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Infrared and Raman spectroscopies have been applied to study rf sputtered tungsten oxide films as
prepared and after the chemical modifications induced by successive coloration/bleaching cycles. As
seen from UV-visible spectra and X-ray diffraction patterns, these films remain essentially amor-
phous, but it is shown that infrared spectroscopy used in absorbance and reflectance modes and with s
and p polarized light is particularly well adapted to provide new information about their aging and
variation of composition during the cycles. Aging effects are characterized by water adsorption and
hydroxyl group formation. The modification of the amorphous initial film after annealing has also been
investigated. The infrared spectra of the film after coloration or bleaching in a sulfuric acid solution
show the important role of water content equilibration during the first coloration and then the revers-
ible water extraction/injection during the following bleaching/coloration cycles. The structure of the
colored film is also characterized by W=0 terminal groups which disappear in the bleached state.
Some coloration/bleaching cycles have also been performed in organic electrolytes for compari-

sSon. © 1988 Academic Press, Inc.

Introduction

A huge amount of work has been devoted
to the preparation of tungsten oxide films,
to the study of their structural and electrical
properties, and to their application in elec-
trochromic (or electrochemichromic) de-
vices (1). In fact, the research on display
devices, sometimes based on rather empiri-
cal rules, seems to have progressed faster
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than the understanding of the mechanism of
coloration/bleaching itself.

Although it is now well established that
the blue coloration in a system eiectrode/
WOs/electrolyte/counter electrode occurs
by combined injection of electrons and
small cations (H*, Li*, Na*, . . .), a num-
ber of problems subsist. Which are exactly
the structural and electronic changes in-
duced by the electron and cation accommo-
dation? The intervalence charge-transfer
mechanism proposed by Faughnan et al.

0022-4596/88 $3.00
Copyright © 1988 by Academic Press, Inc.
All rights of reproduction in any form reserved.



128

(2) seems to be generally accepted: the
electron injected from the electrode would
be trapped at a W site to give a W3+ col-
ored center and the light absorption would
occur by charge transfer between two adja-
cent tungsten ions according to

Wi+ W8 + 2 W5 + Wi ()

The electronic levels involved in this pro-
cess have even been deduced from XPS (3)
and ESR (4) measurements.

However, other models have been sug-
gested, for example, the small polaron (5)
for which electrons injected into WQOs are
trapped at tungsten sites to form W3* cen-
ters. They perturb the surrounding lattice
and form small polarons. The optical trans-
fer of the polaron also occurs from a W3+
site to a neighboring W%+ site. In the case of
crystallized samples a different model is in-
voked (5, 6). The conduction there is ex-
plained by a free electron model of Drude
type. Furthermore, it is not obvious
whether a unified description can be ap-
plied to the large variety of materials pro-
duced by methods as different as thermal
evaporation, radiofrequency reactive sput-
tering, anodic oxidation, etc.

On the other hand, the role of the cation
injected from the electrolyte is not fully as-
sessed. Does it serve only in local charge
compensation or is it also involved in a de-
cisive structural change around the W5+
center?

The more general opinion is that water
plays an important role (7) and that cations
are effectively inserted and extracted re-
versibly during the coloration/bleaching
process (2).

This can be summarized by the reaction
scheme proposed by Lusis et al. (8),

WO;_, - mH,0 + xH* + xe™
HXWO3_y . mHZO
or

W£+W?t10%:y(H; O)x(HZO)m —x (2)
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However, other authors claim that, after
the first coloration/bleaching cycie, there is
no further cation injection from the electro-
lyte but only internal rearrangement in
M,WO0O; (9).

By reading all the literature on this sub-
ject, one realizes that direct experimental
proof of the cation injection/extraction is
indeed rather scarce. In the case where the
electrolyte is a liquid or a solid protonic
conductor (M* = H* or H;O%), infrared
(IR) spectroscopy seems to be a well-
adapted technique to follow the coloration/
bleaching process, due to its high sensitiv-
ity to the presence of OH groups of any
kind.

Raman spectroscopy plays a complemen-
tary role by its sensitivity to structural
changes via the generally narrower and in-
tense vibrational lines of the W-0O skeleton
observed below 1000 cm™!. This latter tech-
nique has been applied rather extensively
(10, 11), particularly by Pham Thi and Ve-
lasco (10), to the characterization of WO;
films on various substrates but the former
has been little used or has given spectra of
relatively poor quality.

In a previous publication, we have ana-
lyzed the IR and Raman spectra of mono-
clinic and hexagonal WO; and of the hy-
drates WO;, xH,O (x = 1, 2, %) (12). The
aim of the present work is to see whether
vibrational spectroscopy, and particularly
infrared, can provide complementary infor-
mation for an understanding of coloration/
bleaching in thin tungsten oxide films.

Experimental Conditions and Preliminary
Characterization of the Sputtered
Tungsten Oxide Films

Thin tungsten oxide films have been pre-
pared by rf reactive sputtering from a me-
tallic tungsten target in a pure oxygen atmo-
sphere or in a gaseous mixture of 20%
oxygen in argon. After the chamber has
been evacuated to ~10-¢ Torr, the gases



SPECTROSCOPY OF TUNGSTEIN OXIDE FILMS

were introduced at a rate of 0.035 liter/min
up to a pressure of 3 X 1072 Torr.

The rf power was 32 W corresponding to
a target voltage of 160 V. The water-cooled
substrate was kept 5 ¢m from the target.
Under these conditions, a sputtering time
of 3 hr was generally used to produce film
thicknesses of about 1500 A in pure O, and
2200 A in O,-Ar.

The substrate was silicon, aluminium,
glass, alumina, or graphite depending of the
kind of analysis to be performed, respec-
tively, IR transmission, IR reflection or Ra-
man, visible absorption, X-ray diffraction,
or Rutherford back-scattering (RBS).

The film thickness and stoichiometry
were evaluated from this latter technique
with a precision of the order of 5%. The
1500-A film produced in pure O, was found
to have a ratio [O]/[W] of 3.20 just after
sputtering, and one of 3.28 after a few days.
For the 2200-A film produced in O,-Ar,
[O)/[W] = 3.10 after sputtering, 3.18 after
about 10 days, and up to 3.28 after several
months. We never tried in this process to
avoid exposure of the sample to ambient
air, i.e., hydration of the film, because the
presence of water is a rather favorable fac-
tor for the electrochromic properties (13).
The initial high value of 3.10 even suggests
that residual water is present in the cham-
ber. In previous sputtering preparations
substoichiometric WO;_, films with y ~ 0.1
to 0.2 are reported (9, 14).

Our sample seems to correspond to the
general formula WO,_,, mH,0 with3 — y +
m > 3. However, for simplicity we will re-
fer it as WO; in the following.

As a preliminary characterization, we
have recorded optical absorption spectra
between 300 and 2000 nm with a Cary 17
spectrometer. They are reported in Fig. 1
and allow us to check the similarity be-
tween the coloration/bleaching optical
properties of our sample and those reported
previously in the literature (2, 5, 15). In
particular, the colored state is character-
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F1G. 1. Optical absorption of tungsten oxide sput-
tered on a glass substrate. (a) Initial deposit WO,/ITO/
glass, (b) ITO/glass, (c) WO,/glass, (d) WO,/ITO/glass
after coloration and bleaching with +1.5 V, (e) WO,/
ITO/glass coloration with —1. V, (f) WO,/ITO/glass
after coloration with —1.5 V. Spectra (b) and (c) have
been translated upward respectively by +0.2 and +0.4
in absorbance for comparison with (a). The spectra of
the bleached state (d) are identical with that of the
initial deposit (a).

ized by a strong absorption at about 900 nm
(1.38 eV) and an optical gap E, of 3.1 eV is
deduced for the bleached state from an
(ahw)'?2 = f(hw) plot, where a is the absorp-
tion coefficient.

It must be pointed out that no significant
spectral differences are detected between
the pure O; and the O,—~Ar preparations.

X-ray diffraction using a powder diffrac-
tometer with CuKe; line (\ = 1.54 A)
shows that the initial deposits on alumina
are amorphous. Annealing at 693 K for 30
min gives a diffraction pattern correspond-
ing to a symmetry very close to orthorhom-
bic although similar patterns are sometimes
indexed in the triclinic symmetry (16).

In all the experiments where the colored
and bleached states were studied (IR and
visible absorption, Raman), we have used a
1 N H,SO, solution as electrolyte. In the
case where the substrate was conductor (al-
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uminium, doped silicon), it was used as
electrode whereas glass was coated with
ITO by rf sputtering from a 10% SnO,, 90%
In,O, target. The counterelectrode was a
platinum plate.

The IR spectra were recorded between
4000 and 200 cm~! on a Perkin—-Elmer 983 G
spectrometer with an average resolution of
5 cm~!. Transmission experiments were
performed under normal or oblique inci-
dence from WO, deposited on a piece of
silicon wafer. Reflection experiments were
performed with a Eurolabo accessory al-
lowing the incidence angle to be varied be-
tween ~12 and 80°. The WO; was then de-
posited on an aluminium thin plate.

In the two kinds of experiments, the inci-
dent light was sometimes polarized either in
the incidence plane (p) or perpendicular to
it (s).

The Raman spectra were recorded with a
Coderg T 800 or a Ramanor Jobin et Yvon
spectrometer equipped with an ionized ar-
gon laser (Ay = 488.0 or 514.5 nm).

Rather large slit widths (resolution ~10
cm™!) were used in order to keep the laser
at the minimum power and to avoid local
annealing or decoloration of the film depos-
ited on aluminium. The incident light made
an angle of about 80° with the surface held
vertically.

Results

No significant differences have been ob-
served between the vibrational spectra of
WO, prepared in pure O, or in O,-Ar. So
we report only the results obtained for the
latter which proved to present slightly bet-
ter electrochromic properties.

1. Aging of a Film in Ambient Air

We have reported in Fig. 2a the IR spec-
tra of tungsten oxide just after sputtering on
silicon, but without avoiding exposure to
ambient air during the transfer to the spec-
trometer. Aging has already started as indi-
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F1G. 2. IR spectra of a WO, film (~2200 A) sputtered
on silicon after subtraction of the silicon background
and baseline correction. (a) Just after sputtering; (b)
after a few hours exposure to the atmosphere; (c) after
1 month of aging. The profile of the main absorption
band taken under oblique incidence (~45°) and polar-
ized light is given in the insert.

2000

cated by water absorptions at 3300 and 1620
cm~!, The amorphous character of the film
is indicated by the presence of only two
broad absorptions with maxima at ~650
and ~300 cm™!,

By further exposure to the atmosphere, a
two-step aging process seems to occur. Af-
ter a few hours, the two water absorptions
have increased in intensity. The bands due
to the W-O vibrations are unchanged, al-
though a weak absorption at 1015 cm™! is
now better defined (Fig. 2b).

After several days, a new absorption ap-
pears at 1425 cm~! and the high-frequency
v(OH) band splits into three components at
3440, 3220, and 3050 cm~! (Fig. 2¢).

This is the final stage of evolution of
these films as shown by spectra taken sev-
eral months after preparation. X-ray dif-
fraction has confirmed their amorphous na-
ture; however, some degree of local order
seems to subsist. In the insert in Fig. 2, we
have reported the profile of the main W-O
band between 400 and 1200 cm™! recorded
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under oblique incidence and with polarized
light. For the p polarization which provides
an electric field component normal to the
surface, a new absorption appears at 960
cm™l.

A similar WO; deposit on aluminium has
also been studied by IR specular reflection
several days after sputtering. The incidence
angle has been varied between 20 and 75°
and the two extreme situations are reported
in Fig. 3 with p and s polarized light. Dras-
tic spectral modifications are observed as a
function of the incidence angle and the po-
larization.

At 20° (Fig. 3a) the »(OH) absorptions
dominate the spectrum and the 1620- and
1425-cm~! bands are still well detected. The
absorption profiles corresponding to the vi-
brations of the W-O-W framework be-
tween 1000 and 200 cm~! are much weaker.
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FiG. 3. IR spectra reflection with polarized light
from a WO; film sputtered on aluminum, angle of inci-
dence (a) 20°, (b) 75°. The dotted line represents the
spectrum obtained after heating the film at 693 K for 30
min. The ordinate scale corresponds to —log(R/Ry),
where R is the reflectance of the sample and R, that of
a reference mirror. The spectra are shifted for conve-

nience but have the same amplification in each series.
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FiG. 4. IR spectra of WO, sputtered on silicon after
subtraction of the silicon background and baseline cor-
rection. (a) Initial deposit at room temperature; (b)
after annealing at 413 K; (c) after annealing at 493 K;
(d) after annealing at 693 K. In this latter case, the
main absorption band recorded under oblique inci-
dence (~45° and polarized light is given in the inset.
Each annealing was performed for about 30 min.

In the s polarization, the main band resem-
bles that observed in absorption (Fig. 2¢)
but in the p polarization a new component
shows up at 955 cm~1.

At 75° (Fig. 3b), this latter band is by far
the more intense in the p polarization. The
spectrum in the s polarization plotted on
the same intensity scale is nearly flat. All
these spectra have been taken with refer-
ence to a mirror.

2. Annealing Effects on an Aged Film

The spectra reported in Fig. 4 are re-
corded at room temperature but after vari-
ous thermal treatments. It can be seen that
annealing at 413 and 493 K leaves the W-O
bands nearly unchanged whereas the OH
band intensities decrease progressively.
One can note the faster decrease in the
1620-cm™! absorption relative to the 1425-
cm™~! absorption.



132

After annealing at 693 K, the spectrum is
strongly modified. All the absorptions
above 1200 cm~! have disappeared and the
main bands at 650 and ~300 cm~! become
structured as expected from the crystalliza-
tion of the sample. Maxima appear at 800,
720, 350, 325, and 270 cm™ 1.

Furthermore, as shown in the insert in
Fig. 4, this partially crystallized sample
studied under oblique incidence and polar-
ized light gives an additional band at 970
cm~! in the p polarization. This band is
much better defined than that of the initial
deposit (Fig. 2).

3. Coloration/Bleaching

Several experiments have been per-
formed on various deposits and at different
times in order to ensure the reproducibility
of the phenomena. A given experiment is
performed during the same day, without in-
terruption between the coloring and the
bleaching operations other than the time in-
terval needed to apply the required voltage
in sulfuric acid, to wash the sample with
acetone, and to dry it.

a. Infrared spectra. We show in Fig. §
the direct spectra of the silicon background
and of bleached and colored WO, on silicon
in order to emphasize the strong variations
in transmission which occur among the
three samples as a result of absorption and
reflection (diffuse and specular).

The silicon wafer has a mean transmis-
sion level of 32% instead of about 50% be-
cause it is polished only on one side.

It has been chosen for its resistivity of
about 1 }/cm which allows it to be used as
electrode in the coloration/bleaching pro-
cess. Oxygen is the main dopant as shown
by the 1100-cm™! »(Si—O) band which is
nearly as intense as the intrinsic silicon ab-
sorptions around 600 cm~! (Fig. 5a).

The initial and bleached films on silicon
have about the same level of transmission
as the bare silicon itself because the losses
by reflection are roughly the same in both

DANIEL ET AL.

T — T T
a
30+ :
b
20
ol 1 1 1 1]
3800 3000 1900 100 cmi? 300

FiG. 5. Transmission spectra as recorded of (a) the
silicon substrate, (b) bleached WO; on silicon, and (c)
colored WO, on silicon.

cases. Thus the silicon background can be
subtracted rather precisely to give an ab-
sorbance spectrum with a baseline close to
zero (Fig. 6a). When the film is colored, the
transmission level is much lower than that
for silicon and presents a negative slope to-
ward high frequencies as expected from its
metallic character. The subtracted spec-
trum (Fig. 6b) is then composed of absorp-
tion above the dotted line and of a high
level of reflection below this line.

It is well known that a quantitative evalu-
ation of these effects needs a complete
treatment of the multireflections and ab-
sorptions in the film and in the substrate
taking into account the huge variations of
the film optical constants between the
bleached and the colored states (7). How-
ever, for a qualitative description of the col-
oration/bleaching process, we have simply
applied a baseline correction to substracted
spectra of the kind represented in Fig. 6. In
addition, we have expanded in Fig. 7 the
1800- to 900-cm™! spectral range where the
more interesting modifications occur. In-
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F1G. 6. Infrared spectra in absorbance resulting from
the subtractions (a) 5b — 5a, and (b) 5¢ — Sa.

deed, it would be difficult to deduce any
detailed information from the broadening
and intensification of the v(OH) profile be-
tween 2500 and 3700 cm™! which are ob-
served at the coloration. On the other hand,
the stretching and bending modes of the
W-0-W skeleton below 906 cm™! do not
exhibit significant changes.

The more striking modifications at the
first coloration are an increase in the 1620-
cm~! band, a decrease in the 1425-cm™!
band, and the appearance of a new absorp-
tion at 950 cm™! (Fig. 7b). After the first
bleaching (Fig. 7c) a spectrum similar to the
initial one is recovered but with slightly dif-
ferent intensities for the 1620- and 1425-
cm~! bands. The second coloration and
bleaching do not bring further modifications
compared to the first one. Bad adherence of
the film on the silicon substrate and corro-
sion by sulfuric acid prevent a large number
of cycles from being performed while keep-
ing an acceptable basis of quantitative com-
parison between the spectra. However, it is
observed qualitatively that the colored and
bleached states present henceforth the
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characteristic spectral profiles given in
Figs. 7d and 7e.

We show in Fig. 8 the variation of the
950-, 1620-, and 1425-cm™~! band intensities
during the cycles.

It is very important to note that these ob-
servations have been made on various films
either just after sputtering or after aging and
they were prepared either in pure oxygen or
in argon-oxygen atmospheres. As de-
scribed above, their initial spectra differ by
the intensity of the 1620- and 1425-cm™!
bands and by the presence of a more or less
well-defined weak absorption at 1015 cm™L.
In all cases, the coloration produces an in-
crease in the 1620-cm~! band and the ap-
pearance of the 950-cm™! absorption. This
is true even when the 1015-cm~! weak fea-

-
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Fi1G. 7. IR spectra of a coloration/bleaching cycle.
(a) Initial deposit (identical to that of Fig. 2¢); (b) first
coloration; (c) first bleaching; (d) second coloration;
(e) second bleaching. A baseline correction has been

applied to all spectra.



134

ABSORBANCE
B s ——

=)
2
T
~ -
-~
_.%’,
~
~
~
.
L
O
=
o
[
o

1\

5\
[
*V\+"' -—-—+—1425
1 * 1 A

a b c d

e cycles

Fi1G. 8. Intensity at the maximum of the 950-, 1620-,
and 1425-cm™! bands during the coloration/bleaching
process (see Fig. 7).

ture is not initially present (Fig. 6). There-
fore one can clearly exclude any kind of
exchange between species associated with
the 950/1015-cm~! bands at the coloration/
bleaching. One can remark in Fig. 7 that the
latter tends simply to disappear during the
cycles. .

Further confirmation of the generality of
these observations is provided by the study
of films produced by evaporation of solid
WO; or of colloidal tungsten oxide. These
amorphous films were more hydrated than
the sputtered ones but a new band at 950
cm~! also appeared at the coloration. Fi-
nally, other coloration/bleaching experi-
ments have been performed using anhy-
drous electrolytes such as NH,;SCN/CH;
OH and Lil/(CH3);CO. The spectra re-
ported in Fig. 9 show that with increasing
voltage at the coloration, not only does the
reflectivity increase, as expected, but the
bands at 1420 and 950 cm™! also increase
with NH,SCN. In the case of Lil/(CH;),CO
as electrolyte, the 950-cm~! band appears
only as a shoulder.

b. Raman spectra. We have only re-
corded the Raman spectra of a bleached
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and colored film deposited on aluminium
for comparison with the IR data and with
the rather extensive studies performed pre-
viously by Pham Thi ez al. (10) on sputtered
WO; and by Delichere et al. (11) on anodic
WO,.

The Raman spectra (Fig. 10) are only re-
ported below 1200 cm™! as no signal could
be detected above.

The bleached state is characterized by
three broad bands centered at about 950,
770, and 280 cm~! (Fig. 10a). This profile is
modified in the colored state essentially by
an increase in the 950-cm~' component
(Fig. 10c). This is a reversible process but it
must be pointed out, in addition, that the
colored state is very sensitive to the laser as
shown by a fast evolution of its spectrum
toward that of the bleached state at a laser
power of ~100 mV (Fig. 10b).

The Raman spectrum of an annealed film
(same specimen as that used in the IR re-
flection experiment (Fig. 3b)) has been re-
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FIG. 9. IR spectra of a WO, film deposited on silicon
and colored/bleached with an NH,SCN/CH;OH elec-
trolyte: (a) initial film, (b) colored with 6 V, (c) colored
with 12 V, (d) bleached. The intensity scale applies
only to spectrum (a). The other spectra are shifted for
convenience but have been recorded under the same
expansion conditions.
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F1G. 10. Raman spectra of WO, deposited on alu-
minium (a) as prepared or bleached, (b) after colora-
tion and prolonged exposure to the laser, (¢) just after
coloration, (d) of the initial deposit in the HH polariza-
tion after annealing at 693 K for 30 min.

ported for comparison. At the difference
between the amorphous deposits which
were studied without polarization analysis,
we have recorded the spectra of the an-
nealed film under the VV, VH, HV, and
HH geometries. The first letter V (vertical)
or H (horizontal) indicates the state of po-
larization of the incident laser and the sec-
ond letter that of the scattered electric field.
We have only reported the HH spectrum in
Fig. 10d. The other spectra have a similar
shape with band maxima at 970, 800, 680,
and 270 cm~!. Differences only occur in the
global intensity of this pattern of lines: the
HH spectrum is three times more intense
than the VH one and the HV and VV spec-
tra have intermediate intensities.

It can be noted that this kind of spec-
trum, very different from those of the
bleached and colored states (Figs. 10a-
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10c), resembles now those of the mono-
clinic and hexagonal forms (12).

Discussion

1. Initial Tungsten Oxide Films

It is convenient to consider first the films
annealed at 693 K because they are com-
pletely free from water and are very similar
in composition and structure to well-known
crystallographic modifications of WO; as
indicated by X-ray diffraction. The infrared
(Fig. 4d) and Raman (Fig. 10d) spectra
present effectively well-defined and rela-
tively narrow bands at frequencies which
are very similar to those of monoclinic (or
triclinicy WO,, although it is not possible
from these spectra to distinguish between
orthorhombic, triclinic, or monoclinic mod-
ifications. The main IR absorptions at 800,
720, 350, 325, and 270 cm~! (Fig. 4d) have
very different intensities in Raman but have
similar frequencies (800, 680, 270 cm™})
(Fig. 10d). All these values are in good
agreement with those found for monoclinic
tungsten trioxide (m-WOQO;) (12). However,
an unexpected Raman line occurs at 970
cm~! (Fig. 10d) and the band shape and in-
tensities are very different from those of m-
WO, especially in the infrared. This can be
due to the very different grain sizes of the
two samples and/or to partially anisotropic
crystallization of the film, but the condi-
tions of observation are different. In partic-
ular, the Raman spectra of the film are
taken under oblique incidence. As recalled
in a recent publication (18), complex polar-
ization effects can occur according to the
scattering geometry and this must be kept
in mind for a comparison of literature Ra-
man results obtained from thin WO; films
under different conditions. Thus, the 970-
cm~! Raman line is assigned to a longitudi-
nal optic (LO) mode of the W-O bond. In-
deed, it cannot be due to terminal W=0
oscillators which have no reason to exist in
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such annealed WO films and should be de-
tected in the transmission IR spectra (Fig.
4d). On the other hand, a new band appears
at 975 cm~! in the IR reflection spectra un-
der p polarization (Fig. 3) or at 970 cm ™! in
the transmission spectra under oblique inci-
dence (Fig. 4). The specificity of these par-
ticular geometries is to provide an electric
field component perpendicular to the sur-
face and thus to excite LO modes. This is
particularly true for the IR reflection exper-
iment at 75° with p polarization which is
close to the conditions defined by Greenler
(19, 20) for the optimal detection of a thin
film on a metal substrate. Indeed, at high
incidence angles, a great standing wave am-
plitude is achieved at the location of the
absorbing layer. One can see from Fig. 3b
that the high intensity observed for a 2200-
A WO, layer on aluminium would allow one
to obtain a measurable signal even for a 20
times thinner film. But it must again be em-
phasized that this kind of spectrum reveals
essentially LO excitations.

In the case of amorphous deposits, the
main LO mode is still well detected. One
simply notes a shift of its maximum to 955
cm~! (Fig. 3b). It is also observed under
oblique incidence (Fig. 2) and we believe
that it also contributes strongly to the inten-
sity of the Raman line at 950 cm~! (Fig.
10a).

Thus, it is very important for the follow-
ing to take into consideration that the infra-
red reflection and oblique transmission
spectra and the Raman spectra exhibit be-
tween 950 and 975 cm~! a LO mode, more
or less well defined according to the more
or less crystallized state of the sample. The
corresponding TO mode can be located
only near 800 cm~! where W-O stretching
motions of the W-O-W framework are
mainly involved (12).

As already pointed out, the presence of -
OH groups is easily detected in the IR spec-
tra; for initial WO; films, the high-fre-
quency broad absorption at ~3300 cm™!
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and the 1620-cm~! band (Fig. 2a) are as-
signed respectively to »(OH) and &(OH)
modes of absorbed water. The 1425-cm™!
band which appears by exposure to ambient
air, as for WOs, 3H,0 (12), is assigned to
8(OH) of a W-0O-H group.

The »(OH) vibration of this group is cer-
tainly responsible of the structuring of the
high-frequency band (Fig. 2c) and again, by
comparison with WO;, $H,0, it can be situ-
ated at 3220 cm™!. These frequencies are
rather unusual for a hydroxyl group. The
stretching and bending modes are generally
observed respectively at higher and lower
frequencies (12). Thus, the 8(OH) vibration
in tungsten bronzes Hy4WO; has been
situated at 1146 cm~! (21). The present
W-0-H group is certainly rather strongly
hydrogen bonded to further adsorbed water
molecules or even to surface oxygen atoms.

Little information must be found in the
profiles of the stretching and bending vibra-
tions of the W—-O-W framework which are
centered respectively at ~650 and 300 cm™!
and remain broad for the ‘‘as prepared”
amorphous deposit. The corresponding Ra-
man bands are centered at ~770 and 280
cm~!and are also very broad. It is thus diffi-
cult to deduce any significance structural
information by comparison with the spectra
of WO; and WO;, xH,0.

The aging effect represented in Fig. 2
seems to involve two steps. The amount of
adsorbed water first increases. The charac-
teristic frequencies of these water mole-
cules indicate that they are physisorbed at
the surface and in the pores of the structure
rather than engaged in a W—OH, bond as in
the hydrates WO;, xH,O. In this latter case
a characteristic terminal W=0 bond would
indeed be found at ~950 cm™! (12).

However, we have seen that the Raman
spectrum of the initial deposit presents an
intense and well-defined line at 950 cm™!.
We have varied the incident laser wave-
length to see whether some resonance ef-
fect was responsible for the intensification
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of W=0 terminal oscillators even in small
quantities and undetected by IR. The pro-
file does not change with Ay = 514.5 or
488.0 nm. So, following the arguments de-
veloped above in the analysis of the IR
spectra under p polarization and after an-
nealing, we are tempted to assign the 950-
cm~! Raman line essentially to the LO
mode which has unfortunately about the
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same frequency as a terminal W=0
stretching vibration.

The second step of aging seems to corre-
spond to a partial reaction of water with
tungsten oxide by hydroxylation and/or t y-
drolysis as postulated by Yoshiike and
Kondo (22).

These authors propose two reaction
schemes

OH

/
—0—W=0 + H,0 » —0—W—OH
0—W—0—W—0 + H,0 - O—W—OH + HO—W—O0

As rather few terminal W=0 groups are
available and since the surface W=0
groups giving the 1015-cm™! band subsist,
we prefer the second kind of reactions to
explain the occurrence of hydroxyl groups
and deduce from their characteristic fre-
quencies that they are not free but engaged

in a —O—W—OH . . . o<g type of

complex.

Actually, two interpretations are possible
for the small peak observed at 1015 cm™!. It
could be due ejther to terminal W=0
groups formed at the surface of the film or
to W=0 groups coordinated to the Si (or
Si0,) surface by analogy with previous ob-
servations on very thin WO; films on TiO,
or AlL,O; substrates (23). However, it must
be recalled that even if the shape and inten-
sity of this 1015-cm~! band vary from one
sample to another, it always remains very
weak compared to the other spectral fea-
tures. Thus the corresponding oscillator
does not seem to play an important role in
the electrochromic properties of tungsten
oxide.

2. Coloration/Bleaching

The coloration/bleaching cycles are char-
acterized by several major spectroscopic
features in the mean infrared:

(a) The blue coloration corresponds to a
strongly increased electronic conductivity
of the film (24) and this metallic character
explains the very important differences be-
tween the reflectivities of the bleached and
colored states.

(b) The hydroxyl groups present in the
initial deposit disappear during the cycles
but the amount of water, measured on the
1620-cm~! band, first increases by colora-
tion and then oscillates, in agreement with
the hypothesis of insertion/extraction dur-
ing the coloration/bleaching cycles.

The first coloration seems to have the im-
portant role of equilibration of the optimal
water content in the film and (accessorially)
of destruction or transformation of the hy-
droxyl groups and W==0 surface groups.

(c) A new band appears by coloration at
950 ¢cm~! and disappears by bleaching.
Since it is observed in normal transmission
experiments, it can only be due to a TO
mode and is definitely differentiated from a
LO mode of the tungsten to oxygen bond
which appears at nearly the same frequency
under polarized reflection and oblique inci-
dence. On the basis of previous literature
data, this 950-cm~! absorption band can
confidently be assigned to W=0O terminal
groups involved in an arrangement similar
to that for the hydrates WQO,, xH,O (12).
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(d) The Raman spectrum of the colored
state (Fig. 10) also presents a strong intensi-
fication at ~950 cm™! but it can be noted
that the profile of this band is much broader

than that in the bleached state. We think

that terminal W=0 groups are responsible

of this intensification.

The experiments using NH,SCN/
CH;OH and LiI/(CH;)ZCO as electrolytes

PRUY . I and ~oqa

Coniirmi puima \a) ana \\.) In the case of
coloration with NHj, the increase in the
1420-cm~! band is associated with injection
of this cation. Unfortunately, the deforma-
tion mode of NH; appears at the same fre-
quency as the §(OH) bending mode of
W-0O-H groups which were initially
present in the deposit (Fig. 9). So a quanti-
tative evaluation of NH4 injection/extrac-
tion is difficult.

The shape of the more intense absorption

bands due to the W-O-W framework vi-

hrat: e na 1
brations is nearly the same in all cases pre-

venting any detection of structural changes
during the coloration/bleaching and/or as a
function of the nature of the injected cation.

Thus, the more important conclusion re-
mains to be the formation at the coloration
of a local structure involving a terminal
W=0 group and, in the case of sulfuric
acid as electrolyte, the injection of water
molecules presumably under the proton-
ated form H™(H,0),,.

The amount of water involved in the
whole process can be roughly estimated
from the initial value of 3.28 for the [0]/[W]
ratio and the intensity variations of the
1620-cm~! IR band (Figs. 7 and 8).

The initial aged film would contain ap-
ner W),

nravimataly 0 2 water malacule
[4) Per W3

proximately 0.3 water molecule
unit.

At the first coloration, the 1620-cm~!
band intensity increases by a factor of 2.5
partly by transformation of hydroxyl
groups and partly by injection of hydrated
protons, leading to the global composition
WO;, 0.75H,0. The first bleaching de-

creases this quantity by about 25% to give
WO0,, 0.55H,0.

Then, 0.2 water molecule would be in-
volved in the following cycles and this fig-
ure is in good agreement with the quantities
of protons generally supposed to be ex-
tracted/injected (25).

The other conclusion of this very crude
calculation is that the colored or bleached
films contain intermediate amounts of water
hatwwaon thacas afths knawn WO, H.NO and

ULLWLKLILL LLIVOW UL LIV DIV YIL VY W73, 217V, Allv

WO;, $H,0 hydrates in which the water
molecules are directly linked to tungsten

within O=WZ_OH, species (/2). The

-

h £ ¢ '
aosencCe O1 (ermin

bleached state suggests that water is in-
stead adsorbed by hydrogen bonding

—0—W—0. . . H—0— H, whereas the
0.2 active molecules injected at the colora-
tion seem to provoke the appartition of
W=0 groups. As these 0.2 molecules actu-
ally hold a posmve charge (H*),
pose that W=0 is then included in some
kind of polytungstate anion.

At this stage, it would be tempting to as-
sociate the W3+ formation at a tungsten site
by electron trapping to the previousiy dis-
cussed chemical modifications, but without
further information, any model would be
very speculative.

Resonance Raman experiments, on a col-
ored film, are planned to see whether a par-

ticular vibrational mode is involved in the
for the

L0 U ¥ | Lo)

WA Qur.
WL sup-

electronic transitions rnepnnmh]p
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coloration in this mixed valence system.

Conclusion

nttarad tiuno.

Tha vihratianal enantra of gnn
ULlivivuy tulg™

11€ Vioratlionai speCira Oi Spi
sten oxide films provide some new informa-
tion on the composition and aging of these
films and on the reversible chemical modifi-
cations occurring at the coloration/bleach-
ing.

The films as prepared are found to corre-
spond to a composition WO;_,,mH,0 with
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m — y = 0.1. Aging first increases the
amount of adsorbed water and then pro-
duces W—O—H groups up to a limiting
value of ~0.28 for m — y. The unusual val-
ues of 3220 and 1425 cm™! suggested for the
stretching »(OH) and bending 8(OH) modes
of W-O-H indicate that the OH group is
not free but is rather strongly bonded to
additional water molecules or to surface ox-
ygen atoms.

For the amorphous initial deposit as well
as for the annealed one, a LO mode is
clearly evidenced respectively at 950 and
975 cm~!. It is shown that reflection experi-
ments at high incidence angles using p po-
larized light provide a high detectivity of
these films deposited on aluminum as pre-
dicted by Greenler (19).

Coloration/bleaching cycles give very
specific IR spectra which show a strong in-
crease in the water content at the first col-
oration up to m ~ 0.75 and then a decrease
to m ~ 0.55 at the first bleaching. In the
following cycles, about 0.2 water molecules
are injected and extracted. At the same
time a W=0 terminal group is reversibly
formed and destroyed during the colora-
tion/bleaching cycles.

Although it would be difficult to deduce
from these first results a precise description
of the chemical composition and local
structure of the tungsten oxyde bronze
formed at the coloration, we believe that IR
spectroscopy has provided new informa-
tion and is still open to new developments.
In a following paper we will present similar
results obtained on amorphous evaporated
and colloidal tungsten oxyde and on the de-
termination of the optical constants of
bleached and colored films from transmis-
sion and reflection mean- and far-infrared
spectra.
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