Electronic Materials Letters (2024) 20:131-139
https://doi.org/10.1007/513391-023-00447-y

ORIGINAL ARTICLE - ELECTRONICS, MAGNETICS AND PHOTONICS T

Check for
updates

Optimization of Optical Modulation in Amorphous WO; Thin Films
Jiangbin Su'2® . Xiumei Zhu' - Longlong Chen' - Yu Liu' - Hao Qi' - Zuming He' - Bin Tang’

Received: 12 April 2023 / Accepted: 15 June 2023 / Published online: 29 June 2023
© The Author(s) under exclusive licence to The Korean Institute of Metals and Materials 2023

Abstract

WO, thin films were prepared on indium-tin oxide (ITO) glass substrates at different substrate temperature by radio
frequency magnetron sputtering. Then the films were soaked in five organic solvents of acetone, ethanol, cyclohexane,
acetonitrile and ethyl acetate for 48 h, respectively. The changes in the microstructure, surface morphology and electro-
chromic (EC) properties of WOj thin films before and after the immersion treatment were systematically studied. It was
found that after soaking in ethanol, the optical modulation of amorphous WO, thin films deposited at room temperature
increased from 50 to 85%, showing excellent EC performance. Moreover, the immersion treatment in ethanol is also help-
ful for improving the EC properties of amorphous WO thin films prepared at elevated substrate temperature. However,
after immersion in the other organic solvents, the optical modulation of WOj thin films increased less (for acetone: 77%)
or even decreased significantly (for cyclohexane, acetonitrile and ethyl acetate: 31%, 30% and 35%, respectively). In addi-
tion, the immersion treatment in ethanol cannot improve the optical modulation of crystalline WO thin films prepared at
600 °C, which dropped from 58 to 40%. The authors believe that this is mainly related to the different dredging effects of
various organic solvents on the transport channels of Li-ions and electrons in WOj thin films. Therefore, this work pro-
vides a new approach for the optimization of EC performance of amorphous WO; thin films.
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long service life, and is one of the most detailed EC materi-
als studied so far [6, 7]. In particular, WO; of amorphous
structure have a better coloration efficiency than that of
crystalline structure [8], and thus, it has been widely used
in many technical applications such as EC displays [9,
10], smart windows [2, 8, 11] and anti-glare rear view mir-
rors [12, 13]. The discoloration behavior of WO, is gen-
erated basing on the implantation/extraction of Li-ions,
during which the WO, undergoes reversible physicochemi-
cal changes, accompanied by photoresponse and ion stor-
age behavior. Specifically, during the coloring process,
Li-ions are implanted into WO; and react with it to gener-
ate blue Li,WO;; while in the bleaching process, Li-ions
are extracted and Li,WO; is decomposed into colourless
WOj; again [14, 15]. This discoloration process or model
have guiding significance for the design and fabrication
of WO;-based materials and devices with excellent EC
performance.

Usually, the main indicators for evaluating the EC perfor-
mance of a material are coloration efficiency, response time,
coloring storage time, cycling stability, etc [16]. Among
them, coloration efficiency is the most important indicator
of EC materials, which can be simply characterized by the
difference between the transmittance of the colored state and
the bleached state at a certain wavelength in the visible light
band (i.e., optical modulation) [17]. The coloration effi-
ciency or optical modulation of a material is not only related
to its microstructure, but also closely related to the prepa-
ration method and experimental conditions of the material.
In the existing literature, the preparation methods of WO,
thin films include magnetron sputtering [18, 19], ion beam
sputtering [17, 20], electron beam evaporation [21], hydro-
thermal method [22] and electrodeposition method [23], etc.
The magnetron sputtering is currently the mainstream prep-
aration method of WO; thin films because of its uniform
film layer, good film-base adhesion, easy large-area prepa-
ration and high repeatability [19]. Nevertheless, as reported
in the existing literature, the optical modulation of WO; thin
films prepared by magnetron sputtering is still not high, usu-
ally below 75% [24]. Therefore, it is very necessary to find
an effective method to improve the optical modulation of
magnetron-sputtered amorphous WOj thin films.

2 Experimental

2.1 Deposition of WO, Thin Films

WO; thin films were deposited on commercial indium-tin
oxide (ITO) glass substrates (25x 40X 0.7 mm, 3—4 Q/mm?

resistivity) in a JGP 500 A magnetron sputtering system.
A pure tungsten disk (W, 99.999% purity) of 76.2 mm in
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diameter and 5 mm in thickness was used as the sputter-
ing target. The distance between the target and the ITO sub-
strates was set to be ~ 15 cm. A base pressure of 5x 1073 Pa
in chamber was obtained by a combined system of mechani-
cal and turbomolecular pumps before sputtering. High pure
argon gas (Ar, 99.999% purity) with a flow speed of 20 sccm
was then introduced into the vacuum chamber, and further
ionized to generate Ar ions under the action of radio fre-
quency (RF) electric field to sputter W atoms. Before each
deposition, the W target was pre-sputtered in pure Ar atmo-
sphere for 15 min in order to remove the possible impurities
and oxide layer formed on the surface of target. For all film
samples, the sputtering power was 100 W, the working air
pressure was 0.3 Pa and the deposition time was 1.5 h. In
order to study the influences of microstructure on the optical
modulation, the substrate temperature was changed between
room temperature and 600 °C to fabricate amorphous films
and crystalline films.

2.2 Soaking Treatment

Soak the WO; film samples in 50 ml of organic solvents
each time. The organic solvents include acetone (99.5 wt%),
ethanol (99.7 wt%), cyclohexane (99.5 wt%), acetonitrile
(99 wt%) and ethyl acetate (99.5 wt%), which were all of
analytical purity. After 48 h immersion, the samples were
taken out for drying.

2.3 Characterisations

The as-prepared film samples were characterized by an
X-ray photoelectron spectroscope (XPS, Kratos Axis Ultra
DLD), a filed-emission scanning electron microscope (SEM,
ZEISS SUPRASS), a powder X-ray diffractometer (XRD,
RIGAKUD/Max 2500 PC) and a home-made EC test sys-
tem to study their chemical composition, surface morphol-
ogy, microstructure and EC performance, respectively.

3 Results and Discussion

The SEM image in Fig. 1(a) shows the surface morphology
of WOj; thin films deposited at room temperature. It can be
observed that the film surface is uniform and dense. Com-
pared to the inset, the sheets-like textured morphology of
ITO substrates is almost completely covered by the WO,
films. It was confirmed from cross-sectional SEM images
that the film thickness is ~110 nm. The XRD patterns in
Fig. 1(b) only exhibit the diffraction peaks of ITO sub-
strates, which demonstrates that the as-prepared WO; films
are amorphous. Further, XPS tests were taken on the films,
and the results are shown in Fig. 1(c,d). From the core-level
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Fig. 1 (a) SEM image, (b) XRD pattern and (c-d) XPS spectra of WOj; thin films deposited at room temperature. The inset in (a) shows the mor-

phology of ITO substrates

peaks of W4f in Fig. 1(c), it can be found that the split dou-
ble peaks of W®* at binding energy of 37.8 eV and 35.8 eV
correspond to 4fy,, and 4f;,,, respectively [25, 26]. In addi-
tion, as shown in Fig. 1(d), the binding energy of Ols at
530.7 eV corresponds to the typical of O*~ bonded to W,
and that at 531.5 eV corresponds to the hydroxyl oxygen
adsorbed on the film surface [27, 28]. Therefore, it can be
concluded that the sputtering products are WO, thin films.
Although no additional oxygen was introduced in this study,
the physical sputtering products of W target were still WO,
rather than W and WO, (x<3). This is because, similar
to the sputtering deposition of Cu [29-34], in the cham-
ber where the background vacuum is not high enough, the
residual oxygen is still sufficient to completely oxidize the
W atoms into WO; molecules.

Figure 2 shows the SEM images of the WO; film
samples soaked in acetone and ethanol solvents for 48 h,
respectively. It can be seen from the figure that the sam-
ples after soaking in the two solvents clearly exposed the
sheets-like textured morphology of ITO substrate (see the
inset of Fig. 1(a)). This may be due to a small amount of
dissolution of the WO; films in the solvents. Meanwhile,
the surface of the samples soaked in acetone and ethanol
solvents become loose (Fig. 2(a,b)). By analyzing the cross-
sectional SEM images, however, we found that there was
no significant change in the film thickness after immersion
treatment. This is consistent with our analysis results below:
immersion treatment in solvents will change the porosity or
internal channels of the films, but it does not damage the
overall framework structure of the films. In addition, the
results of XRD and XPS characterizations were similar to
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Fig. 2 The morphologies of the WO, film samples soaked in different solvents for 48 h: (a) acetone; (b) ethanol

those shown in Fig. 1. It demonstrates that the immersion
treatment in acetone and ethanol solvents does not signifi-
cantly change the microstructure and compositions of the
films. They are still WO; thin films of amorphous structure.
Further, we have also characterized the samples soaked in
other organic solvents, and found that the surface morphol-
ogy was similar to that in Fig. 1(a) and the WO, films were
still amorphous.

To identify the effects of immersion treatment on the
EC characteristics of WO thin films, the coloring-bleach-
ing experiments of WO, thin films before and after soak-
ing in different organic solvents were carried out. 1 mol/L
LiClO,-PC (propylene carbonate, PC) solution was used as
the electrolyte, and Pt (platinum) was used as the counter
electrode, respectively. Coloration and bleaching of the EC
cells were performed by applying direct-current voltages of
-8.0 Vand + 8.0 V, respectively.

For all samples, the EC phenomena were observed in the
coloring-bleaching experiments, and the optical transmit-
tance of WOj; thin films at the colored and bleached states
was measured using ultraviolet-visible spectrophotometry,
as shown in Fig. 3. It can be seen from Fig. 3(a) that the
optical modulation of the as-deposited WOj thin films with-
out soaking treatment is only 50% at the wavelength of
676.2 nm. Its main problem is that the bleaching effect is not
excellent. This can be attributed to the relatively dense film
without soaking treatment (Fig. 1(a)). After the WO; film
samples were treated in ethanol and acetone, the surface of
the films became loose, which reduced the resistance of ion
and electron injection and extraction, and was more condu-
cive to the coloring and bleaching reactions. As a result, the
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optical modulations of WOj; thin films after immersion in
ethanol and acetone increased to 85% and 77% (Fig. 3(b,c)),
respectively. Compared with the sample without immersion
treatment (Fig. 3(a)), their optical modulation increased by
35% and 27%, respectively. As further shown in Fig. 3(d-
f), samples soaked in cyclohexane, acetonitrile and ethyl
acetate exhibited good coloring efficiency but worse bleach-
ing efficiency, which resulted in much lower optical modu-
lations, only 31%, 30% and 35%, respectively. Therefore,
after soaking in the above five organic solvents, only etha-
nol and acetone, especially ethanol, can improve the optical
modulation of WO; thin films.

The common feature of WO; thin films after soaking
in the above solvents is that they all have good coloring
effects, but the difference lies in their different bleaching
effects. This indicates that there is a difference in the ability
of Li-ions and electrons to be extracted from the interior of
these WO; thin films. In other words, after immersion in
different organic solvents, the porosity or internal channels
of WOj thin films have changed, some becoming smoother
and some becoming more congested. This may be related
to various factors of the solvents, including the molecular
weight, molecular structure, volume size, viscosity, volatil-
ization rate, and so on. They will affect the diffusion ability
of solvent molecules within the WO; thin films, as well as
the resulting channel cleaning and dredging effects. In terms
of overall performance, ethanol and acetone are the two
ideal candidate solvents, which have a good dredging effect
on the channels. This inference is well consistent with the
SEM observations in Fig. 2. It can also be similarly exem-
plified in some literature. For example, Xu et al. [35] and
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Fig. 3 The transmittance spectra of colored and bleached states and optical modulations of WO; thin films after soaking in different organic

solvents

Zhang et al. [36] have reported that adding an appropriate
amount of ethanol can increase the porosity of the as-grown

films.

Furthermore, WO; thin films were prepared at differ-
ent substrate temperature. Figure 4(a,b) show the surface

morphology of WO; thin films deposited at 550 and 600 °C,
respectively. It can be found that many coarse particles were
formed on the film surface at 550 °C. This may be due to the
fact that high temperature promotes the diffusion or migra-
tion of WO; molecules on the substrate, and small particles
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Fig.4 SEM images of WO; thin
films deposited at (a) 550 °C and
(b) 600 °C; (¢) XRD patterns of
the as-prepared WOj thin films
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aggregate together to form large particles. As a result, the
surface of the films becomes rough and the films look much
denser. However, when the temperature reached 600 °C, a
rods-like porous structure was formed on the film surface.
This may be due to the inability of the ITO substrate to
withstand such a high temperature, resulting in a significant
evolution in the morphology of ITO substrate as well as its
supporting WO, thin film. Figure 4(c) further shows the
XRD patterns of the films prepared at substrate tempera-
tures of 550 and 600 °C. The sample at 550 °C only showed
the diffraction peaks of ITO substrate, indicating that it was
an amorphous structure. However, when the temperature
rose to 600 °C, there was a diffraction peak at 26=23.0
°, corresponding to the WO; (001) orientation (PDF#20-
1324). According to Shearer’s formula, we obtained that
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the grain size of WO; along (001) orientation was 14.1 nm.
In addition, the morphology and XRD pattern of WO; thin
films prepared at 300 °C were similar to those at 550 °C,
also showing a relatively dense and rough film surface and
an amorphous structure. After immersion in ethanol, the
amorphous or crystalline structure of film samples did not
change, and the surface morphology did not change visibly
either.

Figure 5 shows the coloring-bleaching transmittance spectra
of WO; thin films prepared under different substrate tempera-
ture conditions before and after immersion in ethanol for 48 h.
As shown in Fig. 5(a,c), the samples prepared at substrate tem-
peratures of 300 and 550 °C showed very small optical modula-
tions before ethanol treatment, 7% and 11%, respectively. This
can be attributed to their dense surface topography (Fig. 4(a))
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Fig.5 The transmittance spectra of colored and bleached states and optical modulations of WO, thin films deposited at temperature of 300-600 °C:

(a,c,e) the as-prepared; (b,d,f) after soaking in ethanol

[37], which is difficult for the injection of Li-ions and electrons,
resulting in poor coloring efficiency. After soaking in ethanol,
as shown in Fig. 5(b,d), the coloring efficiency increased, and
the optical modulation also showed a significant increase trend
(a—b: 7%—51%; c—d: 11%—26%). However, the higher the
temperature, the smaller the increase, which may be related to

the higher film density at higher susbstrate temperature. When
the substrate temperature was 600 °C, as shown in Fig. 5(e), the
optical modulation of the sample before ethanol immersion was
58%, a little higher than that deposited at RT (50%, Fig. 3(a)).
The reason for the improvement is that the rods-shaped porous
membrane formed at 600 °C (Fig. 4(b)) reduces the resistance
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of ion and electron injection and extraction. After ethanol treat-
ment, as shown in Fig. 5(f), the coloring efficiency of the film
became worse, and the optical modulation dropped to 40%.
There are two possible causes or influencing factors. One is
the presence of grains in the film may hinder the dredging and
cleaning of transport channels by ethanol; the other is that the
stability of WO, thin films with porous structures is relatively
poor, and after immersion in ethanol, there is more amount of
dissolution, resulting in an increase in the optical transmittance.
This indicates that the optical modulation of WO, thin films
enhanced by ethanol is only applicable to samples of amor-
phous structure, which provides a useful reference or sugges-
tion for optimizing the EC properties of WO thin films.

4 Conclusions

In this work, the effects of soaking treatment in various organic
solvents on the EC performance of WO, thin films were sys-
tematically investigated. It was found that after soaking in eth-
anol and acetone, the optical modulation of amorphous WO,
thin films increased from 50 to 85% and 77% respectively,
showing good EC performance. However, after immersion
in other organic solvents, cyclohexane, acetonitrile and ethyl
acetate, the optical modulation of WOj; thin films decreased
significantly instead. It can be attributed to the different diffu-
sion ability of solvent molecules within the WO, thin films, as
well as the resulting different channel cleaning and dredging
effects. At an elevated substrate temperature between 300 and
550 °C, the WO, thin films remained amorphous, but the mor-
phology became rough and dense. After soaking in ethanol, the
optical modulation can still be effectively improved. However,
the immersion treatment in ethanol solvent cannot improve the
optical modulation of crystalline WO, thin films prepared at
600 °C. This may be due to the presence of crystal grains in
the films, which hinders the dredging and cleaning of trans-
port channels by ethanol. Therefore, the method of enhancing
optical modulation of WO; thin films by ethanol immersion is
only applicable to samples of amorphous structure. In short,
this work provides an efficient method for optimizing the EC
performance of amorphous WOj thin films.
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