (nm)

WO3 10 50 PID (DC) 250 550 411

W-Nb-150w 10 50 PID (Bipolar) W 250 W 636
442

Nb 150 Nb 522

W-Nb-250w 10 50 PID (Bipolar) W 250 W 620
462

Nb 250 Nb 565

W-Nb-350w 10 50 PID (Bipolar) W 250 W 625
467

Nb 350 Nb 588

W-Nb-450w 10 50 PID (Bipolar) W 250 W 610
443

Nb 450 Nb 625

Nb2O5 10 50 PID (DC) 500 580 186

ITO 3 40 1 (DC) 300 355 230

2.2. Film Characterizations

Scanning electron microscopy (SEM) images were taken on a Hitachi S-4800 scanning electron
microscope (Hitachi, Tokyo, Japan) operated at an acceleration voltage of 10 kV. Energy dispersive
X-ray spectroscopy analysis was performed on a Horiba EMAX-400 energy dispersive X-ray (EDX)
(Horiba, Kyoto, Japan) microanalysis. The analytical conditions for EDX were as follows: accelerating
voltage of 15 kV, working distance of 13.6 mm and magnification of 3000×. The samples were Pt coated
to eliminate charging effects. The thin film crystalline structures were examined by X-ray diffraction
(XRD) measurements carried out on a Bruker D8A using CuKα radiation (Bruker, Billerica, MA, USA)
(λ = 0.154060 nm) operated with glancing angle (an incident angle of 1◦) θ/2θ measurements of 20◦–70◦.
The transmittance curves for the colored and bleached WO3, WO3–Nb2O5, and Nb2O5 electrochromic
films were measured using a Perkin-Elmer Lambda-900 optical spectrophotometer (Waltham, MA,
USA) in the 350–2000 nm wavelength range. The refractive index, n, extinction coefficient, k, and film
thickness of the WO3, WO3–Nb2O5, and Nb2O5 films were calculated at different positions using the
envelope method [30].
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The electrochemical properties of the WO3, WO3–Nb2O5, and Nb2O5 electrochromic films
were measured by a JIEHAN ECW-5000 (Jiehan Co., Taichung, Taiwan). Cyclic voltammetry
(CV) and chronoamperometric (CA) experiments were performed in a three-electrode arrangement.
Platinum (Pt) sheets were used as the counter electrode, saturated calomel electrode (SCE) as the
reference-electrode in the cell with an electrochromic film/ITO/glass substrate as the working electrode
in a liquid electrolyte consisting of 1 M lithium perchlorate (LiClO4) dissolved in propylene carbonate
(PC). CV was carried out for 10 cycles using a saw-tooth wave signal ranging from ±1.0 V at a scan
rate of 20 mV/s. The CA voltage switched between ±1.0 V (square wave) every 60 s (120 s/cycle) for
175 cycles.

3. Results and Discussion

3.1. Electrochromic Films

Figure 2 shows the composition of films with different sputtering powers on the Nb target. The Nb
proportions of the W-Nb-150w, W-Nb-250w, W-Nb-350w, and W-Nb-450w films were 8.5%, 17.3%,
23.5% and 27.3%. This indicated that the proportion of Nb2O5 in the WO3–Nb2O5 composite films
increases with the increase in the sputtering power on the Nb target. SEM morphology evolutions of the
W-Nb-150w, W-Nb-250w, W-Nb-350w, W-Nb-450w, and Nb2O5 films are shown in Figure 2. The surface
structures of the as-deposited films of WO3, W-Nb-150w, W-Nb-250w, W-Nb-350w, and W-Nb-450w
showed uniformly distributed spherical-shaped grains and compactly packed grains distributed over
the film surface, and no evidence was found for any significant relationship of the WO3–Nb2O5

composite films between the surface structure and Nb2O5 content. Figure 3f shows the morphology of
Nb2O5 film that has a larger grain size than pure WO3 film and WO3–Nb2O5 composite films. The XRD
patterns of deposited films are shown in Figure 4. The pure WO3 film, WO3–Nb2O5 composite films
and pure Nb2O5 film were amorphous films.
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The optical transmittance spectra for the WO3, WO3–Nb2O5, and Nb2O5 films deposited on B270
glass substrates are shown in Figure 5. These films were homogeneous and had weak absorptions.
The refractive indices, n, and extinction coefficients, k, of the WO3, WO3–Nb2O5, and Nb2O5 films are
shown in Figure 6. The refractive indices at 550 nm and extinction coefficients at 450 nm of the WO3,
W-Nb-150w, W-Nb-250w, W-Nb-350w, W-Nb-450w, and Nb2O5 films are shown in Figure 7. The optical
constant of WO3 films depends on deposition conditions (e.g., deposition method, sputtering pressure,
substrate temperature, etc.). However, few researchers have discussed the optical constants of WO3

films. The refractive index and extinction coefficient of WO3 films were in the range of 1.9–2.1 and 1 ×
10−3–4 × 10−2, respectively. The experimentally determined refractive index and extinction coefficient
were in good agreement with the reported literature values for WO3 films [31–35]. Little literature
has reported the optical constants of Nb2O5-doped WO3 films. In this study, the refractive indices of
the WO3–Nb2O5 composite films were higher than those of the pure WO3 and Nb2O5 films, with the
refractive index of composite films being highest when the sputtering power on the Nb target was
250 W. This resulted in a dense film with WO3 being mixed with Nb2O5 [31–33,35]. The extinction
coefficient of the WO3–Nb2O5 films was between that of pure WO3 and Nb2O5 films. The extinction
coefficient of all films was smaller than 1 × 10−3. The low value of extinction coefficients indicated
nearly stoichiometric films. The WO3–Nb2O5 composite films produced with a sputtering power (from
the Nb target) of 350 W and pure Nb2O5 film had lower extinction coefficient values than the other
composite films.
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The results for the dependence of the optical transmittance on the wavelength in the range of
400–2000 nm for pure WO3, Nb2O5, and WO3–Nb2O5 composite films in the as-deposited, bleached
and colored states are shown in Figure 8. After the film was deposited on an ITO glass substrate,
the sample was removed from the deposition chamber and immediately immersed in a liquid
electrolyte. This sample as a working electrode, a Pt sheet as a counter-electrode and a SCE as a
reference-electrode were immersed in a liquid electrolyte consisting of 1 M LiClO4 in PC. A DC
voltage of −1 V was applied for 60 s between the two electrodes to inject Li+ ions into the sample.
The sample was taken from the liquid electrolyte, and the LiClO4 solute and PC solvent were removed
from the surface of the sample by blowing nitrogen, and the sample was placed in a spectrometer to
measure the transmittance. The transmittances at wavelength of 633 nm for the WO3, W-Nb-150w,
W-Nb-250w, W-Nb-350w, W-Nb-450w, and Nb2O5 films deposited on ITO glass substrates were
respectively, about 88.9%, 79.1%, 75.8%, 74.9%, 78.2%, and 84.1% for the as-deposited films, 78.8%,
69.5%, 68.7%, 68.5%, 74.7%, and 84.5% for the bleached state films, and 3.2%, 2.6%, 2.8%, 3.5%,
7.4%, and 83.7% for the colored state films. Thus, the transmission modulations (∆T) of the WO3,
W-Nb-150w, W-Nb-250w, W-Nb-350w, W-Nb-450w, and Nb2O5 films were 75.5%, 66.8%, 65.9%, 65.0%,
67.3%, and 0.8%, respectively, indicating a decrease in the value of ∆T in the Nb2O5-doped WO3 films
for all Nb2O5 doped concentration studied. It was noted that the transmittances of the pure WO3 films
and WO3–Nb2O5 composite films in the bleached state were lower than for the as-deposited samples.
When pure WO3 films and WO3–Nb2O5 composite films were deposited with an excess of oxygen in
the sputtering gas, the interstitial oxygen in the electrochromic films reacted with the Li+ ion during
the Li+ ion intercalation process to form a Li2O compound [36,37]. Thus, a fraction of Li+ intercalation
was colored but not bleached again.
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The change in the optical density (∆OD) at a wavelength of 633 nm between samples in the
bleached and colored states was calculated as follows:

(∆OD)633nm = log
(

Tb
Tc

)
(1)

where Tb and Tc are the transmittances at a wavelength 633 nm of the bleached and colored states,
respectively. The ∆OD of the WO3, W-Nb-150w, W-Nb-250w, W-Nb-350w, W-Nb-450w, and Nb2O5

films were 1.39, 1.43, 1.39, 1.29, 1.00, and 0.00, respectively. The changes in optical density of the
WO3–Nb2O5 composite films were similar to that of the pure WO3 film as the sputtering power on
the Nb target was lower than 350 W (Nb proportion less than 23.5%). The change in optical density
decreased as the sputtering power on the Nb target was higher than 350 W (Nb proportion more than
23.5%). Furthermore, the transmission modulation and change in optical density of the pure Nb2O5

film did not change with the Li+ ion intercalation/deintercalation. In general, the TT-Nb2O5 film has
high electrochromic properties [38]. In this study, the results show that the structure of pure Nb2O5

film is amorphous, with no electrochromic ability.
The cyclic voltammograms (CV) recorded for the WO3, WO3–Nb2O5 and Nb2O5 films are shown

in Figure 9. The anodic peak current densities for the WO3, W-Nb-150w, W-Nb-250w, W-Nb-350w,
W-Nb-450w, and Nb2O5 films were around 0.819, 0.898, 0.847, 0.902, 0.854, and 0.037 mA/cm2,
respectively. There was a significant drop off in the ionic mobility of the WO3, W-Nb-150w, W-Nb-250w,
W-Nb-350w, W-Nb-450w, and Nb2O5 films at −0.383, −0.363, −0.403, −0.343, −0.423, and −0.783 V,
respectively. The CV curves for the WO3 and WO3–Nb2O5 films displayed a broad oxidation
peak. Physically, this means that complete bleaching (maximum diffusion flux) was achieved at
this point. There was no abrupt peak during the reduction (coloration) process, and the Li+ ion
insertion/extraction was completely reversible. The cathodic peak current density of the WO3,
W-Nb-150w, W-Nb-250w, W-Nb-350w, W-Nb-450w, and Nb2O5 films was completed at −1.124,
−1.192, −1.357, −1.170, −1.219, and −0.359 mA/cm2, respectively. The cathodic peak current density
increased, indicating that the Li+ ions could easily diffuse into the mixed WO3–Nb2O5 films. It is also
mentioned in the literature [22] that the cathodic peak intensity is representative of the diffusion of
ions and that following the anodic peak, the ionic mobility decreased, explaining the drop in current.

In comparison with mixed WO3–Nb2O5 films, as mentioned previously, the threshold voltage of
the cathodic current shifts toward a more negative potential with a smaller current under the condition
of pure Nb2O5 film. This result can be interpreted as a much higher charge transfer resistance occurring
on the Nb2O5 film. Similar behavior also occurred in the various conditions of WO3–Nb2O5 films.
Analyzing the cathodic region of CV curves in more detail, the resistance (slope of the I–V curve) of the
system is slightly higher under conditions with higher applied power (containing a higher percentage
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of Nb2O5). These results can be used to confirm the properties of Nb2O5 film, which is a media with
good ionic conductivity for Li+ but also an insulator for electrons. In the anodic region of CV curves,
there is hardly any current that occurs under the condition of pure Nb2O5 film. This phenomenon
can also be explained by the characteristics of Nb2O5 film as follows. When the electrode with Nb2O5

films turned to an anode, the Li+ diffused away through the Nb2O5 films toward the new cathode,
and the electrons in the electrolyte migrated toward the anode, synchronously. However, the electrons
hardly transferred through the Nb2O5 film.
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Figure 10 shows the chronoamperometry (CA) data recorded for the WO3, WO3–Nb2O5,
and Nb2O5 films. The lifetime is defined as the number of cycles corresponding to a 30% decrease of the
initial cathodic peak current density. The number of cycles of the WO3, W-Nb-150w, and W-Nb-250w
films was about 43, 85 and 150, respectively. When the sputtering power on the Nb target was higher
than 250 W (Nb proportion higher than 17.3%), the lifetime of the WO3–Nb2O5 films was surpassed
178 cycles, that is, they were 4 times longer than that of pure WO3 films. Although there was a decrease
in the current for the WO3 and Nb2O5 films with increased cycles, the current of the WO3–Nb2O5 films
changed less with respect to the number of cycles, indicating that the WO3–Nb2O5 films are more
stable, and thus, more durable.

In this study, Nb2O5 was used as an ion-conductor in the Nb2O5-doped WO3 films. The coloration
efficiency (CE) and reversibility (R) were calculated by using the following expressions:

CE =
(∆OD)633nm

Qi
(2)

R(%) =
Qi
Qdi

× 100% (3)

where Qi and Qdi are the amount of charge intercalated and deintercalated, respectively. The reversibility
of the films was calculated as a ratio of charge deintercalated to charge intercalated in the film.
The reversibility values for the WO3, W-Nb-150w, W-Nb-250w, W-Nb-350w, W-Nb-450w, and Nb2O5

films were 75.3%, 82.0%, 74.5%, 82.4%, 67.9%, and 2.1%, respectively. The reversibility ranged from
about 74.5% to 82.4% as the sputtering power on Nb target of 0–350 W (Nb fraction ranged from 0%
to 23.5%), and the reversibility was decreased from 82.4% to 2.1% as the sputtering power on the Nb
target was higher than 350W (Nb fraction higher than 23.5%). The intercalated and deintercalated
charge density and reversibility are shown in Figure 11a. The CE values for the WO3, W-Nb-150w,
W-Nb-250w, W-Nb-350w, W-Nb-450w, and Nb2O5 films were 35.2, 32.4, 32.6, 30.9, 27.0, and 0.9 cm2/C,
respectively, indicating a slight decrease in the value of CE in the Nb2O5-doped WO3 films when the
Nb2O5 doping concentration increased. ∆OD and CE for the WO3, WO3–Nb2O5, and Nb2O5 films at
633 nm are shown in Figure 11b. The CE values are in good agreement with the reported literature
values for WO3 and WO3–Nb2O5 electrochromic films [2,5,22,23,39].
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3.2. All-Solid-State Electrochromic Devices

A thin film ASSECD with a five layered structure of glass/ITO/ WO3–Nb2O5/Nb2O5/NiVOx/
ITO was fabricated in this study, as shown in Figure 12. The WO3–Nb2O5 film corresponding to 350 W
target sputtering power (Nb proportion as 23.5%) was used as an electrochromic layer, NiVOx as an
ion storage layer and Nb2O5 as an ion conduction layer. Each layer was deposited in their respective
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conditions, as listed in Table 2. After the Nb2O5 film was deposited on a WO3–Nb2O5/ITO/glass
substrate, the sample was removed from the deposition chamber and immediately immersed in a liquid
electrolyte consisting of a 1 M solution of LiClO4 dissolved in PC. This sample was used as a working
electrode, a sheet of Pt was used as a counter-electrode and a SCE was used as a reference-electrode.
A DC voltage of −1 V was applied for 60 s between the two electrodes to inject Li+ ions into the
WO3–Nb2O5 film. A sample was taken from the liquid electrolyte, and a pressurized stream of
nitrogen gas was used to remove the LiClO4 solute and PC solvent from the surface of the sample.
After the Li+ impregnation process, the sample was then placed in the deposition chamber again
to deposit the NiVOx and ITO films. A Ni (92 at.%)–V (8 at.%) alloy (non-magnetic) target 182 ×
62 × 6 mm3 in size with a purity of 99.995% was used to deposit NiVOx films [29,40]. When the
process of the device was complete, the samples were immediately measured using a homemade
optical transmittance measurement system and JIEHAN ECW-5000 Electrochemical work station
(Jiehan Co., Taichung, Taiwan) with a two-electrode cell configuration for transmission modulations,
electrochromic performance, and durability, respectively. Conductive adhesive copper tape (3MTM

Scotch 1181, 3M, Maplewood, MN, USA) was used at the top and bottom of the ITO electrodes to
maintain an electrical contact. The optical transmittance (at 632.8 nm) for each specimen in a colored
and bleached state was measured with a He–Ne laser source (MELLES GRIOT 25-LHP-828-249) and
two photo-detectors (Silicon PIN Detector ET-2030 from EOT), as shown in Figure 13. Figures 14 and 15
show the optical transmittance and current density of the ASSECD during repeated coloring and
bleaching for 3 × 104 cycles. The bleached and colored state photographs of the ASSECD after 3 × 104

cycles are shown in Figure 14b,c, respectively. The applied voltage to the ASSECD was operated from
0 to −3 V, respectively, for coloring, and 0–3 V, respectively, for bleaching. The time for each coloration
and bleaching cycle was fixed at 40 s. For the first cycle, the optical transmittances for the colored and
bleached state were 33% and 66%, respectively, corresponding to a ∆T of 33%. After 3 × 104 cycles,
the optical transmittances for the colored and the bleached states changed to 40% and 63%, respectively,
corresponding to a ∆T of 23%. Correspondingly, the initial current density for coloring and bleaching
was −4.13 and 0.91 mA/cm2, respectively, during the first cycle, and then it decreased to −2.30 and
0.86 mA/cm2, respectively. The percentage of degradation is shown in Figure 16. The percentage of
degradation was calculated by using Equation (4), where ∆T0 is the initial transmittance modulation
before degradation and ∆TN is the transmittance modulation at each cycle. The ASSECD shows a
percentage of degradation of around 30% after 30,000 cycles.

D(%) =
∆T0 − ∆TN

∆T0
× 100% (4)
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Table 2. Growth sequence and parameters used for all-solid-state electrochromic device.

Thin Film P (mtorr) f Ar (sccm) f O2 (sccm) Psp (W) Vdischarge (V) d (nm)

ITO 3 40 1 (DC) 300 355 230

W-Nb-350w 10 50 PID (Bipolar) W 250 W 625
350Nb 350 Nb 588

Nb2O5 10 50 PID (DC) 500 580 230
NiVOx 10 125 6 (DC) 500 400 200

ITO 3 40 1 (DC) 300 355 230
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Figure 17 shows the current density and optical transmittance, coloring response time and
bleaching response time for the second coloration and bleaching cycle. The response times during the
coloring and bleaching processes were also quantitatively calculated from the transmittance curves.
Here, the response time for the coloration and bleaching of ASSECD was defined as the time interval
for the value to reach 90% and 10% of the final and initial transmittance values [27,28], according to the
transmittance curves in Figure 17. The response times of the coloration and bleaching processes were
about 7.0 and 0.7 s, respectively. The optical transmittance and current density decreased when the
cycles of coloration and bleaching increased. That might be due to the Li+ ion being trapped by excess
oxygen from the sputtering process and incorporated as interstitials in the structure of the film and
moisture from an ambient environment penetrating through the device or residual water molecules
being adsorbed during film preparation. Moisture causes irreversible electrochemical reactions which
immobilize the lithium ion, subsequently reducing the device’s performance [14].
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4. Conclusions

A fast-alternating bipolar-pulsed reactive magnetron sputtering deposition system was used to
produce WO3–Nb2O5 electrochromic composite films and an ITO/WO3–Nb2O5/Nb2O5/NiVOx/ITO
ASSECD. The sputtering power for the Nb targets was controlled in order to produce different
compositions of WO3–Nb2O5 films. The pulse-width modulation of the W and Nb targets were
programmed to be on for 50 µs and off for 5 µs, to produce WO3–Nb2O5 films.

The resulting WO3, WO3–Nb2O5 and Nb2O5 films were homogeneous and had a weak absorption.
The mixed WO3–Nb2O5 composite films were dense, and their extinction coefficients were mostly
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between those of pure WO3 and Nb2O5 films. Interestingly, the WO3–Nb2O5 composite films produced
with sputtering powers (on the Nb target) of 250 and 350 W, had the highest refractive index and
lowest extinction coefficient values, respectively, for wavelengths longer than 450 nm.

By increasing the sputtering power on the Nb target from 150 to 350 W, the change of optical
density and coloration efficiency slightly decreased from 1.43 to 1.29, and from 32.4 to 30.9 cm2/C,
respectively. The change in optical density and coloration efficiency rapidly decreased with the
sputtering power on the Nb target of 450 W. By mixing Nb2O5 with WO3, the reversibility improved
and the durability increased. For example, for WO3–Nb2O5 film with sputtered power on the Nb
target of 350 W (Nb proportion of 23.5%), the lifetime and reversibility exceeded 178 cycles and 82.4%,
respectively, compared with 43 cycles and 75.3% for pure WO3 film. The transmission modulations
of ASSECD based on a WO3–Nb2O5 film with sputtering power on the Nb target of 350 W (Nb
proportion as 23.5%) construction was about 33% for initial cycles and 23% for 3 × 104 cycles of
coloring and bleaching. The device showed good performance with 30% degradation after 3 × 104

cycles. The response times for coloration and bleaching were about 7.0 and 0.7 s, respectively. As such,
this work indicates that the electrochromic properties, such as the operating lifetime and response
time, of the WO3–Nb2O5 composite films are better than those of pure WO3 films, which suggests a
strong potential for future applications in electrochromic devices.
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