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Thickness Dependence of WO;3_ Thin Films for
Electrochromic Device Application

MIN HONG KIM, HYUNG WOOK CHOI,
AND KYUNG HWAN KIM*

Department of Electrical Engineering, Gachon University, Seongnam,
Gyeonggi, Korea

The phenomenon of color change in a particular material caused by an electrochemical
reaction is called “electrochromism.” Since the discovery of the electrochromic phe-
nomenon in tungsten oxide, amorphous WOj is the most widely studied electrochromic
material. Until now, WO; remains the most promising candidate for electrochromic
devices. Electrochromic devices can switch between two optical states (col-
ored/bleached) by injection/extraction of ions and electrons, based on the modification
of transmittance and reflectance that are induced by an applied external voltage. In
this study, tungsten oxide (WOj3.,) thin films were deposited onto an ITO-coated glass
substrate by reactive facing-target sputtering, and their electrochromic properties stud-
ied as a function of film thickness. The X-ray diffraction patterns reveal the amorphous
properties of all the WO3., thin films prepared in this study. Of all the different samples
prepared in this study, WOj;., thin film of thickness 500 nm exhibited the maximum
coloration efficiency of 37.3 cm*/C.

Kyewords Electrochromic; facing target sputtering; tungsten oxide

Introduction

Electrochromism is defined as a reversible and persistent change in the optical properties
of an electroactive material, induced by an applied external voltage [1]. During the last few
decades, electrochromic materials have been intensively studied in the field of basic and
applied research.

In particular, electrochromic devices have been investigated for their potential appli-
cations in energy efficient buildings, non-luminous displays, variable reflectance mirrors,
rearview mirrors in automobiles, smart windows, and aerospace industry, wherein they are
utilized as energy saving features as a function of radiant heat and radiation [2—4].

Therefore, a combination of display properties and the energy saving properties can
result in the implementation of high-performance smart windows. So far, various transition
metal oxides are known to show electrochromic properties, in which electrochromism is
caused by the double injection/extraction of electrons and ions [5]. Accordingly, based
on the nature of ion transfer, electrochromic materials can be divided as cathodic (color
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upon ion injection) and anodic (color upon ion extraction). Among the various transition
metal oxides, tungsten oxide (WOs3) is reported to show outstanding electrochromic perfor-
mance. For this reason it has received considerable attention among researchers as the most
promising candidate for electrochromic devices. In principle, the electrochromic properties
of WOj thin films are influenced by its microstructure, chemical composition, and the
synthesis process [6]. Thus far, WOj3 thin films have been prepared using various synthesis
processes, including sputtering [7], pulsed laser deposition [8], sol-gel synthesis [9], elec-
trophoretic deposition (EPD) [10], thermal evaporation [11], chemical vapor deposition
[12], and electron-beam evaporation [13]. We using facing-target sputtering (FTS) offers
many advantages, such as low working pressure and low temperature [14]. Therefore, in
this study, WO; thin films are deposited by using facing-target sputtering in mixed argon
and oxygen atmosphere. The significant parameter in a sputtering process is the thickness
of the thin film. Hence, we have investigated the correlation between the electrochromic
properties and thickness of tungsten oxide thin films, with an aim to find the optimum
thickness with superior electrochromic properties.

Experimental

Deposition of WOj3.,, Thin Films

Fig. 1 shows the FTS equipment used for the deposition of tungsten oxide thin films.
In conventional sputtering methods, the substrate is positioned in such a way that it is
exposed to the plasma. This limits the fabrication of high quality thin films because of the
damage caused to the thin film surface. However, the FTS system used in this study is
designed to array two targets that face each other, to facilitate the fabrication of thin film
in a stable sputtering atmosphere. This design also protects the substrate and the thin films
from the bombardment of high-energy particles during the sputtering process [14]. The
FTS system can suppresses the damage caused to the substrate by high-energy particles,

Tungsten

W)
Target

ITO substrate|
Shield

Figure 1. Facing targets sputtering system equipment.
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Table 1. Deposition condition of WOs3 thin films

Deposition parameter Sputtering condition
Target W(pure 99.95%)
Substrate ITO coated Glass
Power density 4 W/em?
Backgroud pressure 2.6 x 1074 Pa
Working pressure 0.13 Pa

0; gas flow ratio [O/Ar + O>] 0.7

Thickness 100, 300, 500, 800, 1100 nm
Substrate temperature R.T

such as electrons and partial ions. For these reasons, the FTS system is considered one of
the most attractive techniques for the fabrication of high quality thin films. The tungsten
oxide thin films were deposited onto an indium tin oxide (ITO)-coated glass substrate, from
W metal target (99.95% purity, 2 in. LTS) at room temperature, by using reactive FTS in
an argon and oxygen plasma. Before film deposition, the ITO coated glass substrate was
ultrasonically cleaned, first with acetone for 20 min, then with distilled water for 15 min,
and finally with ethanol for 20 min. The cleaned substrates were then dried in a stream of N,
gas. Before introducing the gases, the sputtering chamber was evacuated to 2.4 x 10~* Pa
using a turbo molecular pump. Prior to deposition, the target was sputtered for 30 min
to clean the surface of any oxide layer. The oxygen flow ratiowas adjusted to a constant
value of [O,/(Ar+0O,)]ratio of 0.7 by using mass-flow controllers. Table 1 summarizes the
parameters adopted for the sputter deposition of WO3_ thin films.

Characterization

The thickness of the deposited WO;_ thin films was measured by using a surface profiler
(alpha step), and the crystal structure was investigated by using X-ray diffraction (XRD,
Rigaku, D/MAX-2200) with Cu-Ka radiation (A =1.5418 A) X-ray source at 40 kV and
20 mA in the scanning angle (26) from 20° to 80°. The optical properties were measured
by using a UV-Vis spectrometer (lambda 750, PerkinElmer, USA). Furthermore, the elec-
trochromic properties of the deposited WO;3 thin films were measured by using cyclic
voltammetry (VSP-CHAS potentiostat), which was performed using a three-electrode sys-
tem composed of WO;3 4 as the working electrode, Ag/AgCl (3M NaCl) as the reference
electrode, and Pt wire as the counter electrode. The electrolyte was composed of 0.1M
LiClO4—propylene carbonate solution. The measurements were performed at a scan rate of
30 mV/s in the potential range of —1.5to 1.5 V.

Results and Discussion

Fig. 2 shows X-ray diffraction patterns of all the WO thin films. Other than the peak of
the indium tin oxide, tungsten oxide peaks were not found under any deposition condition.
In addition, the diffraction patterns of all the thin films were almost similar, without any
significant changes. This indicates the amorphous properties of the WO;_ thin films, which
could have resulted from the internal stress [15]. In general, amorphous tungsten oxide thin
films exhibit better properties than the crystalline thin films. It is usually a properties of
thin films fabricated by sputtering system at room temperature. Therefore, the difference in
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Figure 2. X-ray diffraction patterns of the deposited WO; 4 thin films as a function of the thickness:
(a) ITO coted glass, (b) 100 nm, (c) 300 nm, (d) 500 nm, (e) 800 nm, and (f) 1100 nm.

the thickness of the thin film did not have any significant effect on the phase. Fig. 3 shows
the cyclic voltammograms (CVs) of the WOs« thin films of different thickness obtained
by varying the sputtering conditions. The EC performance of the WO3_ thin films were
estimated by recording the CV curves at a scanning rate of 30 mV/s in the voltage range
of —1.5to 1.5 V. It is well known that the coloration and bleaching of the WOs;_ thin films
are associated with the injection and extraction of Li* ions and electrons, which can be
determined as [16],

WO;_,(bleached) + xe™ + xLi™ < LiyWO3_,(colored),

where LiT is an ion in lithium perchlorate organic solution. Upon application of negative
bias, blue color is observed, indicating the injection of Li™ into the WO5_4 thin film. On the
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Figure 3. Cyclic voltammograms (CVs) of the deposited WO; thin films as a function of the
thickness.
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other hand, applied positive bias results in bleaching, corresponding to the extraction pro-
cess. The CV curves of all the thin films were almost similar. However, the cathodic current
density was observed to increase continuously with increasing thickness.The increase in
anodic and cathodic current with film thickness indicates an increase in the amount of ions
and electrons in the thin film. As evidenced from the results, WOj3_ thin film of thickness
1100 nm shows a high cathodic current density of 0.74 mA/cm? when compared to that of
the other WO3_ thin films.

Fig. 4 shows the optical transmittance of WOj3 thin films of thickness 100 nm, 300 nm,
500 nm, 800 nm, and 1100 nm, which indicate as-deposited, colored, and bleached states in
the visible range. As shown in the figure, the transmittance of the films varied as a function
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Figure 4. Optical transmittance of WO; thin films: (a) 100 nm, (b) 300 nm, (c¢) 500 nm, (d) 800 nm,
and (e) 1100 nm.
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Figure 5. Optical density change (AOD), transmittance variation (AT), and Charge density (mC/cm?)
of the WOj; thin films in the visible range.

of thickness. However, regardless of the difference in thickness, all the WO3 thin films
exhibited transparent state without change in the blue color. In general, WO3 thin films
exhibit transparent state at x below 0.3 [17]. The reduction in the transmittance spectra at the
wavelength of ~350 nm is due to the fundamental absorption edge, as previously reported
in the literature [18]. The transmittance spectra of the WOs3_ thin films of different thickness
were almost similar. However, the oscillation behavior of the transmittance spectra could
be related to the thin film thickness, which arose from optical interference due to the
multilayered component [19].

The color of the WOs thin films transformed to dark blue upon injection of elec-
trons and Li™ ions into these thin films. The electrochromic device can change its optical
properties with the initiation of an external voltage, and can revert to the original state by
reversing the external voltage.

Fig. 5 shows the change in the optical density (AOD), the variation in transmittance
(AT), and Charge density (mC/cm?) of the WOs_, thin films in the visible range. The
variation in transmittance (AT) of WQOs;_, thin films were estimated to be 23.11, 34.46,
52.24, 37.6, and 35.15%, respectively, using the relation

AT = Tyleaced — Teoloreds

where Thjeached 18 the transmittance of the thin film in the bleached state and T¢ojoreq 18 the
transmittance of the thin film in the colored state. The highest value of AT was observed in
WOs; thin film of thickness 500 nm. We considered that the decrease in the transmittance of
bleached state (T'pjeached) 1n thin films of thickness above 500 nm is due to the accumulation
of large amount of ions and electrons in the WO;_ thin films.

The optical density refers to the light absorbing capability of the electrochromic thin
films [20]. The AOD value can be determined using the following relation.

AOD = log[Tbleaced/Tcolored]

The WO;3 thin film of thickness 500 nm was obtained better optical density change
properties than the other thin films.
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Figure 6. Coloration efficiency (cm?/C) of the WOs_, thin films in the visible range.

Fig. 6 shows the coloration efficiency (cm?/C) of the WOs., thin films in the visible
range, which is one of the significant parameters for determining the practical application
of an electrochromic device. The coloration efficiency can be determined as,

CE = OD/Q

where Q is the injected charge per unit area. From the above results, a value of coloration
efficiency for 500 nm thicknesses of WOs3_ thin film was obtained maximum value about
37.3 cm?/C. As the film thickness increases, large amount of ions and electrons are injected
in the thin films. However, in case of thin films with thickness more than 500 nm, the
transmittance value decreases. This could be attributed to the accumulation of Li* ions
in the WOs_ thin films. Yoshiike reported that Li* exists in combined form as W-OLi,
which accumulates in the thin film during repeated coloring and bleaching process [21].
Therefore, it is reasonable to consider that the observed decrease in transmittance is caused
by structural deformation, which decreases the mobility of the ions during the bleaching
process. In addition, the observed decrease in the coloration efficiency of the thin films
with thickness above 500 nm is considered to be due to accumulation of Li™ ions in the
WOs; thin films. The above mentioned results clearly reveal the correlation between the
electrochromic properties and thickness of the tungsten oxide thin films.

Conclusions

In this study, electrochromic WOs; thin films of various thicknesses were deposited by
reactive facing-target sputtering at the oxygen flow ratio [O,/(Ar+O,)] of 0.7. The XRD
pattern of all the WO3  thin films of various thicknesses indicated amorphous properties,
which could be attributed to the internal stress of tungsten oxide films. This is a typical
characteristic of thin films fabricated by sputtering at room temperature. Furthermore, the
EC performance of the WOs3 thin films was evaluated by recording the CV curves at a
scanning rate of 30 mV/s in the potential range between —1.5 and 1.5 V. The CV curves
of all WOs3 thin films prepared in this study were almost similar. However, the cathodic
current density increased continuously with increase in film thickness. All the WO3_ thin
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films observed transparent state without change in the blue color. Generally, WOs_, thin
films exhibit transparent at x below 0.3. The oscillation behavior of transmittance spectra
can be related to the thickness of the thin film and arise from the optical interference due
to the multilayer component. The of WO;_ thin film of 500 nm thickness was obtained
better optical density change properties than the other thin films, and coloration efficiency
for 500 nm thicknesses of WOs_, thin film was obtained maximum value about 37.3 cm?/C.
Therefore, we are obtained that the correlation between tungsten oxide thin films and
electrochromic properties in different thickness.
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