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Microstructure of a-WO, films prepared by electron beam vacuum evaporation was examined based on
XRD. The peak positions in the observed PDFs corresponded with those in the PDFs calculated from
the crystal structure of hexagonal WO; and WO; - 3H,0, and the framework structure of the films was
therefore thought to consist of the basic structure of these crystals, three-, four-, and six-membered
rings formed by WO octahedra. Microcluster models in which the atomic arrangement was similar to
that of hexagonal WO, were assumed and investigated in detail. The pair distribution functions calcu-
lated from these models showed good agreement with the observed values, and the structure of a-WO;
films was consequently suggested to consist of clusters in which the octahedra were arranged in the

same manner as those in hexagonal WO;.

Introduction

Amorphous tungsten trioxide (a-WOs)
films show electrochromic and photo-
chromic properties and have been exten-
sively studied in recent years. Microstruc-
ture of a-WQ; films has been thought to
consist of microclusters, and several struc-
tural models have been suggested. Zeller
and Beyeler (/) investigated with XRD and
concluded that WOQO4 octahedra formed
three- to six-membered rings sharing their
corners. Kaito et al. (2, 3) suggested from
TEM observation that microcrystallites
with sizes 10 ~ 30 A composed the film.
Ramans et al. (4-6) claimed from Raman
spectroscopy and XRD that the film in-
volved terminal W=0 bonds and consisted
of clusters formed by three to eight WO
octahedra, each sharing its corners and
edges. They also suggested a layered struc-
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ture which was similar to those found in
MoO; + 2H,0 crystal. Arnoldussen (7) sug-
gested that trimeric W30, molecules were
bound weakly to each other through water-
bridge, hydrogen, and van der Waals bond-
ing and that they constructed the film. The
authors (8) suggested a microparticle struc-
ture but did not consider the presence of
involved water. In this study, we analyzed
the composition of a-WQ, film and investi-
gated microstructure in further detail based
on pair distribution function (PDF) which
was obtained with a new technique for
XRD measurement.

Experimental

WO; film specimens were prepared by
Asahi Glass Co., Ltd., with electron beam
vacuum evaporation using Model EVD-
500B (Anelva). WO, powder preheated at
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TABLE 1

CONDITIONS OF THE SAMPLE PREPARATION, THICK-
NESS, AND DENSITY OF THE PREPARED a-WQO; FILMs
FOR XRD MEASUREMENT

Sample Tse Ta? Thickness Density
no. C) (O A) (&/em?)

1 RT — 8000 4.09

2 150 — 7700 4.45

3 300 —_ 4400 5.40

4 RT 300 7200 4.60

9 Substrate temperature.
5 Annealing temperature.

700°C for 6 hr was used as a source and
deposited onto a soda-lime glass substrate
under 4 x 10~% Torr pressure and at differ-
ent substrate temperatures Ts = RT, 150,
and 300°C. We examined the composition
of the prepared films. The ratio of oxide-
oxygen to tungsten was estimated with
ESCA. The quantity of the involved water
was determined with the results of thermo-
gravimetry (TG) and FTIR. The total
weight of W atom present in a film was esti-
mated from fluorescent X-ray analysis, and
density was determined through a combina-
tion of weight of W, film composition, and
thickness measured with Talystep. The
thicknesses and densities of the films for
XRD measurements are listed in Table I.
XRD measurements were carried out using
Rigaku-Denki Rota-Flex RU-200 equipped
with a thin film diffractometer (TFD). The
size of the specimen was 2 X 2 cm, and the

TABLE II
ANALYZED COMPOSITION OF a-WQ; FILMS

Sample Ou/W Owy/W O/ W
no. (oxide) (hydrate) (total)

1 2.8 1.0 3.8

2 2.9 0.7 3.6

3 31 0.5 3.6

4 3.0 0.2 32
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incident beam angle was selected as 2°. A
MoKa radiation with an output of 60 kV-
150 mA was monochromatized with a pair
of balanced filters (Zr-Y) and a graphite
monochromator in a diffracted beam along
with a pulse height analyzer. After some of
the data corrections (9, 10), we obtained
PDF. Structural models were constructed
based on crystalline tungsten oxides.

Results

1. Compositions of a-WO,; Films

The analyzed compositions are listed in
Table II. The atomic ratio, oxide-oxygen to
tungsten O,,/W, was estimated from the
peak area of Oy, and Wrin ESCA measure-
ment. It was very difficult to determine the
exact quantity of oxygen, because oxygen
atoms in the films were easily removed by
an ion bombardment in pretreatment. We
therefore worked out a correction curve
from the results for some crystalline tung-
sten oxides (/1), and we determined the ra-
tio accordingly. The estimated ratios of our
films were smaller than 3.0 except for the
sample 3 (Ts = 300°C).

Quantity of the involved water was esti-
mated as the atomic ratio hydrate-oxygen
to tungsten Oy,/W with a combination of
TG and FTIR spectra. In the result of TG,
two steps of small weight loss were ob-
served at about ~150 and ~300°C, and both
were assigned to the dehydration of waters
involved in the films. Similar result was re-
ported by Zeller and Beyeler () from DSC
and TG analyses. The weight of the speci-
men used in the TG measurement was too
small to give an accurate quantity of water,
and we therefore referred to the results of
FTIR reported by Shigesato et al. (12).
They prepared a-WO; films on Si single
crystals with the same method and condi-
tions. We determined the relative values of
the Op,,/W ratios from the peak area around
3300 cm™ 1.
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Fi1G. 1. Observed PDFs for a-WO, films prepared
under the different conditions. Solid line, sample 1
(Ts = RT, Ta = none); dotted line, sample 2 (Ts =
150°C, Ta = none); broken line, sample 3 (Ts = 300°C,
Ta = none); chain, sample 4 (Ts = RT, Ta = 300°C).

As Ts becomes higher, the O, /W ratio
increases and the Op,/W ratio decreases as
shown in Table II. The O, /W ratio of the
annealed film (Ta = 300°C) was not so dif-
ferent from that of Ts = 300°C, but the
Ony/W ratio was found to be much smaller
(=%). The residual gas in the vacuum cham-
ber contained more than 90 wt% of water,
which was estimated by mass spectrome-
ter. We therefore thought that the origin of
most of the involved water was in the vapor
phase, and, at higher Ts, water in the film
was easily evaporated and the final water
content was consequently lowered.

2. Pair Distribution Functions

The obtained PDFs are shown in Fig. 1.
Two main peaks can be observed near 2 and
4 A. The first peaks at about 2 A are as-
signed to the nearest neighboring W-O
pairs and the second peaks at 4 A are as-
signed mainly to the nearest W-W pairs.
The first peaks in every PDF are broad,
which suggests the distance between the
nearest W-0 is widely distributed. On the
contrary, the second peak is considerably
sharp. We therefore concluded that the
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shape of the octahedra consisting of WOg or
WO-.(OH,), was distorted but that the
mode of the connection between these oc-
tahedra was in rather good order. The other
peaks observed at over 4 A consisted of
complicated peaks but the PDF showed
some details even at 10 A. We investigated
the coordination number (Nco) of the near-
est W-0O and W-W from the first and sec-
ond peaks. The second peak consisted of
not only W-W (3.7 A) but also the second
nearest W—O (4 A). The contribution of
W-0 was estimated to be about 15% of the
total PDF at 3.7 A, which was in the case of
some crystalline tungsten oxides. The
results are shown in Table III. It was found
that the Nco for W-0 and W-W increased
as both Ts and Ta became higher. The
Nco(W-0) values were less than 6 for sam-
ples 1 and 2. This is explained by the coex-
istence of WO, tetrahedra and WO octahe-
dra, which have not been reported for
a-WQO; film. These samples contained much
water and the shoulders around 2.4 A in
PDF were attributed to the bonds W-OH,
(2.1 ~ 2.3 A) in the octahedra WO_,
(OH,),. This assumption gives an account
of the apparent lack of Nco(W-0).

Discussion
1. Comparison with the Crystal Structures
in PDF

We calculated PDFs from several crys-
talline tungsten oxides and their hydrates

TABLE III

COORDINATION NUMBER OF THE
NEAREST W-0 AND W-W OF a-WO,

FiLms

Sample w-0 wW-W
1 4.5) 4.3
2 (5.5) 4.6
3 6.0 5.1
4 6.0 53
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TABLE IV
STRUCTURAL DATA OF CRYSTALLINE TUNGSTEN OXIDES AND HYDRATES

Lattice constant

Space Density“
Crystal group a c(A) (g/cm?) Ref.

1. ReOs-type

monoclinic WO, P2i/a 7.27 7.50 3.82 B = 89.9° 7.38 13

tetragonal WO; P4/nmm 5.27 3.92 7.14 13
2. Substoichiometric

W30y P2/m 18.32 3.79  14.04 B =1152° 7.71 13

W05 P2im 12.05 3.77 23.49 B = 853° 7.17 13
3. Layered

MoO; - 2H,0¢ P2y/n 10.48 13.82 10.61 B = 91.6° 4.64 14

WO, - H;O Pnmb 5.25 10.71 5.13 5.75 15
4. Six-membered ring

hexagonal WO, P6/mmm 7.30 7.80 y = 120.0° 6.43 16

wO; - {H,0 Fmm?2 7.36  12.51 7.70 6.68 17

2 Calculated density.

b The structural parameters of WO; - 2H,0 have not been given; hence the data of MoO; - 2H,0 are listed. The

density was calculated by substituting Mo for W.

and compared them with the observed
PDFs. We chose eight crystals and divided
them into four groups as listed in Table IV.
The first group is formed by monoclinic and
tetragonal WO;, which are polymorphic
forms in ReOs-type structure. The second
group consists of substoichiometric oxides
WO;_, containing edge-sharing octahedra.
The third group contains molybdenum and
tungsten oxide hydrates which have a lay-
ered structure. The last two crystals in the
fourth group, hexagonal WO; and WO, -

-

a a
(a) monoclinic WO; (b) tetragonal WO,

Fic. 2. Crystal structures of (a) monoclinic and (b)
tetragonal WO; with ReOs;-type structure.

4H,0, are produced by dehydration of tung-
sten oxide hydrates, and they consist of
three-, four-, and six-membered rings
formed by WOg octahedra (16, 17).

The first group, monoclinic and tetrago-
nal WO, can be described as a distorted
cubic structure of the ReOs type. The struc-
ture of these crystals is illustrated in Fig. 2,
in which the lines exhibit the edges of WO
octahedra to explain the configuration of
the octahedra. The calculated PDFs from
these crystals, which are compared with
the observed PDF of sample 3, are shown
in Fig. 3. The WOg octahedra in monoclinic
WO; are distorted and the bond length of
W-0 is widely distributed between 1.5 to
2.3 A; hence, the first peak becomes broad
in PDF. But the areas of the first peaks for
both crystals are much the same as that of
sample 3, which indicates the Nco(W-0) of
the film is 6. The second peaks for these
crystals are located at slightly longer posi-
tions than that of our samples. Large third
or fourth peaks, which are mainly attrib-
uted to W-W on the opposite corners in the
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F1G. 3. Calculated PDFs from (a) monoclinic and (b)
tetragonal WOs;. Solid line, observed PDF of sample 3;
dotted line, O-O; broken line, W-0; single chain,
W-W; double chain, sum of each pair.

four-membered rings, appear around 5 ~ 6
A. The observed PDFs, on the other hand,
show broad and weak peaks in this region.

In the substoichiometric tungsten oxides,
W04 (WO27;) and Wy Osg (WO2), the

(a) WOy

(b) WxOsg

FIG. 4. Crystal structures of substoichiometric tung-
sten oxides, (a) W3O and (b) W5Osz.
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shortage of oxygen is compensated by for-
mation of the edge-sharing octahedra,
which is shown in Fig. 4, and a channel
structure stabilizes this structure. The dis-
tances between the nearest W-W are
widely distributed in these crystals, and the
second peak in PDFs hence become broad
(Fig. 5). The third peaks are very strong,
which is the same as those of the previous
two WO, crystals. These results suggested
that the edge-sharing structures were not
present in our films as much as detectable.

The accurate structural parameters of
WO; - 2H,0 in the third group have not
been given, but tungsten oxide hydrates are
commonly thought to have a structure simi-
lar to molybdenum oxide hydrates. For ex-
ample, the atomic arrangement of WO, -
H,0O (15) is similar to that of MoO; - H,O
(18). We accordingly assumed that the
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Fig. 5. Calculated PDFs from (a) W3O and (b)
WxOss. Solid line, observed PDF of sample 3; dotted
line, O-O; broken line, W-0O; single chain, W-W;
double chain, sum of each pair.
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(a) Mo0O;.2H,0 (b) WO, H,O

FIG. 6. Crystal structures of (a) MoO; - 2H,0 and (b)
WO, + H,0 taking a layered structure. The solid and
broken lines exhibit the edges of MoOg and WO octa-
hedra and the circles are oxygen atoms in the isolated
water molecules.

structure of WO; - 2H,O was the same as
that of MoOs - 2H,O and calculated PDF
with the structural parameters of MoO; -
2H,0 (i4). In the above-mentioned hy-
drates, the octahedra are arranged in infi-
nite layers as illustrated in Fig. 6, and one
W or Mo is octahedrally coordinated by
four bridging O, one terminal O, and one O
in a water molecule. In addition to coordi-
nating water molecules, MoO; - 2H,0 con-
tains isolated water molecules between the
layers, which have hydrogen bonds with
the neighboring layers. The calculated
PDFs from these hydrates are shown in
Fig. 7. The Nco(W-W) or (Mo-Mo) is 4 in
both hydrates and the areas of the second
peaks in the calculated PDFs are smaller
than that of the observed PDF. These hy-
drates have layered structure and no W-0O-
W bonds in the direction parallel to the
b-axis, and the peak area is therefore
insufficient in the region between 3.5 to 7.0
A, which can be seen clearly in the case of
WO, - 2H,0.

In the last group, the structures of hexag-
onal WO; and WO; - $H,0 have been re-
ported by Gerand et al. (16, 17). The hexag-
onal type is a new form of WO;, and WO
octahedra are arranged in the manner of not
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only four-membered rings but also three-
and six-membered rings sharing their cor-
ners (Fig. 8a). It can be obtained by dehy-
dration of WO, - $H,0 (Fig. 8b), which is
prepared by hydrothermal treatment of an
aqueous suspension of either tungstic acid
gel or crystallized WO; + 2H,0. The ar-
rangement of the octahedra is similar to
that of hexagonal WO; in the layer perpen-
dicular to the c-axis. The calculated peaks
appeared at places corresponding with
those of our films as shown in Fig. 9. The
average distances of W~W are 3.7, 6.3, and
7.3 A in the six-membered rings and 5.3 A
in the four-membered rings in hexagonal
WO,. The six-membered rings are also ob-
served in substoichiometric WO; but the
distances of the nearest W—W had wider
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F1G. 7. Calculated PDFs from (a) WO, - 2H,0 and
(b) WO, - H,0. The PDF of WO, - 2H,0 was calcu-
lated with the structural parameters of MoO; - 2H,0
(14). Solid line, observed PDF of sample 3; dotted line,
0-0; broken line, W-O; single chain, W~W; double
chain, sum of each pair.
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(a) hexagonal WO,

(b) WO51/3H,0

Fi1G. 8. Crystal structures of (a) hexagonal WO; and
(b) WO, - $H,0 containing three- and six-membered
rings formed by WO, octahedra.

distributions. Two kinds of octahedra are
present in WO; - $H;0. One is formed by
six bridging O and the other is formed by
four bridging O, one terminal O, and one O
from water, which is the same as the previ-
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F1G. 9. Calculated PDFs from (a) hexagonal WO,
and (b) WO; - 3H,0. Solid line, observed PDF of sam-
ple 3; dotted line, O-0O; broken line, W-O; single
chain, W-W, double chain, sum of each pair.
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ously discussed third group hydrates. How-
ever, hexagonal WO; and WO; - 3H,0 have
no layered structures and the areas in the
region around 5 ~ 6 A were greater than
those of the previously discussed hydrates.
Large peaks appeared at about 7.3 A,
which are consistent with the observed
peak.

From these examinations, it was found
that the positions of the first and second
peaks in the observed PDFs were consis-
tent with all of the calculated PDFs for the
compared crystals. However, the areas of
the second peaks were deficient in the hy-
drates of the third group, and we therefore
thought that our films did not consist of the
simple layered structures. The peak posi-
tions in the region over 4 A were somewhat
different among the examined crystals,
which was due to the difference in the con-
figuration of the network formed by WOq
octahedra. The peaks commonly observed
around 5 ~ 6 A were mainly attributed to
the W—W pairs located at opposite corners
in the four-membered rings and the second
neighbors in the six-membered ones. Large
characteristic peaks commonly appeared at
7.3 A in the observed PDFs, and these
peaks could not be observed except for
hexagonal WO; and WO; - $H,0. In addi-
tion to this, even the small peaks in the ob-
served PDFs were consistent with the
peaks of hexagonal WO; and WO; - $H,0.
We therefore expected that the framework
structure of a-WO; films was similar to that
of hexagonal WO; and WO; - $H,0, which
was based on three-, four-, and six-mem-
bered rings formed by WQg octahedra.

2. Structural Models

We obtained the best agreement between
the PDFs of our films and those of hexago-
nal WO; and WOs; - 3H,0. Then we made
some cluster models based on the structure
of these crystals and examined them. At
first, we calculated Nco(W-W) to compare
with those of our films. We constructed
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Fi6. 10. Coordination number (Nco) of the nearest W—W in the microclusters based on the atomic

arrangement of (a) hexagonal WO; and (b) WO,

- 3H,0 crystals. S and C indicate spherical and

columnar clusters, respectively, and the digits following exhibit the number of WOg octahedra linked in

vertical direction.

cluster models with spherical and columnar
shape. The atoms were arranged in spheri-
cal and columnar form of a unit cell in
which the Nco(W-W) became as big as
possible. As shown in Fig. 10, the calcu-
lated Nco(W-W) values from hexagonal
WO; were bigger than those from WO; -
3$H,0 in the same diameter. The Nco(W-
W) values of our films were estimated to be
4.3 ~ 5.3, and we consequently chose the
same configuration of WQO¢ octahedra as
hexagonal WO;. The columnar form was
selected to simplify the arrangement of the
cluster models.

However, the shape of the third peaks
around 5 ~ 6 A in the observed PDFs was
similar to that of WO; - 3H,0. The dis-
tances of W—W in this region are 5.3 A in
hexagonal WO; and 5.0, 5.3, and 5.6 A in
WO; - $H,0 so that the peaks of hexagonal
WOj; become sharper. The bond angles of
W-0-W and O-W-0O in the structural
models were accordingly chosen to be the
same as WQO; - $H,0.

(1) Structural model for sample 1. At first

we considered the size of the cluster model
and the inner atomic arrangement. To sat-
isfy the observed Nco(W-W) of 4.3, a clus-
ter model 16 A in diameter and 12 A in
thickness and with Nco(W-W) of 4.33 was
selected. The model is illustrated in Fig. 11.
The three- and six-membered rings are lo-
cated on the projected X-Y plane and the

Fic. 11. Structural model of sample 1 projected
along Z direction. The arrows indicate 20 A.
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Fi1G. 12. Calculated PDF from the structural model
of sample 1.

four-membered rings are parallel to the ver-
tical Z direction, Three WOg octahedra are
linked along the Z axis. The Oy,/W ratio of
this model is 3.83 (W3s0,33), which is close
to the observed ratio of 3.8. The calculated
PDF from this cluster model (broken line in
Fig. 12) showed good agreement with the
observed value up to the second peaks.
Then we considered the arrangement of
these clusters. The shape of the model is
hexagonal plate, and the ciuster modeis
were therefore placed in positions similar to
a hexagonal close packing. The distance be-
tween the clusters was calculated to be 2.46
A to satisfy the observed density. The total
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FiG. 13. Structural model of sample 2 projected
along Z direction. The arrows indicate 20 A.
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PDF as a film (chain in Fig. 12) which in-
cluded the interaction between the clusters
showed good agreement with the observed
value. We examined various arrangements
of the clusters, but the effect did not appear
clearly in PDF. We found that the peaks in
the observed PDFs were mainly affected by
the atomic arrangement in the clusters.

We tried to explain the presence of three-
and six-membered rings on the basis of the
evaporation process. The three-membered
rings in the cluster were ascribed to the
structure of trimeric W30y molecule in va-
por phase which was reported by Berko-
witz (19). The deposited W30y molecules
are bound through water-bridging in the ini-
tial stage. The W-O bonds in the ring are
unchanged and these molecules are tied to-
gether to form the six-membered ring.

(2) Structural model for sample 2. As for
sample 2, the structural model as shown in
Fig. 13 showed the best agreement in PDF
(Fig. 14). The diameter of the cluster in this
model is 30 A, which is greater than that of
sample 1, and the thickness in the Z direc-
tion is the same as that of the sample 1. The
arrangement of the clusters is similar to that
of sample 1, which has no direct bonds as
W-0O-W between the clusters. Although
the Ts is higher than that for sample 1, the
basic structure of this model is the same as
that of sample 1 and the calculated PDF is

—— Sample 2(obs.)
— — Cluster (calc.)
(calc.)

(=%
T

== Film

PDF 107 (el2/A2)
-

[¥)

Radius (&)

Fi1G. 14. Calculated PDF from the structural model
of sample 2.
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Fi16. 15. Structural model of sample 3 projected
along Z direction. The arrows indicate 20 A.

quite consistent with the observed value.
This result suggests that the three- and six-
membered rings are fairly stable, but they
disappear and only the four-membered
rings are formed when Ts exceeds 360°C.
Above that temperature WO; films will
crystallize and form ReQs-type structure.
(3) Structural model for sample 3. The
observed density of this film was 5.4 g/cm?,
which was the highest in the four samples.
When the clusters were arranged to have no
direct bonds, the calculated distances be-
tween the clusters with desirable Nco
(W-W) became too short. We therefore
adopted a model in which the WOg octahe-
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F1G. 16. Calculated PDF from the structural model
of sample 3.
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dron was shared by the neighboring two
clusters as shown in Fig. 15. The diameter
and thickness of this cluster are 39 and 16
A, respectively. The calculated PDF from
this model is consistent with the observed
value, which is shown in Fig. 16.

As the T's became higher, the sizes of the
clusters in these models increased. The
clusters were isolated in samples 1 and 2
but they connected with each other in this
model. This result seemed to reflect a struc-
tural change from the isolated clusters to a
continuous structure.

4) Structural model for sample 4. The
density of this film was lower than that of
sample 3, but the Nco(W-W) showed the
greatest value, 5.3. This film was prepared
by annealing of sample 1. We thought that
samples 4 and 3 had different structures al-
though both films were heated at 300°C. In
sample 3, the deposited molecules or atoms
can migrate to form microclusters. How-
ever, in sample 4, the clusters are already
formed (in sample 1) and have a stable
structure. The migration of the inner atoms
may be considerably restricted in compari-
son with the case of sample 3. We therefore
thought the clusters migrated and con-
densed through the heat treatment. We ac-
cordingly assumed a condensation of the
clusters for sample 4. We made an infinite
columnar model as shown in Fig. 17, which
consisted of three of the clusters obtained
for sample 1 in the projected X-Y plane.
The columnar model had an infinite length
in the vertical Z direction. Constructing this
infinite columnar model, we satisfied the
desirable density and Nco(W-W). The cal-
culated PDFs which are consistent with the
observed value, are shown in Fig. 18.

The specifications of the obtained struc-
tural models are listed in Table V.

From these studies, it was found that the
structural models based on the atomic ar-
rangement of hexagonal WO; showed good
agreement in PDF. The framework struc-
tures in the cluster models consisted of
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Fi1G. 17. Structural model of sample 4 projected
along Z direction. The arrows indicate 20 A.

three-, four-, and six-membered rings, and
nonbridging oxygens in terminal W=0 or
W-~OH, were located at the surface of the
clusters. The structural changes, which
were due to a rise of substrate temperature
and annealing of a deposited film, were ex-
plainable by the growth of the clusters
(sample 1 — 2 — 3) and condensation of the
clusters (sample 1 — 4).

Information about the conformation of
water can be obtained with IR spectra, but
we did not reflect them to the structural
models. This was based on the following
reasons. The indicated cluster models were
equal in size for each sample, but in fact the

12
r— —— Sample 4 (obs.)
10 - — — Columnar (calc.)
& T —-— Film (calc.)
st
) L
g or
* o
5ot
[ |
2 -
3
0 -
0 2 4 6 8 10

Radius (A)

FiG. 18. Calculated PDF from the structural model
of sample 4.

NANBA AND YASUI

TABLE V

SPECIFICATION OF THE OBTAINED
STRUCTURAL MODELS

Sample Dc? Tc? Nco  De-e?
no. (&) (A) Nw® No° O/W (W-W) (&)
1 15.6 122 36 138 383 433 2.46
2 29.9 122 126 456 3.62 476 252
3 39.4 157 300 1023 3.41 518 2.50
4 156 x3 o 144 480  3.33 550  5.00

2 Diameter of cluster.

b Thickness of cluster.

¢ Number of atoms in one cluster.
4 Distance between clusters.

films probably consist of clusters with vari-
ous sizes and shapes. We thought that the
relation between such complicated clusters
was much more complicated than the
atomic configuration in the clusters. From
these reasons, we made simple cluster
models to explain basic structure and ad-
justed only the distances between the clus-
ters. It is necessary to obtain more informa-
tion on hydrogen in order to give a more
detailed structure.

Conclusion

In this study, information about the mi-
crostructures of a-WO; films was obtained
mainly with XRD using a TFD system. The
second peaks attributed to the nearest
W-W in PDFs were very sharp, and we
accordingly expected that the configuration
of WOg¢ octahedra was kept in good order
even over a long range. The observed PDFs
were compared with the calculated values
from crystalline tungsten oxides and hy-
drates, and they were consistent with the
calculated PDFs from hexagonal WO; and
WO, - {H;0. We therefore made cluster
models based on the structure of these
crystals. The clusters based on WO; - $H,0
required a considerably large size to satisfy
the observed coordination number of the
nearest W-W, The cluster models in which
the atomic arrangement was similar to that
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of hexagonal WO; showed good agreement
in PDFs. The arrangement of the clusters
did not have a pronounced effect on PDF,
and it was not examined in detail. We
thought the clusters in a-WO; film were
bound to other clusters with hydrogen
bonds through water molecules.
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