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a b s t r a c t

Stacked WO3/Ag/WO3 (WAW) films were employed as both transparent electrodes and electrochromic
materials. These nontoxic, low-cost WAW films that were prepared at room temperature exhibited not
only low sheet resistance (12.2Ω/□) and high transmittance (480%) but also compelling electrochromic
performance with high optical contrast (53%) at 650 nm, long-term cycling stability (3000 cycles), and
short switching time (coloration time¼11 s; bleaching time¼10.5 s). The coloration efficiency of the
WAW films was 136 cm2 C–1, which is higher than those of most electrochromic transition metal oxides.
In addition, by utilizing such bi-functional films, the flexible electrochromic film with acceptable
performance was obtained.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Electrochromism is the phenomenon of certain materials reversibly
changing their colors through redox reactions under the influence of
an external electric field [1]. It has found applications in many fields
including smart windows, mirrors, and electrochromic displays [2]. A
traditional electrochromic device (ECD) has the following layered
structure: substrate / transparent conductor (TC) / electrochromic
(EC) film / electrolyte (IC) / ion reservoir / electrode / substrate [3,4].
Generally, the TC is required to be transparent and should possess a
minimum resistance. Indium tin oxide (ITO), one of the most com-
monly used materials for transparent electrode films [5,6], is expensive
owing to the rarity and fast depletion of the element indium. In
addition, it is so brittle that it can not withstand repetitive bending.
These attributes render ITO disadvantageous for low-cost flexible
devices [7]. Also, given the increased focus on energy savings and
environmental protection, the development of low-cost transparent
electrodes is now a prerequisite for energy-efficient ECDs.

Recently, dielectric–metal–dielectric (DMD) structures have arou-
sed great interest as transparent conductive electrodes with good
optical and electrical properties [8–10]. Metals such as Ag, Au, and Cu
and various low-cost dielectric materials such as SnO2, ZnS, and TiO2

have been evaluated as candidate materials for the DMD structure. It
has been shown that the transmittance and conductivity of a DMD

electrode can be optimized by tuning the thickness of the dielectric
and metal layers.

One of the frequently used dielectric materials for DMD structures,
WO3, is also awidely studied electrochromic material [11]. Therefore, it
is feasible to employ WO3 as a low-cost material in DMD electrodes
that integrates the functions of both a TC and an EC material. Recently,
such an ideawas realized through an electrochromic device based on a
WO3/Ag/WO3 (WAW) transparent conductor [12]. However, to protect
the middle Ag layer, a very thick outer WO3 layer (4300 nm) was
used, which led to a low optical contrast in the visible-light region,
accompanied by low electrochromic stability. Moreover, the general
advantages of DMD electrodes were not observed.

In this article, we will demonstrate that high transmittance and
conductance can be achieved for low-cost WAW films with a very thin
outer WO3 layer (o70 nm) on both rigid and flexible substrates at
room temperature. These WAW films were found to act simultaneously
as an electrode and an electrochromic layer, thereby allowing for the
simplification of ECD construction. Wide optical modulation, short
response time, high cycling stability, and high coloration efficiency have
been obtained in rigid electrochromic films. As a state-of-art application,
a bi-functional WAW film was used to construct a flexible electro-
chromic film, which exhibited an acceptable performance.

2. Experimental

The glass and polyethylene terephthalate (PET) substrates were
ultrasonically cleaned with acetone, ethanol, and deionized water
successively, and finally dried in an oven. The WAW films were
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thermally deposited sequentially at room temperature on the
cleaned glass or PET substrates by electron-beam evaporation.
Prior to deposition, the background pressure was set to below
3.8�10–3 Pa. The evaporation rates of WO3 and Ag were 0.3 and
40.8 nm s–1, respectively. The optical characteristics of the films
were evaluated with a spectrophotometer (UV-3101PC, Shimadzu,
Japan). The surface resistances of the films were measured by a
four-point probe instrument equipped with a surface-resistivity
meter. The bending properties of flexible WAW electrodes were
investigated using a lab-made cyclic bending test system with a
bending radius of 15 mm and a bending angle of 901. The cyclic
bending tests were carried out at a frequency of 1.0 Hz over
duration of 1600 cycles. The optical constants of WO3 and Ag
films for the simulations were measured by an Ellipsometer
(UVISEL, HORIBA Jobin Yvon, France). The film morphologies were
examined with atomic force microscopy (AFM; SA400HV, Seiko
Instruments, Japan).

All the electrochemical measurements were recorded on a CHI 920
electrochemical workstation (Shanghai Chenhua Instruments Inc.,
China). The electrochromic properties of the films were measured
using a standard three-electrode system, withWAWor ITO/WO3 as the
working electrode, a titanium plate as the counter electrode, and Ag/
AgCl (3.5 M KCl) as the reference electrode. The electrolyte used was
1 M lithium perchlorate–propylene carbonate (both LiClO4 and PC
were purchased from Aladdin, China), which was bubbled with
nitrogen for 30 min before the electrochemical measurements were
recorded. Cyclic voltammetry (CV) and chronoamperometry (CA) were
carried out to study long-term stability and response time, respectively.
The equipment used for CA was fitted with a custom-made optical
transmittance spectroscope equipped with a reflector lamp as the light
source and a Maya 2000 spectrometer (spectral range: 380–820 nm).

For rigid ECDs, the patterned WAW films acted as the working
electrode (1.8 cm�1.8 cm), while another unpatterned WAW or

ITO film (1.8 cm�1.8 cm) served as the counter electrode. The
ECDs were sealed with patterned, 120-μm-thick heat-sealable
films, which also worked as spacers between the two electrodes.
Finally, the cavities formed between the two electrodes were
injected with 1 M LiClO4–PC electrolyte and then sealed using a
UV-curing adhesive at the end. All measurements were performed
in air at room temperature.

3. Results and discussion

The transmittance spectra of the WAW films were simulated
based on the optical-transfer matrix method [13,14]. The char-
acteristic matrix of a WAW film on a glass substrate is as follows:
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where j¼0 (for the incidence medium); 1, 2, or 3 for the WAW
layers; or 4 for the substrate. The angular phase thickness is

δj ¼
2π
λ
Njdj cos θj ð3Þ

where θj is the angle of wave propagation in the layer as determined
from Snell’s law, and Nj denotes the complex refractive index of each
layer for the incident wavelength λ. The thicknesses of the WO3 layer
exposed to air, the Ag layer, and the WO3 layer on the glass substrate
are represented by d3, d2, and d1, respectively (hereafter abbreviated as
d1/d2/d3). Their transmittance can be calculated as

Fig. 1. (a) Calculated transmittance spectra, (b) measured transmittance spectra, and (c) sheet resistances of glass/WAW films with varying thickness (30–70 nm) of the outer
WO3 layers. (d) Chromaticity coordinates and luminous transmittance (Tlum) of glass/WAW and PET/WAW films.
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The simulated results are shown in Fig. 1a. It was observed that
the transmittance of the WAW films could be easily modulated by
simply changing the thickness of the outer WO3 layer. As the outer
WO3 layer thickness increased, the mean transmittance in visible
light gradually decreased. Fig. 1b shows the measured transmit-
tance spectra of the WAW films, which are reasonably consistent
with the simulated results. All WAW films showed high average
transmittance (460%) in the visible region, together with a
significantly low sheet resistance of 1373Ω/□ (Fig. 1c), both of
which could help improve the optical contrast and response speed
of electrochromic films. In order to study the effect of the bottom
WO3 layer on the transmittance of electrodes, we compared the
average transmittance (400–700 nm) of WAW (30/10/50 nm) and
Ag/WO3 (10/50 nm, hereafter referred to as AW). The mean
transmittance of AW film in visible light is only 52.7%, which is
significantly lower than that of WAW film (80.9%). Therefore, the
bottom WO3 layer is critical for achieving high transmittance of
the electrodes.

The Commission of International de L’Eclairage (CIE, 1931)
chromaticity coordinates and the integrated luminous transmit-
tance (Tlum) (400–700 nm) for all glass/WAW films (transparent
state) are illustrated in Fig. 1d. Tlum is obtained from,

Tlum ¼
Z

φlumðλÞT ðλÞdλ=φlumðλÞdλ ð5Þ

where T(λ) represents the spectral transmittance, φlum is the
sensitivity of the light-adapted human eye [15,16]. All WAW films
have the similar color coordinates near white light area and
display high Tlum (460%), which indicates that they are almost
colorless, and meet the requirements of practical architectural

windows [17]. Based on the above results, we chose WAW films
with thicknesses of 30 nm for the bottom WO3 layer, 10 nm for the
Ag layer, 40 and 50 nm for the top WO3 layers to study their
electrochromic properties due to their excellent transmittance
(480%) in the visible region and high conductivity (o13Ω/□).

The electrochromic characteristics, such as contrast ratio (ΔT),
response time, and coloration efficiency (η) of the WAW films
were systematically evaluated. A single WO3 film (50 nm) on an
ITO (20Ω/□) electrode (hereafter referred to as ITO/WO3) was also
studied for comparison. In general, when WO3 films are cathodi-
cally polarized, they display a uniform blue color that intensifies
with increasing cathodic potential [18,19]. On the other hand,
when these blue WO3 films are anodically polarized, they are
bleached and become transparent. Fig. 2a shows the transmittance
of WAW (30/10/50 nm) films on glass at various potentials. The
WAW film exhibited advanced light modulation in the visible-light
range, accompanied by a high average optical contrast (ΔT¼Tb – Tc,
where Tb represents the transmittance in the bleached state and Tc
represents the transmittance in the colored state) of 45% and a
maximumΔT of 53% at 650 nmwhen the potential was changed in
steps between 0.6 and –0.6 V vs. Ag/AgCl. In comparison, ΔT at
650 nm for the ITO/WO3 film under the same condition was only
24% (Fig. 2b). We had to increase the negative potential in order to
enhance the optical contrast. The maximum ΔT at 650 nm for
WAW' (30/10/40 nm) is 46%, which is slightly lower than that of
WAW (30/10/50 nm). Therefore, WAW with 50 nm top WO3 layer
was chosen for further study.

The response time (τ) is a key parameter for evaluating the
electrochromic performance, and it is defined as the time taken by
the transmittance to reach a value of 90% of total transmittance
variation [20]. As can be seen in Fig. 2b, the coloration time (τc)
and bleaching time (τb) of the WAW electrochromic film were 11 s
and 10.5 s, respectively. The average response time of the WAW

Fig. 2. (a) Variations in transmittance with different voltages; the inset shows photographs of WAW films in bleached (I) (0.6 V) and colored (II) (–0.6 V) states. (b) Evolution
of current and optical contrast of WAW (30/10/50 nm), WAW' (30/10/40 nm), and WO3 (50 nm) films at 650 nm upon application of potential stepping from –0.6 to 0.6 V vs.
Ag/AgCl with a 40 s interval. (c) CV curves of WAW, WO3, and AW films at different scan cycles with a scan rate of 0.1 V s–1. (d) Corresponding changes in transmittance of the
WAW film after different scan cycles.
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film was 1.75 s shorter than that of the ITO/WO3 film. A response
speed of several seconds is suitable for smart windows [21].

The coloration efficiency represents the change in optical
density (ΔOD) at a given wavelength for the charge consumed
per unit of electrode area [22]; it can be calculated using the
following formulae:

η¼ ðΔODÞ=Q ð6Þ

ΔOD¼ log ðTb=TcÞ ð7Þ

Here, Q is the injected electronic charge per unit area, and ΔOD is
the change in optical density at a certain wavelength. The
calculated η for the WAW film at 650 nm was 136 cm2 C–1, which
is two times larger than that of the ITO/WO3 film (45 cm2 C–1) and
higher than the values for most electrochromic transition metal
oxides [23–25].

In order to evaluate the overall electrochemical performances
of the electrochromic films, here we propose a quality factor Γ(λ)

as follows:

Γ λð Þ ¼ ηðλÞ=τ; τ¼ τcþτbð Þ=2 ð8Þ

Where η(λ) is the coloration efficiency at a given wavelength, τ is
the mean value of the coloring and bleaching time. It stands to
reason that a greater Γ leads to better electrochromic perfor-
mance. Table 1 summarizes the overall electrochromic perfor-
mances of the WAW and ITO/WO3 films. The values of Γ(650 nm) for
a WAW film and a single WO3 film were 12.65 and 3.6 cm2 C–1 s–1,
respectively, indicating that the electrochromic performance of the

WAW film on glass was better than that of the ITO/WO3 film
on glass.

The cycling stability of the WAW film was examined by
successive cyclic voltammetry (CV) scans. The CV curves were
recorded for the first, 2000th and 3000th cycles at room tempera-
ture, measured in a 1 M LiClO4–PC solution at a sweeping rate of
0.1 V s–1 between –0.6 and 0.6 V. As shown in Fig. 2c, the current
response was nearly identical during the initial 2000 cycles,
without any significant change in the shape of the CVs. After
3000 cycles, a slight decrease in the current and transmittance
(Fig. 2d) was observed. Moreover, the sheet resistance of the WAW
film increased from 12.2 to 28.7Ω/□, implying the degradation of
the Ag layer to some extent. The durability of the ITO/WO3 film
was also studied under the same conditions. The graph in the inset
of Fig. 2c shows obvious degradation of WO3 after 3000 cycles,
which is speculated to be mainly caused by a slow degeneration
of the WO3 film in the electrolyte solution [26]. Furthermore,
from the nearly identical CV curves of WAW and AW films, it can
be suggested that the bottom WO3 layer make large contribution
to the transparency of electrodes, but negligible contribution to
electrochromism.

These bi-functional WAW (30/10/50 nm) films were deposited
on PET substrates (hereafter referred to as PET/WAW) to construct
flexible devices. Fig. 3a shows the electrical characteristic of PET/
WAW electrode with the sheet resistance increasing slightly from
23Ω/□ to 23.9Ω/□ after 1600 bending cycles. This illustrates that
the PET/WAW electrode possessed a fairly stable mechanical
property. Fig. 3b displays the chronoamperometry and optical
contrast of the flexible WAW film at 650 nm upon application of
potential stepping from –0.6 to 0.6 V vs. Ag/AgCl with a 40 s
interval. The patterned flexible ECDs were also realized, as shown
in Figs. 3c and 3d. As seen in Figs. 3c and 1d, the PET/WAW film is
slightly yellowish with the chromaticity coordinates of (0.361,
0.359), and displays an acceptable Tlum of 65%. From Fig. 3b, we can
see that the flexible WAW film exhibited an acceptable perfor-
mance with an optical contrast of 25%, coloration efficiency of
138 cm2 C–1, and response time of less than 30 s (τb¼20 s;
τc¼26 s). Compared with the WAW film on glass, the WAW film

Fig. 3. (a) and (b) sheet resistance after repeated bending and electric-photo response of PET/WAW flexible electrode, correspondingly. (c) and (d) bleached and colored
pictures of the WAW film on a PET substrate, respectively. Its measurement conditions were the same as those for the WAW film deposited on glass.

Table 1
Comparison of electrochromic propertiesa of glass/WAW and ITO/WO3 films.

Material system ΔT (%) η (cm2 C–1) (τcþτb )/2 (s) Γ(650 nm) (cm2 C–1 s–1)

WO3/Ag/WO3 53 136 10.75 12.65
WO3 24 45 12.5 3.6

a The WO3/Ag/WO3 and WO3 film properties were measured at 650 nm with
potential stepping from –0.6 to 0.6 V vs. Ag/AgCl.
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on PET displayed a relatively low quality factor Γ(650 nm) (12.65 vs.
6 cm2 C–1 s–1).

To study the reason for the lower performance of the flexible
WAW film, we examined the surface morphology and conductivity
of WAW films on glass and PET substrates. As shown in Fig. 4, we
observed very smooth surfaces on a single glass and a glass/WAW
film with root-mean-square (RMS) roughness of only 0.9 and
1.3 nm, respectively. In contrast, a single PET and a PET/WAW film
presented some surface bumps, leading to a higher RMS roughness
of 5.9 and 10.7 nm, respectively. The rough surface morphology of
a single PET substrate would obviously reduce the continuity of
10 nm Ag layer, which results in the increase of PET/WAW film
surface resistivity [27,28]. In fact, the sheet resistivity of the PET/
WAW film is 23Ω/□, which is nearly double that of the glass/WAW
film (12.2Ω/□). It has been established that the electrode resis-
tance has a marked effect on the response time and optical
contrast of an electrochromic film [29], and that a high electrode
resistance leads to a non-uniform potential across the electrode
(Ohmic loss) as well as a non-uniform current distribution in the

electrolyte [30]. We believe that by further optimizing the thick-
ness of each layer and using more uniform substrates, the
performance of the flexible WAWs can be further improved.

Finally, as shown in Fig. 5, two kinds of electrochromic devices
were obtained with a patterned WAW (30/10/50 nm) film as the
working electrode, and a full-covered ITO or WAW film as the CE.
Compared to the ECD (top line) based on the ITO CE, the text
hidden or exposed in the patterned WAW film (second line) could
be controlled reversibly by adjusting the potential applied on the
working electrode, which indicates that it can be a promising
candidate for applications in anti-counterfeiting and security
authentication [31,32].

4. Conclusions

In summary, by utilizing low-cost, transparent conductive WAW
films that serve simultaneously as an electrode and an electrochromic
material, we realized non-toxic, high-performance, room-tempera-
ture-made, ITO-free electrochromic films that displayed high optical
contrast (53% at 650 nm), long-term cycling stability (3000 cycles), and
short switching time (τc¼11 s; τb¼10.5 s) at a low switching voltage
of –0.6 to 0.6 V versus Ag/AgCl, which represent remarkable perfor-
mance compared to that of single WO3 film. In particular, the
comprehensive parameter Γ(650 nm) of the WAW film was even better
than that of the ITO/WO3 film (12.65 vs. 3.6 cm2 C–1 s–1).

Moreover, this approach of utilizing bi-functional DMD electro-
des to simplify the construction of ECDs was also extended to the
fabrication of flexible devices, and an acceptably high level of
performance was obtained. Our findings in this study could be
applied to a novel strategy for constructing low-cost, high-
performance ECDs, while employing similar composite structures
of other transition-metal oxides liking V2O5 and MoO3, and a few
organic electrochromic materials such as polyaniline, polythio-
phene, and PEDOT.
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