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Abstract 

With recent advances in engineering, thin film technology is playing an increasingly important rote in spearheading technological 
advancement of future society. Aside from traditional applications, thin film technology is also closely tied to nanotechnology, 
which is one of the key technologies of the near future. Thin films play a dominant role in modem technology like opto- 
electronics, microelectronics, etc. Generally thin films have thickness between 0.1 pm and 30 pm and must be chemically stable, 
well adherent, well to the surface, uniform, pure, and have low density of imperfections. There are a number of different 
techniques that facilitate the deposition of stable thin films of oxide materials on a silicon wafer and on other suitable substrates 
of conducting or insulaters. Common materials include silicon dioxide, tin oxide and transtion metal oxides. Electrochromic 
materials, especially transtion metal oxides like WO, and MOO,, are able to change their optical properties in a reversible and 
persistent way under the application of a voltage pulse. These materials are currently of interest for displays, rear-view mirrors 
and smart windows for energy saving. Because WO, in the best suited material for energy oonservation application, materials 
properties before and after colouration and its electrochromic mechanism are elaborately given in this review. The enormous 
flexibility provided by thin film growth technique allows the fabrication of desired geometrical, topographical, physical, 
crystallographic and metallurgical structures in two or lesser dimensions. These features are increasingly being exploited to tailar 
make the structure sensitive physical, mechanical, chemical and electrochemical properties of micro materials. All the techniques 
used to prepare WO, thin films are summarised with an elaborative account on the electrodeposition technique along with our 
results. 

Introduction are free to diffuse in a thin solid film of host material (quiet 

Electrochromics is a field of science and technology mainly 
driven by the technological goal of being able to turn a 
transparent glazing into a color tinted glazing and then turn it 
back again. The subject is inter-disciplinary. It is 
electrochemistry, and mostly involves actively modifying 
electrodes in an electrochemical cell in which positive ions are 
discharged at one electrode and created at the other. It is solid 
state physics since the discharged positive ions, guest atoms, 
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essentially WO,) modifying its electronic structure to create 
colored material in some very important cases. Further more 
the questions of structure, phase change, surface distortion, 
grain boundary effects, crystalline Vs amorphous, amongst 
many other related topics, arise. It is chemistry when sol gel 
deposition methods are used. It is vacuum science and 
technology when sputter deposition or evaporation is used 
to make thin films of suitable host material. It is polymer 
science when organic / polymers are used. It is electronics in 
control methods. For all its promise the field ofelectrochromic 
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systems has only become successhlly commercialized in one 
area, namely mlrror systems for cars: this is based on redox 
reactions in solution involving substances as Wurster Blue. In 
spite of its commercial success this is very much an area for a 
wide range of systems and presents a challenge to our 
understanding of their rrdox operation and the accompanying 
physicochemical and structural changes. 

Electrochromism has been known for several decades as 
far as the first statement made in 1953. Tungsten trioxide was 
one of the first transparent metal oxides (Table 1) whose 
electrochromism was studies and reported. Thin films of WO, 
and other oxides have been deposited in a number of ways to 
develop electrodes with electrochromic properties. 

Table 1. Cathodic and anodic electrochromic materials 

/ materials ( insertion I state I state 1 
I I materials I I 

Colour of 
reduced 

Cathodically 
ion insertion 

Yellow Blue-Black 
Yellow 

Transparent 

Anodicall Color of 
ion oxidized 

I I I bronze I /green I 
Crystal structure of  WO, 

Tungsten oxide or the tungsten trioxide has perovskite 
like atomic configurations based on corner sharing WO, 
octahedra (Fig. 1 a). The crystal structure has been studied by 
high resolution microscopy, and the extended defects are 
characterized by crystallographic shear planes, pentagonal 
bipyramidal columns, and hexagonal and pentagonal cross- 
sections. Fig. I b shows the three dimensional structure of WO,. 

Deviations from the ideal cubic perovskite like structure 
correspond to antiferroelectric displacements of W atoms and 
to mutual rotations o f o ~ y g r n  octahedra. Tungsten oxide has 
a tendency to form substoichiometric phases containing edge- 
sharing ociaheda. The overall compositions can be expressed 
as WO,-zwith ZrO. Most of the structures can be viewed as 
magneli phases of the series W,O,-, and WmO ,m-2 (m=1,2). 
The structure of the types W,, O,, (Z=0.04), W,,O,,(Z-0. I), 
W,,O,,, (Z=0.17), W,,O,, (Z=0.28) and others are also 
possible. The properties of W are given in Table 2(a) and the 
coordinates of W and 0 in WO, lattice are shown in Table 
2(b). The structural, electrical and optical properties of WO, 
are summarised in Table 3. 

Table 2(a). Properties of tungsten in the WO, lattice 

I Name ( Tungsten I 
Symbol I W  
Atomic nllmher 1 74 

I Group 1 Transition metal 
Density at 293K ( 19.3g/cm3 

Fig. la. Comer-sharing arrangement of octahedra in WO, lattice 

Fig. I b. Three dimentional structure of WO, crystal 

Table 2(b). Coordinates of W and 0 
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Table 3. Structural, electrical and optical properties of 
WO, film 

Crystal Monoclinic, Hexagonal 
Semiconductor type n type 
Molecular weight 23 1.84 
Carrier concentration 2 x 10~'  ~ r n - ~  
Indirect band gap 2.70 - 3.25 eV 
Refractive index 2.5 
Bulk density 7.1 69 g/cm3 
Melding point 1472°C 
Electrical conductivity 2 4 x 1 o4 R-' cm-' 
Absorption coefficient lo4 cm-' 
Dielectric constant 20.2 
Electmchpmic property (i) Fresh - colourless 

(ii) Colored - Blue 
(iii) Bleached - colour less 

Coloration efficiency Li' - 50-75 cm21columb 
K' - 20 to 50 cm21columb 
H' - 30 to 40 cm2/columb 

Structural Studies of WO, Films 
In tungsten trioxide, the magnitude of the distortion 

depends on the temperature, which is in agreement with the 
behaviour of most perovskites, and pure WO, single crystals, 
go thorough structural transformations according to the 
sequence tetragonal+orthorhombic+triclinic+monoclinic, 
as the temperature is lowered from 900 to -189" C. 
TsyumotoTsao and Akira Kishimoto [ l ]  reported that various 
tungstates with a defective hexagonal or pyrochlore-type 
framework, which are built out of six membered rings or corner 
sharing WO, octahedra, can be obtained by thermal 
decomposition of an amorphous salt precipitation by reacting 
peroxo tungstic acid with a solution of alkaline halide. As 
these compounds are synthesized in oxidizing atmosphere, 
they are fully oxidized tungstafes such as potassium tungsten 
bronze (hexagonal) and their framework may be lacunar. Kudo 
et a1 [2] reported the crystallographic data of xBaO.WO, 
produced at 530°C and xCs,,.WO, formed at 500° C and 
indexed in the hexagonal system except for weak peaks due to 
the impurity upper temperature phases. Hydrates W0,.11 
3H20 have been obtained by hydrothermal treatment of an 
aqueous suspension of either tungstic acid gel, or crystallized 
dehydrate for the first bronze. The complete structure arises 
from the stacking of such layers along the [OOI] direction, 
every other layer being shifted by a12 and the structural 
water is localized in O(4) and bonded to W(2). The dehydration 
led to the metastable phase hexagonal WO, [3]. Tungsten oxides 
exist in several polyforms and it has received much attention 
because of its three dimensional channel structure, the 
octahedral represent the WO, building blocks and mobile 

cations, such as Li, H, Na, and K can be inserted into the 
vacant channel of the structure. The x-ray dimaction patterns 
of the film showed many difiaction peaks which can be mainly 
divided into two kinds of tungsten oxides, one with a hexagonal 
tungsten bronze structure and the other with pyrochlore 
structure [4]. 

The X-ray diffraction patterns of the as-deposited and 
annealed oxides are reported for the sintered tungsten trioxide 
film electrode [5]. Before and after cathodic polarization at - 
0.3V for coloration, the pattern was assigned based on the cell 
constants of WO, with monoclinic (pseudo orthorhombic 
symmetry with a=7.303A, b=7.54A, c=7.692A and 
8=90.881°). Even after the polarization at -0.3V for 0.5h, no 
change was observed on the XRD pattern in spite of the fact 
that the electrode had been already colored blue. Meanwhile, 
several XRD pattern assigned to the orthorhombic hydrogen 
bronze HxWO,(x=O. I)  started to appear after a polarization 
for two hours at the same potential. After 12 hours the WO, 
film completely transformed to the bronze phase. It is reported 
that there are four kinds of hydrogen tungsten bronzes, i.e. 

monoclinic for x c0.02, orthorhombic for xmO.1, tetragonal 
for 0.155~50.23 and cubic for x > 0.23. No hydrogen bronze 
other than the orthorhombic one was observed in the XRD 
patterns of the sintered WO, film electrodes even by hrther 
polarization up to -l.OV,,,. The XRD patterns are reported 
for an anodic electrode prepared from sputtered tungsten film 
on the tantalum substrate in 0.5M H,SO, at 293 K. XRD 
measurements on electrocoloration of WO, electrodes is 
attributed to the formation of hydroxyl type hydrogen bronze. 
It is also found that the electrochromic property in WO, 
2H20 is independent of the structure; this indicates that the 
electrocoloration is not due to the formation of oxygen vacancy. 
The possibility two types of electrocoloration processes are 
considered possible for the film electrodes of WO, and WO, - 
.2H20 as follows [5]: 

WO,+xH+xe+ WO,-x(OH)x 

The XRD pattern of the tungsten film deposited at 773OK 
is analyzed. The peaks corresponding to metallic tungsten of 
the WO, phase also has the metallic properties for the films 
prepared with silicon substrate. It has been shown that the 
electrical resistance of sub-stiochiometric WO, CVD films 
deposited by W(CO), pyrolysis and activated with gold mono 
layers presents reversible changes in the presence of hydrogen 
while it remains unaffected by the presence of the O,, SiO, 
and propanol vapours [6]. Reichman and Bard [7] reported 
that the pair of peaks at 2.64 and 2.66 A" is due to the 
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characteristic property of the triclinic structure. Schutcher et 
al., [8]'reported that XRD spectra of WO, thin film material 
have the triclinic characteristic peaks at 20 =27.14%d44.87". 

Scalfani etal., [9] reported that the peak at i0=39.90 is 
attributable to bare WO, with the triclinic structure by the 
catalysis preparation. Maruyama m d  Arai [lo] reported that 
the d values for (222) and (002) plane which appeared in the 
spectrum, indicated that the film is composed of crystallites 
with triclinic structure for the chemical vapour deposition at 
400 "C. The diffraction of the intrinsic film shows that it is 
stochiometric triclinic WO, reported by Yu et al., [I 11. 
Hutchins et a1 .,[I21 reported that the peak at 20=30° is due 
to the WO,. 

From d values. Machido and Enyo[l3] explained that the 
electrocolouration of WO, is affributed to the formation of 
hydroxyl type hydrogen bronze and also the electrochromic 
property in WO,.ZH,O is independent of the structure of the 
films produced by RF sputtering method. This indicates that 
the electrocolourat~on is not due to the formation of oxygen 
vacancy. Patil 1141 reported that the WO, films deposited at 
various substrates temperatures showed different structures 
and was clearly observed that below 350°C the films are 
amorphous. The presence of (020) diffraction peak indicates 
the gradual long range atomic order developments above 350" 
C. The changes in the structures are particularly large when 
the substrate temperatures are between 400-d 450' C. 
This suggests that the crystal structure of tungsten oxide is 
susceptible to the deposition temperature. As substrate 
temperature increases, the film goes through structure 
transformations as monoclinic-triclinic-hexagonal-tetragonal. 
Ngygen Van Nha et al [IS] reported that the structural 
properties of tungsten oxide films deposited on glass substrates 
by evaporating WO, powder in a vacuum of about lo5 ton. 
Glass substrates were degreased in organic solvents and rinsed 
in de-ionized water. The deposited film without annealing 
shows amorphous phase and after annealing at a temperature 
of 300" for 2 hours the film transformed into the crystalline 
phase. The film exists not only in the WO, phase but also in 
undesired phases, such as W,, 0,) and W,,O,,. It reveals the 
characteristic XRD pattern with triple peaks and the difiaction 
peaks at (220) and (202) are also observed. As-deposited 
tungsten oxide films did not show any peaks when subjected 
to x-ray diffraction but when s'ubstrates were subjected to 
post heat treatment at 400°C for 10 minutes duration 
diffraction peaks for (021) and (001) planes of a monoclinic 
WO, [16] were observed. When the tungsten trioxide films 
were colored by thc electrolytes containing hydrogen ions, 

the crystal structure is changed due to the induction of the 
hydrogen ions into WO, interstitial sites. The new peaks at 
28= 23.85" and 33.55" could be assigned to the characteristic 
peaks of hydrogen tungsten bronze with tetragonal structure 
parameters a=3.75 1 A, ~ 3 . 7 9  A .in bleached state. The 
diffraction pattern reversed almost entirely similar to the 
initially c o l o ~ d  state. When Li ions are inserted, two peaks at 
20= 23.6" and 33.6" were assigned to cubic lattice constant of 
the (100) and (1 10) planes and (200) and (220) planes of 
WO, disappeared. But in the bleached state the dimaction 
peak are returned [17]. Dae-Sik Lee et a1 [lg] reported thal 
the XRD patterns of the tungsten trioxide thin film deposited 
by thermal evaporation method, annealed at 600°C for two 
hours showed triclinic structure. Also they revealed that the 
different substrates did not create any great change in the 
structure and grain size of the tungsten trioxide thin films. 
Fang et al., [19] obtained the tricKnic structure for the W0, 
films prepared by the pulsed laser ablation technique. 

Vijayalakshmi et a1 [20,2 11 have reported triclinic structure 
for their electrodeposited WO, films asshown in Fig.2 and d- 
values with index for the as-deposited and reduced films are 
given in Table 4. 

Table 4. Comparison o f  d values with JCPDS for the as- 
deposited and reduced WO, films 

High grade metal tungsten (Merck) powder of high purity 
and hydrogen peroxide solution are used for electrodeposition 
by Vijayalakshmi et ol., [20]. Triple distilled water free from 
impurities, was used to prepare the required mole 
concentration of the electrlyte. The various deposition 
parameters of WO, are optimized (Table 5) for getting 
stocihiometric films, which are well-adherent, uniform and 
pinhole free with a deep blue color. 

Table 5. Optimized parameters for the WO, electrodeposition 

Bath temperature 
Concentration 
Deposition time 
Substrate 

Value 
0.5 mNcmZ 
2 
300K 
0.1N 
90 minutes 
FTO 
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Structure of intercalated WO, Films 

The diffraction pattern of the WO, film shows that it is 
stochiometric triclinic WO, while the intercalated film (the 
film in the intercalated state) shows the hexagonal structure, 
and the deintercalated film once again shows the triclinic 
structure. Tables 6 and 7 show the variation of 'd' values for 
various H,SO, concentration and for the ion intercalated1 
deintercalated films respectively and the values are compared 
with the JCPDS values. Fig.3a, b, c shows the X-ray 
diffractorgrams ofthe as-deposited, and reduced state of WO, 
films in 0.1,0.5, 1 .ON H,SO, respectively. [Vijayalakshmi et 

a1 [2 1,22,23]. 

Table 6. Comparison o f  d values with JCPDS for ion 
introduction in H,SO,. 

d (A) 1 (hkl) 
I I I I 

Table 7. Comparison o f  d values with JCPDS for ion 
intercalation in HNO, 

I Inter- I JCP,DS k I1 k I jdeintercalatedl JCPDS 1 ( h k l ) 1 

Fig.2. XRD pattern of galvanostatically deposited WO, film 

Fig.3. XRD pattern of WO, films reduced in a) 0.1N b) 0.5 N 
and c) l .ON H,SO, 

Structure of Ni doped WO, films 

The as-deposited WO, and the Ni doped WO, films 
were uniform and well-adherent to the substrates so that they 
could withstand many times of coloring/bleaching cycles 
without any deterioration. From the growth kinetics, the 
deposition rate of the Ni-doped films was found slightly 
larger than the un-doped films. The incorporation of additional 
metals into thin tungsten oxide film has amarked effect on the 
color of both the freshly prepared neutral oxide and the bronze 
(Ni+W) oxide formed by the electrodeposition method. Fig.4a 
and b show the diffraction pattern of the electrodeposited 
WO, and Ni doped WO, films respectively [24]. 

Fig.4. XRD pattern of a) as-prepared and b) Ni-doped WO, 
film 
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The diffraction pattern of WO, films shows that it has 
stoichiometric triclinic structure while the doped films were 
with considerably different peak patterns in which the Bragg 
peaks are slightly shifted to lower side, but retaining the peak 
intensity similarly high. Table 8 gives the comparison of the 
inter-planar distance (d) of these two samples with the JCPDS 
values. Yu et a1 [ I  I] reported that the doped WO, film prepared 
on the nickel substrate had different XRD peaks compared to 
the films deposited on IT0 substrates. WO, and nickel doped 
WO, films are successfully prepared by the simple 
electrodeposition method. The structural properties are 
studied by XRD and it shows triclinic structure for both the 
WO, and nickel doped films. But the XRD pattern for doped 
film showed different peak heights when compared to that 
for undoped WO, film. 

Table 8. XRD data of WO, with doping of nickel 

SI.No Observed d(A) hkl Ni doped 
forWO3 JCPDS wo3 

1 3.373 3.320 (120) (120) 
2 2.925 3.070 (1 12) --- 
3 2.799 2.714 (022) (022) 
4 2.663 2.632 (202) --- 
5 2.380 2.202 (222) --- 

Crystal structure of tungsten bronzes 
Tungsten bronzes can be represented as MxWO, with M 

being an atom from the first column in the periodic table as 
shown in Fig.5. They can be prepared in bulk with crystalline 
nature from vapour-phase reactions. Tetragonal phases are 
found at low and intermediate x values for LixWO,, KxWO, 
and for high NaxWO, respectively. The phase domains are 
shifted towards smaller x values at elevated temperature 125,261. 

- - 
tungsten 

0 M+ 

Fig.5. Crystall lattice of(a) WO, and (b) the perovskite bronze 
product of reduction, MxWO,. 

The occurance of hexagonal phases for small incorporation of 
large ions in KxWO,, CsxWO, systems are of considerable 
interest for electrochromics, which were analyzed by Magneli 
[27]. A pyrochlore structure can be stabilized in Rb and Cs 
tungstates [28-321. It can serve as a host for intercalation of 
Li'and other possible ions [33-361. 

The hydrogen ions are thought to be statistically attached 
to the oxygens as hydroxyl groups, so the material may 
adequately represented as W0,(OH)x[37]. 

Preparation techniques 

Evaporation technique 

Tungsten oxide was deposited by thermal evaporation of 
WO, powder from the molybdenum boat on various 
substrates which increased the temperature during evaporation 
from room temperature up to about 150°C. The WO, thin 
films for IR measurement were prepared by the vacuum 
evaporation of monoclinic tungsten oxide on silicon plates. 
Palladium catalyst was deposited on the WO, film by 
subsequent vacuum evaporation [38]. 

Electrodeposition technique 

The anode was platinum foil and cathode was IT0 glass 
plate. The cathodic electrodeposition was performed at a 
current density of 200pVcm2 in 0.5 M of N%WO, aqueous 
solution (pH=7) at room temperature. The films were uniform, 
adhesive and transparent. The solution was prepared by 
dissolving powdered tungsten metal in 20 ml of hydrogen 
peroxide. When the reaction was completed, excess peroxide 
was decomposed by dipping a platinum electrode into solution 
until the effervescence ceased [39,40]. 

Electrodeposition of thin film depends on a variety of 
parameters viz. galvanostatic current, pH and concentration 
of the electrolyte, bath temperature, deposition time and the 
type of the substrate [20, 211. 2 g of pure tungsten (Merck) 
powder was mixed with 20% solution of hydrogen peroxide 
giving high temperature at the same time effervescence is 
produced. Few drops of H,SO, was slowly added until the 
effervescence ceased completely. Transparent conducting F- 
oped tin oxide (FTO) coated glass substrate having about 10 
!2/cm2 sheet resistance was used as cathode for galvanostatic 
deposition. A platinum foil as counter electrode and a standard 
calomel electrode as the reference electrode were used. 
Deposition was carried out using EG&G PAR 362 potentiostat 
at a current density of 0.5 mAlcm2. Growth kinetics were 
studied with thickness versus time of deposition. As the time 
is increased, the thickness of the film is increased linearly 
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upto 90 minutes. Alicr this time, the thickness remains 
constant and reaches saturation which is termed as terminal 
thickness and the films started peeling-off above this thickness. 

Deposition of WO, films containing a second metal ion 
(as dopant) can bc easily prepared by electrochemical 
tkchnique, by just adding ametal chloride salt solution (NiCI,) 
solution of 0.2 M into the readily prepared electrolyte with 
W+H,O, in the ratio of I:1. The films were deposited 
galvanostatically at the optimized current density of 0.5mA/ 
anland the bath temperature was kept constant at 30°C. 
Brownish colored films were obtained by Vijayalakshmi et a1 
[24] and the films were of uniform thickness (0.2 to 0.4 pm). 

Spray pyrolysis technique 

Spraying of aqueous solutions of  metatungstic 
acid(H,W,,O,,) was reported by Hurditch [41] and Zeller 
and Beyeler [42]. Spray deposition, using solutions of WCI, 
dissolved in ethonal or NN-dimethyl formamide, was carried 
out [43--461 where spraying took place in air on to substrates 
heated upto 500" C. The W oxide films thus formed showed 
electrochromic property. XPS data gave evidence of some CI 
contamination in the film. XRD showed that films deposited 
at temperatures more than 300°C were crystalline. Sivakumar 
et al [47,48] have deposited monoclinic WO, films at 250°C 
and the electrocl~r~mic properties are reported. 

Electron beam evrrporation technique 

The standard technique for making W oxide films suitable 
for laboratory studies was the condensation of a vapor 
produced by sublimation from hot WO, powder. The heating 
can be produced by a resistive boat (Ta, Mo and W) or by a 
rekaction crucible or by an electron beam. Water free pgwder 
is sometimes used. The substrate can be unheated or kept at 
atemperature up to a few hundred degrees, and the evaporation 
can take place under non-reactive gas. The evaporation 
technique is well known for yielding films with good 
electrochromism and is widely used for thin films made by 
electron beam evaporation. This technique can increase the 
deposition rate at the expense of having a smaller surface 
which isevenly coated, simply by placing the substrate closer 
to the vapour source. The vapour produced by heating WO, 
does not consist of individual atoms but is molecular in nature. 
The dominating species is trimeric W,O, molecules, dependent 
on experimental conditions [49]. The deposition rate was 4- 
5 (A/s), the deposition angle was varied within 40' with a 
planetary rotation, and the substrate temperature was usually 
maintained at 80°C after keeping at 1 lO0for 5 min. The total 

gas pressure in the chamber during the evaporation process 
was controlled by N, gas introduction and mainted to be 5.0 
-6.5~10-2 Pa. Deposited WO, films were analysed by.electron 
diffraction and found to be amorphous. The packing density 
ofthe film, calculated from the film thickness and weight, was 
5.38g/cm3 [50]. Sivakumar et al [51] have studied the 
optoelectronic properties of WO, films electrob beam 
evaported at different substrate temperatures. 

sputter deposition technique 

Thin film formation by sputtering usually involves the 
bombardment of a target material with accelerated ions, the 
evaporation of target material and its deposition on a substrate. 
If a reactive species such as oxygen or methane is present in 
the gas phase, a chemical reaction with the evaporated target 
material can occur, leading to the deposition of a chemical 
compound. In the past, reactive sputter deposition processes 
were widely used for the preparation of oxides, carbides, 
nitrides, silicides or oxy-nitride's. The surface and volume 
microstructure of the deposited compounds depend strongly 
on the preparation procedure. Sputter deposition is a well 
established technique for industrial thin film preparation. 
Sputter deposited W oxide films cannot be expected to exhibit 
the same composition and micro structures as in films made 
by evaporation of WO,. The reason is that the deposition 
process involves the dislodging of species from a target by 
ion impact at energies large enough for breaking up molecular 
WO, bonds when sputtering is carried out from an oxide target 
or from an oxidized metal target. Tungsten oxide films were 
deposited on substrates by means of reactive DC-magnetron 
sputtering, like quartz, Cr coated glass and transparent 
conducting glass (In,O,:Sn Rq=10 o h d s q )  and were used for 
transmittance, Raman scattering and electrochemical 
measurements [52]. 

The tungsten oxide films were produced by reactive DC- 
magnetron sputtering from a 5.1 cm diameter metallic tungsten 
target. The target electrode was set in the bottom side of the 
chamber and was water cooled. Substrates for deposition were 
Indium tin oxide ( ITO) coated glass (15 o h d s q )  which were 
be heated to 40O0C. The chamber was initially evacuated to 
less than 2 x torr. Oxygenlargon mixtures wes used as 
the sputter ambient. The total pressure of the mixture was 70 
millitorr with 15% 0,. 

RF sputtering 

The data for DC and RF sputtering are given Kaneko et a1 
[53] and Akram et al  [54] respectively. Beyond a certain 0, 
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content, the rate goes down and approached a constant value 
of 0.1 n d s .  This decrease is due to oxidation of the sputter 
target. An analysis of the sputter discharge parameters for W 
oxide preparation can be found in [55] and higher sputter 
rates can be accomplished by increasing the powder density 
of the target. The highest rate in is 3.4 nm/s, which was reported 
by Hichwa et a1 [56] for reactive magnetron. By selecting 
appropriate sputter parameters, one can avoid stress build 
up in the deposited films [57] and increase the porosity by 
oblique angle sputtering 1581. Tungsten oxide thin films were 
deposited by RF sputtering from a WO, target (12 cm in 
diameter). The sputtering atmosphere was an Ar-10% oxygen 
mixture in a total gas pressure of 5 millitorr. The RF power 
was 200 W operated at 13.56 MHz. Ultrosonically cleaned 
alumina and glass slides, over coated with a 5 nm layer of 
amorphous carbon, were used as substrates. The substrates 
were mounted on a holder and maintained at a constant 
temperature of 300" C. The target was pre sputtered for 
30min and the main sputtering was performed 1591. 
Polycrystalline sample of WO, was prepared by RF sputtering 
on to a substrate held at 325Of 10°C in an atmosphere of 10% 
oxygen and 90% argon at 40 millitorr. The characterization of 
the structure was determined by X- ray diffraction 
measurements. A bath of 1N H,S04 with 10% glycerol (by 
volume) was used as the ion sourcelelectron insulator for 
coloration and bleaching of the WO, layer. The results of the 
spectroscopic ellipsomsetry measurements of the optical 
constants for the polycrystalline WO, (in various status of 
coloration) are independent of reflectivity measurements [60]. 

Sol-gel technique 

Sol-gel derived films can be made from colloidal solutions 
by dipping, spin-coating or spraying. The colloidal oxide can 
be obtained through a poly condensation process either by 
acidification of an aqueous salt or by hydrolysis of an organo- 
metallic compound. The sol-gel technique has been surveyed 
[61-661 in the most widely studied technique, used by 
Chemseddine et a1 [67-711 and others 172-761. Acidification 
was accomplished by pursing a solution based on Na,WO, or 
K,W04 thorough a proton exchange resin. The ensuing 
solution, which underwent spontaneous polymerization, was 
applied to glass plated either directly as drops or by spin 
coating and spraying. After drying by heating, it was possible 
to obtain hard coatings with good electrochromism and some 
optical isotropy. W-PTA sols were prepared in 18 ml of 
(30%) H,SO, which reacted with small percentage of metallic 
powder [5g, 91%]. The mixture was stirred for 12 hours at 

room temperature until the tungsten powder had dissolved. 
A Platinum net was then added to the mixture to remove any 
unreacted H,O,. The sols with a deep brown color were stored 
at -25°C to prevent gellation prior to dipping. This gellation 
process can be reversed by adding small amount of H,O, until 
the dark brown sol is reformed [77]. Films were obtained by 
heat treatment. The thickness of the fresh films were in the 
range of 150nddipping upto 5 dippings and were performed 
yielding 600 nm thick films [78]. Dip coating using asolution 
of tungsten hexaethoxide or tungsten 0x0-tetra butoixide has 
been applied successfully, by Bell et a1 [79] and others [80] 
respectively. A substrate was dipped into this solution and 
after a meniscus had settled, the substrate was withdrawn at 
a constant rate of the order of 10 nmls. The layer was dried at 
room temperature for 1 hour to vapourize the solvent. 

Surface morphology by SEWAFM studies 

The SEM photograph of the pulsed electrodeposited WO, 
thin film has smooth surface as reported by Zhenuri et al., 
[ l  11. Scalfani et al., [9] reported small platelets (crystals) for 
the tungsten trioxide thin films deposited on the SnO, surface. 
No big change of crystal size on tungsten trioxide thin films 
was reported by Fang et a1 1191. The results of the SEM 
surface morphology of the chemical vapor deposited WO, 
films for various concentrations were reported [80]. According 
to Shen Tesung [81], it is advantageous to have an alcohol 
addition to form good thin films. To have the optimized 
electrochromic properties, annealing treatment is preferred. 
An all solid state electrochromic device employing prussion 
blue and electrodeposited tungsten trioxide thin film with 
polyethylene oxide gel electrolyte was fabricated by Su et a1 
1801. Fig.6 shows the surface morphology of WO, film 
prepared by spray pyrolysis technique 1471. 

Fig.6. SEM picture of WO, film prepared by spray pyrolysis 
technique 
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Highly uniform surface morphology was observed 
\VO, films with spherical particles deposited by electror 
evaporation technique on TCO substrates at 200°C as 
in Fig.7 [>I] .  Fig.8a and b shows the SEM picture of 
elcctrodeposited WO, films and the surface after : 
intercalation respectively by Vijayalakshmi et  al[23 1. 
morphology of H+ ion intercalated WO, film is also sh 
Fig.9. Fig.10 shows the AFM picture of  Ni doped Wc 
prepared by electrochemic~l technique [24]. 
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Fig.8 a. SEM picture of  electrodeposited WO, film Impedance Analysis 

Complex plane analysis o f  evaporated WO, films on 
conducting tin oxide(CT0) coated glass substrate has been 
performed in propylene carbonate electrolytes as a hnction 
of  frequency from IOOkHz to IOOMHz at various applied 
voltages. It has been confirmed that the electron injection 
process at the CTOIWO, film interface, the electrochemical 
charge transfer process in the WO, and the diffusiov controlled 
process in the bulk are the important processes at high 
(F>lKHz) ,  medium ( I  KHz<D3Hz)  and low (fC3Hz) 
frequencies respectively. The  change o f  electrochromic 
activity at various WO,(H,O) fitms depends mainly on the 

F1g.8 b j E M  plcture of Lb 0, film a l k r  H+ lon intercalation charge transfer process in the film. The charge transfer 

li by spray pyrolysis 
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impedance increases with hydroxylation of the WO, layer 
and, further more, increases drastically with hydrated 
crystallization [82, 831. 

Ion intercalation and deintercalation 

Reversible color bleach (CB) cycles can be attained using 
the tungsten trioxide films as the working electrode. According 
to the double injection mode, some amount of protons (and 
electrons) can be extracted during the first bleaching procedure. 
By repeating the CB cycles of injected protons introduced 
during coloration period becomes equal to that of extracted 
protons during subsequent bleaching periods [84]. The extent 
of coloring/bleaching and in particular the speed of bleaching 
the (the coloring is not affected by the speed) to a larger 
extent depends on film thickness [85]. Cyclic voltammograms 
of tungsten trioxide films were measured in propylene 
carobonate (PC) electrolyte [86]. The cathodic current is 
associated with the bleaching process of the film and the anodic 
current is associated with the coloring process of the film. It 
was about +360 mV/s Vs SCE for the as-deposited film and 
for the film stored in LiCI0,-PC electrolyte for 20 hours at 
70°C it was +50 mV Vs SCE. The shift continued gradually 
with storage time after the initial drastic shift. These cathodic 
shifts result in the decrease of the injection charge in the 
coloring on reaction, which was contributed to the degradation 
of electrochromic activity of  the WO,, film.With respect to 
the anodic oxidation of the colored WO, film, the anodic 
reaction becomes fast with the storage of the film [87]. Fig.ll 
shows the cyclic voltammetric behaviour o f  the 
electrodeposited WO, films in different concentrations of 
H,SO4 to study the intercalation/deintercalation property 
[20]. Fig. 12 shows the cyclic curves obtained in 0.1N H,SO, 
at various scan rates [21]. The WO, film obtained by vacuum 
evaporation method, a typical current-potential (I-V) curve 
of the WO, film electrode in 1M H,SO, was reported [88]. 
Lianyoung su e! a1 [89] explained that the film exhibited 
reversible photochromic and electrochromic behaviour of blue 
coloration with absorption in the near IR region. Ohtsuka el 

a1 [90] explained that the oxide film has been formed anodically 
on tungsten electrode at a potential of l.OV (Vs RHE) in 0.1 
mol dm" sulphuric acid and perchloric acid solutions. The 
compositions and electrochromic behaviour of the films have 
been examined by in-situ ellipsometry and Raman 
spectroscopy. The electrochromic coloring of  the film takes 
placedt a potential lower than that of 0 .W and light absorption 
increases with decreasing potential, where it is directly 
proportional to the amount of cathodic charge passed during 

the colouring process. The electrochromic reaction is initiated 
by electron transfer from the metal substrate and proton 
transfer from the aqueous acidic solution to the oxide. 
Electrochemical properties of evaporated amorphous WO, 
films on conductive glass substrates have been studied by 
Nobyeki Yoshiike et a1 [91]. In order to classify the influence 
of  water on electrochromism stored in high humidity 
atmosphere, films prepared by vacum evaporation have been 
studied in organic electrolytes [92-941. Nilgun Ozer et a1 [93] 
and Unuma et a1 [95] discussed the devehpments in sol-gel 
deposited electrochromic film. Tungsten oxide is the common 
semiconducted film used in solid state electrochromic devices, 
prepared from a number of sol-gel precursors such as tungsten 
acid solutions [96] and tungsten alkoxides based solutions 
[97,98]. 

V s a  (mv)  

Fig. 11. I-V curves of WO, film in a) 1.0 N b) 0.5 N and c) 0.1 
N H,SO, 

E ( vscd 

Fig. 12. I-V curves of WO, in 0.1 H,S04 at dinerent scan rates 
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Films prepared from chloro-alkoxide showed better 
uniformity that those prepared from colloidal route. 
Preparation of Tungsten oxide, vanadium and nickel hydroxide 
and polymeric substrates covered with indium tin oxide thin 
film were discussed [98]. A detailed study of  H+ ion 
intercalation into the electrodeposited WO, films were 
reported by Vijayalakshmi et al[22]. The diffusion coeficeint 
values of H+ ions of different concentration, during anodic 
and cathodic scan, are given in Table 9 [20-241. 

Table 9. Parameters associated with intercalation and 
deintercalation of H+ ions 

Infrared and Raman spectroscopy 

IR absorption spectroscopy is a powerful technique 
particularly for elucidating changes in hydration and 
hydroxylation that occur upon ion intercalation/ 
deintercalation. Despite the obvious merits of this technique, 
and the general availability of IR spectrophotometers, it has 
been employed in the limited number of studies, and that data 
obtained are not consistent. This feature is almost certainly 
due to different compositions of the films. However, this 
technique of vibrational spectroscopy gives information that 
is complementary to the one from the Raman spectra. The 
fundamental reason is that infrared active modes are related to 
dipole moments where as Raman active modes are related to 
the polarizablity tensor. The IR data can provide clear evidence 
on the hydrogen-oxygen framework. The infrared spectra 
for as-deposited and annealed in air at 260°C for one hour 
films was reported. A pronounced H-0-H deformation band 
at 1602 cm-I was observed in the infrared spectrum of the as- 
deposited film. This is due to the structural water coordinated 
as H,O molecules. A broad band at 35 18 cm-I corresponds to 
the 0-H stretching vibration. When the film was heated at 
260"C, the absorption peaks at 1602 cm-I and 3518 cm-I 
almost vanished [98]. A detailed study of solutions used for 
sol-gel deposition with tungsten chloro alkoxide precursors 
was given by Judenstein et a1 [98-1021. Raman spectra have 
been reported by Nanbe et a1 [103] and Nonaka et a1 [I041 
which shows that the as-deposited film has a strong peak at 

about 960 cm-I which is assigned to stretching vibrations of 
terminal W=O bonds and a broad peak centered at 660 cm-I . 
The spectrum is similar to the one for anodic oxide films 
prepared at a low voltage, and the peaks at 660 cm-I can be 
explained analogously for the two types of samples. It remains 
as a possibility that the sol-gel material should be regarded as 
composed of iso poly tungstate species [105]. After treatment 
at 109°C for 2 hours in air, the peak at 960 cm-' decreased in 
strength and strong feature developed around 700 cm-I. IR 
absorption results of thin W oxide films made by sputtering 
of WO, along with 0, and Ar+O, vapours was reported by 
Akram et a1 [I061 and Daniel et a1 [107]. Absorption due to 
H-0-H deformatioh was found at 1600 cm-I and due to 0-H 
stretching at 3400 cm-I which shows that these sputter 
deposited WO, films were hydrous. Aging in air studied by 
Daniel et a1 [107] led to a noticeable increase in the water 
absorption band due to W-0 remained unchanged. After several 
days, new absorption peak appeared at 1425 cm-I 
corresponding to W-0-H deformation, and the 0-H stretching 
band split into three components centered at 3440 cm-I, 3220 
cm-I and 3050 cm-I . Nobyeki Yoshiike et a1 [91] studied 
evaporated W oxide films immersed in LiCIO, and a broad 
band around 800cm-I was observed due to the tungsten-oxide 
framework. The absorption due to various 0-H stretching 
modes at about 3400 cm-I and weak absorption due to H-0-H . 
deformation modes in molecular water at about 1600 cm-I 
were observed. Storing the film in 0.3 M lithium perchlorate 
at 70 "C - 260 "C for 500 hours with in a closed container 
yielded the spectrum represented by solid curves and the 0- 
H stretching was more intense. The changes in the low 
frequency modes may indicated some modification in tungsten 
oxygen frame work. The powders of H,WO, and Li,WO,, 
which was taken as an indication of Li and replacing the 
hydrogen ion on inner surfaces of the films [IOO]. For 
evaporated W oxide films, which were intercalated and 
deintercalaed as well as in electrolytes containing sodium and 
potassium ions. The most salient feature is the increase ofthe 
0-H stretching mode intensity at 3400 cm-I which occurs in 
direct correspondence with the quantity of inserted charge 
and correlation was verified with the heights ofthe absorption 
peaks and areas under such peaks. The amount of molecular 
water, on the other hand, was found to low irrespective of the 
charge insertion. Here the phenomenological model involves 
the following processes: alkali ions replacing protons on the 
pore surfaces, insertion of the liberated protons in interstitial 
position in the tungsten trioxide lattice, and adsorption ofthe 
water molecule next to the W=O bond. But Pickelmann and 
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Schlotter [lo81 reported that the spectrum was rather 
unaffected by the process and the absorption at 3400 cm-I did 
not change much, which was taken as evidence that the 
intercalated protons did not bind the bronsted sites at the 
pore surfaces. Badilescu et a1 [I091 showed that intercalation 
with hydrogen from H,SO, was associated with the 
development of broad absorption band around 1 170 cm-I and 
a narrow band at 1030 cm-I and shoulders at 930 and 870 cm'. 
The process of intercalationldeintercalation in 1N H,SO, was 
studied for the sputter deposited W oxide films by Yamada et 

a1 [I 101. Without inserted charge the same absorption features 
appear as in the IR spectra. Charge insertion leads to the 
evolution of an intense broad absorption band and increase of 
a band centered at 2400 cm-I in proportion with the charge, 
and simultaneous smaller decrease of a band at 3400 cm-I and 
2400 cm-I band was refereed to the hydroxyl groups in the 
WO, matrix. Daniel et a1 [107] reported that the absorption 
spectra has at 1620 cm-I for proton intercalation and 
occurrence of a narrow absorption band at 950 cm-I. The 
former band was assigned to water presumably in protonated 
form. Spin coated W oxide films produced from a solution of 
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WCI, in 2-propanol, were found to have 3400 cm-' and 1600 
cm-I bands which was consistent with inertercalation of H ' 
and or H,O- due to W=O and W-0 bonds by the following 
reactions: 
W=O+xH++xew W-0-Hx and 
W=O+H,O+xe-w W-0-Hx +xH,O 

Oral et a1 [84] reported that the peaks having the same 
value for WO, film by the sol-gel method . Reichman and 
Bard [7] reported the IR spectra of WO, film prepared by the 
thermal evaporation method showing a broad peak at 1650 
and 3500 cm-' which is the characteristic property peaks of 
water. FT-IR spectrum of the WO, film deposited by the 
electron beam evaporation method reported by Nobyeki 
Yosiike et a1 [88] on a Si wafer stored in 0.3M LiBF,-PC 
electrolyte in a sealed glass tube at 70' C, the shoulder of O- 
H stretching broad peak at 3400 cm-I was decreased as same 
as in LiCI0,-PC electrolyte while W-0 stretching broad peak 
at 650 cm-]was rarely changed. Adetailed FTIR analysis was 
carriedout for the electrodeposited WO, films [22.23 1. Fig. 13 
shows the FTIR spectra of the WO, films after H' ion 
intercation. The vibrational modes and their assigned 
frequencies for the WO, films, before intercation and aRer 
intercalation are given in Table 10. 

Table 10. FTIR values of  WO, films before and after 
intercalation 

The Raman Spectrum of the WO, films obtained by 
electrodeposition route is show in Fig. I4 [24]. The peaks 
observed at 705 cm-I and 803 cm-I are clearly indicating the 
monoclinic structure for this electrodeposited WO, film. 

Wownumber (em-' 

Fig.13. FTIR spectraof WO, films a) before intercalation and 
after intercalation 
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Wave number, cm-I 
Fig.14. Raman spectrum of electrodeposited WO, film 

Optical properties 
Development of semiconducting oxide materials with 

controllable energy gap is necessary for the increased 
applications in electrochromic liquid crystal display and 
optoelectronic devices. Hence the absorption and transmission 
properties were studied in detail to calculate the band gap 
variations and the related optical properties. For heavily 
disordered evaporated WO, films band gap varied from 3.2 to 
3.4 eV [Ill-1211. The band gap depends on the materials 
preparation conditions and was diminished in films evaporated 
onto substrates at elevated temperature. Miyake et a1 [I221 
reported amonotonic dropof Es with increasing temperature. 
The band gap was changed from 3.25 eV to 2.7 eV. The 
decrease is strongest at temperature >300 OC which indicates 
that crystallization is cawing the band gap narrowing for 
sputter deposition, the band gaps have been reported 3.0 
<E1<3.4 eV [1 1 1,123-1261. For sputter deposition the authors 
reported 3.0 to 3.4 eV with a tendency that a high pressure of 
the sputter gas and high 0, admixture in reactive sputtering. 
This process gave a low Es [127-13 I]. Crystallized films made 
by sputtering had Es =2.9 eV [132-1331 and by chemical 
vapour deposition showed a bandgap 3.2 eV [134-1351. A 
thickness dependent change in the crystallinity or W oxide 
films made by anodizing, results have been reported that 3.05 
and 3.73 eV [136-1401. Crystalline anodic films with 
monoclinic triclinic, and orthorhombic structure and different 
degrees of hydration had the band gap of 2.55<E1<2.79 eV as 
seen from the photo electro-chemical measurements [ 138,14 1 - 
1421. TakayaKubo and ~oshinori~ishiki tani  [I431 reported 
that the optical band gap converges to a constant value between 

2.8 and 2.7 eV assigned to crystalline WO, film. The hydrogen 
tungsten bronze is a reasonable semiconductor at low values 
of x of H'WO, [143-1451 varying from the above ratio. 

Von Rottkay et a1 [I 461 recorded the optical measurements 
with a variable angle spectroscopic ellipsometer from 280 to 
1700 nm. Upon coloration the agreement between effective 
medium theory and optical measurements deteriorates. The 
injected electrons are trapped at the energetically lower sites, 
thus giving the compound the character of the preferred 
component, possibly the one with smaller atomic number. 
Films prepared in the sol-gel process showed the good 
transmission modulation at wavelength higher than 520 nm, 
more that 50% and at lower wavelength the transmittance 
was very less[ 1471. All transmittance and reflectance spectra 
showed the typical interference structure caused by both IT0 
and WO, layers. Absorbance of tungsten trioxide increases 
with injected charge but also with increasing wavelength 
creating the typical blue colour of the tungsten bronzes. The 
incomplete oxidation of evaporated tungsten oxide does not 
lead to the expected optical absorbance [148]. Azens et al 
[I491 reported that the transmittance for an as-deposited film 
increases strongly as one goes towards longer wavelengths in 
the luminous range. This feature was not typical for 
electrochromic W oxide films. At the same time the luminous 
transmittance of unpolarized light is 46% at +60° and 35% at 
-60" in the as-deposited state whereas the corresponding 
numbers are 15% and 9% in the coloured state. This clearly 
manifested that angular selectivity may be of interest for 
applications of electrochromic smart windows, inclined 
windows, glass blinds and louvers. 

The reflectance spectra of WO, films showed significant 
reflectance variation in the infrared region which coincides to 
sputtering deposited WO, film [150, 15 11. Golden and Steele 
[152] reported that in the normal transmission mode, the 
electrochemically lithiated WO, films showed brown 
colouration on high levels of lithiation. The transmission 
spectra for x=0.3 and 0.5 show a very broad peak in the near 
IR regions. Bader et al [153] reported a theoretical outline for 
the reflection and transmission spectra obtained from 
spectroscopic ellipsometer technique on thin films deposited 
on a thick transparent substrate. The optical parameters are 
shown as a function of the wavelength for the as deposited 
WO, film before insertion of lithium. 

The observed optical variation in the tungsten trioxide 
films are comparable to the reported results for the tungsten 
trioxide films prepared by electrochemical [154] and thermal 
evaporation [155] techniques. In the potassium ion 



55 M.Jayachandran et al. / Transactions of the SAEST 40 (2005) 

intercalation process, the transmission spectra of the WO, 
film deposited on TCO exhibits an extremely high degree of 
transmission (80%) in the as-deposited state. After 

intercalation, there is a sudden fall in the transmittance spectra, 
but after deintercalation, the transmittance is recovered but it 

is slightly less than that for the as-deposited film. Fig.15 

shows the transmittance spectra of the electrodeposited WO, 

films before intercalation [22,23]. After intercalation, there is 
areduced transmission behaviour in the studied spectral region 

which became higher after deintercalation as shown in Fig. 16 

a and b respectively. The transmission is quite low for the 
sputtered tungsten trioxide dispersed in PMMA. However, 

charge extraction was quite slow, or charge injection was 

partially irreversible [157]. The absorption spectra alone do 
not allow to distinguish between the polaron and free-carrier 

absorption but it was unlikely that free-carrier absorption 
appeared in the as-deposited films with an essentially 

amorphous structure. Oral et al [I551 explained that the WO, 

films, deposited using a dip coating method from peroxo poly 
tungstic acid sols, exhibit good gasochromic properties reflected 

by large colouringlbleaching changes and good kinetics. 

Fig. 15. Transmission spectrum of electrodeposited WO, film 

However the gasochromic colouration was still inferior to 

that observed for electrochemically coloured films prepared 

without catalyst. The gasochromic response and speed of the 
coloringlbleaching kinetics were improved by increasing molar 

ratio ofpalladium and tungsten from 1 :25 to 1:40. In order to 

establish the difference between the vibrational properties of 

bleached/coloured films, the vibrational parameters were 

explained by applying the classical model [159]. 

Fig.16. Transmission spectrum of WO, film a) before and 
b) after intercalation 

Electrochromic devices using WO, film 
In general there are only two types of electrchroniic 

devices. In the first type, the electrodes are made of conducting 
glass and covered with an organic or inorganic polymer. These 
materials usually display complementary electrochromism and 
produce the same color change when one is oxidized and the 
other is reduced. This type of configuration was used in 
electrochromic windows and is bistable. It means that once 
the color change has occurred, the state of the device remains 
even in the absence of applied voltage. The limitation of this 
type of electrochromic devices is its slow color change due to 
the low migration rate ofthe counter ions in the bulk polymer. 
Bright color changes are not possible here. 

ln  the second type, two compiementary electrochromic 
molecules are dissolved in a solvent. It is very simple to build, 
reacts very fast and can produce dark or bright colors. The 
drawback is that an electrical current is needed to maintain the 
colored state. The colored molecules diffuse through the system 
and react to restore the bleached states. It cannot be used fol 

large area devices. 
To overcome these problems an electrochromic system is 

needed which is both bistable and changes color rapidly. The 
above processes can be accomplished by attaching a suitable 
molecule that is colorless in the oxidized state and colored ir 
the reduced state onto the surface of a colorless semiconducting 
electrochromic material (present case, WO,) on conducting 
glass FTO substrates. When a sufficiently negative potential 
is applied, electrons are injected from the conducting glass 
into the conduction band of the semiconducting electrochromic 
material and reduce the absorbed molecules. The reverse 
process occurs when a positive potential is applied and the 
molecules get bleached. The advantage of this system is tha1 
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it combines immobility of the electrochromic material with 
the rapidity and coloration efficiency of the molecular systems. 
The ultimate interest in the electrochromic materials is the 
fabrication of electrochromic device, which can control the 
transmittance of the reflectance of the incident light. The 
practical applications of electrochromic device include the 
smart window, information display, rear-view mirror in the 
automobile, protection glassware etc. The principles of these 

devices are explained briefly in this section. 

Tungsten oxide was the first discovered material with 
clear-cut electrochromism and is the most viable option for 
electrochromisam based devices. The crystal structure is of 
perovskite-type, but some atomic displacement and rotations 
of WO, octahedra normally occur so that, depending on the 
temperature, tetragonal, monoclinic, or triclinic symmetries 
are formed. Ageneralized form of the electrochromic reaction 
may be written as 

Ocolour+ne. + Rcolou, 
where an electrode acts as the source or sink of electron(s). 

During the electrochromic reaction of thin film metal oxides, 
the electrons responsible for the colour center or leave the 
oxide film via the interface with the electrode while the ions 
necessary for charge balance (electro neutrality) enter or leave 
the film viathe ion conductive electrolyte. A species is to said 
to beelectroactive if it can undergo electron uptake (reduction) 
or electron release (oxidation) type reactions at an electrode. 
Electroactive species have different numbers of electron in 
their oxidized and reduced forms, so each redox state has 
different electronic (UV-Vis) spectra owing to different 
absorption bands. The difference in optical properties, on 
electron transfer, is detected by the eye as a different colour 
for each redox state. In cases, where changes in spectra are 
quite marked, the concept of a useful color change has been 
advanced such that electrochromism can be defined as 'the 
electrochemical generation of colour in accompaniment with 
an electron transfer reaction [160]. There are four main 
applicationsis needed of electrochromic devices and are shown 
in Fig.17. 
I .  Information display: This device embodies an 

electrochromic film in front of a diffusely scattering 
pigmented surface. A seven segment numeric display 
unit of small or large size is the best example (Fig. 17 a). 

2. Mirror with variable specular reflectance: This 
application seems to be the most mathe and application 
oriented one. Anti dazzling rear-view mirrors built on 
elkctrochromic oxide films are now-a-days used in cars 
and trucks (Fig 17 b). 

Complete 
Absorplion 

Fig. l7(a) Information Display device 

Fig. l7(b) Variable Reflectance Mirror 

Smart windows: The basic idea is to develop an 

automotive window with variable transmittance so that 
a desired amount of visible light or solar energy is 

permitted in a controlled manner (Fig. 17 c) introduced. 

Such windows can lead to energy savings as well as a 
comfortable and cool indoor climate. 

Varible emittance surfaces: This is based on a special 
device design with a crystalline tungsten oxide film at 
the exposed surface of an electrochromic device (Fig. 17 

d). Intercalation/deinter~lation of ions makes this surface 
infrared reflecting or absorbing whose thermal emittance 

from the high. 
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Fig. 17(c). Smart Window 

Non-smittmg 

(Infrared - rdlccling) 

Fig. 17(d). Variable Emittance Surface 

Conclusion 
Devices based on elecrochromism with their tunable 

transmission for visible and infrared radiation will play an 
important role for architectural and automotive glazing. As 
WO, is thermodynamically stable at room temperature, it is 
considered a s  the most sui table  material for  the 
electrochromically active electrodes in the electrochromic 
devices. The materials properties, preparation techniques, 
colouration~bleaching efficiency and the electrochromic devices 
developed are elaborately presented in this review. 
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