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Abstract
In this study, all-solid-state electrochromic device (ECD) with a novel four-layered structure of
glass/ITO/Li-NiO/Li-WO3/ITO was prepared by e-beam and resistive heating evaporation. Tungsten
oxide (WO3), nickel oxide (NiO) and indium tin oxide (ITO) were used as electrochromic layer,
complementary layer and electrode layer, respectively. Lithium was used as electrolyte ion and
evaporated on the complementary layer directly, replacing the normally used independent electrolyte
layer. Since the lithium ions can transfer between WO3 and NiO layer directly during the
electrochromic process, the ECD shows a fast response speed with coloring and bleaching time of 8.6 s
and 1.7 s, respectively, due to the reduction of the overall resistance of the device. The unique structure
of ECD may further advance the development in the practical applications.
Key words: physical vapour deposition, thin films, electrochromic device, all-solid-state, fast
response, WO3
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1. Introduction
Electrochromism is a phenomenon that materials can change their optical properties (transmittance,
absorbance and reflectance) reversibly under an applied potential. S.K. Deb [1] first demonstrated
electrochromic devices (ECDs) based on tungsten oxide (WO3) in 1969. In 1984, the concept of smart
windows was proposed by C.M. Lampert [2] and C.G. Granqvist [3], which can adjust the incident
light to save building energy consumption. Apart from that, ECDs have attracted attention of
researchers due to their great potential in anti-glare rearview mirror, spacecraft thermal control system,
display and other multifunctional devices [3–6].
All-solid-state devices are attracting much interest for practical application in recent years due to
their stable performance, easy processing, continuous production and low recession. In a typical
solid-state ECD, the electrolyte layer is essential to provide active ions such as H+ or Li+ as conducting
ions.
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ITO/NiOx/Ta2O5/LiNbO3/Ta2O5/WO3/ITO, which can achieve an optical modulation approximately
52.5%, and its response time of coloring and bleaching is 21 s [7]. Song et al fabricate an all-thin-film
ECD using LiTaO3 as the electrolyte with an excellent transmittance modulation of 67%, but the
coloring and bleaching response time is as long as 85 s and 42 s, respectively [8]. Normally, the ionic
conductivity of the electrolyte layer is lower than 10-6 S cm-1, which may slow down the response
speed, and thus limits their practical application. In this paper, an ECD with a novel four-layered
structure of glass/ITO/Li-NiO/Li-WO3/ITO is designed and prepared by e-beam and resistance heating
evaporation method, using lithium directly as the active ions, replacing the electrolyte layer to reduce
the overall resistance of the whole device. The ECD shows very high coloration/bleaching response
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speed of 8.6s and 1.7s, respectively and optical modulation range of 32% at wavelength of 517 nm. The
results provide a new strategy for further development of all solid state ECDs.
2. Experimental section
The inorganic all-solid-state ECD glass/ITO/Li-NiO/Li-WO3/ITO was deposited on a commercial
ITO glass substrate (8 Ω/ square) using evaporation method, with a structure shown in Fig. 1a. The
targets used were WO3 particles (99.99%), NiO particles (99.99%) and ITO particles (99.99%) with
diameter of 1-3 mm, and lithium sheet (99.99%) with diameter of 10 mm. WO3, NiO, and ITO layers
were deposited by e-beam evaporation and Li layer was prepared by resistive heating evaporation. The
distance between the target and substrate was 30 cm. The base pressure of chamber was evacuated
below 5×10-4 Pa. The thickness of WO3, NiO, Li and ITO films were 310, 210, 60 and 75 nm,
respectively, controlled by the quartz crystal thickness monitor. The ECDs were annealed at 350 ℃
after evaporation.
The thickness and morphology of the ECDs was characterized by scanning electron microscopy
(SEM, Zeiss supra 55) at an acceleration voltage of 20 kV. The in-situ electrochemical and
electrochromic properties are investigated on an electrochemical workstation (CHI 660E) and Vis–NIR
fiber optic spectrometer (MAYA 2000-Pro, Ocean Optics). Time-dependent changes of transmittance
of the device at different voltages (+2.5V and -2.5V) are measured by chronoamperometry.
3. Results and discussion
The actual thickness and cross-section morphology of the device are shown in Fig. 1b. The ECD
shows a distinct four-layer structure and the thicknesses of bottom ITO, NiO, WO3 and top ITO layer
are consistent with the predicted value, which are 160, 210, 310, and 75 nm, respectively. The
interfaces between layers are clearly identified implying that all the films are physically and chemically
3

stable. However, no distinct Li layer could be observed in the device due to the diffusion of Li into the
NiO and WO3 layer during the evaporation process, which is consistent with the previous literature [9].
Interestingly, the device will change its color from transparent to light blue after the evaporation of
WO3 layer (Fig. S1), indicating that the Li ions have diffused into WO3 layer. Correspondingly, the
optical transmittance spectra of the films show a decrease to some extent (Fig. S1).

Fig. 1 Structural schematic diagram (a) and SEM cross section image (b) of the ECD.
After evaporation of ITO layer on the top of device, the ECD shows dark gray and the overall
transmittance is very low (Fig. S1), because during evaporation, ITO particles are bombarded by
high-energy electrons, resulting in the loss of large amounts of oxygen [10]. At this time, the device
can hardly observe the obvious electrochromic phenomenon. After annealing at 350 ℃ in air, the ITO
reacts with oxygen in the air and becomes transparent, and lithium is also extracted from the WO3
layer, so the device has a high transmittance.
The transmittance spectra of the all-solid-state ECD is showed in Fig. 2a. The maximum optical
modulation is at 517 nm, where the transmittance of bleached (Tb) and colored (Tc) state are 84.6% and
57%, respectively, and the modulation range ∆T showed in Fig. 2b (∆T = Tb - Tc) is 27.6%. The
transmittance modulation range of the ECD has been increasing in the first 500 cycles and gradually
stabilizes after 500 cycles, which indicates that there is an activation process. After 1000 cycles, the
4

modulation of the device reaches to 32% at 517 nm. In the wavelength range of 400-1100 nm, the
average regulation range is also up to 25%, which has good optical regulation ability.

Fig. 2 (a) Transmittance spectra in the beached and colored state, (b) optical modulation during initial
cycles and 1000 cycles later.
Response time of the ECD is defined as the time required achieving 90% of total transmittance
variation. Fig. 3 shows the transmittance-time curves of the ECD at the 2nd cycle and 1000nd cycle,
respectively. The response speed of the ECD is relative fast at the initial state with the bleaching and
coloring time of 2.0 s and 5.7 s, respectively. After 1000 cycles, the bleaching speed of the ECD
becomes faster (1.7 s), while the coloring speed decreases (8.6 s). Notably, the response speed of our
all solid state ECD superior to most of the ECDs with different structures, and even is comparable to
much of the reported single-layer tungsten oxide films tested in the liquid electrolyte [11–14].
The significant difference between four-layer solid-state devices and five-layer devices is that there
is no independent electrolyte layer. For ECDs, the response speed is closely related to the ionic transfer
resistance of the whole device. For all-solid-state devices with five layers, ions need to pass through the
electrolyte layer or ionic conduction layer when migrate from one electrochromic layer to another.
While for all-solid-state devices with four layers which have no electrolyte or ionic conduction layer,
ions are inserted into NiO layer from WO3 layer or extracted from NiO layer to WO3 layer directly in
5

the process of bleaching or coloring. The transmission impedance decreases greatly, which is the
reason why four-layer devices have faster response speed.

Fig. 3 Switching response curves of the initial cycle and after 1000 cycles (30 s for coloring and 30 s
for bleaching) based on in-situ transmittance at 550nm.
The coloration efficiency (CE) is a further parameter that determines the electrochromic
performance. It can be estimated according to the following equations:
ΔOD=log(Tb/Tc)

(1)

CE=ΔOD/ΔQ

(2)

where ΔOD represents the optical density, ΔQ represents the intercalation charge density. The ECD has
a high CE of 87.5 cm2·C-1 shown as Fig. 4 due to the synergistic effect of two complementary
electrochromic layers, which means a small current can color a larger area.
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Fig. 4 Coloration efficiency of the ECD.
4. Conclusion
A new structure all-solid-state electrochromic device glass/ITO/Li-NiO/Li-WO3/ITO which has no
electrolyte layer is designed and fabricated by e-beam and resistance evaporation. The ECD has a good
optical transmittance modulation (32 %) superior stability and a fast response speed. The bleaching and
coloring time reaches 1.7 s and 8.6 s respectively. The ECD displays remarkable potential in the field
of electrochromic smart windows.
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Highlights



All-solid-state ECD was prepared by e-beam and resistive heating evaporation.



The ECD has four layers with no electrolyte layer.



The ECD has a fast response with coloring and bleaching time of 8.6 s and 1.7 s.



The ECD has good stability with no attenuation after 1000 cycles.



High coloration efficiency, which reaches 87.5 cm2·C-1, is obtained.
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