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In this study, two all-solid-state electrochromic devices (ECDs), composed of amorphous WO3 (a-WO3) and
crystalline WO3 (c-WO3) as the electrochromic layers, have been prepared using radio frequency magnetron
sputtering. The devices have ﬁve-layered structures consisting of LiTaO3 as the solid electrolyte layer, NiOx as
the ion storage layer, and ITO as the electrode layer. The a-WO3 and c-WO3 ﬁlms are prepared by adjusting the
sputtering power, thus not aﬀecting the phase composition of the other layers. The infrared (IR) emittance of
both devices is studied in detail. The results show that the crystallinity of the WO3 layer greatly inﬂuences the IR
emittance of the devices. The IR emittance of the a-WO3 ECD in the range of 2.5–25 μm increases greatly after
lithium ion insertion, whereas the IR emittance of the c-WO3 ECD decreases. This diﬀerence can be explained by
the absorption of IR vibrations and the reﬂection of the pseudo-metallic behavior of WO3. a-WO3 ECD exhibits a
greater regulating capacity for thermal radiation, and its emittance modulation range is about 0.37 in the
spectral range 8–14 μm and 0.30 in the spectral range 2.5–25 μm. The electrochromic technique is an ideal
thermal control method for future space technology.

1. Introduction
The optical properties of electrochromic devices (ECDs) can be reversibly changed by the insertion/extraction of ions and electrons depending on the applied external potential diﬀerence. ECDs have attracted signiﬁcant attention for applications as smart energy-eﬃcient
windows, optical displays, rearview mirrors, and multifunctional devices because they allow variations in transmittance, absorbance, and
reﬂectance [1–3]. Apart from these applications involving optical
properties in the visible and near-infrared regions, spacecraft thermal
control and military camouﬂage are also important applications of
ECDs due to their ability to modulate infrared (IR) emittance.
Present IR electrochromic materials are of two types: one is conductive polymers such as poly (3,4-ethylenedioxythiophene) (PEDOT)
[4] and polyaniline (PANI) [5–7], and the other type is transition metal
oxides such as WO3 [8–12]. All-solid-state ECDs based on tungsten
oxide employ an inorganic solid electrolyte and exhibit considerable
advantages compared to those based on conductive polymers with liquid or polymer gel electrolytes, such as good mechanical and electrochemical stability and no bubble formation and electrolyte leakage
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problems during manufacturing. Therefore, all-solid-state variable IR
emittance devices have attracted intense attention.
As early as 1999, Hale et al. tested the IR optical constants of
crystalline tungsten oxide (c-WO3) and calculated that its range of IR
modulation could reach 0.538 [8]. After that, a c-WO3 all-solid-state
device was prepared, but its emittance variation was only 0.19 [9,10].
Bessierea et al. reported the preparation of a WO3·H2O solid state IR
emissivity modulator using laminating method. The device exhibited an
emittance variation of about 0.3 [11]. Larsson et al. prepared WO3
ECDs and obtained an emittance variation of 0.26 in the IR region [12].
Demiryont et al. designed and prepared an all-inorganic-solid-state IR
tunable emissivity modulator, showing an emissivity modulation range
of 0.8 in the spectral range 7–12 μm. This system was successfully
mounted on a satellite (NASA's MidSTAR-1 satellite mission launched in
2003) [13]. Rougier et al. prepared WO3 single layer ﬁlm and assembled WO3/Ta2O5/NiO-based devices, with the absorptance modulation reaching 0.27 in mid infrared and 0.18 in far infrared [14–17].
Many previous studies have shown that the electrochromic performance in the visible region is closely related to the crystallinity of WO3
[18,19]. Crystalline WO3 ﬁlms exhibit good cycling durability and a
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slow degradation rate due to their dense and well-ordered structure.
However, a higher energy barrier results in a slow switching speed and
limited optical modulation range. On the contrary, amorphous WO3
ﬁlms exhibit a fast response time and high coloration eﬃciency, but
their cycling durability and stability are poor. Both Hale and Bessierea
mentioned that in the IR region, the emittance of ECDs is aﬀected by the
reﬂectivity of colored c-WO3 [8–11]. However, to date, the eﬀect of the
amorphous and crystalline structure of WO3 on the electrochromic
properties in the IR region have not been well studied and reported.
In this study, we report, for the ﬁrst time, the preparation of glass/
ITO/NiOx/LiTaO3/WO3/ITO ﬁve-layered all-solid-state ECDs using
magnetron sputtering at room temperature; these ECDs are composed
of amorphous or crystalline WO3 thin ﬁlms as the electrochromic layer
to modulate IR emittance. The crystallinity of WO3 is controlled by
adjusting the sputtering power instead of the heat treatment method,
thus, the crystallinity of the other layers is unaﬀected. The results show
that the variation in the IR emittance of the amorphous and crystalline
WO3 ECDs exhibits contrasting trends. The IR emittance of the amorphous ECD increases remarkably in the range 2.5–25 μm after the insertion of Li+, whereas that of the crystalline ECD decreases. This is
because of the diﬀerences in the IR absorption and reﬂection of the
devices derived from the diﬀerent conductivities of amorphous and
crystalline WO3. The amorphous device shows an emittance modulation
of 0.3 and 0.37 in the spectral ranges 2.5–25 μm and 8–14 μm, respectively.

Table 1
Deposition parameters of ﬁve layers of ECDs.
Film

Target

Power(W)

Pressure(Pa)

Ar/O2(sccm)

Sputtering time
(min)

NiO
LiTaO3
a-WO3
c-WO3
ITO

Ni
LiTaO3
W
W
ITO

60
100
80
120
50

1
1
1
1
0.5

10/10
10/0.5
10/10
10/10
10/0

40
480
210
150
30

parameters for the ﬁlm preparation. For comparison, two ECDs composed of crystalline WO3 and amorphous WO3 were fabricated, which
are denoted as c-WO3 ECD and a-WO3 ECD, respectively. The crystallinity and thickness of the WO3 thin ﬁlm could be regulated by the
sputtering power and sputtering time.
2.2. Characterization
The phase compositions of the ﬁlms were determined by X-ray
diﬀraction (XRD, PANalytical B. V. Model X'pert Pro, primary monochromatic Cu-Kɑ radiation) at an X-ray grazing angle of 2.0°. The X-ray
photoelectron spectroscopy (XPS) test is performed using PHI 5700
ESCA System. Scanning electron microscopy (SEM) images are collected
on a Zeiss supra 55 microscope at an acceleration voltage of 20 kV. The
optical transmittance spectra (350–1100 nm) of the electrochromic
ﬁlms were recorded using a MAYA 2000-Pro (Ocean Optical). The
electrochemical and electrochromic properties collected on were investigated on an electrochemical workstation (CHI 660E). ITO near the
WO3 layer acted as the working electrode, and the other side acted as
the counter and reference electrodes. Cyclic voltamperometry (CV) was
performed between −2.5 V and +2.5 V at a scan rate of 0.1 V·s−1 for
10 cycles to activate the ECDs, CV curves were shown in Fig. S1. IR
characterizations were performed in the reﬂectance mode using a
Fourier transform IR spectrophotometer (Bruker Vetex 70) coupled
with a gold-coated integrating sphere. IR spectra were recorded in the
wavelength range 2.5–25 μm. Thermal images of the ECDs were captured using an IR thermal imager (FLUKE TI450) in the spectral range
7.5–14 μm.The IR emittance (ε) could be calculated using the blackbody spectrum for a particular wavelength and by integrating over the
measured wavelength range according to the following equations
[20,21]:

2. Experimental section
2.1. Device fabrication
The ECD consisted of a multilayered structure of ﬁve thin ﬁlm layers
is represented as glass/ITO/NiOx/LiTaO3/WO3/ITO, whereWO3 is the
electrochromic layer, NiOx is the ion storage layer, and LiTaO3 is the
solid electrolyte layer, as shown in Fig. 1. The monolithic glass/ITO/
NiOx/LiTaO3/WO3/ITO ECD was deposited layer-by-layer on a commercially purchased ITO (6 Ω/square) glass substrate by radio frequency (RF) magnetron sputtering at room temperature (25 °C). Sputtering targets were pure metal tungsten (W, 99.95%), nickel (N,
99.99%), ITO (99.99%), and LiTaO3 (99.9%). First, the ITO glass substrate was cleaned ultrasonically for 20 min in acetone, alcohol, and
distilled water, respectively. The cleaned substrate was then dried and
placed in a vacuum sputtering chamber. The base pressure was maintained below 3 × 10−3 Pa, and the distance between the target and the
substrate was 6 cm throughout. Sputtering was performed under Ar and
O2 atmospheres. The baseplate was rotated at 5 rpm to ensure homogeneity of the thin ﬁlms. All targets were pre-sputtered for 10 min prior
to deposition to remove contaminants. Table 1 lists the detailed
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where ε is the IR emittance, c1 is the ﬁrst radiation constant
(3.7418 × 108 W μm4 m−2), c2 is the second radiation constant
(1.4388 × 104 μm K), λ is the wavelength, and T is the temperature.
3. Results and discussion
XRD patterns of the WO3 thin ﬁlms and ECDs prepared under different conditions are shown in Fig. 2. Fig. 2a shows that the WO3 ﬁlm
sputtered under a low power of 80 W is amorphous, while that sputtered under a high power shows some degree of crystallization. The
diﬀraction peak at around 23° can be attributed to the (001) reﬂections
of the orthorhombic WO3 phase (JCPDS 20–1324), indicating that the
sputtering power greatly impacted the crystallinity of WO3. To verify
the crystallinity of WO3 in the ECDs, XRD patterns of the ﬁve-layered
ECDs composed of a-WO3 and c-WO3 are plotted, as shown in Fig. 2b
and c, respectively. For comparison, XRD analysis is also performed
after the deposition of each layer. The results show that the phase

Fig. 1. Schematic of ECD structure.
2
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Fig. 3. Cross-sectional SEM images of ECDs: (a) a-WO 3ECD and (b) c-WO3 ECD.

glass, NiOx, LiTaO3, WO3, and ITO. The interfaces are smooth and can
be clearly identiﬁed, indicating that all the layers are physically and
chemically stable.
IR emittance (ε) is an important parameter for space thermal control
and military camouﬂage. To study the inﬂuence of WO3 crystallinity on
the IR electrochromic performance of the devices, the ε value of each
layer and of the entire devices are studied by Fourier transform IR
spectroscopy. The direct detection results of the IR spectroscopy indicate the transmissivity (T) and reﬂectivity (R) of the ﬁlms and ECDs.
Fig. 4a shows the transmissivity (T) of the ITO glass in the 2.5–25 μm
spectral region. The transmittance is nearly zero due to the high IR
reﬂection of the ITO layer and high IR absorption of the glass, indicating the device is the reﬂectance modulation in IR region. According to Kirchhoﬀ's law, in thermal equilibrium, the absorptivity (A)
of the ECDs can be expressed as [22,23].
A=ε

Fig. 2. XRD patterns of electrochromic ﬁlms and corresponding ECDs: (a) cWO3 and a-WO3 ﬁlms, (b) device with a-WO3, and (c) device with c-WO3.

(3)

Further, the IR emittance of the reﬂectance modulation device in
the spectral range 2.5–25 μm can be described as

compositions of the ﬁlms are the same in both ECDs, except for the WO3
layers. NiOx (JCPDS 04–0835) and ITO (JCPDS 65–3170) are crystalline, and LiTaO3 is amorphous. Accordingly, the diﬀraction peak at
around 43.3° correspond to the cubic phase of NiOx, and the diﬀraction
peaks at around 30.5°, 35.5°, and 51.0° correspond to the cubic phase of
In2O3, namely ITO. XPS analysis was used to investigate the compositional of NiOx, as shown in Fig. S2. XPS analysis of the surface of the
NiOx ﬁlm show that the sample contains NiO, Ni(OH)2 and Ni2O3. The
XRD results indicate that ECDs composed of a-WO3 and c-WO3 as the
electrochromic layers were prepared.
Fig. 3 exhibits the cross-sectional SEM images of the two ECDs, in
order to distinguish each layer, SEM images of top view and side view
of each layer are shown in Fig. S3. The overall thickness of the ﬁlms
increases gradually with the sputtering of each layer. The surface
morphology testing demonstrates that all ﬁlms are dense and uniform.
It can be seen that the thickness of the WO3 thin ﬁlms are approximately 450 nm in both ECDs. From the bottom to top, the layers are ITO

ε = 1−R

(4)

It should be mentioned that the IR reﬂectivity of ITO on the top
layer by sputtering is lower, allowing IR light to transmit [24]. NiOx is
used as the ion storage layer in the devices, and electrochromism occurred when the LiTaO3 layer was deposited on it due to the insertion of
Li+. Fig. 4b shows the IR emittance of ITO glass substrate ITO/NiOx,
ITO/LiTaO3, ITO/NiOx/LiTaO3, ITO/a-WO3, and ITO/c-WO3, and their
IR emittance values are summarized in Table 2.
It can be seen that after sputtering NiOx and LiTaO3, the IR emission
characteristics of ITO/NiOx, ITO/LiTaO3, and ITO/NiOx/LiTaO3 do not
change and are almost the same as those of the ITO glass substrate, with
a low IR emittance of about 0.14. For comparison, the transmittance
spectra of ITO/NiOx and ITO/NiOx/LiTaO3 are measured, as shown in
Fig. S4. For the as-prepared ITO/NiOx ﬁlm, the color observed is taupe,
and its transmittance is about 45% in the visible-NIR region. After
sputtering LiTaO3 on the surface of NiOx, Li ions are injected, and the
3
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−2.5 V, whereas it is in a low emittance state after Li+ extraction at a
potential of +2.5 V. Interestingly, the result for the c-WO3 ECD is the
opposite.
As mentioned above, since the IR emittance of the NiOx layer is
almost the same in both colored and bleached states, we consider that
the crystallinity of WO3 is the key factor aﬀecting the IR emittance
performance of the ECDs. Generally, the IR emittance of materials is
mainly aﬀected by two factors: reﬂection due to free electrons gas and
absorption due to molecular vibrations. At the voltage of 2.5 V, both aWO3 and c-WO3 ECDs show the same IR emittance due to their identical
IR reﬂection and absorption characteristics in the bleached state. For
the a-WO3 ECD, at the voltage of −2.5 V, when ions and electrons are
inserted into the a-WO3 ﬁlm, the ECD changes from the bleached state
to the colored state. The IR emittance of the ECD increases remarkably
to 0.76 in the spectral range 2.5–25 μm due to the high absorptivity of
the a-WO3 ﬁlm derived from the molecular vibration absorption bands.
However, for the c-WO3 ECD, at the voltage of −2.5 V, the semi-conductive c-WO3 ﬁlm turns into pseudo-metallic LixWO3 [8]; thus, the
conductivity of the c-WO3 ﬁlm increases greatly, leading to a reduction
in the IR emittance because of the high reﬂection. From the emittance
curves, it can be seen that in the wavelength range 2.5–7.3 μm, the IR
emittance at −2.5 V is higher than that at +2.5 V, whereas in the
wavelength range 7.3–25 μm, the emittance at −2.5 V is lower than
that at +2.5 V.
The normal reﬂectance of the materials can be expressed according
to the Drude free electron theory and Hagen–Rubens approximation at
low frequency [25] as follows:
R(ω) = 1 – (2ω/πσ)1/2

Where R(ω) is the normal reﬂectance at an angular frequency of ω
and σ is the electronic conductivity. For the c-WO3 ECD, at the potential
of −2.5 V in the low frequency region (7.3–25 μm), R(ω) obviously
increase with an increase in σ according to Eq. (7), thus leading to a
sharper decrease in IR emittance than that observed in the high frequency region (2.5–7.3 μm). Therefore, as shown in Fig. 5c, in the
wavelength range 2.5–7.3 μm, the emittance of the c-WO3 ECD increases slightly due to IR absorption. In the wavelength range
7.3–25 μm, the emittance of the c-WO3 ECD decreases greatly due to the
increased reﬂectivity of the ECD caused by the pseudo-metallic LixWO3
phase.
The emissive power spectra of the a-WO3 and c-WO3 ECDs at different voltages obtained from Eq. (2) are presented in Fig. 5b and d,
respectively, along with the ideal black-body spectrum (298.15 K). ε
and △ε (△ε = ε−2.5V − ε+2.5V) values of both ECDs are summarized
in Table 3.
The results indicate that the IR emittance modulation (△ε) values
of the all-solid-state a-WO3 ECD are 0.3 and 0.37 in the spectral ranges
2.5–25 μm and 8–14 μm, respectively, which are much greater than
those of the c-WO3 ECD.
To demonstrate the practicability of the a-WO3 ECD for variable
emissivity applications, an IR thermal image was obtained to visually
illustrate the thermal radiation modulating capacity of the ECDs in the
voltage range between −2.5 V and +2.5 V (Fig. 6 and Video S1.
photographs of the a-WO3 ECD at diﬀerent potentials of −2.5 V and
+2.5 V are shown in Fig. S6.). As can be observed, the color of the
devices can switch reversibly from red to blue, which represented the
high radiation and low radiation states of the device, within a few
seconds on changing the voltage, conﬁrming the excellent IR emittance
modulation capability.
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.solmat.2019.109916.

Fig. 4. (a) IR transmissivity of ITO substrate and (b) spectral emittance of ﬁlms.
Table 2
IR emittance data of samples in the spectral range 2.5–25 μm.
Sample

Spectral emittance

ITO glass
ITO/NiOx
ITO/LiTaO3
ITO/NiOx/LiTaO3
ITO/a-WO3
ITO/c-WO3

0.139
0.136
0.140
0.134
0.248
0.243

NiOx ﬁlm became transparent, with a transmittance of about 70% according to the following reaction:
NiOx (as-deposited) + yLi+ + ye− → LiyNiOx (bleached)

(5)

The result shows that the IR emittance values of the colored and
bleached NiOx layer are almost the same as that of the ITO glass, which
indicates that Li+ insertion do not aﬀect the IR performance of the
ECDs. The IR emission spectra of ITO/a-WO3 and ITO/c-WO3 show that
after the WO3ﬁlms are sputtered, the IR emittance value increases to
about 0.24; however, the diﬀerence in ε values of amorphous and
crystalline WO3 ﬁlms is not signiﬁcant, indicating that the bleached
WO3 ﬁlms with diﬀerent crystallinities exhibit very similar IR performances. The above results showed that only the WO3 layers aﬀect the
IR emittance of the ECDs.
The ECDs are subjected to constant potentials of +2.5 V (bleached
state in visible region) and −2.5 V (colored state in visible region) to
alter the IR emittance according to the following reaction:
WO3 (bleached) + xLi+ + xe− ↔ LixWO3 (colored)

(7)

(6)

Fig. 5 exhibits the emittance curves of the a-WO3 and c-WO3 ECDs at
potentials of −2.5 V and +2.5 V, and the corresponding chronoamperometric curves are shown in Fig. S5. The a-WO3 ECD is in a high
emittance state after Li+ insertion in the a-WO3 layer at a potential of

4. Conclusions
In summary, we prepared two all-solid-state ECDs based on
4
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Fig. 5. Spectral emittance and emissive power curves of ECDs: (a), (b) a-WO3 ECD and (c), (d) c-WO3 ECD.
Table 3
ε data of ECDs in diﬀerent spectral ranges.
Device

8–14 μm ε−2.5V

8–14 μm ε+2.5V

8–14 μm △ε

2.5–25 μm
ε−2.5V

2.5–25 μm
ε+2.5V

2.5–25 μm△ε

a-WO3 ECD
c-WO3 ECD

0.86
0.37

0.49
0.49

0.37
−0.12

0.76
0.41

0.46
0.46

0.30
−0.05

(622091401090), and Foundation (17550401).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.solmat.2019.109916.
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