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Abstract Tungsten oxide (WO;) films were deposited on
indium tin oxide glass by reactive DC magnetron sputtering
of a tungsten target in an oxygen and argon atmosphere at
different substrate temperatures. Infrared reflectance mod-
ulation properties of the films were investigated in the
wavelength range of 2.5-25 um. The morphology and
structure of the films are strongly dependent on the
substrate temperature, and therefore have a great influence
on infrared reflectance modulation properties. The charge
capacity and diffusion coefficient of H' ions in WO; films
decrease, and the infrared reflectance modulation and color
efficiency first increase and then decrease with increasing the
deposition temperature. The values achieve a maximum of
40% and 18.5 cm® C ', respectively, at 9 um and 250 °C.

Keywords Tungsten oxide - Thin film - Electrochromism -
Infrared reflectance modulation
Introduction

Electrochromism refers to the persistent and reversible
change of optical properties by an applied voltage pulse. It
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was first discovered by S.K. Deb [1] in tungsten oxide in
1969. The potential applications of electrochromic materi-
als include many technological areas, such as smart
windows [2-6], antiglare automotive mirrors [7], full-
angle information displays [8], etc. Most of the applications
have been based on the optical changes in the visible
spectrum [9—-13]. Furthermore, electrochromic materials can
be also used in infrared (IR) region, such as thermal control
of satellites [14] and infrared camouflage [15]. Although
many noteworthy works [14-23] have been done in the last
decade, studies on IR region of electrochromic materials are
far from sufficient. There are two windows of 3—5 pum and
814 um in the atmosphere in which infrared ray can pass
through. Out of the windows, the infrared ray would be
absorbed by air. Furthermore, the 8—14-um window is also
known as the thermal wavelength. Therefore, researches
were focused on the infrared modulation properties in these
two windows.

Tungesten oxide (WO3) film is most extensively studied
among various electrochromic materials. The film changes
from light yellow or bleach to dark blue under applied
voltage, meanwhile the infrared properties change as well.
Elctrochromism in WO3 is due to the formation of HWO;
by double injection of electron and ion when a negative
voltage is applied. This process is reversible:

WO; (transparent) + xH' + xe~ 2 H,WOs (blue)

(1)

The electrochromic properties of WO5 are dependent on
many factors, such as crystallinity, crystal form, stoichiom-
etry, surface morphology, and so on. The crystallinity is a
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very important factor determining the electrochemical
properties, e.g., the response time and charge insertion,
and optical properties, e.g., the range of modulation in
different wave bands.

The dependence of electrochromic properties on the
crystallinity of WO; film in the visible region has been
investigated in detail by many researchers [24-27], but it
remains rare in the infrared region [18]. In this present work,
the effects of deposition temperature (substrate temperature
T;) on the electrochemical and infrared reflectance modula-
tion properties of WO; films were investigated.

Experimental

WO; films were deposited on indium tin oxide (ITO) glass
(sheet resistance, 25 ohms/square; average IR reflectance,
95.6%) and Si <100> substrates by reactive DC magnetron
sputtering of a metallic tungsten target (purity 99.9%). The
sputter chamber was initially evacuated to a base pressure
of 5.0x107° Pa. Pure oxygen and argon gas were
introduced into the chamber with the mass flow ratio of 1:
4, and the deposition pressure was kept at 0.45 Pa. The
target—substrate distance was set at 8 cm. The substrates
were heated by radiant exposure, and the temperature range
was from room temperature (RT) to 300 °C. Due to the
heating effect of the plasma, the substrate temperature was
about 50 °C (we regarded it as RT) without being heated by
radiant exposure. The sputtering power was 84 W, and
films with a thickness of ca. 350 nm were obtained with a
deposition rate of 0.23 nms '. After deposition, the
substrates were gradually cooled to room temperature at a
cooling rate of 3 °Cs ' in the vacuum chamber and then
taken out for further characterization.

The surface morphology was characterized by a field
emission scanning electron microscopy (FESEM, Hitachi
S-4800) equipped with an EDX attachment (HORIBA
EMAX400) and the film thickness was determined by
cross-sectional SEM. The structure of the films was
examined by means of X-ray diffraction [XRD, PANalyt-
ical X’Pert PRO diffractometer, CuKo radiation (A=
1.54056 A)]. The 26 ranged from 20° to 80° with a step
of 0.02° and a scanning speed of 2.4°min '. The
transmittance spectra of the as-deposited films were
recorded in the wavelength range of 400 nm to 1,000 nm
with the Spectrophotometer-721 (Shanghai Jinghua Tech.
Instruments Co., Ltd.). Raman spectra were obtained with a
LabRam HR system (Jobin-Yvon, France) using a 20-mW
Ar (514 nm) laser. Measurements were conducted in
backscattering mode with a spectrum resolution of 1 cm ™.

The electrochemical measurements were carried out in a
three-electrode cell filled with 0.1 M H,SOy electrolyte at
room temperature (25 °C). A platinum foil 2x2 cm in size
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served as the counter electrode and an Ag/AgCl electrode
was the reference electrode. The configuration of the cell
was as follows:

ITO/WOsfilm/0.1 MH,S04/Pt; Ag/AgCl

The experiments were performed on a CHI660C electro-
chemical workshop. Voltages between —1.0 V and +1.0 V
relative to the Ag/AgCl electrode were applied at a scan rate of
50 mVs .

The IR reflectance spectra of the films (as-deposited,
colored, and bleached states) were measured using an IR
spectrophotometer NICOTCT at 15° angle of incidence in
the wavelength range from 2.5 to 25 um. A gold mirror was
used as a reflectance reference (R=99% in IR region).

Results and discussion

Figure 1 shows the XRD patterns of the WOj; films
deposited on silicon (100) wafer substrates at temperatures
of RT to 300 °C. The film deposited at RT shows no
significant peaks, indicating that it is amorphous. The films
deposited at 7,=100 °C, 200 °C, 250 °C, and 300 °C can be
indexed as monoclinic WO;5 phase (JCPDS file 71-2141)
and those reported by others [28,29]. The crystallinity of
the WO; films increased obviously with the substrate
temperature.

The surface topographies of WO; films deposited at
different substrate temperatures were observed by SEM. As
shown in Fig. 2, in general all the films appear homoge-
neous and smooth. At the higher temperatures, the films
appear to have more boundaries, which indicate that the
films tend to have an island growth mechanism. EDX
results showed that the O/W ratios were 2.98+0.05, 3.00+
0.05, 3.02+0.05, 3.05+0.05, and 3.03+0.05, for the films
deposited at 7,=50 °C, 100 °C, 200 °C, 250 °C, and 300 °C,
respectively.
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Fig. 1 XRD patterns of WO; films deposited at temperatures between
RT and 300 °C
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Fig. 2 SEM micrographs of WOj; films. a Room temperature, b 100 °C, ¢ 200 °C, d 250 °C, and e 300 °C (insets are cross-sectional views)

The transmittance spectra of the as-deposited films on
ITO glass substrate were recorded in the wavelength range
of 400 nm to 1,000 nm. As shown in Fig. 3, all the films
show quite high transmittance (~80%) in the visible range
from 400 to 700 nm and similar interference fringe patterns,
indicating that the stoichiometry as well as the film
thickness has no significant variation in the range of
deposition temperature.

IR reflectance of colored and bleached WOj; films
deposited on ITO glass in the wavelength range of 2.5—
25 pum are shown in Fig. 4. The absorption features around
6 um (~1,600 cm ') and 3 pm (~3,400 cm ') are caused
by H-O-H deformation and O-H stretching vibrations,
respectively [9,30]. This phenomenon indicates that water
was adsorbed in the films during the deposition process or
outside of the vacuum chamber [31]. A broad absorption
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Fig. 3 VIS-NIR transmittance of WO; films deposited on ITO glass
substrates

is found around 1617 um (between 600 and 800 cm ).
This is characteristic for a disordered W—O-W framework
[9,28,30]. This absorption became very weak for the film
deposited at 7;=300 °C, indicating that a well crystalline
WO; film was obtained. A weak absorption at ~8 um is
attributed to the ITO substrate [32]. The peak near 10 pum,
i.e., ~970 cm ™', is contributed from asymmetric stretching
vibrations of W=0O bonds mainly on internal surfaces
[7,28,33]. The colored state of crystalline WO; films
(Fig. 4c, d, e) do not show significant peaks, suggesting
that the films are non-transparent in the IR region, that is
to say the IR light cannot arrive to the ITO surface, but
can be reflected by the surface of the films.

The film deposited at room temperature shows IR
reflectance modulation in the order of 10% in the
wavelength range of 822 pum. For the films with a
thickness of 350 nm in this present work, IR modulation
properties are improved remarkably by heating the
substrates during the deposition process. Figure 5 shows
the average modulation range AR of the films deposited at
different temperatures in the wavelength range of 8-
14 um (the atmosphere window). The average AR value
reaches up to 35% for the film deposited at 250 °C and
then decreases sharply for the film deposited at 300 °C. IR
emissivity () in wavelength range from A; to A, can be
calculated from the reflectance spectra using the following
equation:

S (U= R(A) My (2, T)dA

€= (2)
¥ My (A, T)d2

where R()) is the measured reflectance and M, (A,T) is the
blackbody spectral emittance. In this calculation the
temperature was fixed at 300 K, and A; and A, were
8 and 14 um, respectively. Thus, the largest IR emissivity
modulation of 0.27-0.5 in 8-14 um is obtained at 7 =
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250 °C. This result is comparable to the emittance of the
device with a 160-nm thick crystalline WO3 as the
modulation layer [15], but less than that of the WO3/
Ta,05/NiO devices [14]. It has been reported that a 1.45-
um thick amorphous WO; film exhibit an emittance
modulation range of 0.52-0.72 with intercalation of Li"
[34]. This disagreement should be owing to the film
thickness. It has been confirmed that a thicker amorphous
WO; showed better emittance modulation properties
[35].

In order to investigate the microstructure of films
deposited at different substrate temperatures and the
changes of microstructure during the intercalation and
deintercalation of H", Raman shift spectra, which can
provide more information in details than IR spectra, were
used. As shown in Fig. 6, all the spectra of the films exhibit
two regions: (1) 650-850 c¢cm ' corresponding to the
stretching vibrations of O-W®'—O bonds; (2) 250-
350 cm ' corresponding to the bending vibrations of O—
W-0 bonds [36]. Raman shift observed below 200 cm
corresponds to the lattice modes. The band around
951 cm ' is assigned to the stretching mode of the short
terminal W=0O bond, which is because of the adsorbed
water molecules on films. It has been reported that the
electrochromic properties would be enhanced by the
presence of water [2]. In this work, the water content first
increases with the substrate temperature and then
decreases, hence the electrochromic properties have the
same tendency. The presence of well-resolved and sharp
Raman bands for the stretching and bending vibration
regions and the reduction in intensity for W=O stretching
mode suggest the enhancement of crystallization of the
film deposited at 7,=300 °C. It is in agreement with the
XRD results. The FWHM (full wave at half maximum) of
the Raman band around 807 cm ' reflects the structural
order in terms of bond length and angle of the O—W-O
bonding [37]. The Raman band for the films becomes
sharper with increasing the substrate temperature, imply-
ing the increase of structural order. For the films deposited
at 250 °C and 300 °C, when H" is intercalated into them,
the Raman band at 692 cm™' becomes indefinite (Fig. 6b),
indicating a disordered O-W-O framework due to H'
intercalation.

Figure 7 shows the cyclic voltammograms of WOs; films
deposited at different substrate temperatures. The apparent
color turned from transparent to blue and infrared reflec-
tance properties are also changed as the voltage scanned
from +1.0 V to —1.0 V. This process is associated with
intercalation and deintercalation of H' ions and electrons in
the films (reaction 1).

The characteristic parameters for the cyclic voltammo-
grams of WOj thin films deposited at different temperatures
are listed in Table 1. The diffusion coefficient of H"
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Fig. 4 IR reflectance in the wavelength range of 2.5-25 pm. a Bare ITO substrate, and films deposited at b room temperature, ¢ 100 °C, d 200 °C, e
250 °C, and f 300 °C, solid curves, colored state; dashed curves, bleached state

intercalation and deintercalation is calculated from the
Randles-Sevcik equation [38]:

i, = 2.687 x 10°2*/%y1/2pl/2C (3)

where 7 is the number of electrons and assumed to be 1, v is
the rate at which the potential is swept (volts per second), D
is the diffusion coefficient (square centimeter per second),

C is the concentration of active ions in the solution (mole
per cube centimeter), and i, is the peak current density
[anodic peak current ip, (milliampere per square centime-
ter)]. The results are also listed in Table 1. The diffusion
coefficient of the films decreases with the increase of
deposition temperature. Obviously, the decrease of diffu-
sion coefficient is due to the improved crystalline integrity.
H" ions diffuse in loose amorphous WO; films more easily
than in dense crystalline WO; films.
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In order to evaluate the electrochromic property of films,
coloration efficiencies are calculated. We define coloration
efficiency (CE) as:

CE = AOD/AQ (4)

AOD = log(Ry/R:) (5)

where R, and R, refer to reflectance of films in bleached
and colored states, respectively. A higher value of CE
indicates that the film exhibits larger infrared modulation
with less intercalation and deintercalation of H' ions and
electrons into the films. The CE values at 9 um obtained
from cyclic voltammograms and infrared reflectance are
also shown in Fig. 5. The color efficiency first increases
and then decreases with the deposition temperature. The
maximum value of 18.5 cm?C " is achieved at 250 °C.

Conclusions

WO; films were deposited by reactive DC magnetron
sputtering at different substrate temperatures. With the
increase of the deposition temperature, the diffusion coeffi-
cient of H' ions in the WO; films decrease. The infrared
reflectance modulation and color efficiency (CE) first
increase and then decrease with the deposition temperature,
and maximum values of 40% and 18.5 cm®C "', respectively,
are achieved at 250 °C and 9 pum. The WOs; films with
reflectance modulation (higher than 30%) in infrared band
can be fabricated into devices, which have considerable
applications in thermal control and infrared camouflage.
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Table 1 The characteristic parameters for the cyclic voltammograms
of WOj; thin films deposited at different temperatures

Ty 0, (mC cm ?) 0. (mC cm?) ipa (mAcm %) Dy, 10" ems™)
RT 34.5+0.1 —41.2+0.1 1.58 6.96

100 °C 34.7+0.1 -37.9+0.1 1.27 4.50

200 °C 25.7+0.1 —30.8+0.1 0.774 1.67

250 °C 25.2+0.1 —27.9£0.1 0.767 1.64

300 °C 4.7+0.1 -10.2+0.1 0.204 0.012

T, substrate temperature; Q, and Q. charge capacity of films during
cathodic and anodic reactions, respectively; i,, anodic peak current;
Dy, diffusion coefficient for iy,
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