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WO; thin films were fabricated by RF sputtering deposition. The as-deposited thin films showed uniformity and good adhesion
to an ITO layer. The deposition rate increased as the applied power was increased during the RF sputtering deposition. While
the as-deposited WO; thin films deposited in argon gas alone had very low stoichiometry showing a degradation phenomenon
during the transmittance measurement, the WQOj; thin film deposited in a mixture of argon and oxygen gases exhibited better
cyclability and afaster response time. The WQO; thin film prepared at 800 W in the gas mixture showed the best performance
with a coloration efficiency of 30.2 cm*: C! and a coloring response time of 7s.
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Introduction charge on the target surface rejects the ion flux and
may stop the sputtering process. By contrast, radio
Chromism describes the reversible color change of a frequency (RF) sources can be coupled through the
material due to an external stimulus. This phenomenon insulating target to the plasma. Therefore, conducting
occurs when there is an optical transmittance rate electrodes are not necessary. The radio frequency is
change in the visible ray or infrared range. The also high enough to maintain the plasma discharge
discoloration of chromic materials by external factors [12, 13]. Thus, we adopted an RF sputtering method
was first observed by Deb in 1969 [1]. Chromism can for the fabrication of WOs thin films, and investigated
be classified as electrochromism, photochromism, and the effect of the applied power and the ratio of reaction
thermochromism according to the nature of the external gases on the film morphology and electrochromic
stimulus. Electrochromism is defined as a reversible properties.
change of the optical properties under an applied
electric field. Electrochromic materials and devices Experimental Procedures
have been extensively investigated because of their
applications as smart windows, displays, and variable WO; thin films were fabricated using an RF sputtering
reflectance materials [2-5]. High performance electro- deposition system with a 120 x 550 mm* WO, target
chromic devices (ECDs) should present high optical (> 99.95%). Prior to sputtering, a pre-sputtering process
contrast, good optical memory, and chemical stability with only argon gas was performed to eliminate
to electrochromic cycles. contamination on the target. The base pressure was
Tungsten trioxide (WO;) has been extensively studied approximately 33.3 pPa. The substrate was held at
as a promising electrochromic material due to its high room temperature during the deposition. The distance
coloration efficiency and better electrochemical stability between the substrate and the target was 16 mm. The
compared with other electrochromic materials [5-7]. applied power and the two different atmospheric
The most common deposition techniques used to regimes used for depositions are listed in Table 1.
fabricate WOs; thin films are thermal evaporation, sol- The morphology and thickness of the as-deposited
gel coating, electrodeposition, and sputtering [8-11]. WO; thin films were analyzed by field emission
Among these, sputtering is well known as a useful scanning electron microscopy (FE-SEM, S-4800, Hitachi).
technique to fabricate uniform thin films. However, Electrochemical properties were evaluated using 1 M
direct current (DC) sputtering is not suitable for the LiClOy in propylene carbonate electrolyte with a three-
deposition of insulating materials, because the positive electrode electrochemical cell, wherein Ag/AgCl and

Pt wires were employed as reference and counter
electrodes, respectively. In-situ transmittance measurement

*%‘Tejgggnzg%ughz‘ga using a He-Ne laser with a 632.8 nm wavelength was
Fax: +82-63-270-2386 performed during chronocoulometry (CC) at 1V for
E-mail: ktlee71@jbnu.ac.kr 180 s. Then, cyclic voltammetry (CV) analysis was
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Table 1. Deposition conditions of RF sputtering for WO; thin
film fabrication.

Sample Power Gas (socm) Scan count
W) Ar 0,
P6Ar90 600 90 10 21
P8ATr90 800 90 10 15
P16Ar90 1600 90 10
P24Ar90 2400 90 10
P8Ar100 800 100 0 4

conducted in a voltage range of +1 to -1 V at a scan
rate of 20mV - s\, X-ray photoelectron spectroscopy
(XPS) analysis was carried out to confirm the electronic
structure and stoichiometry of the WOj; thin films,
using an AXIS Nova spectrometer (Kratos Inc.) with
anenergy resolution of Ag 3ds,<0.48 eV.

Results and Discussion

The as-deposited WO; thin film morphology was
observed by FE-SEM, as shown in Fig. 1. All films
were uniformly deposited and the surface morphology
of the films depended on the applied power. Although
all of the samples had an amorphous phase confirmed
by X-ray diffraction, they consisted of surface nano-
grains. The grain size has a tendency to increase as the
applied power is increased, and the nano-grains formed
clusters at a high applied power of 2400 W.
Interestingly, the surface morphology was associated
with the deposition atmosphere. While the P8Ar90
sample deposited in the gas mixture of argon and
oxygen had a rough surface with a granular structure,
the P8Ar100 sample deposited in an atmosphere of
argon alone had a much smoother surface. This may be
due to the relatively larger and heavier oxygen
molecules causing the atoms flicked from the target
materials to scatter during the sputtering process. Fig. 2
shows the cross-sectional FE-SEM micrographs of the
as-deposited WOj; thin films. All films were fully dense
and had good adhesion to the indium tin oxide (ITO)
glass. The average thickness of the as-deposited WO,
thin film and the calculated deposition rates are listed
in Table 2. The film thickness could be controlled by
the applied power and scan counts. It has been reported
that deposition rate and sputtering yield depend on the
applied power and working pressure [7,14]. The
deposition rate in this study increased with the applied
power. At the same applied power, however, the film
deposited in the gas mixture of argon and oxygen
showed a much lower deposition rate than that
deposited in an atmosphere of argon alone. This may
be due to the scattering effect of oxygen molecules,
which could reduce the mean free path.

The optical properties of the as-deposited WOs; thin
films are shown in Fig. 3. The colored and the
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Fig. 1. Surface FE-SEM micrographs of the WO; thin films
deposited by the RF sputtering method with applied powers of
(a) 600 W, (b) 800 W, (c) 1600 W, and (d) 2400 W under a mixture
of argon and oxygen gases, and (¢) 800 W in argon gas alone.

Fig. 2. Cross-sectional FE-SEM micrographs of the WO; thin
films deposited by the RF sputtering method with applied powers
of (a) 600 W, (b) 800 W, (c) 1600 W, and (d) 2400 W under a mixture
of argon and oxygen gases, and (¢) 800 W in argon gas alone.

bleached states of the WO; thin films were achieved by
reduction at -1 V and oxidation at +1 V vs. Ag/AgCl,
respectively. There were no significant differences in
transmittance variation with cycles for any of the films.
This indicates that the insertion/extraction process by
the redox reaction in the as-deposited WO, thin films is
quite reversible. Based on the data from Fig. 3, the
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Table 2. Average thicknesses of the as-deposited WO; thin films
and the calculated deposition rates under various deposition
conditions.

Sample Thickness Deposition rate
(nm) (nm/scan count)
P6AT190 923 4.4
P8Ar90 105.0 7.0
P16Ar90 79.4 132
P24Ar90 71.9 36.0
P8Ar100 67.5 16.9

Fig. 3. Transmittance measurement data of the as-deposited WO;
thin films fabricated under various sputtering conditions.

calculated transmittance variation (AT) for the first cycle
is listed in Table 3. The samples deposited at relatively
lower power showed large transmittance variations.
Comparing the variations in both transmittance variation
(Table 3) and film thickness (Table 2), a correlation
between transmittance variation and film thickness was
detected. The transmittance variation increased with
increasing WO; thin film thickness. A WO; film in a
bleached state can be reversed to a colored state by the
insertion of both ions and electrons to form tungsten
bronze (MyWO;3) according to the insertion/extraction
reaction:

WO; + xM" + xe” <> M;WO; (1)

where M" denotes H', Li*, Na*, or K*. A thick WO,
film is able to hold a relatively large amount of lithium.
Therefore, the thickest WO; film (P8Ar90), as shown
in Table 2, showed the largest transmittance variation.
One of important parameters often used to characterize
an electrochromic material is its coloration efficiency
(CE) as defined by:
_AOD_ 1 Tijeachea(%0)
B YA A Tt @
where AOD is the change in the optical density with
charges intercalated per unit electrode area, A is the

Table 3. Electrochromic characteristics of the as-deposited WO;
thin films.

Charge Coloration Response
Tbleached Tcolored AT

i i time (s
e TS T i e
P6Ar90 90.8 50.0 40.8 8.9 29.1 8 5
P8Ar90 88.7 374 513 12.4 30.2 7 5
P16Ar90 894 558 33.6 7.1 28.8 8 94
P24Ar90 873 57.7 29.6 73 24.6 9 95
P8Ar100 45.7 396 6.1 3.7 16.8 127 157

Fig. 4. Cyclic voltammogram of the as-deposited WOj; thin films
fabricated under various sputtering conditions.

area of the electrode, q is the electric charge, and
Thieached aNd Teoiored are the transmittances of the film in
the bleached and colored states, respectively. A greater
CE means greater transmittance variation per unit
charge. The calculated CE values based on the CC data
and transmittance data are listed in Table 3. The WO;
thin film prepared at 800 W in the gas mixture with
argon and oxygen showed the best performance, with a
coloration efficiency of 30.2 cm? - C'.

The response time can also be determined using the
transmittance data shown in Fig. 3. The response time
t, (or t.) for bleaching (or coloring) of the WOs; thin
films is defined as the time interval between the highest
and lowest variation rates in transmittance. Most of the
samples had response times of less than 10 s, except
for the P8Ar100 sample deposited in an argon
atmosphere. The response time depends strongly on the
kinetics of the insertion/extraction reaction of the
lithium ions, which is correlated to the stoichiometry
and density of the films, and to the number of reaction
sites on the surface. As shown in Fig. 1, the P8Ar100
sample deposited in an argon atmosphere had a much
smoother surface compared to the other samples.
Therefore, the slowest response time observed with the
P8Ar100 sample could be due to a lack of reaction
sites on its surface. However, in order to explain the
slow bleaching response time for the samples deposited
at relatively high applied power, further investigations
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Fig. 5. Variation of the calculated diffusion coefficients of the as-
deposited WO; thin films.

such as film density measurement or structural analysis
should be performed. There may be certain structural
changes during extraction or after the insertion of the
lithium.

Fig. 4 shows the CV data for the as-deposited WO;
thin films. The cathodic peak current density is
proportional to the capacity of the Li ion insertion.
Namely, a higher cathodic peak current density means
that more lithium ions have been inserted. Meanwhile,
the number of sites where lithium ions can be inserted
may have increased as the film thickness increased.
The variations in the cathodic peak current density for
the as-deposited films corresponded to those of the
electrochromic performance parameters, such as AT
and coloration efficiency, listed in Table 3.

Since the current peak value for each reaction
obtained from the CV provides information about the
diffusion coefficient of the ion in the electrolyte, the
diffusion coefficient of the lithium ion in the WOj; thin
film was calculated using the absolute current density
from Fig. 4.

The relationship between the peak current density, iy,
and diffusion coefficient, D, is described in Eq. (3)
using the Rendles-Sevicik equation [15]:

i,=2.72 x 10° x B’ x D'* x Cy x v'? 3)

where n is the number of electrons, D is the diffusion
coefficient (cm? -+ s™"), C, is the concentration of active
ions in the solution (mol-:cm™), and v is the rate at
which the potential is swept (V -s™). Fig. 5 shows the
variations in the calculated diffusion coefficient with
various deposition conditions during the RF sputtering
process. The diffusion coefficient values are com-
parable to the values of 2.8 x 10" cm? -+ 5! reported by
Ho et al. [16] and ~ 107'? cm? - 5! reported by Xu et al.
[17]. The samples deposited at lower applied power
showed higher diffusion coefficients. The applied
power and atmosphere during the RF sputtering
process could affect the as-deposited WOs; thin film
microstructures, such as the surface morphology,
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Fig. 6. W 4f core-level spectra of the as-deposited WO; thin films
fabricated (a) in only argon gas (P8Ar100) and (b) in an argon and
oxygen gas mixture (P8Ar90).

Table 4. Composition area, atomic concentration, and oxygen
stoichiometry calculated from XPS data.

Composition Atomic
area concentration Oxygen
Sample (%) (%) stoichiometry
(3-9)

W6+ W5+ W4+ \\Y4 0
P8Ar100 77.1 165 64 25,65 6598 2.57
P8Ar90 97.5 - 25 1892 55.68 2.94

thickness, and density, as shown in Fig. 1 and Table 2.
The diffusion coefficient of lithium ions in WO; films
increased from 3 x 10'? to 1.5x 107 cm?-s™! as the
density decreased from 5.84 to 3.38 g+ cm™ [15]. Thus,
the density of the as-deposited WOs; thin films prepared
by the RF sputtering process may increase with the
applied power. However, further studies to confirm the
film density should be performed.

Meanwhile, the sample (P8Ar100) fabricated in an
atmosphere of argon alone had a less favorable
electrochromic performance than the sample (P8Ar90)
deposited in the gas mixture of argon and oxygen, as
shown in Figures 3 and 4 and Table 3. This could be
attributed to the surface morphology and film density
of P8Arl100 leading to a lack of reaction sites and
suppression of lithium diffusion, respectively, as discussed.
However, despite considering these physical properties,
the AT value of the PSAr100 sample was still too low
compared to that of the PSAr90 sample. Moreover,
while most of the samples showed over 87%
transmittance in the initial state (Tpeacheq), the P8Ar100
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sample had only 50% transmittance. XPS analysis was
carried out to address this phenomenon. The W 4f core
level spectra consisting of the well-resolved spin orbit
split doublet peaks corresponding to the W 4fs, and W
4t states are shown in Fig. 6. Fitting results based on
the XPS data in Fig. 6 are also listed in Table 4. In
general, transparent WOj; thin films should have only
W, However, the as-deposited WO; thin films had
W&, W, and W*" peaks in their XPS spectra,
indicating that oxygen non-stoichiometry in WO; exists.
Interestingly, while the sample fabricated in the all
argon atmosphere (P8Ar100) had the oxidation states of
W&, W and W*, the sample fabricated in the gas
mixture of argon and oxygen (P8Ar90) had states W*"
and W*'. This indicates that the PSAr100 sample had a
large amount of oxygen vacancies. It has been reported
that the color of WO; depends on its stoichiometry [18].
While WO; with an oxygen stoichiometry over 2.5 is
transparent, a blue color appears with an oxygen
stoichiometry around or less than 2.5 [19]. The
P8Ar100 sample with the lower oxygen stoichiometry
around 2.5, as listed in Table 4, showed a blue color in
the as-deposited state. Consequently, this led to a lower
transmittance value even in its initial state. Moreover, a
large amount of oxygen vacancies may hinder the
diffusion of lithium ions, which also causes the
degradation of electrochromic performance.

Conclusions

WO; thin films were deposited using an RF sputtering
method at different powers and under different gas
atmospheres. The films deposited at lower applied
powers exhibited higher coloration efficiencies and
shorter response times, indicating the easy transport of
ions across the film and an increase in the diffusion
coefficient. Meanwhile, the deposition atmosphere
during RF sputtering strongly affected the electro-
chromic properties of the WOj; thin films, which are
correlated with oxygen stoichiometry. The oxidation
states of W*", W%, and W®" in the as-deposited WO,
thin film led to a decrease in transparency, and a large

amount of oxygen vacancies also interrupted the lithium
ion diffusion, consequently degrading electrochromic
performance.
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