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Recent infrared and Raman spectroscopic studies of various tungsten oxide films concluded either
the formation of W=0 terminal bonds or the transformation of such bonds into W-QH groups upon
proton insertion. The infrared transmission and reflection spectra of bleached and colored sputtered
films were reinvestigated in order to resolve the previous contradictory interpretations and for better
insight into the mechanism of electrochromism at the molecular level. The new results confirm the
first interpretation and allow us to show that H* or Li* insertion creates shorter (~1.7 A) and longer
{(~2 A) W-0 bonds around the W* centers. These results are in agreement with the concepts of
small polaron and of intervaience charge transfer mechanism. They illustrate the local lattice distortion
around a W** site. Ageing of the initial films has also been followed and characterized by H/D in situ

isotopic exchange. © 1993 Academic Press, Inc.

Introduction

There is general agreement on the basic
reaction of electrochromism in WO,

WO, + xM™ + xe~ 2 M, WO, (dark blue),
(1}

where M* = H*, Li*, Na™, ete, . . . .

However, the exact mechanism at a mo-
lecular level is still not fully understood,
especially in the case of the thin amorphous
and nonstochiometric films used in applica-
tions for smart windows or displays (f).

Recent spectroscopic studies even lead to
contradictory conclusions. Daniel er al. (2)
investigated sputtered tungsten oxide films
by infrared and Raman spectroscopies. De-
lichére er af. (3) studied anodic WO, films
by Raman spectroscopy. These two groups
observed that insertion of H* or Lit was
accompanied by the appearance or increase
of a band at about 950 cm ™. This band was
assigned to the stretching mode of terminal
W=0 bonds.
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On the other hand, Ohtsuka et al. (4) have
examined the Raman spectra of anodic tung-
sten oxide and Habib et al. (3) the infrared
spectra of WO, films produced from WCl;.
These two latter groups claim that their re-
sults can be interpreted according to the re-
action:

wiH+=0 + xH*
+ x¢ - =2 W't—OH (colored). (2)

Recently, Kitao er al. (6) observed a new
band at 2400 cm ™' by proton coloration in
the infrared reflection spectra of sputtered
tungsten oxide films. They assign this new
band, which increases in intensity with the
amount of inserted charge, to the stretching
mode of OH radicals incorporated into the
WO, matrix.

Thus, one is faced with two kinds of
contradictory conclusions. Before discuss-
ing mechanisms, it is obviously necessary
to clarify the experimental facts. This is
why we have undertaken a new infrared
study of sputtered tungsten oxide films
using well defined experimental conditions.
Normal transmission, which is the more
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direct and unambiguous technique, is
mainly used. However, specular reflexion
was also used for comparison with the
literature results.

Experimental

Tungsten oxide films were produced by
radiofrequency (rf) magneiron sputtering
from a tungsten target in an argon/oxygen
(10%) plasma (7-9). Identical deposition
conditions were used for all the samples,
but the substrates varied depending on the
kind of infrared experiment to be per-
formed. The thickness of the films was
evaluated with a Tencor alpha-step 200
apparatus. Several measurements were
performed on different films and at differ-
ent places on a given film. They indicate
an uncertainty of about =100 A for films
of between 3000 and 4000 A thickness.

For the transmission experiments, tung-
sten oxide films of 3800 A thickness were
deposited onto ITO/silicon substrates. ITO
is an Indium Tin Oxide electrode produced
by rf magnetron sputtering at low tempera-
ture (/). We selected the sputtering condi-
tions 1o obtain a 500 £cm? resistivity,
which is a good compromise between infra-
red transparency and electronic conductiv-
ity for [TO to be used as current collector.
The silicon substrate was a polished un-
doped silicon wafer of 0.5 mm thickness.
Rectangular pieces 2 x 1 cm were cut from
the wafer. ITO was deposited on the whole
surface and tungsten oxide only on half the
surface (1 cm?) in such a way that each tung-
sten oxide layer was studied with its own
background.

For the infrared reflection experiments,
tungsten oxide films of 3500 A thickness
were sputtered onto an ITO/glass substrate
with a highly conducting (5 /cm?) and
hence reflecting ITO coating (8, 9). Let us
note that these latter samples are those used
in prototypes of smart windows described
elsewhere (9), We have also used for com-
parison a 3000 A WO, deposit on alu-
minium.
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The Li* insertion was performed in a
glove box under argon atmosphere (<2 ppm
water and oxygen} using | M CF;80,Li in
propylene carbonate as electrolyte. The
amount of water in the electrolyte, mea-
sured by the Karl-Fischer method, was less
than 10 ppm. This was achieved by heating
CF;80,Li under vacuum at 423 K for 72 hr
and distilling the solvent under 4-A molec-
ular sieves. Lithium metal was used as
the reference and counterelectrode. The
amount of Li* introduced in the layer was
measured with a potentiostat PJT 24-1 cou-
lometer IG6N Tacussel equipment. Con-
versely, the amount of extracted Li* was
controlled during the bleaching operation.
A chronocoulometric technique was used
with cathodic and anodic potentials of re-
spectively 2 and 3.9 V/Li.

Once a layer was colored or bleached, it
was rinsed with dry methanol and mounted
in a homemade vacuum chamber either in
the transmission or in the reflection mode.
This chamber can be introduced inside the
glove box and evacuated by an internal line
connected to a vacuum pump. During the
infrared experiments the sample was always
kept under vacuum.

In the case of H* insertion we used H,SO,
aqueous solitions as the electrolyte. The
coloration or bleaching was performed in
the surrounding atmosphere and the layer
was quickly rinsed with distilled water and
acetone before being mounted in the vac-
uum chamber. A saturated calomel elec-
trode (SCE)} was used as the reference and
a platinum foil as the counterelectrode. The
quantity of inserted/extracted charge was
again controlled by a chronocoulometric
technique.

For the 3500-A WO, films deposited on
highly conducting ITO, the applied potential
was taken in the range —0.4 to +0.5
V/SCE. An example of correspondence be-
tween the applied potential and inserted/
extracted charge is given in Fig. 1. At the
more negative poteatials, electrochemical
side reactions and in particular hydrogen
evolution occur as shown by the increasing
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Fi1G. 1. Quantity of inserted (black circles, heavy
dashed line) and extracted {open squares, light dashed
line) protons in the potential range 0.05 to —04V
for a WO, (3500 A)/TTO/glass sample dipped in a 1 M
H,50, aquecus solutton with a platinum counterelec-
trode and a catomel reference electrode. The amount
of exchanged charge is measured at a given potential
until the current becomes negligibly small; i.e., for
about 10 min in coloration and for up to 30 min in
bleaching operations performed under +0.3 V.

difference between the two curves. Never-
theless, about 40 mC - ¢m "2 are effectively
extracted at —0.4 V. Using a density of
5.4+ 0.1 g ¢m~?, one deduces the bronze
composition Hy ¢, 00, WO;. This x value is
higher than those previously given in the
literature (/). Habib et al. (1I) have recently
shown that sputtered films of 800 A thick-
ness and 6.2 g - cm ™2 density insert a maxi-
mum charge of 8 mC - cm~2 (x = 0.4). We
have no explanation for the high x values
we reach in the proton insertion process, but
the important peint for our spectroscopic
experiments remains the possibility of com-
paring films at different coloration states,
¢ven if the absolute scale has to be shifted
for some reason. The optical efficiency of
these WO,/1TO/glass samples at 633 nm has
been found to take the rather normal value
of 48 cm? - C~' (9).

In the case of the 3800-A films deposited
on ITQO/Sifor the transmission experiments,
the applied potential was taken in the range
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from —0.7 to +0.8 V/SCE to compensate
for the voltage drop due to the high resis-
tivity of ITO. Again a maximum x value of
about 0.47 has been reached.

The infrared spectra were recorded with
a Nicolet 740 FTIR spectrometer equipped
with a cooled MCT (mercury cadmium
telluride) detector and a KBr beam splitter.
As the spectral range is then limited to
450 cm™!, the 600-50 cm ! region was
also investigated in some cases with a
20F Nicolet FTIR spectrometer. However,
this latter spectral range, which contains
essentially the W—-0O deformation modes,
proved to be only slightly sensitive to the
coloration or bleaching and the results
are presented mainly for the midinfrared
range.

In a typical transmission experiment, the
resolution was 4 cm ™! and 100 spectra were
co-added. The background was recorded for
the empty chamber equipped with two ce-
sium iodide or polyethylene windows, then
the reference for the ITO/Si substrate in
the chamber was recorded, and finally the
WO./ITO/Si sample. The reference was
subtracted from the sample after both were
ratioed to the background. As already
pointed out (2), this standard procedure is
not quite correct because of significant re-
flectivity changes between the reference and
the sample. Consequently, some parts of the
spectra appear with negative absorbances.
However, we have not considered these ef-
fects in the present work and have focused
our analysis on a comparison of the relative
shapes and intensities of the absorption
bands.

In the reflection mode at 12 or 56°, the
sample was simply ratioed to a background
given by a standard gold mirror.

The homemade chamber can be con-
nected to a small reservoir containing
heavy water. Thus, D,0 vapor pressure
can be introduced inside the chamber in
order to exchange in situ any O-H group
with O-D, Three or four such operations
yielded generally more than 90% isoto-
pic exchange.
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Results

1. Ageing of a Sputtered Tungsten
Oxide Film

As in the preceding work (2), we have
observed that the infrared spectrum of a
layer evolves rather quickly as soon as it is
taken out of the sputtering chamber and left
in the surrounding atmosphere. An equilib-
rium is reached after a few months.

Acceptable electrochromic properties are
observed for layers kept under vacuum and
exposed to the atmosphere only during the
transfer operations. We have chosen to
study such layers by infrared spectroscopy
because it would be very difficult to perform
all the experiments just after sputtering.

Two typical transmission spectra of initial
and aged films are presented in Fig. 2a.
Tungsten oxide is characterized mainly by
two broad absorption bands centered at
about 700 and 300 ¢cm~'. They correspond,
respectively, to the stretching and bending
modes of the W-0 framework in an amor-
phous material (2). The other absorptions
come from species which involve labile hy-
drogen atoms, as shown by the H/D ex-
change represented in Fig. 3.

Figures 2b and 2¢ show that adsorbed wa-
ter is initially present (voy, ~ 3400 and
8ou, ~ 1620 cm '), whereas new hydroge-
nated species are formed in the atmosphere.
The latter are characterized mainly by
strong absorption bands at 3178, 3034, and
1420 cm~'. These frequencies are unusual
for W-0O-H groups; in hydrogen bronzes
the WOH deformation mode has been iden-
tified at about 1170 cm™~! by inelastic neuton
scattering (/2). But rather than a process
of proton insertion, we believe that ageing
corresponds to hydrolysis of reactive sur-
face sites by atmospheric water vapor.
Bronsted acid centers are then formed on
the surface. They are highly reactive and in
particular their aptitude to protonate ammo-
niac to give ammonium ions is well known
(13). The new absorptions which appear at
3178, 3034, and 1420 cm ™! are characteristic
of NH} ions. According to the usual nomen-
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clature (14), they correspond, respectively,
to the v»,, v,, and v, vibrational modes of
NH;. Other weaker absorptions at 1675
cm™! (1), 2849 cm ™! (2py), 2062 cm ! (v, +
ve), and 1810 cm™' (v, + v,) allow a more
complete assignment of the adsorbed am-
monium ions to be made (14).

A complementary experiment has been
set up to confirm the strong affinity of sput-
tered tungsten oxide toward ammoniac. A
WO,/ITO/glass sample (with ITO 5(/cm?
resistivity) has been exposed for 5 min to
ammoniac gas. The IR spectra of the WO,
layer before and after exposure have been
recorded in the reflection mode at 58°. Actu-
ally, these spectra (Fig. 4) correspond to
double absorption in the WO, layer and they
greatly favor the higher frequency part, as
expected from IRRAS (infrared reflection
absorption spectroscopy).

In the difference spectra of Fig. 4c, the
NH; absorptions show up very clearly,
confirming definitely the previous as-
signment.

It must be pointed out that an aged layer
submitted to progressive heating loses first
the adsorbed water molecules at about
500 K, then the NH] adsorbed ions at
above 600 K, just before crystallization into
the stable monoclinic form.

2. Coloration/Bleaching Process

Spectra taken in the transmission mode
are presented in Fig. 5 for sputtered tung-
sten oxide films, colored either by proton
or lithium injection, after subtraction of the
ITO/Si substrate.

The more striking effect is the strong ab-
sorption increase toward the near-infrared
with increasing x values. Actually, this is
the wing of the well known absorption band
centered at about 1.4 eV in the visible re-
gion (I, 7). An expanded view is also pre-
sented in the region of the vibration ry_g
(Fig. 6).

The varniation of the water and hydroxyl
content during the coloration/bteaching cy-
cles is the same as previously reported (2):
Upon HT insertion, the water quantity in-
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FiG. 2. Infrared specira of 3800-A tungsten oxide layers on silicon: {a) just after sputtering (upper
spectrum) and after several months (lower spectrum). Spectra (b) and (c) are expanded views of the
OH stretching and bending regions, respectively, after base-line correction.

creases very much at the first coloration and
then oscillates about an equilibrium value
which is always slightly smaller in the
bleached state than in the colored one. At
the same time, the NH; adsorbed ions dis-
appear continuously and become negligible
after ten cycles.

Upon Li* coloration, the water content
does not increase noticeably. The 1420
cm™' vyny,+) band disappears on cycling but
ata much smaller rate than with H*, Bleach-
ing produces always the same kind of
spectrum in which the amount of water is
strongly reduced by cycling.
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FiG. 3. Comparison of the infrared spectra of 3800-A tungsten oxide films on ITO/Si before (a) and
after (b) deuteration. Spectrum (c) corresponds to the difference between (a) and (b).

As already pointed out, the vy._g absorp-
tion profile is characterized by the appear-
ance of a band or shoulder at 950-960 cm !
under H* or Li* coloration. This band dis-
appears reversibly on bleaching. We pre-
viously assigned this effect to the formation
of terminal W=0 bonds. The higher preci-
sion of the present spectra and the control
of x allow a more careful analysis to be per-
formed; in particular, we have presented in

Fig. 7 the whole modification of the vy_g
profile deduced from a subtraction of the
spectrum of the bleached state from the
spectrum of a given colored state. The
950-960 cm ™' absorption is now much bet-
ter defined and, in addition, a strong absorp-
tion appears at about 570-600 cm™' and
some weaker bands are observed in be-
tween. :

From these spectra, it is possible to
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F1G. 4, Comparison of the infrared reflectance spectra at 58° of a 3500-A tungsten oxide film on
ITO/glass before (a} and after (b) 5-min exposure to ammoniac gas. The difference (b) — (a) is given
in (c). The spectra are reported on an absorbance scale because they result mainly from double

absorption in the film.

estimate both the intensity and the fre-
quency of the different bands as a function
of the nature of the inserted cation and of
x (Fig. 8). These data confirm that the
observed difference absorptions are associ-
ated to cation insertion. Indeed, there is
a clear proportionality of the intensities
with x. A surprisingly good agreement is
even observed between the intensity evolu-
tions for H'Y and Li* insertion (Figs. 8a
and 8b). It can also be noted that the
frequencies vary slightly, both with the
nature of the cation and with the amount
of inserted charge x. Proton insertion pro-
duces a stronger splitting of the two com-
ponents (Figs. 8¢ and 8f) than lithium
insertion (Figs. 8d and 8e). In both cases,
the frequency of the maximum decreases
when x increases.

Finally, WQ; films sputtered on ITO/glass
substrates have been analyzed in the reflec-
tion mode at 12° and 58°. As shown in Figs.
9 and 10, a huge reflectivity change occurs

when H* or Lit* ions are inserted in the
films.

Discussion

!. Comparison with the Literature Results

The main question raised in the Introduc-
tion seems to definitely be clarified: inser-
tion of protons or lithium in tungsten oxide
layers induces a change of the vW-0 profile
with the previously observed appearance of
an absorption band at 950-960 cm~! (2) but
also with 2 new intense feature at about
570-600 cm ' and several other less well
defined absorptions in between,

The experimental evidence for the inverse
process, transformation of initial W=0
bonds into W-OH groups by coloration, as
reported recently (4—6), seems to be ques-
tionable.

Ohtsuka et af. claim that their in situ Ra-
man spectra of anodic tungsten oxide (Fig.
9 of Ref. 4) resemble those of a precipitate
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of tungstate solutions with hydrochloric
acid and not ‘at all the spectra of WQ,,
WO, - H,0, or Na,WO, - 2H,0. Actually,
their spectrum of WO, + H,O is not correct.
The “‘true’” spectrum presents a narrow line
at 948 cm ! and a broader one at 645 cm !,
as reported in Ref. 16. In this latter paper
the spectrum of W0, - 2H,0 is also given.
It is characterized by a narrow line at 960
c¢m ™~ !and a doublet at 685-662 cm ™', There-
fore, the Raman spectrum of the anodic ox-
ide film with lines at 960 and 670 cm ! is
very close to the spectrum of WO, - 2H,0,
and hence W=0 terminal bonds are effec-
tively present in the starting material.

The evolution of this spectrum under pro-
ton insertion is analyzed by Ohtsuka et al.

(4) in terms of a decrease of the intensity of
the W=0 line at 960 cm~', The data re-
ported in their Figs. 8 and 9 indicate that
cathodic reduction decreases the intensity
of the whole spectrum to a stage where there
is no more Raman signal at all. In this evolu-
tion, one can even remark that the 670 cm ™!
band decreases faster than the 960 cm™!
one. We believe that the general intensity
decrease illustrates the difficulty of record-
ing a significant Raman signal for highly ab-
sorbing colored layers (2, 3).

The in situ infrared spectroscopic study
of Habib et al. (5) is also rather puzzling. A
band at 980 cm ™! assigned to W=0 termi-
nal bonds but not visible in their initial dif-
ference spectrum (Fig. 2} is supposed to ““in-
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crease in the negative direction” when the
applied cathodic potential increases. We be-
lieve that the precision of the experimental
observation through the aqueous electrolyte

570

H* INSERTION

575

ABSORBANCE

0.068

]

1 L ]
1000 870 740 610 em-t

FiG. 7. Difference spectra (colored — bleached) in the ry_p region for H* insertion (left) and Li*
insertion (right), with indication of the wavenumbers of the more characteristic absorptions.

365

layer is insufficient for a clear assignment

in this spectral range.
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ported in Figs. 9 and 10. Those authors plot
their data in an optical density scale as if
the bleached and colored films were mainly
absorbing the IR light. They assign the in-
tense band at 2400-2000 cm ! to hydroxyl
group absorptions and claim that the inten-
_sity of this band is proportional to the
amount of inserted protons.
Actually, our results rule out this assign-
ment for several reasons: )
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—Li* insertion (Fig. 10) performed in
a carefully dried electrolyte produces the
same effect as H* insertion (Fig. 9).

—The new band undergoes a consider-
able frequency shift as a function of the
amount of inserted Li* or H*; at the highest
insertion levels it is centered at about
1700 cm™1,

—The intensity of this new band is not
proporticnal to the amount of inserted
charge; a maximum intensity (minimum
refléctance} is reached for about 23 to 25
mC - cm~2 H*, Then the intensity is de-
creasing (or the reflectance increasing).

—We have verified that the new band
is insensttive to H/D exchange.

—Similar features are observed for
WO, deposited on aluminum (Fig. 10),
showing that the observed phenomena do
not depend on the nature of the substrate.

2. Tentative Interpretation of
the Present Data

We have confirmed our previous observa-
tions- (2) ‘but-also ;added - some- new .results..
which can help in the interpretation. Thus,
coloration by H* or Li* cations is accompa-
nied not only by the increase of a band at
950-960 cm~' but also by the parallel
growth of several other bands due to W-0O
stretching modes. To characterize the new
W-0 oscillators, it is tempting to use a cor-
relation established between vy_g force con-
stants (or wavenumbers) and W-O bond-
lengths (16), although this approach is very
qualitative since it implies more or less iso-
lated W-O oscillators.

The initial tungsten oxide films can be
considered to be formed of corner-sharing
WO, octahedra with average W-O bond-
lengths of about 1.8 to 1.9 A (/7). The disor-
der in these amorphous films is responsible
for the broad and featureless absorption
band centered at about 700 cm™! (Fig. 6).
The new bands of the colored state at 950
and 580 cm ™! would correspond, according
to our correlation (Fig. 10 of Ref. 16), to
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W-0 bond lengths of 1.7 and 2 A, respec-
tively.

Thus, one can conclude that an incréasing
proportion of shorter (1.7 A) and longer
(2 A) bonds is created by H* or Li* inser-
tion. This is quite in agreement with the
concept of small polaron (18) in which color-
ation proceeds by electron trapping on a
tungsten site to give a local lattice perturba-
tion around the W3* site. The H* or Li*

-2

compensating charge then arrives close to
the distorted octahedron and interacts with
a given oxygen atom as schematized in Fig.
11. Visible light absorption responsible for
the blue coloration can then occur between
the two adjacent tungsten atoms according
to (19):

hv -
Wit + Wit = Wy' + W§'.  (6)
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about 30 mC - cm~? H* insertion.

Of course, Fig. 11 is a very crude repre-
sentation of the whole process for at least
three main reasons: Only axial perturba-
tions of the W—-O bondlengths are consid-
ered, the role of the water molecules initially
present in the layer is not taken into ac-
count, and the exact position of the inserted
proton or lithium is not known.

Figure 7 indicates that absorptions of non-

negligible intensity appear between the 960
and 580 cm™! bands, especially in the case
of Li* insertion. They can correspond to
equatorial bonds perturbations or/and to
perturbations at longer distances relative to
the W3~ site.

We have seen that some water is present
in the native WO, layers and a fortiori in
the aged ones. It has been argued often in the
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FiG. 11. Schematic representation of the lattice distortion occurring upon cation insertion in the
tungsten oxide layer. The bleached state is represented on the left with W-0O distances of about
1.8-1.9 A. The colored state involves shorter and longer W-0O bonds indicated by the symbols —A

and —A, respectively.

literature that these water molecules play an
important role in insertion Kinetics (1, 20).
According to our previous {2) and present
estimations, the proton insertion process
(Egs. (1) and (3)) could be written in the
more realistic form
WO,_,,mH,0 + xH"(H;0), + xe™ &
HWITWIt 0y (H0), 0, (4

where y = 0,1 t00.2, m = 0to 0.3 accord-
ing to the ageing state, and n = 0.7. A similar
equation has been proposed by Lusis et
al. (20).

It has not been possible, up to now, to
differentiate structural, adsorbed, and pro-
tonated water in the IR spectra.

Our data (Figs. 7 and 8) reveal differences
between proton and lithium insertion, with
stronger perturbations of the host lattice for
the former. Structural determinations on the
lithium bronze Li, ;WO indicate a distor-
tion of the vacant perovskite-like cavities
upon lithium insertion (27). These cavities
are occupied by Li in square planar coordi-
nation with Li—O distances of about 2.2 A.
In our amorphous materials, this value is
certainly an upper limit and an even shorter
distance is expected for the proton-oxy-
gen distance.

The reflection experiments reported in
Figs. 9 and 10 confirm that cation insertion
in the films produces the huge, previously
reported (6), spectral changes in the midin-
frared.

As already pointed out, the spectra of the
as-deposited and bleached films certainly
undergo a double absorption process since
tungsten oxide is then a very poor conduc-
tor. The main band at 3400 cm™' is easily
assigned to the OH stretching modes of ad-
sorbed water. It shifts to about 2500 cm
by H/D exchange, as already seen from the
data of Fig. 3.

When cations are inserted, the material
becomes semiconducting and even reaches
a quasi-metallic state at high insertion levels
({, I8, 19). We have seen that the new band
appearing between 2500 and 1700 cm ™' can
by no means be assigned to hydroxyl
groups. Neither can it be assigned to any
other kind of absorption since an extremely
large absorbance value would be reached at
1944 cm ™! for 24 mC/em? HY insertion and
at 2200 cm~! for 40 mC/cm? Li* insertion
(Figs. 9 and 10). When the ITO substrate is
changed for aluminum (Fig. 10}, the gross
effect is conserved but the minimum re-
flectance is slightly shifted to higher wave-
numbers and differences occur toward the
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near-infrared. The Ilaiter are certainly
caused by the decreasing ITO reflectivity in
this frequency range.

Finally, the comparison of the reflectance
spectra at 58° and 12° (Fig. 9) and of those
obtained at 58° under p or s polarization
(Fig. 10) rules out the hypothesis of an exci-
tation having a longitudinal character such
as a plasmon.

We have thus envisaged the possibility
of interference effects of variable amplitude
depending on the refractive index of the
film. The interference pattern would be
strongly perturbed at high wavenumbers by
the intense absorption wing of the colored
sample (Fig. 5) and at low wavenumbers by
the WO, vibrational bands. This interpreta-
tion has been fully confirmed by thin-film
optics calculations using a program devel-
oped in this laboratory {22). The known opti-
cal constants of ITO and thickness of WO,
have been introduced and the optical con-
stants of H,WQ; have been fitted. The spec-
tra of Figs. 9 and 10 are perfectly simulated
with quite reasonable values of the optical
constants for the bronzes. The details of
this calculation and of the results will be
published in a forthcoming paper.

Conclusion

Our new infrared spectroscopic results on
bleached and colored sputtered tungsten ox-
ide films confirm the appearance of a band
at 950-960 cm ™! upon H* or Li* insertion
(2, 3) and rule out the hypothesis of forma-
tion of W>*OH groups from W=0 bonds
(4, 5) or of any kind of hydroxyl group (6).

The 960 cm™! band was previously as-
signed to the stretching vibration of W=0
terminal bonds. A more complete analysis
of the infrared spectra indicates that it is
part of a more general modification of the
WO, octahedra vibrations. We assign the
960 cm ! band to the stretching vibration of
short W—O bonds (1.7 A) close to a W5+
reduced site and a band at about 584 ¢m™!
to simultaneously lengthened W-0O bonds
(2 A)linking the adjacent W™ site (Fig. 11).

PAUL AND LASSEGUES

An interesting point would be to confirm
now this small polaron picture by a Raman
characterization of the intervalence charge
transfer between adjacent W3+/W5* sites.
This charge transfer is expected to be gov-
crned by some specific vibrational mode(s)
of the M WO, lattice. By a judicious choice
of the laser exciting wavelength relative to
the visible absorption band, one can hope to
observe Raman resonance effects for some
specific vibration(s) (23),

Another important aspect is the influence
of the nature of the starting material on the
observed phenomena. Differences certainly
exist between amorphous and crystalline
tungsten oxides. We have already observed
that the sputtered films annealed at 600 K
give a spectrum very close to the one of the
monoclinic stable form (2). Cation insertion
in this annealed film leads to spectral modi-
fications very different from those de-
scribed above.

A further parameter is the amount of
inserted charge x. In the case of Li* inser-
tion, we have observed irreversible spec-
tral changes in the vy_g profile for x > 0.3.
A major structural rearrangement seems to
occur. Furthermore, let us recall that in
similar materjals the electronic conductiv-
ity has been shown to increase by several
orders of magnitude above this x value
{I}. This has been interpreted in terms
of transition from a semiconducting to a
metallic behavior. Actually, the IR reflec-
tion spectra seem to be extremely sensitive
to these conduction properties but the in-
terpretation of these spectra is not straight-
forward.

Thus, several new experimental observa-
tions still need more detailed analyses for a
better understanding of the WQ; electro-
chromic properties. The aim of the present
work was just to clanfy serious literature
contradictions on the more elementary ex-
perimental observations and to show that
complex optical effects accur in the midin-
frared spectra of these electrochromic films,
especially in the reflectance mode because
of interference effects.
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