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Abstract

W oxide "lms are of critical importance for electrochromic device technology, such as for
smart windows capable of varying the throughput of visible light and solar energy. This paper
reviews the progress that has taken place since 1993 with regard to "lm deposition, character-
ization by physical and chemical techniques, optical properties, as well as electrochromic device
assembly and performance. The main goal is to provide an easy entrance to the relevant
scienti"c literature. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

An electrochromic material is characterized by its ability to sustain reversible and
persistent changes of the optical properties when a voltage is applied to it. The
electrochromic phenomenon was discovered in W oxide thin "lms, and this material
remains the most promising candidate for electrochromic devices. A thorough review
of electrochromic W oxide was given in the earlier `Handbook of Inorganic Elec-
trochromic Materialsa [1], treating previous studies until mid-1993. The reader is
referred to this book for background material. The present treatise ventures to cover
the more recent work, i.e., from 1993 and onwards. The motivations for this new
review are that much progress has taken place lately so that the Handbook tends to be
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somewhat outdated as regards W oxide (but less so for most other electrochromic
oxides), and that the numerous overview papers that have appeared during the past
few years are far from exhaustive [2}64].

It is convenient to introduce electrochromism in W oxide by reference to the simple
reaction

WO
3
#xM`#xe~%M

x
WO

3
(1)

with M`"H`, Li`, Na`, or K`, and e~ denoting electrons. Thus when W oxide,
which is transparent as a thin "lm, incorporates electrons and charge-balancing ions it
can be reversibly transformed to a material with radically di!erent properties, being
absorbing if the material is heavily disordered and infrared-re#ecting if it is su$ciently
crystalline. It should be pointed out already here that relation (1) is a gross oversimpli-
"cation, and the thin "lms of practical interest normally are hydrous * i.e., contain
hydroxyl groups and incorporated water molecules * and may deviate to some
extent from the stated WO

3
stoichiometry.

It is obvious that a detailed theoretical understanding of the electrochromism
hinges on reliable theoretical modeling of the electronic structure of WO

3
and

M
x
WO

3
. This modeling has advanced signi"cantly during the past few years, and

recent data on single crystalline materials are discussed in Section 2. Section 3 then
considers practical thin "lm manufacturing and surveys data on samples prepared by
a multitude of techniques such as evaporation, sputtering, sol}gel deposition, chem-
ical vapor deposition, anodization, etc. In Section 4 we turn to the physical (excepting
the optical) properties of ion intercalated "lms and discuss items such as di!usion
constants and structural modi"cations. Optical properties are dealt with in Section 5,
with detailed accounts of re#ectance modulation in crystalline W oxide* which can
be given a thorough discussion starting from the electronic structure * and absor-
ptance modulation in heavily disordered W oxide. Polaron e!ects are considered in
some detail. Finally, Section 6 covers electrochromic device aspects and lists charac-
teristic data for a large number of practical arrangements for modulating optical
transmittance. A `case studya runs throughout Sections 3}5; it gives detailed informa-
tion on W oxide "lms made by sputter deposition under a set of well-speci"ed
conditions.

2. Calculated electronic structure of crystalline WO3 and MWO3

The electronic structure of a material is the foundation on which its electromagnetic
properties can be understood and modeled, and WO

3
-based materials have been

subject detailed studies several times [65}73]. The early work can be criticized for
being non-self-consistent and for other reasons, while the recent one represents
state-of-the-art. The exposition below is strongly focused detailed computations by
Hjelm et al. [71]. We will return to the electronic structure several times later in this
review; in particular, it will be employed for the computations of the optical properties
of crystalline M

x
WO

3
in Section 5.1.
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2.1. Theoretical and computational aspects

Some technical details are needed in order to explain the computations of the
electronic structure, which were carried out fully self-consistently using the local
density approximation to density functional theory [74}77] and employing a para-
meterized exchange-correlation potential [78,79]. Basis functions and matrix ele-
ments were constructed using a full-potential linear mu$n-tin orbital method [80,81].
The charge density and potential were expanded in symmetry-adapted spherical
harmonics up to eighth order in a mu$n-tin sphere around each atomic site. The
spheres were non-overlapping, and the charge density and potential were expanded in
243 Fourier waves in the interstitial region. The basis set consisted of augmented
mu$n-tin orbitals [82,83]. The tails of the basis functions outside their parent spheres
were linear combinations of Hankel or Neuman functions with non-zero kinetic
energy. Tungsten-site-centered 5p, 6s, 6p, and 5d wave functions were used as well as
2s and 2p functions centered on oxygen sites. When H, Li, or Na were included in the
calculations, the s and p functions were employed with appropriate principal quantum
number. A double-basis set was used, i.e., two-basis functions of the same quantum
numbers were taken to be connected to tails with di!erent kinetic energy. Further-
more, the W 5p constituted a pseudo-valence state and used tail energies considerably
lower than those of the true valence wave functions, although fully hybridizing with
the valence states. Relativistic e!ects were treated in a scalar relativistic approxima-
tion, implying that spin}orbit coupling was not included [84]. The core states were
relaxed in each iteration, using a fully relativistic equation. The Brillouin zone
integrations used a special point method with Gaussian smearing over a width of
1 mRy [85,86]. In all calculations, except those for the hexagonal structure to be
discussed below, a k-point density corresponding to 56 points in 1

48
of the cubic

Brillouin zone was adopted. Fifty points were used for the hexagonal phase.
The computational method outlined above was applied to appropriate structural

models. These models must be developed with care since WO
3

and related materials
can be found in a large variety of crystal structures. The tungsten oxides consist of
WO

6
octahedra arranged in various corner-sharing or edge-sharing con"gurations

[1,87}90]. The simplest form is the defect perovskite or ReO
3

structure shown in
Fig. 1(a). The "gure also illustrates the positions of intercalated ions occupying
symmetry positions; clearly a perovskite structure is then formed. Pure, bulk-type
WO

3
does not generally exist in a cubic structure, though, but instead a monoclinic

phase appears to be most stable at room temperature [91]. In thin "lms, however, it is
most likely that the octahedra are ordered hexagonally in crystallites with sizes
depending on the fabrication route and deposition temperature [92}95]. The mon-
oclinic phase requires a large unit cell (containing eight tungsten atoms) and hence too
much computing power, and the cubic structure was chosen as a model system.
However, it is the ubiquitous octahedral order that dominates the electronic proper-
ties, and this approximation therefore should be adquate. The di!erences in the
electronic structure caused by various atomic arrangements were illuminated by
calculations for the hexagonal phase, which requires three tungsten atoms per unit
cell.
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Fig. 1. Unit cells for cubic (Li,Na)WO
3

(part a) and HWO
3

(part b) with tungsten atoms as large solid
circles, oxygen atoms as open circles, lithium or sodium atoms as large dashed circle, and hydrogen atoms
as small solid circles located on a line between an oxygen site and the central position. The distance between
the hydrogen and oxygen sites is denoted d

OH
. The ReO

3
structure, used as an approximation for

monoclinic WO
3
, is obtained by considering only the tungsten and oxygen atoms. The lattice constant a is

de"ned, and the octahedron, built up by oxygen atoms surrounding the tungsten atom, is shown.

Intercalation of H, Li, or Na in WO
3

leads to intricate structural changes that are
not yet fully investigated and understood. Cubic structures have been reported for
H

0.5
WO

3
, Li

x
WO

3
with 0.1(x(0.4, and Na

x
WO

3
with 0.3(x(1. The Li and

Na atoms are expected to lie at the centers of the perovskite units (cf. Fig. 1(a)),
whereas the H atoms are signi"cantly o!-center and are attached to oxygen atoms in
hydroxyl groups as illustrated in Fig. 1(b) [96]. Our computations of electronic
structure, to be discussed below, were con"ned to cubic HWO

3
, LiWO

3
, and NaWO

3
.

Structural information of WO
3
-related materials is almost endless, and we note,

mainly for completeness, that recent data have been given on cubic WO
3

[97}100];
orthorhombic WO

3
[97], W

1~x
Mo

x
O

3
[97] and Ti-stabilized WO

3
) 1
3
H

2
O [101];

monoclinic WO
3

[102]; hexagonal WO
3

[103}107], Ce
0.3

WO
3

[108],
Cs

x
W

2~x@6
O

3
[109}111], (NH

4
)
0.3

WO
3

[112] and Sn
x
WO

3
[113]; and pyrochlore

WO
3

[114] as well as this structure containing various ionic species [115}118].
Furthermore, structural data are available for a novel supermetastable WO

3
phase

[90], substoichiometric WO
3

[119}122], Bi
2
O

3
}WO

3
[123], Nb

2
O

5
}WO

3
[124],

Ta
2
O

5
}WO

3
[125,126], W

3
O

8
[127], WO

3
) 1
3
H

2
O [128}130], W

56
(O,F)

156
[131],

Li
2
WO

4
[132], Na

0.10
WO

3
[133], Ba

x
WO

3
[134,135], Zn

x
WO

3
[136], Sb

0.16
WO

3
[137], Sn

0.23
WO

3
[138], Pb

0.29
WO

3
[135], Nb

8
W

9
O

47
[139], Ta

8
W

9
O

47
[139,140], H

x
V

x
W

1~x
O

3
) q H

2
O [141,142], Li

x
WO

3`x@2
) qH

2
O [142], Li

1~x
Na

1~x
W

x
O

3
[143], Ag

2
O )WO

3
)TeO

2
[144], Keggin-type [C

12
H

25
N(CH

3
)
3
]
6

(H
2
W

12
O

40
) ) q H

2
O [145], Pt-containing WO

3
[146], phosphate tungsten bronzes

[147], and for surface structures of WO
3

[148}152] and Na
x
WO

3
[153}155].
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Fig. 2. Density of states for cubic WO
3

(part a) and comparison of data for the hexagonal and cubic
structures (part b). Filled states are found at energies below zero and empty states above zero. Also shown
are the O 2p and W 5d projected state densities for cubic WO

3
.

2.2. Density of states data

We "rst consider cubic WO
3

whose density of states (DOS) is shown in Fig. 2(a).
The data are consistent with the material being a semiconductor, in agreement with
experiments. The O 2p and W 5d projected contributions to the total DOS are
included in the "gure. It is found that, as expected, the valence band is dominated by
the O 2p states, while W 5d states dominate the conduction band. In addition, there is
considerable hybridization between the valence and conduction bands. The O 2s
levels are not included in the "gure; they are positioned at !17.5 eV in energy.
The calculated band gap is 0.6 eV, which is much smaller than the experimentally

C.G. Granqvist / Solar Energy Materials & Solar Cells 60 (2000) 201}262 205



determined value of 2.6}2.7 eV for the indirect band gap [1,156]. This di!erence
points at a common failure when the local density approximation is applied to
semiconducting systems [157]. Furthermore, the present approximation of the crystal
structure as being cubic seems to reduce the band gap compared to that of the
experimentally found structures [65,66]. The calcuated total energy of cubic WO

3
displays a minimum for a lattice constant of 3.84 As ; this is a value of the expected
magnitude [71].

As pointed out above, it is of interest to carry out calculations also for hexagonal
WO

3
. In fact, two hexagonal phases are known [87]: one hydrated wherein the

hexagonal layers of WO
6

octahedra are shifted from one layer to another, and one
dehydrated for which the hexagonal layers are stacked directly on top of each other.
Only the latter phase was subjected to computations; it comprises three WO

3
entities

per unit cell. All W}O distances are equal in the basal plane, following the hexagonal
symmetry, while the W}O distance along the c axes is slightly larger. The calculated
DOS is presented in Fig. 2(b) together with the data for the cubic phase. The most
important di!erence between hexagonal and cubic WO

3
is that the bottom of the

conduction band shows a smooth onset above the gap in the hexagonal structure,
while the cubic phase has a peak at this position. The width of the O 2p bands is
somewhat broader in the hexagonal phase than in the cubic one. The splitting between
the t

2'
and e

'
components of the W 5d bands (using conventional notation) appears at

a somewhat higher energy in the hexagonal structure, and the gap is slightly larger.
The total energy calculated for the cubic and hexagonal structures di!er by 0.1 Ry,
where the cubic structure has the lowest energy. This is consistent with the fact that
the monoclinic phase of WO

3
is the normal one when the material is in bulk from. The

present results strongly support the view that the octahedral ordering in WO
3

dominates its electronic properties, so that a con"nement of the following DOS
computations to the simpler cubic structure is very likely to provide insights into the
electronic structure of real materials.

We now turn to LiWO
3
, whose DOS is given in Fig. 3(a). The Li 2s band is found to

be centered at 8.2 eV above the top of the valence band, and the Fermi energy lies at
2.9 eV, i.e., in the conduction band. This gives a very low occupation of the Li band,
implying that the Li ion essentially remains ionized in the oxide, while the charge-
balancing electron occupies the bottom of the conduction band. This large charge
transfer is in sharp contrast to the interaction between the W and O wave functions,
where the dominating mechanism in the transferring of electrons to lower energies is
hybridization. In general, the occupied part of the conduction band is very similar to
that of the pure oxide, implying that a rigid-band "lling picture is appropriate.
However, the valence band is narrower than in the pure oxide; the bandwidth is reduced
from 7.1 to 6.4 eV. The band gap, now located in the occupied part of the spectrum, is
increased to 1.6 eV. The calculated equilibrium lattice constant is slightly larger than for
the pure oxide, viz., 3.88 As . This is in contrast to the experimental situation for which it
is found that the crystal contracts with increasing Li content, at least up to a concen-
tration of 0.56 Li ions per unit cell where the contraction is 0.4% [158].

From a chemical point of view, sodium is very similar to lithium, with almost
identical ionization potentials. This feature is clearly exhibited in the similarity of the
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Fig. 3. Density of states for LiWO
3

(part a), NaWO
3

(part b), and HWO
3

(part c). Projected states are
indicated by dashed curves, and Fermi levels are marked by vertical lines.
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Fig. 4. Total energy for HWO
3

as a function of the O}H distance, denoted d
OH

in Fig. 1(b).

DOS plots in parts (a) and (b) of Fig. 3, referring to LiWO
3

and NaWO
3
, respectively.

The calculated lattice constants are the same for the two materials.
Hydrogen behaves di!erently from Li or Na in WO

3
, though, and neutron di!rac-

tion data showed that the hydrogen atom is located near an oxygen atom with
a maximum distance of 1.1 As , i.e., that a hydroxide unit is formed [96]. The hydroxide
formation was studied theoretically through calculations of total energy as a function
of the O}H distance d

OH
, with the H position being varied from the center in the

perovskite cube along a straight line towards one oxygen atom as illustrated in Fig.
1(b). A minimum in total energy was found for d

OH
"1.03 As , as shown in Fig. 4. If the

calculations were performed using the central position for the hydrogen atom, a large
hydrogen-projected peak in the DOS was seen to be present at the Fermi energy. Such
a system supports spin polarization, with a calculated spin polarization energy of
&0.5 eV and a total magnetic moment of 0.84 Bohr magnetons. However, the total
energy of the magnetic state is still larger than for the hydroxide forming state. When
d
OH

is decreased, the hydrogen peak moves away from the Fermi level towards higher
energies, while a second hydrogen peak originating from the hybridization with the
oxygen atom in the O}H pair grows at low energies. This implies that the hydrogen
contribution to the DOS, and the support for spin polarization, vanishes as
d
OH

decreases. Fig. 3(c) displays the calculated DOS for the hydrogen position at
which the total energy is minimized. Clearly, the oxygen states in the hydroxide pair is
much lowered in energy, thus yielding a broadening of the valence band. The bottom
of the conduction band, which now is occupied by one electron, resembles the cases
for LiWO

3
or NaWO

3
, and thus the physical properties should not be too di!erent

regardless of whether hydrogen or alkali ions are intercalated into the WO
3

host.
The hydrogen atom in HWO

3
does not occupy the central position, and there

might be room for more than one hydrogen atom in the crystal. A total energy study
of various plausible hydrogen contents shows that the energy gain when one hydrox-
ide unit is formed amounts to 2.6 eV. If an additional hydrogen atom is inserted near
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to an oxygen atom already in a hydroxyl unit, thus forming a water molecule, the
energy is lowered by 2.4 eV compared to the case of pure WO

3
. On the other hand, if

the second hydrogen atom forms another hydroxyl unit, the energy gain is 3.9 eV.
From the di!erences in total energy one can draw the conclusion that the formation of
a hydroxide is favored compared to a hydrate (water molecules around the oxygen
sites) when hydrogen is inserted into WO

3
. From the trends in total energies given

above one can predict an energetically favorable uptake of hydrogen until all oxygen
atoms participate in hydroxide pairs.

3. Thin 5lm preparation and characterization

Electrochromic W oxide "lms can be prepared by a variety of di!erent techniques,
often leading to somewhat di!erent properties as discussed in detail before [1].
Section 3.1 of this chapter gives a survey of the work in 1993}1998 and discusses, in
order, "lms made by evaporation, sputtering, and electrochemical and chemical
techniques. This overview is then followed by a more detailed presentation of W oxide
"lms made by reactive sputtering in the presence of O

2
and CF

4
, following work by

Azens et al. [159}164].

3.1. Survey of data

Evaporation is a convenient technique for the production of electrochromic W ox-
ide "lms. Deposition from an electrically heated Mo boat, as well as electron-beam
evaporation, are used frequently, especially to fabricate samples for scienti"c pur-
poses. The vapor species are molecular in nature, and recent mass spectrometric work
has shown a preponderance of WO

2
, WO

3
, W

2
O

6
, and W

3
O

9
, implying that the

tungsten is mainly in #4 and #6 states [165]. The as-deposited "lms are heavily
disordered with a porosity that can be varied by deposition in the presence of a small
amount of gas. In particular, evaporation in the presence of 5]10~4 Torr of H

2
O

yields a relative density of 0.6, whereas deposition in a good vacuum produces "lms
with a relative density of 0.8 [166]. Similar porosities have been found by deposition
in N

2
and O

2
[1]. Evaporated electrochromic W oxide "lms tend to be hydrous even

if they are produced without deliberately adding water to the deposition unit, as seen
by infrared spectroscopy [167}169] and other means [170]. A particularly elaborate
study by Bohnke et al. [171] used Rutherford backscattering spectrometry (RBS) and
elastic recoil detection analysis for W, O, and H pro"ling and proved that the
stoichiometry could be expressed as WO

x
) qH

2
O with x"3.00$0.03 at the substra-

te and x"3.10$0.03 at the "lm's surface. The water was loosely bound with a H/W
ratio of 0.8 for as-deposited "lms. This ratio dropped strongly upon annealing,
especially in the range between 1503C and 1803C. The porous W oxide "lms could be
crystallized by heating, and it was shown by Klein and Yen [172] that deposition onto
a substrate at 2003C followed by a post-deposition anneal at 4303C in O

2
led to

a monoclinic WO
3
"lm which became infrared re#ecting after Li` intercalation (cf.

Section 5.1 below). Interestingly, direct in situ annealing at 4003C yielded "lms that
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were less suited for electrochromic applications. Annealing at 4003C, 5003C, and
6003C was reported to give a triclinic crystalline structure [173]. These latter "lms
were somewhat substoichiometric, as detected by X-ray photoelectron spectroscopy
(XPS). Atomic force microscopy (AFM) indicated that the crystalline "lms developed
a surface roughness that became coarser at elevated annealing temperatures. An
epitaxial tetragonal phase was found for "lms grown on sapphire at 6003C [174].
Densi"cation of W oxide "lms is possible not only by annealing but also through ion
beam irradiation [175]. The threshold for compaction was reported to be as low as
1012 ions/cm2, thus indicating that a single ion is able to displace &105 W oxide
`moleculesa. Evaporated W oxide "lms have been investigated also in a large number
of other studies [176}254]; the most pertinent results will be referred to below in
di!erent contexts. Evaporated "lms of K

0.3
WO

3.15
have been reported [255].

Nanocrystalline "lms were prepared by evaporation in the presence of Ar or
N

2
followed by annealing at 4003C in air [256], and directly by the evaporation of

tungsten in the presence of O
2

[257].
Sputtering is considered next. This is a well established method for making thin
"lms of practically all kinds of materials. DC and RF powering of the sputter plasma
are convenient for deposition from conducting (metallic) and non-conducting (oxidic)
targets, respectively, and the deposition can proceed in the presence of a reactive gas
in order to make oxides, etc. Reactive DC magnetron sputtering is especially well
suited for large-scale, large-area manufacturing. It has been combined with roll
coating in the production of W oxide "lms [258]. Deposition rates in the 2}3 nm/s
range have been reported [259,260]. Films deposited by this technique onto substra-
tes at temperatures between 703C and 1003C were found by Witham et al. [261]
* who used a somewhat indirect method involving optical measurements* to have
a columnar morphology and an intercolumnar void network, i.e., to exhibit a two-
phase structure. The void content of these "lms was strongly dependent on the oxygen
pressure in the sputtering plasma, denoted p

O2
, and increased from 5% at

p
O2

"10 mTorr to 12% at p
O2

"30 mTorr. A similar e!ect was found also by Wang
et al. [241], who reported a lowest relative density of 0.75; these "lms had an O/W
ratio of 3.1$0.1, as found from RBS. A growth of the mean crystallite size in "lms
deposited onto substrates at temperatures up to 2003C was inferred from Raman
spectra indicating the presence of O}W}O and W"O bonds [262]. Crystallization of
the "lms took place at temperatures between 3003C and 3503C [263}265]. An
addition of Ti to the W oxide tended to stabilize the disordered structure to higher
temperatures [260].

It is of interest to comment on some recent results for "lms prepared by RF
sputtering and subjected to a careful structural analysis by Nanba et al. [94,95]. The
density of their "lms was close to that of bulk WO

3
, and no structural water appeared

to be present. Vibrational spectroscopy and X-ray di!ractometry disclosed that the
"lms basically consisted of three, four, and six-membered rings of WO

6
octahedra

sharing corners in almost the same way as for hexagonal WO
3

crystals. The occur-
rence of a hexagonal structure was dependent on the magnitude of p

O2
, though, and

high oxygen pressures led to the stabilization of a tetragonal phase with four-
membered rings. It is unfortunate that no analogous study has yet been made on
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porous W oxide "lms made by reactive DC magnetron sputtering. Elevated substrate
temperatures led to crystalline structures [174,266]; for 3503C it was reported that the
structure was mixed monoclinic and orthorhombic [266]. Film thickness dependent
e!ects on the crystal structure are also known [267]. The importance of the details in
the sputtering process are often signi"cant * and poorly understood * and, for
example, Batchelor et al. [268] showed that RF sputtering from metallic and oxide
targets gave di!erent "lm properties. Films made by di!erent varieties of sputtering
are discussed in numerous other works as well [167,187,198,269}316].

Electrochemical and chemical techniques are convenient and widely employed for
preparation of electrochromic W oxide "lms. Electrodeposition from a solution of
W powder dissolved in aqueous H

2
O

2
was used in several investigations [317}330];

a detailed technical description was given by Monk et al. [325]. An addition of
isopropanol, in order to improve the storage properties of the solution, has been
studied [331}336]; the work by Meulenkamp [331] describes the technique at length.
The as-deposited "lms were not analyzed in detail, but it is known that the porosity
can be very large, with data indicating relative densities between 0.4 and 0.7
[331,335,336]. Electrodeposition from solution is practical for making mixed oxides,
with additions of Mo, Ni, Co, Cr, Fe, Ru, and Zn [317,327}329,337], Co#Ni,
Co#Zn, Ni#Zn, as well as of three of the metals Mo, Ni, Co, Cr, and Zn [325],
having been reported. The substrate adherence depended strongly on the speci"c
metal additive, with particularly good results stated for Ni, Fe, and Zn [337].
Furthermore, it was demonstrated that it is possible to make composites of W oxide
and phosphomolybdic acid [333] and to prepare tandem samples with a "lm of
W oxide onto which a layer of polyaniline-polyvinyl alcohol [326], polyaniline [338],
or polyvinyl sulfate [338] was grown. Another way to electrodeposit W oxide "lms
makes use of Na

2
WO

4
) 2H

2
O aqueous electrolytes. XPS spectra of such "lms

showed evidence for tungsten in di!erent valence states, speci"cally W4`, W5`, and
W6` [244].

Anodization in electrolytes of H
3
PO

4
, H

2
SO

4
, HNO

3
, HClO

4
, or methanesul-

fonic acid represent other routes to make W oxide "lms [128,129,339}343]; growth
conditions rather than ensuing "lm properties were in focus. Stress evolution can be
substantial during the anodization [341]; it can be a!ected by additions to the
electrolyte, and one example with NaCl added to H

2
SO

4
yielded evidence for the

formation of W oxychlorides [342].
Chemical vapor deposition (CVD) and spray pyrolysis are two closely related

techniques with speci"c pros and cons. CVD using the decomposition of W(CO)
6

was
used to make crystalline W oxide "lms [344}348]. Low-temperature processing made
it possible to prepare porous "lms with good electrochromic properties, and work by
Maruyama and Arai [349] and Riaz [350] * using W carbonyl and alkoxide
complexes, respectively * led to X-ray amorphous and smooth "lms grown at
&0.5 nm/s onto substrates kept below 3003C to 3503C. The carbon content was low
even in the "lm made from a W(CO)

6
precursor, as seen from XPS [350]. Two

methods have been adopted to enhance the deposition rate: photo-CVD [351] and
plasma enhanced CVD. Speci"cally, Maruyama and Kanagawa [352] used the
former technique with ultraviolet (UV) irradiation from a low-pressure mercury lamp
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and performed depositions at a rate of &5 nm/s onto substrates kept at 2003C. Still
larger rates were possible at higher temperatures, but the "lm quality deteriorated.
XPS was employed to verify that the UV radiation promoted the oxidation of W in
addition to enhancing the rate of "lm formation. Henley and Sachs [353] used plasma
enhanced CVD with a parallel-plate reactor in which a rf discharge took place in a gas
mixture of O

2
, H

2
, and WF

6
. High-quality "lms were produced at rates up to

10 nm/s; again higher rates were possible if "lm quality was sacri"ced. Relative "lm
densities between 0.59 and 0.78 were accomplished depending on the O

2
/WF

6
ratio,

with the lowest density occurring at the highest amount of WF
6
.

Spray pyrolysis can be viewed as a variety of CVD since the spray droplets are
likely to evaporate before striking the substrate to be coated. Depositions using
H

2
WO

4
in aqueous ammonia, sprayed onto substrates at 1503C, yielded X-ray

amorphous deposits, while annealing at 4003C gave monoclinic WO
3

[354]. Spray
depositions at higher substrate temperatures led directly to crystalline structures
[211,355].

Sol}gel deposition can be made form colloidal solutions by dipping, spin coating, or
spraying, followed by heat treatment to consolidate the "lm. There are numerous
routes to prepare the precursor solution, such as by acidi"cation of an aqueous salt or
by hydrolysis of an organometallic compound. Properties of the precursor solutions
and of the "lm formation processes have been studied in considerable detail for "lms
based on Na

2
WO

4
) 2H

2
O [167,356,357], WOCl

4
[358] and W

2
[OC(CH

3
)
3
]
6

[359]. The structure of "lms made by the former of these techniques was analyzed by
Nanba et al. [94], who found that the relative "lm density was 0.57 before heat
treatment and 0.64 after annealing at 1903C. The material was comprised of micro-
crystallites with a hexagonal-like structure, analogously to the case of W oxide "lms
made by several other techniques. Similar, or somewhat lower, porosities have been
reported also by others [356,360]. After low-temperature curing, the "lms contain
loosely bound water that disappears at &1003C; structurally bound water or H

2
O

2
leaves at 200}3003C [361,362]. A tetragonal structure has been reported for the
annealed material [363]. The O/W ratio was studied in one experiment [360] and was
found to be 3 to within experimental uncertainties. Films made by using organic
precursors are known to contain some percent of carbon [359,360]. The sol}gel
technique is well suited for making mixed oxides, and work on W}Ti oxide
[260,364,365], W}V oxide [366], and W}Si oxide [367] has been reported. Annealed
W}Ti oxides displayed hexagonal and monoclinic structures as well as an intermedi-
ate orthorhombic phase for which the Ti addition appeared crucial [365]. In addition
to the already cited work, "lms made by sol}gel-related techniques have been studied
in [368}388].

The methods discussed so far by no means exhaust the possibilities to make
electrochromic W-oxide-based "lms and devices. Thus oxide "lms have been prepared
by thermally treating bulk tungsten [389], W-coated bulk titanium [390], and thin
metal layers of W, W}Ti, and W}Ni [391]. A novel and interesting technique used
hydrothermal synthesis to make "lms with a pyrochlore structure [392]. WO

3
colloids and "lms made of them have been discussed [393}396]. Colloids can be
incorporated in pastes [397] and used for screen printing [398]. Polymer-WO

3
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Fig. 5. Deposition rate vs. applied substrate bias for "lms made by sputtering of W in Ar#O
2

(#CF
4
).

Filled and open symbols denote experimental data, and curves were drawn for convenience.

composites o!er interesting possibilities; data have been reported for materials incor-
porating polyvinyl alcohol with KHCO

3
[399], polypyrrole [400,401], polyaniline

[402], and polymethyl methacrylate [403]. Other interesting materials are per-
oxopolytungstic acid "lms [404,405], silicotungstic acid [406], composites of phos-
photungstic acid and titanium oxide [407}409], and polytungstate-polymer com-
posites [410,411]. Finally, WO

3
-based powders made by milling technology and gas

evaporation have shown interesting properties [115,257,412].

3.2. Case study on sputter deposited W-oxide-based xlms

The lapidary coverage of deposition tecniques and ensuing "lm properties in the
previous section is supplemented here with a case study on sputter deposited W-
oxide-based "lms, based on work by Azens et al. [159}164]. The focus is on high-rate
deposition and means for achieving durability; we consider speci"cally the roles of
#uorine in the sputter plasma, electron bombardment of the growing "lm, deposition
from heated targets, and oblique incidence of the sputtered #ux. The "lms prepared by
these techniques will be further discussed in Sections 4.2 and 5.3 below. One may note
that still another high-rate technology, suitable for electrochromic Mo oxide
[413,414] as well as for other oxides [415], has been explored recently; it involves joint
deposition from several closely positioned and partly facing targets.

The role of a bias voltage U
"*!4

applied to the substrate was investigated in some
detail, and oxide "lms with good electrochromic properties were produced by sputter-
ing in Ar#O

2
. The deposition rate r was &0.5 nm/s for 25(U

"*!4
(80 V, as seen

from Fig. 5. These conditions correspond to a bombardment of 1}10 electrons per
incident atom forming the "lm. Oxy#uoride "lms made with 17 vol% of CF

4
in the

sputter plasma, on the other hand, had deposition rates up to 1.2 nm/s for U
"*!4

(0
but low deposition rates for U

"*!4
'50 V. Most likely, the relation between r and

U
"*!4

for the oxy#uoride "lms depends on electron bombardment making the "lm
surface very active for reactions with F-containing radicals, thus leading to volatile etch
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Fig. 6. Spectral infrared absorptance (part a) and Raman intensity (part b) of "lms made by sputtering of
W in the presence of Ar#O

2
(#CF

4
). Electron bombardment took place at U

"*!4
"35 V (part a) and

U
"*!4

"70 V (part b).

products. The present "lms were made in a special research coater, and the deposition
rates are not as high as those one can expect in a large-area production machine.

Atomic force microscopy was used to investigate surface topographies of &0.6-
lm-thick samples produced under di!erent conditions. Oxide "lms showed surface
roughness with an average distance of &0.1 lm between the protrusions; these
features are believed to mirror a columnar microstructure of the "lm. A similar surface
topography was found in oxy#uoride "lms made by sputtering in Ar#O

2
#CF

4
.

Electron bombardment through the application of a positive substrate bias of 70 V
had a more drastic in#uence on the roughness, and AFM data indicated a column size
of &0.5 lm. One should notice that the e!ect of the electron bombardment is
opposite to that expected for ion bombardment, which is generally known to disrupt
the columnar structure thereby giving rise to denser and smoother "lms [416].

X-ray di!raction studies were made on "lms similar to those mentioned above and
also on crystalline W oxide "lms that had undergone annealing in vacuum for 2 h at
4203C. Di!ractograms for the electron bombarded and annealed samples showed
clear features due to long-range lattice order, whereas no such features were apparent
for the as-deposited oxide and oxy#uoride samples. The di!raction peaks were in
principle agreement with those earlier found in crystalline W oxide "lms made by
several di!erent techniques [1].

Infrared spectrophotometry was applied to the di!erent types of "lms discussed
above. Data are given in Fig. 6(a). The absorptance spectrum for the as-prepared
W oxide "lm exhibits a dominating peak at a wave number of &600 cm~1, which is
characteristic for the vibrational properties of a disordered tungsten-oxygen fram-
work [1,267]. The annealed and crystalline counterparts, on the other hand, have
absorption peaks at &700 and &800 cm~1, in good agreement with the phonon
spectrum in WO

3
crystals. An electron bombarded "lm prepared with U

"*!4
"35 V

shows an interesting absorption spectrum with unmistakable features of both the
highly disordered and the crystalline states. The oxy#uoride "lm, "nally, displays
a very broad absorption structure between 600 and 1000 cm~1.
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Fig. 7. Deposition rate for W oxy#uoride "lms made by sputtering of W in (Ar)#O
2
#CF

4
. Filled and

open circles denote experimental data, and curves were drawn for convenience.

Raman spectrometry, yielding complementary information on the vibrational
properties, was applied to &0.7-lm-thick "lms. As found from Fig. 6(b), the as-
prepared W oxide "lm has a broad peak at &780 cm~1, characteristic of the W-O
stretching modes in a disordered material [1,417]. Crystallization of such a sample
made this feature split into two separate peaks, the one at &950 cm~1 being caused
by asymmetric stretching vibrations of W"O bonds mainly on internal surfaces. An
oxide "lm grown under electron bombardment at U

"*!4
"70 V maintained the broad

peak at &780 cm~1* i.e., crystallization was not apparent* whereas the in#uence
of the W"O bonds was clearly augmented. The latter e!ect is both interesting and
unexpected, since even a partial crystallization ought to have diminished the W"O
feature, and since the AFM data referred to above pointed at grain growth under
electron bombardment and hence a decrease of any internal surface. The oxy#uoride
"lm, "nally, shows less pronounced features due to W"O bonds.

Enhanced sputtering rates in the presence of CF
4

were "rst reported by Harding
[418}420]. The basic processes underlying the phenomenon are expected to be of
chemical nature, possibly related to reactive ion etching [421}427], and it is then
reasonable to expect that r is a function of the target temperature. The relation was
studied by Azens et al. [159,162], who carried out depositions with targets kept at 53C
and 503C in the presence of varying amounts of CF

4
. Fig. 7 shows that when the

target was cooled to 53C, the rate had a peak at &20 vol% CF
4

both for sputtering
in O

2
#CF

4
and Ar#O

2
#CF

4
. The rate reached &0.6 nm/s for the latter gas

mixture, which is in line with the data in Fig. 5. Having the target heated to 503C
yielded signi"cantly higher rates, with maxima at &1.1 nm/s irrespective of the Ar
content when the CF

4
admixture was &40 vol%. Clearly, the data in the left-hand

part of Fig. 7 shows that r is a!ected by chemical factors, since the CF
4

content is of
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Fig. 8. Scanning electron micrograph of the cross section of an obliquely sputter deposited W oxide "lm.
The horizontal bar corresponds to 1 lm.

importance, but physical sputtering (by ion impact) is also signi"cant since di!erent
rates are obtained depending on whether Ar is present. For a warm target, the
right-hand part of Fig. 7 demonstrates that the Ar content is irrelevant, and the
sputtering is dominated by chemical e!ects. The elemental compostion of the oxy-
#uoride "lms was probed by RBS. A maximum #uorine content of &30 at% was
found for "lms made under conditions giving the largest deposition rates.

A special study was made by Le Bellac et al. [164] of W oxide "lms produced by
sputtering in Ar#O

2
onto substrates positioned so that the sputtered #ux formed an

average angle between 753 and 853 to the substrate normal. Cross sections of these
"lms were studied by scanning electron microscopy (SEM). A columnar structure was
found, as illustrated in Fig. 8, with an inclination angle of about 563 to the substrate
normal. The incidence angle for the sputtered #ux and the column orientation are in
fair agreement with the well known `tangent rulea [428,429]. Oblique angle depos-
ition is known to promote porosity [430,431], and, as we will see in Section 5.3 below,
the column inclination also introduces important optical features.

4. Properties of ion-intercalated 5lms

Electrochromism is associated with ion intercalation, as pointed out in connection
with relation (1), and the properties of the ion intercalated "lms* that also contain
excess electrons* are of great importance. In this section we "rst survey recent data
obtained by electrochemical and physical techniques (Section 4.1); optical properties
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are not covered, but are treated separately below. We then turn to a case study of
sputter deposited W-oxide-based "lms (Section 4.2), being a direct continuation of the
exposition in Section 3.2. This latter part is based on work by Azens et al. [161] and
Str+mme Mattsson [432].

4.1. Survey of data

Ion intercalation is normally investigated in an electrochemical three-electrode
set-up with the W oxide "lm as `working electrodea. A voltage is applied with
regard to a reference electrode, and reliable potential readings are taken against
a standardized reference electrode. The intercalation phenomenon is not a simple
one but embraces e!ects of ion di!usion, electron di!usion, charge transfer at
the "lm's two surfaces, as well as transitions of ions between di!erent sites in the WO

3
lattice. Discussions on these matters can be found in [208,287,291]. Rate enhanc-
ing e!ects due to pulsed polarisation with microsecond pulses were discussed in
[433].

The voltage measured between a "lm with a nominal composition H
x
WO

3
and

a reference electrode is a function of the ionic content and goes down when x is
increased. The drop is monotonic if the W oxide "lm is highly disordered but step-like
if the "lm is crystalline [1,166]. A theoretical model for the voltage dependence in
disordered materials was forwarded recently by Kudo and Hibino [434]. It makes it
possible to understand the phenomenon quantitatively; we return to this important
subject shortly in connection with the case study in Section 4.2.

The kinetics of the ion intercalation/deintercalation is complicated, as noted above.
Several encompassing studies on this issue have been reported during the past few
years [240,250,251,372}374,380], and theoretical models have been o!ered. We do not
attempt to go into the various intricacies of these theories but simply observe that an
overall description of the kinetics can be provided by a (chemical) di!usion constant
D

M`
, which depends on the ionic species, the intercalation level, the temperature, etc.

Di!usion constants can be measured by numerous techniques. It is convenient to start
by looking at some data by Wang et al. [241], who investigated "lms made by reactive
DC magnetron sputtering. Fig. 9 shows D

H`
vs relative "lm density for two magni-

tudes of x in H
x
WO

3
. The e!ect of increasing porosity is a dramatic one, and by going

from a relative density of &0.9 to &0.75 the magnitude of D
H`

is changed from the
range 10~11}10~10 cm2/s up to the range 10~9}10~8 cm2/s, i.e., by two orders of
magnitude. This is a very signi"cant di!erence with regard to possible device perfor-
mance. The di!usion coe$cient drops by about a factor two when x is increased from
0.1 to 0.3. Similar D

H`
s have been noted also for "lms made by evaporation [240],

sputtering [307], and sol}gel deposition [380], whereas di!usion constants as large as
2]10~7 cm2/s have been reported for electrodeposited "lms [337]. By adding Co, Cr,
Ni, Ru, or Zn to the electrodeposited "lms, the di!usion constant became somewhat
lower. In contrast with the data in Fig. 9, it was found that D

H`
went up from

10~10 cm2/s to 10~9 cm2/s when x was increased from &0.1 to &0.3 in some sputter
deposited "lms [309]. It has also been stated that D

H`
can stay essentially indepen-

dent of the intercalation level [213]. Water can play an accelerating role for proton
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Fig. 9. Chemical di!usion constant vs relative "lm density for sputter deposited W oxide "lms. The ion
intecalation level is represented as x in H

x
WO

3
. Symbols with error bars denote experimental data, and

curves were drawn for convenience.

insertion [435]. Bulk-type WO
3

showed di!usion constants in the range from 10~14

to 10~12 cm2/s [436].
In general, Li` di!usion is slower than proton di!usion, but some "lms made by

hydrothemal synthesis in order to stabilize an open pyrochlore structure yielded
D

L*`
as high as &10~7 cm2/s for x"0.01 [392]; the di!usion constant dropped

rapidly upon lithiation and was &10~10 for x"0.5. A hexagonal type "lm had
D

L*`
+10~9 cm2/s [106,142]. A decrease of D

L*`
from &10~9 cm2/s at low interca-

lation level to &10~11 cm2/s for x"0.3 was noted for "lms evaporated in the
presence of water vapor [166]; "lms made in the absence of H

2
O had

D
L*`

+2]10~11 cm2/s at low x. Electrodeposited "lms with a relative density of
&0.7 showed D

L*`
+1.2]10~9 cm2/s [335,336]. Several other studies have stated

D
L*`

s in the range between 5]10~13/s and 10~11 cm2/s [94,213,240,308,
378}380,383,437]. The lowest value was quoted for a sputter deposited "lm that was
known to be very dense [94]. Work by Pyun and Bae [308] reported an increase of
D

L*`
from 10~12 to 10~11 cm2/s when x went from 0.1 to 0.3, but another study [213]

was unable to record any signi"cant e!ect of x on D
L*`

.
Whereas the role of a lowered density to promote rapid di!usion appears unam-

biguous, it may seen confusing that some studies state decreased di!usion coe$cients
upon ion intercalation whereas other ones report increased di!usion coe$cients.
A drop of D

L*`
under ion insertion has been found many times (cf. earlier work

reviewed in the Handbook [1]), and the e!ect has been explained as due to a blocking
of `channelsa for easy di!usion in an inhomogeneous material [438]; these channels
have been associated with grain boundaries [213,439]. However, it is also possible to
envisage that ion di!usion is promoted by intercalation acting so as to open up
a compact oxide structure. The latter mechanism was forwarded recently by Yebka
et al. [365] to explain enhancements of D

L*`
upon lithiation of crystalline powders of

W oxide with hexagonal, orthorhombic, and monoclinic structures. An entirely clear
picture for the ion-content-dependent magnitude of D

M`
has not emerged yet, but it
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seems that if the "lm is porous enough in as-prepared state the net e!ect of ion
intercalation will be one to hinder further di!usion, whereas if the "lm is initially
compact the ion intercalation can serve so as to render the structure more prone to
easy di!usion.

Ion di!usion in a static "eld obviously leads to mass transfer that can be detected by
di!erent techniques. Clear information on lithium transport in W oxide was found by
Goldner et al. [289] who employed nuclear reaction analysis using the 7Li(p,c)8Be
reaction. Similar results were found by Bechinger et al. [183]. Direct evidence for Li`
intercalation was documented recently also by scanning force microscopy [440].
Microbalance measurements using a vibrating quartz resonator with a W oxide "lm
immersed in a liquid electrolyte can provide valuable * but sometimes rather
ambiguous * information on ion transport [186,205,207,287,292]. The emerging
picture is one of reversible Li` intercalation occurring jointly with the expulsion of
anions from the electrolyte. The charge transfer is slower for Na` and still slower
for K` [207]. The heavier, and larger, alkali ions may induce obscuring stress
e!ects [441].

Ion insertion polarizes the lattice. The ensuing deformations can be probed by
various methods. X-ray absorption "ne-structure spectroscopy is a powerful tech-
nique that has been used extensively [187,228,442}450]. The e!ects of H` intercala-
tion in evaporated W oxide "lms provide convincing evidence in favor of polaron
formation, as we return to in Section 5.2 below. Reversible changes in the crystal
structure have been seen also by straightforward X-ray di!raction applied to heat-
treated W oxide "lms [172,266]. Infrared absorption spectroscopy is capable of giving
information on lattice properties. The status of the data, as reported in the Handbook
[1], can best be termed confusing, but a careful study by Paul and Lassègues [303] has
clari"ed the situation and given a consistent model with local lattice distortions
around W5` sites, as expected for polarons. The infrared spectrum depends markedly
on the speci"c crystalline structure [451]. Structural changes have been detected also
by Raman spectroscopy [452] applied to proton-containing and deuterium-contain-
ing W oxide "lms [168,169,233,234]. Further data supporting polaron formation can
be found from electrical measurements [181,237].

Surface structures of W oxide "lms have been determined by scanning force
microscopy applied to samples with and without Li` intercalation. The results
reported thus far are con#icting, with claims both that lithiation causes changes [229]
and that it does not [207].

Ion intercalation occurs jointly with electron insertion. In disordered W oxide, the
electrons are strongly localized to tungsten sites, and a transition from W6` to
W5` is, at least in principle, possible to detect by several di!erent techniques. The
Handbook [1] quoted, among other things, XPS data that could be explained in
a consistent manner by regarding "lms of H

x
WO

3
to be of mixed valency. Recent

studies by Jeong et al. [209] of evaporated W oxide "lms showed broadened XPS
spectra that looked similar to the earlier ones, and an analogous explanation would
seem possible. However, the new data were given an alternative interpretation in
terms of "nal states e!ects. It appears that this alternative explanation relies on
a non-rigid-band behavior of the electronic density of states and on the presumed
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existence of mid-gap states in H
x
WO

3
. None of these presumptions were substan-

tiated in our detailed computations reported in Section 2, and we believe that
hydrogen insertion being accompanied by a W6`PW5` transition remains a valid
model. We also note that Jeong et al. [209] o!ered sample inhomogeneities as an
alternative cause of their observed line broadenings. XPS has been used also to detect
sub-stoichiometry in W oxide "lms made by several di!erent techniques [244,353]
and to document W5` formation upon reaction with H

2
S [286]. Similar results have

been reported for powder samples [453].

4.2. Case study on sputter deposited W-oxide-based xlms

We now consider the intercalation of Li`, Na`, and K` from electrolytes of
LiClO

4
, NaClO

4
, and KClO

4
in propylene carbonate into &0.3-lm-thick W oxide

"lms prepared by sputter deposition under the same conditions as in Section 3.2. The
voltage between the "lm (i.e., the working electrode) and a reference electrode was
measured under ion intercalation progressing slowly enough that quasi-static condi-
tions prevailed. The "lms were deposited onto substrates that were unheated or
heated to 3503C. The corresponding "lms were X-ray amorphous and monoclinic
crystalline, respectively, with relative "lm densities being 0.78 and 0.90. Only a sum-
mary of the experimental data and their interpretation is given here; full detail can be
found in a paper by Str+mme Mattsson [432].

Fig. 10 shows data for the two types of "lms. The voltages are seen to decrease when
the ionic content goes up; the relationship is monotonic and characterized by a large
initial drop for the heavily disordered "lm, whereas the relationship is progressing in
a step-like manner for the crystalline "lm. X-ray di!raction studies for x being 0.08,
0.31, and 0.53 indicated predominantly monoclinic, tetragonal, and cubic structures,
respectively, for each of the ionic species. An analogous structural evolution for
lithiated samples was found in earlier work by Zhong et al. [454].

The results of the heavily disordered "lm can be understood in terms of a novel
model by Kudo and Hibino [434]. They showed that standard theories [455,456] for
well-ordered materials had to assume unrealistically strong repulsive energies between
the intercalated ions and chose to consider instead a relatively large distribution of
site energies while repulsive interaction was neglected. Assuming the site energies in
the heavily disordered material to have a Gaussian distribution with a standard
deviation p, the working electrode potential ;

WE
follows a relation

;
WE

"!CE0
#J2p erf~1(2x!1)#k

B
¹ lnA

m(1!x)

x(1!2x#m)BD. (2)

The parameter E
0

denotes the mean energy in the distribution, erf~1 is the inverse
error function, k

B
is Boltzmann's constant, and ¹ is the temperature. The parameter

m is the ratio of the number of ion pairs occupying neighboring sites to the number of
available sites, as elaborated and explained in more detail by Kudo and Hibino [434].
Presently m is used only as a "tting parameter.
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Fig. 10. Working electrode (WE) potential for sputter deposited W oxide "lms vs ionic content x represent-
ing the M/W atom ratio with M denoting Li, Na, and K. Parts (a) and (b) refer to heavily disordered and
crystalline "lms, respectively.

Fig. 11 shows a "t between the experimental values in Fig. 10 and the Kudo-Hibino
model with the shown magnitudes of E

0
and p. The agreement is very good, which

speaks in favor of the distribution of site energies being Gaussian. The actual values of
p and E

0
for the present sputter deposited "lms are very similar to the corresponding

parameters for some evaporated W oxide "lms [434]. The distribution width appears
to be larger for Na` and K` intercalation than for Li` intercalation. The magnitude
of E

0
is more negative for Li` than for the other ionic species, which shows that

intercalation is energetically most bene"cial for the small Li` ions.
For the crystalline W oxide "lm reported on in Fig. 10(b), it is possible to treat
;

WE
in terms of standard notions [456] based on statistical mechanics. Assuming that

ions are intercalated randomly into equivalent sites and that each intercalated ion is
exposed to a mean interaction or "eld from its intercalated neighbors [455,456], the
working electrode potential can be expressed within a `lattice gas modela as

;
WE

"e#k
B
¹ lnA

1!y

y B!;y#;
%-
. (3)

Here e is the site energy required to put an isolated ion and its electron into the host.
The ions occupy a fraction y of all available and energetically equivalent sites in the
host. ; is the total interaction that an intercalated ion would experience if all the
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Fig. 11. Working electrode (WE) potential for sputter deposited W oxide "lms vs ionic content x represent-
ing the M/W atom ratio with M denoting Li, Na, and K. Circles signify experimental data from Fig. 10(a),
and curves were obtained by "tting to the Kubo}Hibino model in Eq. (2) using the shown parameter values.
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other sites were full. Hence ; includes both the repulsive Coulombic interactions
between intercalated ions and strain "elds caused by expansion or contraction of the
lattice; it provides information about whether the net force on an intercalated ion
tends to attract it towards (negative;) or repel it from (positive;) other intercalated
ions, and whether this force is strong or weak.;

%-
denotes the electronic contribution

to the potential. This latter contribution may be complex, but at least for metallic
compounds one can argue [456] that the ;

%-
term may be neglected. This contribu-

tion to ;
WE

was omitted to simplify the analysis below.
A detailed analysis is fairly lengthy and is not justi"ed here since the compact

crystalline W oxide "lms are not prime candidates for electrochromic devices; details
can be found in the report by Str+mme Mattsson [432]. Fig. 12 gives the end result of
the "t between experimental data and predictions based on the lattice gas theory, i.e.
equation (3). The comparison is made for the x dependence of !dx/d;

WE
in order to

give a clear picture of the quality of the "t. In general terms, the agreement is
satisfactory, especially for Na` intercalation. The ensuing di!erences for Li` and
K` emerge from a phase separation in the "lm. The interaction between the ions was
found to be attractive at low intercalation levels and repulsive for high intercalation.

Cyclic voltammetry was applied to sputter deposited W-oxide-based "lms in work
by Azens et al. [161] with the aim of providing complementary information. Fig. 13
shows data for Li` intercalation/deintercalation in 0.6 to 0.7-lm-thick "lms. Part (a)
refers to an oxy#uoride "lm and shows that the initial charge capacity is large.
However, the voltammograms evolve during the cycling, and the charge capacity has
decreased very much after 103 cycles. The change is more rapid than for typical
W oxide "lms. The oxy#uoride still can be used after &104 cycles, but signi"cant ion
intercalation/deintercalation can be maintained only by increasing the limits of the
potential sweep. Fig. 13(b) reports data for an electron bombarded W oxide "lm
produced with ;

"*!4
"22 V. The voltammogram is very di!erent from that of the

oxy#uoride, and the charge capacity does not show any signs of decline even after 104
cycles. The main cycle-dependent evolution takes place in the part of the voltammo-
gram that corresponds to Li` deintercalation. A charge imbalance for the intercala-
tion/deintercalation reaction was found during the intitial cycling, whereas the in-
serted and extracted charge remained stable at &15 mC/cm2 after 104 cycles between
2.5 and 4.5 V vs Li.

Particularly interesting results were obtained with a tandem "lm having a 0.6-lm-
thick W oxy#uoride layer covered with a 0.05-lm-thick protective "lm of electron
bombarded W oxide made with;

"*!4
"22 V. The voltammogram in Fig. 13(c) shows

that the tandem combines the assets of the constituent layers, viz., the large charge
capacity of the oxy#uoride and the good durability of the electron bombarded oxide.
The overall shape of the voltammogram is similar to that of heavily disordered
W oxide [1]. It is noteworthy that the top layer does not prevent the Li` ions from
penetrating easily into the underlying "lm. Another experiment was carried out on
a 0.7-lm-thick "lm of electron bombarded W oxide in 0.1 M H

2
SO

4
under potentios-

tatic switching between #1 and !1 V vs Ag/AgCl at 0.2 Hz. The "lm remained
functional as an intercalation/deintercalation host even after 105 cycles, which points
at a remarkable durability.
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Fig. 12. Derivative of the composition x* representing the M/W atom ratio with M denoting Li, Na, and
K* with regard to the working electrode (WE) potential vs x for sputter deposited W oxide "lms. Symbols
signify experimental data based on Fig. 10(b), and curves were drawn as "ts to the lattice gas model
in Eq. (3).
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Fig. 13. Cyclic voltammograms for a W oxy#uoride "lm (part a), a W oxide "lm prepared under electron
bombardment with U

"*!4
"22 V (part b), and a tandem with a W oxy#uoride "lm covered with a thin layer

of electron bombarded W oxide (part c). Data are given for di!erent numbers of voltammetric cycles. The
voltage scan rate was 50 mV/s. Arrows indicate scan direction.

5. Optical properties

The optical properties of W oxide "lms with varying degree of ion intercalation
are considered next. Section 5.1 regards experimental data and theoretical modelling
for crystalline W-oxide-based materials. This is followed in Section 5.2 by a dis-
cussion of the optical properties of heavily disordered W-oxide-based "lms.
Section 5.3 provides a case study devoted to the optical properties of sputter deposited
"lms; it is based on work carried out by Azens and others [160,161,163,164,
457}459].
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Fig. 14. Spectral re#ectance for lithium and sodium containing W oxide. Part (a) refers to experimental
data and parts (b) and (c) to computations for Li

x
WO

3
and Na

x
WO

3
, respectively.

5.1. Reyectance modulation in W-oxide-based crystals: experimental data and theoretical
model

Crystalline ion-containing W oxide can exhibit a high re#ectance, especially in the
infrared. Fig. 14(a) illustrates data for Li

x
WO

3
and Na

x
WO

3
as reproduced from

Cogan et al. [460,461] and Goldner et al. [462,463]. Consistent data have been
reported also in other work [172,190,265,266,300]. These properties can be explained
* at least semi-quantitatively* from computations based on the electronic structure
reported in Section 2 above, as considered next.

The response of a material to electromagnetic radiation depends on many di!erent
e!ects, and it is not the aim to try account for them all here. Rather we concentrate on
the interband transitions, and represent intraband contributions in terms of a Drude
model [464]. The interband contribution to the imaginary part of the dielectric
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function, e
2
, is calculated by summing transitions from occupied to unoccupied states

(with "x k vector) over the Brillouin zone, weighted with the matrix element giving the
propability for the transition, according to St

&
DpDt

*
T where i and f denote initial and

"nal states, respectively, and p is the momentum operator. The real part of the
dielectric function, e

1
, is then found by using Kramers-Kronig relations. The reader is

referred to Wooten [464] for a general discussion on these techniques.
Considering "rst bulk WO

3
, the optical properties in the visible region are domin-

ated by the absorption threshold, detemined by the band gap E
'
. For frequencies

lower than E
'
/+, where + is Planck's constant divided by 2p, the material is essentially

transparent, since there are no free electrons present to give a metal-like repsonse,
and since interband transitions cannot be exited. However, when the photon energy is
increased and reaches the band gap width, absorption from interband transitions
will start to take place. For photon energies slightly larger than E

'
(su$ciently

large to avoid the Urbach e!ect [465]) the absorption coe$cient a can be
described by

+uaJ(+u!E
'
)g, (4)

where +u is the photon energy and the exponent g depends on the type of optical
transition in the gap region. Speci"cally, g is 1

2
, 3
2
, 2, and 3 for transitions being direct

and allowed, direct and forbidden, indirect and allowed, and indirect and forbidden,
respectively. Since the top of the valence band is completely dominated by the O 2p
states, while the bottom of the conduction band is constituted by W 5d orbitals to
some ninety percent, the transitions are allowed. Furthermore, the band gap is
indirect, so the exponent is expected to be 2. This is in accordance with experiments
[1]. For higher energies, nearer to the ultraviolet region, the optical properties are
governed by the interband transitions. The re#ectance for WO

3
, calculated from

interband transitions, has a peak around a wavelength corresponding to the onset of
transitions across the direct band gap (indirect transitions were neglected in the study
reported on here). This e!ect results in a greenish color of bulk WO

3
. As mentioned

above, the calculated band gap is smaller than the experimentally determined value,
and thus the calculated `colora of WO

3
is shifted to longer wavelengths.

For Li containing and Na containing WO
3
, the optical properties can be radically

di!erent from those of the unintercalated oxide as already noted. It would be
extremely time consuming to perform selfconsistent calculations for varying Li or Na
content, but since a "lling of a rigid conduction band seems to be appropriate it is
possible to approximate the situation of varying ion content simply by adjusting the
Fermi energy to the desired degree of band "lling, using the band structure calculated
selfconsistently for x"1. Using a value of zero for x thus corresponds to pure WO

3
,

but derived from a calculation for a metallic state. The two curves for this case
* computed from Li and Na containing oxide, respectively * are included in Fig.
14(b) and (c). The two sets of data are similar, though not identical, and this similarity
serves as a measure of the correctness of the rigid band model. Compared to the
re#ectance calculated from a self-consistent solution for WO

3
, the present values

show better agreement with experiments since the calculated band gap is larger for the
metallic state.
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When free electrons are present in Li
x
WO

3
, and Na

x
WO

3
, their contribution to

the dielectric function can be approximated by the Drude model. This model includes
three parameters: the density of conduction electrons, the average relaxation time, and
the optical e!ective mass, mH. Only the electron density is easy to estimate in the
present case. However, the e!ective mass can be represented as the enhancement of
the calculated DOS at the Fermi level compared to the DOS from the free-electron
model. In the range 0(x(1 one thus uses the ratio of the calculated DOS to the
DOS calculated with the free-electron model for the corresponding band "lling. This
ratio is well approximated by mH"1.5m, with m being the free-electron mass, over the
concentration range of interest for both Li

x
WO

3
, and Na

x
WO

3
.

In the free-electron model, the DC conductivity depends on the ratio of the e!ective
mass to the relaxation time. Starting from the value found for mH, it is possible to
deduce the relaxation time by comparison with conductivity measurements, and by
using published data [158,466] one "nds the value 9.7]10~15 s for the Li containing
material, while the value 4.8]10~14 s was obtained [467] for the corresponding Na
containing compound. Provided that these quantities are used for all concentrations,
the plasma frequency and hence the contribution to the dielectric function depends
only on the electron concentration.

The re#ectance spectra in Fig. 14(b) and (c) were obtained by adjusting the Fermi
level to give the electron density corresponding to the x values 0.25, 0.5, 0.75, and 1.
These spectra can be directly compared with the experimental ones in Fig. 14(a). The
agreement between the two sets of data is satisfactory, especially when one contem-
plates the uncertainties that enter the theoretical model, and hence the optical
properties of crystalline W-oxide-based "lms can be understood to a large extent from
"rst principles. It is worthwhile to note, however, that the computed re#ectivities are
larger than the measured ones. Another way to extract e

1
and e

2
as a function of

wavelength is by electron energy loss measurements [468]; such data can* at least in
principle * be compared with the computations presented above.

The optical properties of ion intercalated WO
3

have also been studied [469] from
the perspective of a dynamic resistivity [470] with ionized impurity scattering ac-
counted for by the Gerlach theory [471]. For low electron concentration, one "nds
that the present theory and the Gerlach theory agree much better with each other than
any one of them do with experimental data.

The quantitative disagreement between the present calculations and experiments,
clearly illustrated in Fig. 14, can be ascribed to several causes. Firstly, it is possible
that the rigid band "lling of the band structure for x"1 is not su$ciently accurate.
However, a comparison of the curve for x"0 with the self-consistent calculation for
WO

3
shows only some small di!erences, and the main features are the same.

Secondly, polaron absorption might make a non-negligible contribution to the optical
properties. Indeed, highly disordered W oxide with intercalated ions exhibit strong
polaron absorption in a band centered around a wavelength of 1 lm, and polaron
absorption is responsible for the absorptive electrochromism in heavily disordered
W oxide "lms, as discussed at length below. With such a contribution superimposed
on the curves presented in Fig. 14(b) and (c), one could get better agreement with
experiments. Furthermore, it is conceivable that the real material comprises local
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environments with x"1 and 0. By making linear combinations of the two re#ectance
curves to match the desired concentration, one can indeed obtain a very good
agreement with the experimental data. Further work is needed to shed light on these
issues.

5.2. Absorptance modulation in disordered W-oxide-based xlms

Ion intercalation/deintercalation in disordered W oxide "lms leads to a modulation
of the optical properties. This e!ect can be ascribed to polaron absorption and arises
as a result of excess electrons localized on metal ion sites. The absorption is pro-
nounced provided that the overlap of the pertinent wave functions is weak and if
disorder is strong [472}474]. The stability of the polaronic state has been ascertained
through recent work by Iguchi and Miyagi [475]. Bipolarons (i.e., paired polarons)
can also be formed, particularly in the low-temperature phase (e-phase) of W oxide
[476]. We note in passing that the occurrence of single polarons and bipolarons under
di!erent conditions may be the underlying cause to the long-standing problem as to
why some electron spin resonance measurements [477}480] yielded clear evidence for
W5` whereas other measurements [481] gave no detectable signals* a fact that then
may be associated with W5`}W5` pairs.

It is generally accepted that polaron absorption* due to the transfer of electrons
and accompanying lattice polarization between adjacent tungsten ion sites * can
take place and indeed is the cause of the electrochromism following reversible electron
insertion/extraction according to relation (1) [1]. Nevertheless, it has been di$cult to
carry out detailed investigations to unambiguously prove the occurrence of the
polaronic e!ects. This di$culty has been caused by the use of too simpli"ed theoret-
ical models for polaron absorption and to their application to poorly characterized
samples. However, one should notice recent e!orts by Kubo and Nishikitani [262] to
study polaron absorption in W oxide "lms sputter deposited onto heated substrates
and inferring the crystallite sizes from Raman spectroscopy (speci"cally using the
W"O modes assumed to be associated with crystallite surfaces [482]).

Spectral transmittance through W oxide "lms, that is of direct relevance for device
performance, has been reported a number of times; characteristic data are available
for "lms made by evaporation [166], sputtering [259,300], chemical vapor deposition
[349,352], and sol}gel deposition [361]. It is convenient to express the "lm properties
in terms of optical constants, n and k, or, equivalently, e

1
and e

2
. The two sets of data

are related by

e
1
#ie

2
"(n#ik)2. (5)

A particularly clear and illustrative set of optical constats as a funtion of charge
insertion was given by von Rottkay et al. [239] who used variable-angle spectroscopic
ellipsometry to obtain the data reproduced as `three-dimensionala plots in Fig. 15. It
is evident that charge injection leads to the growth of k * i.e., of the absorption
* especially in the near infrared. With regard to n, the magnitude is &2 across most
of the spectral range for the unintercalated state. Charge insertion leads to a drop of
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Fig. 15. Spectral optical constants, n and k, as a function of inserted charge density for evaporated W oxide
"lms. From von Rottkay et al. [239].

n at wavelengths centered around 0.6}0.7 lm and an increase of n at longer
wavelengths. Analogous, though less comprehensive, data can be found elsewhere for
"lms made by evaporation [178,210,226,229], sputtering [261,263}266,269,294,300,
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Fig. 16. Optical density pertinent to solar irradiation vs inserted charge density for W oxide "lms made by
reactive DC magnetron sputtering. Symbols denote experimental data by Burdis et al. [259] and curves
represent "ts to the site saturation model due to Denesuk and Uhlmann [485].

301], and sol}gel technology [301,384,385]. A dispersion analysis of the optical
properties was given in [344].

It is common to represent the absorption by an optical density OD which is related
to k, wavelength j, and "lm thickness d by

OD"(4p/j)kd. (6)

Recent work by Burdis et al. [259], who studied sputter deposited "lms, showed that
the OD exhibits a characteristic dependence on "lm thickness and levels o! at
a certain charge insertion that becomes progressively lower in the thinner "lms. Data
pertaining to an averaging over the solar spectrum are shown as symbols in Fig. 16.
Analogous results on OD as a function of ionic content at j"788 nm have been
reported by Zhang et al. [166] for evaporated "lms, and a similar tendency can, in
fact, be inferred for several sets of data given in the literature already several years ago
[483,484]. The saturation of the optical density can be understood from a concep-
tually simple model by Denesuk and Uhlmann [485]. Their model pertains to highly
localized electrons causing absorption by jumping to a neighboring site, i.e., a polaron
picture applies. The electron transfer must take place from an occupied site (W5`) to
an empty site (W6`), and hence saturation becomes important at such high charge
insertion that the fraction of W5` states is signi"cant. Around x"0.5 it is prediced
that OD would be independent of charge insertion. This simple model is readily
transformed to treat the relation between OD and d, and a "tting yielded the set of
curves in Fig. 16 that are in good agreement with the experimental data. Saturation
in the OD can be inferred also from studies of dry lithiation of evaporated W oxide
"lms [176].
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Fig. 17. Coloration e$ciency pertinent to solar irradiation vs oxygen content in the sputter plasma for
W oxide "lms made by reactive DC magnetron sputtering. Symbols denote experimental data, and the
curve was drawn for convenience. From Burdis et al. [259].

A quantitative measure of the change of optical density *(OD) as a function of
fractional charge insertion *Q is given by the coloration e$ciency CE de"ned as

CE"*(OD)/*Q. (7)

Values of CE are often quoted in the literature but are not always straightforward to
interpret since they depend on the amount of charge insertion, as implied in the site
saturation model discussed above. Furthermore, CE is a function of wavelength. Most
of the CEs quoted recently for "lms made by evaporation [166], sputtering
[259}261,265], electrodeposition [337], and sol}gel technology [260,360] are in
overall agreement. An exception has been stated for the case of chemical vapor
deposition, and Maruyama et al. [349,352] reported CEs as large as &230 cm2/C;
these magnitudes are about a factor "ve larger than those reported in other work
* using CVD [354] as well as other techniques * and should be reproduced in
independent experiments before being generally accepted.

The coloration e$ciency can be dependent on "lm preparation conditions, and
Fig. 17 illustrates data from Burdis et al. [259] on the CE (based on an OD averaged
over the solar spectrum) as a function of the Ar/O

2
gas mixture for reactive DC

magnetron sputtering. When this ratio is Z10% , the coloration e$ciency is about
30 cm2/C. However, there is a narrow range with approximately 5% oxygen admix-
ture within which the CE exhibits larger values. These enhanced CEs occur concomi-
tantly with a lowering of the luminous transmittance [259].

The peak in the CE values shown in Fig. 17 may have a bearing on the model for
explaining electrochromism in heavily disordered W oxide. As pointed out before, the
prevailing model is that absorption takes place by polaron hopping and involves
transitions between W5` and W6` states. A large amount of experimental data can be
rationalized on this premise. However, there are also some results pointing towards
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Fig. 18. Spectral transmittance for an electron bombarded W oxide "lm prepared at U
"*!4

"35 V. The
curves refer to the sample in colored and bleached states.

the importance of transitions between W4` and W5`; the latter view has been argued
for in some recent articles by Bechinger et al. [273,486,487], and it has been found that
enhanced CEs can be associated with oxygen de"ciency. A "nal explanation of the
data in Fig. 17 cannot yet be given, but it is tempting to ascribe the constant CE in
well oxidized "lms to the `conventionala polaron hopping between W5` and
W6` states, whereas the enhancement connected with oxygen de"ciency can be due to
additional polaron hopping between W4` and W5`. The possibility to boost the
electrochromism by operating with substoichiometric "lms may be impeded by
manufacturing di$culties as well as by di$culties to achieve a fully non-absorbing
state.

5.3. Case study on sputter deposited W-oxide-based xlms

This section follows up the "lm preparation discussed in Section 3.2 and the
electrochemical analysis in Section 4.2 by presenting optical properties of sputter
deposited W-oxide-based "lms. The exposition below is kept brief; full detail can be
found in articles by Azens and others [160,161,163,457}459].

Spectral optical transmittance was measured in the 300(j(2500 nm wavelength
range by spectrophotometry. Fig. 18 shows data for a &0.6-lm-thick "lm of electron
bombarded W oxide prepared with ;

"*!4
"35 V; the colored and bleached states

were obtained by applying 2.3 and 4.3 V vs Li, respectively, for 100 s. The range of
optical modulation is large, and the luminous transmittance was 74% for the bleached
state and 3% for the colored state. The coloration e$ciency was 30}40 cm2/C at
j"550 nm for electron bombarded W oxide "lms and &60 cm2/C for oxy#uoride
"lms.

The color/bleach dynamics is critically dependent on the technique for making the
"lm, as can be understood from voltammetry data. Fig. 19 reports transmittance at
j"550 nm when the "lms earlier reported on in Fig. 13 were subjected to 2.3 V vs Li
for 50 s followed by 4.3 V vs Li for another 50 s. The W oxy#uoride "lm was in virgin
state, while the other "lms had undergone 5000 voltammetric cycles.
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Fig. 19. Transmittance at a wavelength of 550 nm during coloration and bleaching of the shown types of
"lms.

The dynamics of the individual electron bombarded oxide and oxy#uoride "lms are
remarkably di!erent, with the latter being capable of going from 75% to 10% in 5 s
and returning from a low to a high transmittance in a comparable time span. The
tandem "lm has a similar dynamics, though it does not attain as low a transmittance
as the oxy#uoride. Fig. 19 is a striking illustration of the good properties obtainable in
tandem "lms. It is possible that the top layer prevents dissolved oxy#uoride species
from leaving the "lm, in analogy with the e!ect that polymeric Na"on layers can have
on W oxide "lms [488]. The slow response of the electron bombarded W oxide "lms
can be partly alleviated if they are used in an electrolyte of 0.1 M H

2
SO

4
. It was then

possible to reach a transmittance below a few percent under experimental conditions
analogous to those underlying Fig. 19.

Specular optical properties, such as those given above, are presented in almost all
work on electrochromism However, practical fenestration must avoid perceivable
haze, implying that light scattering is of importance. Such properties were investigated
in detail for "lms deposited onto transparent substrates by Kullman et al. [457] and
RoK nnow et al. [459]; a complementary investigation by LindstroK m et al. [458]
considered analogous "lms backed by metallic re#ecting substrates. The main results
of these studies are reported next. Total and di!use transmittance (¹

5
and ¹

$
,

respectively) were studied as a function of wavelength using a total integrated
scattering instrument. Di!usely transmitted light was focused onto the detector by
a spherical mirror, while the directly transmitted light went through an aperture into
a beam dump. Total transmittance was obtained by putting a plug in the aperture.
A detailed description of this newly developed equipment is given elsewhere [489].
Spectra were recorded at 400(j(1000 nm for the three types of "lms in their
as-deposited (ad) state and after 10, 100, and 1000 voltammetric cycles.

Fig. 20 shows ¹c
5
(j) and ¹c

$
(j) (where the superscript c denotes ad, 10, 100, 1000, and

hence refers to the sample treatment). The electrochromic "lms were in their fully
bleached states. ¹c

5
(j) is close to unity for all samples, irrespective of treatment, with

the exception of a decrease at j(450 nm for the electron bombarded W oxide. The
magnitudes of ¹c

$
(j) are di!erent for the three samples. Fig. 20(a), pertaining to
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Fig. 20. Spectral total and di!use transmittance (¹
5
and ¹

$
, respectively) for "lms in the as-deposited state

and after voltammetric cycling. Parts (a), (b), and (c) refer to W oxide, W oxy#uoride, and electron
bombarded W oxide prepared with ;

"*!4
"120 V, respectively.

`standardaW oxide, shows that ¹c
$

is as low as 3.5 to 9]10~4 at j"400 nm, and this
quantity decreases with increasing wavelength so that even lower values (down
to 1}2]10~4) are found at j"900 nm. The W oxy#uoride "lm, reported on in
Fig. 20(b), has a weaker spectral dependence of ¹c

$
with magnitudes lying between

1]10~3 and 3]10~3. The electron bombarded W oxide sample in Fig. 20(c) shows
a qualitatively di!erent performance, with ¹c

$
approaching 10~1 at j"450 nm. The

scattering falls o! rapidly with increasing wavelength, and is as small as 1}2]10~3 at
j"900 nm. The data for ¹!$

$
, ¹10

$
, ¹100

$
, and ¹1000

$
are not signi"cantly di!erent, and

hence the degradation observed for W oxide and oxy#uoride does not lead to
a change in scattering. The largest e!ect was observed in ¹1000

$
for W oxide, as seen

from Fig. 20(a), but similar di!erences could be observed for measurements at
di!erent parts of the sample so that this e!ect cannot be taken to be signi"cant.

The di!use and total transmittance of rough surfaces can be related to each other
through di!erent theories. Scalar scattering theory gives

¹
$
"¹

5
[2p(1!n) (d//j)]2, (8)

where d is the root-mean-square roughness [490]. The data in Fig. 20 can be
interpreted in terms of a surface roughness that, quantitatively, is as low as a few
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nanometer for W oxide and W oxy#uoride and about an order of magnitude larger for
electron bombarded W oxide. As pointed out in Section 3.2 above, AFM pro"les
revealed that electron bombarded W oxide has larger grains than W oxide and
W oxy#uoride and is rougher on lateral length scales of the order of the wavelength of
light and longer; this is in qualitative agreement with the results based on light
scattering.

A rule-of-thumb states that haze becomes visible when ¹
$

exceeds &10~2. Hence
the electron bombarded "lm is not ideal, whereas both the conventionally prepared
W oxide "lm and the W oxy#uoride "lm have a clear appearance. It is noteworthy
that the roughness does not seem to increase during the degradation. It should also be
remarked that the simplistic scalar theory underlying the formula for ¹

$
above can be

replaced by an elaborate vector perturbation theory applicable to multilayers with
rough interfaces [491] and volume inhomogeneities [492]. In fact, vector perturba-
tion theory was used recently to investigate the elastic light scattering of W oxide "lms
on transparent and re#ecting substrates, and features of scattering spectra for both
colored and bleached samples could be modeled [457}459].

Obliquely sputter deposited W oxide "lms were subjected to spectrophotometric
measurements. The samples were "xed so that the light was incident in the deposition
plane, i.e., the plane normal to the substrate surface that contains the direction of the
deposition #ux and the column axes. Optical transmittance was measured for
300(j(2500 nm for s and p polarized light incident at the angles 03 and $603;
positive angles are taken to be on the same side of the substrate normal as the
deposition direction and the column tilt. Transmittance of unpolarized light was
obtained as the arithmetric mean of the values for s and p polarized compontents.

Fig. 21 reports measured transmittance for the sample whose microstructure was
shown in Fig. 8. Part (a) refers to the as-deposited "lm. The transmittance increases
strongly in the luminous range. This feature is not typical for electrochromic W oxide
"lms (cf. Fig. 15), and the short-wavelength absorption in the obliquely sputtered
sample is ascribed to unoxidized tungsten. Such absorption is instrumental in oxide-
based "lms with pronounced angular selectivity [164,493}501]. The most important
result shown in Fig. 21 is the observation of angular selectivity, i.e., the fact that the
p polarized transmittance is much larger when the incidence angle is #603 than when
it is !603. The relative di!erence is enhanced in the colored "lm. Speci"cally, the
luminous transmittance of unpolarized light is 46% at #603 and 35% at !603 in
the as-deposited state, whereas the corresponding numbers are 15% and 9% in the
colored state. This clearly manifested angular selectivity may be of interest for
applications of electrochromic smart windows to inclined windows, glass blinds, and
louvres. Data can be readily taken also outside the incidence plane [501].

6. Devices

Electrochromic device design is conveniently discussed with regard to a "ve-layer
stack on a substrate or between two substrates. The central layer is a pure
ionic conductor for small ions such as H`, Li`, or Na`. The optically functional
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Fig. 21. Spectral and angular transmittance T of s and p polarized light through electrochromic W-oxide-
based "lms in as-deposited (part a) and Li` intercalated (part b), and hence colored, states.

electrochromic layer is located on one side of the ion conductor, and an ion storage
layer serves as counter electrode on the other side of the ion conductor. The optical
modulation takes place when ions are moved back and forth between the electroch-
romic layer and the counterelectrode. This movement is induced by a static electric
"eld applied between electrically conducting layers, one being on the outer side of the
electrochromic material and the other on the outer side of the counterelectrode. Both
of these electrical conductors must be transparent if optical transmittance modulation
is desired. The voltage needs to be applied only when optical changes are to take
place, i.e., the device has open-circuit memory. The analogy between the electroch-
romic device and the electrical battery should be evident, the essential di!erence
between the two being that the electrochromic device is a thin-"lm stack in which the
charging state manifests itself as an optical e!ect. While the above mentioned "ve-
layer design is used in the great majority of the prototype devices, it does not represent
the only possibility, and interesting results on `three-layer electrochromicsa has been
demonstrated by use of WO

3
}Ta

2
O

5
}Li

2
CO

3
composites [42].

The electrochromic device can be used in di!erent ways. Perhaps the most striking
* and potentially most important * is to modify the optical transmittance of
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architecural smart windows in order to avoid overheating and to achieve good indoor
lighting conditions. Window applications of electrochromism have been surveyed
several times with special attention to energy savings potential [502], control strat-
egies [503], color rendering [504], directional optical performance [315], durability
issues [9,505,506], and visual quality assessment [507]. The possibilities to have
self-powering by integration of photovoltaic cells has been considered; studies have been
performed on design goals [14,508] as well as on the implementation of semi-transpar-
ent solar cells of amorphous hydrogenated SiC [183,509,510] and dye sensitized
nanocrystalline TiO

2
[179]. In addition to smart windows applications, there has

been recent work on devices that modulate specular re#ectance [277], di!use re#ec-
tance [214], and thermal emittance [190,264]. The latter devices are of interest with
regard to anti-dazzling rear view mirrors for cars and trucks, to non-emissive informa-
tion display, and to thermal control of space vehicles, respectively.

It should be mentioned, mainly for the sake of completeness, that W oxide "lms are
of much concern also in several non-electrochromic applications. For example, they
exhibit a photochromic e!ect [11,180,181,196,211,212,511] which operates well with
ultraviolet irradiation. Visible light photochromism is possible with WO

3
-CdS com-

posites [182,223] as well as with W oxide pretreated in a solution of KNO
3

and
propylene carbonate [512]. Photochromism has been found also in peroxopolytun-
gstic "lms [404] and in WO

3
particle suspensions [394]. Thermochromism caused by

pulsed laser heating has been discussed [512]. Coloration can be achieved by expo-
sure to H

2
, and this `gasochromica e!ect is of interest for smart windows

[198,231,405]. Coloration can be obtained by ion implantation [290,298], and colora-
tion by mechanical forces has been demonstrated using ultrasonics (`sonolytic colora-
tiona) [396], piezoelectrics [513], and mechanical milling [412]. WO

3
-based gas

sensors have been studied for H
2
S [272,286,311,314,514], NO

x
[173,282,284,

285,299,304}306,312,398,515}518], CO
2

[278,399], NH
3

[312], and H
2

[346,519].
Multi-material array sensors incorporating W oxide have been mentioned [520]. Still
other applications of W oxide concern pH sensing [389,521], electron-beam lithogra-
phy [188], and focused-ion-beam lithography [202,203,522].

6.1. All-inorganic electrochromic devices

It deserves to be mentioned at the outset that liquid electrolytes are convenient for
fundamental studies of electrochromism but are not of much interest for practical
devices owing to obvious risks of leakage and since gravity-induced forces may be
excessive when large areas are of importance. The possibilities of immobilizing the
electrolyte in a porous membrane should be noted, though, and a foil of such
a material can appear fully transparent provided that there is a matching of the
refractive indices for the liquid electrolyte and the solid membrane [377].

There has been much recent work on all-solid-state electrochromic devices for
transmittance modulation and potential use in smart windows. Much of the initial
discussion will revolve around Table 1, which summarizes the essential properties
such as materials, range of transmittance modulation, and tested number of
color/bleach cycles.

238 C.G. Granqvist / Solar Energy Materials & Solar Cells 60 (2000) 201}262



The "rst example concerns a `Deb devicea [1,18], whose distinctive feature is an
outer electrical conductor being a semitransparent Au "lm that acts so as to cata-
lytically decompose water. Entry 1 in Table 1 refers to results in a paper by Lusis
[523] that summarizes a large body of work performed at the University of Latvia.
The devices are durable if operated in the presence of some humidity, and 105}106
color/bleach cycles have been documented. A somewhat similar design, employing
instead an electrolyte being an antimony hydrogen phosphate thin "lm, was studied
by Kuwabara and Yamada [215]; cf. entry 2. Devices using proton-conducting
Sb

2
O

5
) qH

2
O electrolytes are of considerable interest, and up to 107 color/bleach

cycles have been documented with laminated constructions having the electrolyte in
between "lms of W oxide and Ir oxide, as discussed by Vaivars et al. [238] and Lusis
[523]; cf. entry 3. General design and simulation models have been formulated for
such devices [230,524,525]. An antimony-based electrolyte was employed also in
[214].

An interesting construction, with a TiO
2
-based ion conductor and a counter

electrode of Ti-Ce oxide, was reported on by Mace( do and Aegerter [381], who used
sol}gel technique to make the entire device. As indicated in entry 4, the transmittance
at j"550 nm could be modulated between 18% and 58%. The device functioned
with proton transport, but Li` transport is another option. Degradation by de-
lamination was noted after a few hundred cycles; this degradation was not an inherent
property of the Ti-Ce oxide "lm, though, but symmetric devices using this material
could be run through at least 3]104 cycles. One should note that Ti}Ce oxide is an
optically passive thin "lm material of much interest as a counterelectrode in electroch-
romic materials. It can be prepared by sol}gel technique [526}538] as well as by
sputtering [527,539}546]. A detailed discussion of Ti}Ce oxide is outside the scope of
this review.

Recent work by Azens et al. [547] has reported on devices with a proton conducting
ZrP-based electrolyte in between "lms of W oxide and Ni oxide; cf. entry 5. High
coloration e$ciency is obtained by combining the cathodically coloring W oxide with
anodically coloring Ni oxide. A thin layer of ZrO

2
protects the Ni oxide surface.

Fig. 22(a) shows that the mid-luminous transmittance can be varied over a range as
wide as from 17% to 75%, and Fig. 22(b) reports that the color/bleach dynamics is
fairly rapid.

NiO is a very important, and yet poorly understood, electrochromic material whose
advantageous properties were discovered a number of years ago [548}550]. A con-
siderable amount of work has been published recently [354,513,547,551}574]. Again,
the object is to give a sampling of relevant work rather than a complete coverage. The
physics of NiO has been reviewed by HuK fner [575].

Entry 6 is of particular interest. It concerns a device that has been studied in great
detail for practical applications to large area smart windows by Wang et al. [241] and
Mathew et al. [49]. The system operates with proton transport via a hydrous Ta

2
O

5
layer between a W oxide "lm and a Ni oxide "lm. This three-layer stack is positioned
between ITO layers. The luminous transmittance was modulated between 12% and
78% in in devices up to 0.18 m2 in size. Durability for more than 2]104 cycles was
reported. The color/bleach cycle time was &10 s for small devices but is expected to
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Fig. 22. Spectral transmittance (part a) and time-dependent transmittance at a wavelength of 550 nm
(part b) for an electrochromic device with a proton conducting ZrP-based electrolyte between "lms of W
oxide and Ni oxide.

be longer for larger sizes. Leakage currents were found to be small enough for
practical applicability. A somewhat similar design, with an ion conductor of Ti oxide
or Ta oxide and a counter electrode of Co oxide or Ni oxide, was able to show large
re#ectance di!erences when the top electrode was an Al "lm [277].

We now turn to devices that operate by Li` insertion/extraction. It is convenient to
start by considering entry 7 in Table 1, which illustrates some data by Ashrit et al.
[176] on an arrangement with "lms of W oxide and V pentoxide and an intervening
LiBO

2
layer. The ion conductor can be represented alternatively as Li

2
O}B

2
O

3
,

which may be a more correct description [576]. A modest modulation of the transmit-
tance was obtained. In particular, the bleached state transmittance was only 38% at
j"815 nm, as expected from the substantial absorption in the top layer of Au [577]
and the absorption inherent in V pentoxide [578]. This latter absorption is due to the
non-octahedral microstructure of V

2
O

5
[579]. Rather similar device data were

obtained by Zhang et al. [253] who studied a related design incorporating a V pentox-
ide counter electrode, a Li

2
O}CeO

2
}SiO

2
ion conductor, and an Au top electrode;

data are given in entry 8.
The design in entry 9 was studied by Bechinger et al. [183]. It includes a MgF

2
host

for Li` transport, and was able to vary the transmittance by &50%. The absolute
value of the transmittance was not given, though. The most conspicuous result of this
device is its operating voltage being as low as &1 V. As pointed out above, the Au
layer is capable of a catalytic decomposition of water, and one may wonder whether
proton mobility is operating along with the presumed Li` transport. General models
for the optical and electrochemical properties of V pentoxide-based devices have been
reported [579].

Improved versions of the above designs were investigated by Ashrit et al. [177];
cf. entries 10 and 11. The metallic top electrode was replaced by ITO, which enhanced
the transmittance signi"cantly. The design in entry 11 also has an ion conductor
whose Li` conductivity was boosted by codeposition with LiF, and which is
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protected by a MgF
2

layer serving the additional purpose to antire#ect the underlying
ITO [580,581]. The luminous and solar transmittance can be varied within rather
large ranges, with maximum values of 65% for the luminous transmittance and 58%
for the solar transmittance. The surface-protected device withstood more than 2000
color/bleach cycles. Temperatures up to 603 and relative humidities between 25% and
70% were used. A major concern is the slow dynamics, with switching times of the
order of 10 min even at a small size. Rather similar optical properties were found by
Chen et al. [189] who studied an analogous device, albeit with a V dioxide counter-
electrode and a LiAlF

4
ion conductor; cf. entry 12. A V pentoxide counter electrode

was used also in some other work [220].
The device investigated by Goldner et al. [582}584], included as entry 13 in Table 1,

shows a performance similar to the one in entry 10. Goldner et al. used a counter
electrode of LiCoO

2
, an ion conductor of LiNbO

3
, and a top electrode of In oxide.

Nuclear reaction analysis was employed to assure that the optical modulation
operated by Li` transport [289]. The devices were reported to withstand 1.8 x 104
color/bleach cycles.

Cogan et al. [191,192] reported good optical properties in devices with CrO
9

as
counter electrode, LiBO

2
as ion conductor, and ITO as top electrode; cf. entry 14.

A protective layer of ZrO
2

was also included. The luminous transmittance could be
varied over a range as large as 9}74%; hence the transparency can be almost as good
as in the best proton conducting systems including Ni oxide. Several thousand
color/bleach cycles were tested. The switching time was of the order of 1 min,
depending on applied voltage.

The thin "lm devices incorporating Li normally need lithiation as a separate
process step. This can be accomplished by sublimation from LiNbO

3
[176], direct

evaporation of Li on top of the W oxide [183,189,191,192,245,253], and codeposition
with Li [199]. One study pointed at a Li/W ratio of 0.14 as being suitable [245].

6.2. Polymer-laminated electrochromic devices

We now consider devices incorporating a centrally positioned polymer electrolyte
and discuss a number of devices. Most of them employ two ITO-coated glass
substrates, whereas a few use instead ITO-coated #exible polymer (polyester) foils;
speci"c designs and pertinent data are summarized in Table 2, where entries 15}19
concern devices relying on H` transport.

A particularly simple device design was described by Pennisi and Simone
[327}329]; cf. entry 15. It is based on an electrochromic W oxide "lm (with Mo doping
to provide color neutrality), an electrolyte of hydrogenated poly per#uoro sulfonic
acid (PPSA, normally known as `Na"ona), and an ITO "lm serving the double
purpose of being counter electrode and transparent electrical conductor. The lumi-
nous and solar transmittance could be varied in a reasonable range, but high
transmittance values were not reported. Furthermore, the long-term durability may
be questioned, and the use of ITO "lms as intercalation materials could not be
substantiated in a recent investigation [585]. Nevertheless, it should be observed that
ITO powders can exhibit electrochromism [16,586]. A design similar to the one by
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Pennisi and Simone [327}329]* with H` conducting polyethylene oxide (PEO) and
H` loaded ITO* was investigated by Ingram et al. [208], in particular with regard
to coloration and bleaching dynamics. Device studies using a recently developed
Na"on-type ionomer was reported by Varjian et al. [587], who investigated some-
what ill-de"ned electrochromic devices up to 800 cm2 in size.

Ho et al. [204,588] reported detailed results, included as entry 16, for a more
conventional design with a poly-2-acrylamido-2-methyl-propane sulfonic acid
(PAMPS) electrolyte and a counter electrode of hexacyanoferrate (known as `Prus-
sian Bluea, PB). The transmittance in the mid-luminous range could be varied
between 5% and 69% during more than 2]104 color/bleach cycles. The cycle time
was &15 s for 20-cm2-devices and &60 s for 400-cm2-devices. The response became
more sluggish below 03C. Electrochromic devices based on PAMPS and a counter-
electrode of polyaniline (PANI), or a bilayer of PANI and PB, have been discussed in
detail [317,319}321,589,590]. The optical modulation range was not as large, and the
devices were smaller, in this latter work.

Alternatives to the above mentioned electrolytes have been reported by Heckner
and Rothe [318] and Passerini et al. [591]. The former of these works, included as
entry 17 in Table 2, regards an electrolyte based on polyvinyl alcohol (PVA) and
a PANI counter electrode; a modest transmittance modulation was reported. The
latter work [591] investigated prototype devices with a proton-conducting gel electro-
lyte of Na"on-type and a NiO counterelectrode.

Polymer electrolytes lend themselves to incorporation in #exible electrochromic
devices. Work along this line has been reported by Antinucci et al. [270,271] and,
more recently, by Michalak and Aldebert [403]; cf. entries 18 and 19. The substrate
was ITO-coated polyester, and the electrolyte was cross-linked branched polyethylene
imine (BPEI) made proton conducting by H

3
PO

4
. Antinucci et al. [271] used WO

3
and a counter electrode of #uoroindine (FI), i.e., 5,7,12,14-teraaza-(7H,14H)-pen-
tacene; the luminous transmittance could be modulated between 25% and 60%.
Michalak and Aldebert [403] reported on a device with an electrochromic composite
of WO

3
and polymethyl methacrylate (PMMA) and a counter electrode of PANI. The

counter electrode was in contact with an Au "lm which limited the maximum
transmittance to about 50%.

We now turn to devices incorporating Li` conducting polymers and "rst consider
a design by Zhang et al. [252] employing a V

2
O

5
counter electrode and an electrolyte

of PMMA made Li` conducting by the addition of LiClO
4

or LiBF
4
; cf. entry 20. The

luminous transmittance could be varied between 22% and 73% and the solar
transmittance between 14% and 60%. An analogous design was discussed by Pas-
serini et al. [592], who indicated a smaller range of optical modulation; cf. entry 21.
Results have been given also by Bell et al. [369]. Optical absorption in V

2
O

5
gives an

inherent limitation to the transmittance, as pointed out above.
A number of devices have used PB as counterelectrode, in conjunction with various

Li` conducting polymers. Detailed results were given by Inaba et al. [206] for
a design incorporating a copolymer of hydroxyethyl methacrylate (HEMA) and
neopentyl glyco dimethylacrylate (NPG); cf. entry 22. The luminous transmittance lay
between 20% and 77% in devices as large as 45]45 cm2. They withstood at least 105
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color/bleach cycles. The times for coloring and bleaching were &180 and &90 s,
respectively, and operation was tested for temperatures between 53C and 703C.
Device-related studies on samples incorporating PB can be found also elsewhere
[225,593}607]; these latter works are not con"ned to Li` conducting polymers,
though, but also consider the role of larger ions such as Na` and K`. We may note, in
passing, the highly repetitive character of some publications [595}607].

Devices with NiO as a counter electrode are able to yield a high transmittance, as
indicated earlier. Entry 23, summarizing work by Lechner and Thomas [217], shows
transmittance values up to 78% in a device with an electrolyte based on PMMA and
propylene carbonate (PC). A somewhat related design was developed by Lee et al.
[255,608}610]. As indicated in entry 24, the device contained electrochromic
K

0.3
WO

3.15
, an electrolyte based on PEO and PC, and a mixed W}Ni oxide

counterelectrode. The mid-luminous transmittance was varied between 25% and
80%. A NiO-based counter electrode was used also by Passerini et al. [591].

Ti}Ce oxide is a novel and interesting material capable of serving as a transparent
counterelectrode as pointed out above. It was used by Schlotter et al. [313] in devices
incorporating polyvinyl butyral (PVB) made Li` conducting by addition of LiClO

4
.

As shown in entry 25, the luminous transmittance could be varied between 7% and
81% and the solar transmittance between 4% and 73%. Up to 5]104 color/bleach
cycles were tested. The time for optical modulation was about one minute. The data
were obtained for a construction with an ITO electrode having a resistance/square of
100 ), which is a moderately high value. Diminishing this resistance to 10 ) could
produce faster color/bleach dynamics, but at the same time the maximum solar
transmittance was limited to 66% since the ITO had a substantial re#ection in the
near-infrared spectral range.

Munro et al. [382,383] also studied devices with a Ti}Ce oxide counter electrode; cf.
entry 26. Their electrolyte was based on organically modi"ed silanes, speci"cally
glycidoxypropyl trimethoxysilane (GPTS), tetraethoxysilane (TEOS), LiClO

4
,

Zr(OnPr)
4

and tetraethylene glycol (TEG), where GPTS and TEOS serve as network
formers, TEG acts as a plasticizer, lithium perchlorate is the conducting salt, and
Zr(OnPr)

4
is added as a starter for thermal curing. The transmittance averaged over

the 380(j(800 nm range* i.e., essentially the luminous transmittance* could be
varied between 20% and 80%. The color/bleach time was &100 s for devices being
150 cm2 in size, but electrochromic smart windows as large as 1225 cm2 were included
in the study. Work on devices with a PEO-based electrolyte and a Ti}Ce oxide
counter electrode was reported also by Reisfeld et al. [386].

An original design of electrochromic devices was reported recently by Orel et al.
[611]. The electrolyte comprised glycidyloxypropyl trimethoxysilane (GLYMO) and
TEG, and the counter electrode was a "lm of SnO

2
doped with Mo, Mb, or both of

these; cf. entry 27. The mid-luminous transmittance could be varied between some
25% and 70%. Sn oxide capable of ion intercalation has been investigated recently for
"lms made by sol}gel technology [612}614] and sputtering [615}619].

A very recent, and in some regards superior, alternative to Ti}Ce oxide is provided
by Zr}Ce oxide [545,546,620]. A "lm of this material was used together with a Li`
conducting electrolyte based on a copolymer of PMMA and polyethylene glycol
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Fig. 23. Spectral transmittance (part a) and time-dependent transmittance at a wavelength of 550 nm (part
b) for an electrochromic device with Li` conducting PMMA-PPG-based electrolyte between "lms of
W oxide and ZrO

2
}CeO

2
.

(PEG) [621]; cf. entry 28. As shown in Fig. 23(a), reproduced from a review by
Granqvist et al. [38], the transmittance could be varied between widely separated
extrema, and the mid-luminous value lay between 20% and 80%. The dynamics
depends on the voltages for coloration and bleaching, as illustrated in Fig. 23(b).

Devices with polymeric counter electrodes have been investigated by Lampert et al.
[323,324,330] who used layers of polyorganodisul"de (PODS) together with a PEO-
based electrolyte. As apparent from entry 29, the luminous and solar transmittance
could be modulated, but the devices were unable to attain a very high transmittance.
Another alternative, using a copolymer of polypyrrole (PPY) and dodecylsulfate
(DDS) as counter electrode and a Li` conducting copolymer of PEO and epi-
chlorohydrin (ECH) as electrolyte, is reported in entry 30. This latter work was
performed by De Paoli et al. [279], who extended earlier studies by Rocco et al. [310].

A #exible electrochromic device based on ITO coated polymer foil was studied by
Lechner and Thomas [217]; cf. entry 31. It uses a PMMA-based electrolyte joining
"lms of W oxide and V pentoxide. The transmittance at j"600 nm could be varied
between 6% and 65%. Durability up to 3]104 color/bleach cycles was reported.
Another design, also with a PMMA-based electrolyte and with a counterelectrode of
PANI, was reported by Panero et al. [302]; the transmittance modulation was
modest.

We end the detailed presentation of electrochromic devices by considering an
innovative approach towards self-powering taken recently by Bechinger et al.
[179,622]; cf. entry 32. They combined the electrochromic W oxide "lm with a dye
sensitized solar cell employing, as in the normal GraK tzel design, nanocrystalline TiO

2
with a dye of Ru(II)L

2
L@, where L"2,2@-bipyridine-4,4@-dicarboxylate and L@"4,4@-

dimethyl-2,2@-bipyridine, and a liquid electrolyte of propylene carbonate containing
0.1 M LiI and 0.01 M tertbutylpyridine [623}625].

Some further data on polymer-based devices can be found elsewhere
[190,254,368,379]. Results are available also on electrochromic bilayers of W oxide
and a dibenzyl viologen polymer [293], on polymer electrolytes for windows [626],
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and on counterelectrodes of PANI-PVA composite [326], PANI together with nitrilic
rubber [236], and PPY-DDS [310].

7. Summary and remarks

This review has covered work during 1993}1998 on electrochromic W oxide "lms.
The emphasis has been on results of particular relevance for devices such as smart
windows. For crystalline WO

3
, the theoretical understanding is rather good, and it is

possible to present reliable calculations of optical and other properties. However,
highly disordered W oxide "lms and their electrochromism represent areas where
several unknowns still remain. The review has discussed a number of ways to achieve
porosity so that the coloration/bleaching dynamics can be fast. Coloumetric titration
data can be reconciled with a model involving a distribution of site energies. Optical
properties cannot yet be calculated from basic models, but there has been recent
progress on the understanding of e!ects such as the saturation of the coloration
e$ciency at high charge densities and the enhancement of the coloration e$ciency in
nonstoichiometric "lms.

A lot of work has been devoted to devices: all-solid-state constructions backed by
one glass substrate as well as polymer-based devices involving lamination of two glass
substrates. A transmittance up to 80% in the bleached state has been reported for
several designs. Flexible devices based on polymer foils have been reported.

Electrochromics involves a healthy blend of basic physics and chemistry, thin "lm
science, device technology, and market opportunities. Combining these features with
the fascination surrounding smart windows and glass facades, intelligent buildings,
and novel concepts such as interactive architecture, one can project that electroch-
romics is likely to remain a vital "eld for endeavors of various kinds during several
years to come.
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