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Structural modeling and simulations are proposed to justify
the X-ray diffraction pattern of oxygen-deficient Ti: WO; thin
films, where the lack of 2-D and 3-D correlations observed in the
structure is ascribed to a random spacing between {1 03} crys-
tallographic shear planes while maintaining the defect density of
the WQO,, ordered structure. The present phase can be viewed as
an intermediate case between the crystalline and the amorphous
WO; phases, due to the freezing of the in-plane rotational degree

of freedom of the [WOg]®~ structural unit. © 1997 Academic Press

Tungsten trioxide, WO;, shows a remarkable variety of
physical properties which can be ultimately related to the
microstructural properties. The amorphous phase is re-
quired to obtain electrochromism (1). Oxygen-deficient
tungsten trioxide (WO;3_,) is known to crystallize in the
Magneli phases, which offer a wide range of structures
originated by the presence of ordered patterns of edge-
sharing [WO¢]°~ octahedra within the ReO;-like corner-
sharing octahedra network (2-12). WO; is also antifer-
roelectric and, in the closely related WO3-based tungsten
bronzes, superconductivity and electrochromism are found,
depending on the degree of doping (13). In addition, pure
WO; and Ti-W-O mixed oxides have been recently pro-
duced in the form of thin films and are currently being tested
as gas sensors (14-16).

As for the microstructural properties, it should be noticed
that structures discovered in the bulk (single crystals or
powders) might not properly describe those of thin film
materials (17) or nanopowders (18). Furthermore, meta-
stable phases are likely to be found in thin films (19-21), in
view of the out-of-equilibrium growing conditions and of
the stresses induced by the substrate at the interface. Also
for the present material, i.e., oxygen—deficient Ti: WO; thin
films deposited by r.f. sputtering, structural modeling and
simulations have been formulated to justify the X-ray dif-
fraction (XRD) patterns which could not be directly related
to those of the bulk phase. The lack of 2-D and 3-D
correlations observed in the XRD pattern is ascribed to the
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disorder effect of the WO, 4 structure due to a random
spacing between {103} crystallographic shear planes. In
this frame, the experimental results and their interpretation
bring evidence of translational disorder generated by
oriented defects in the WO3; Magneli phases. The present
phase can be regarded as an intermediate case between the
crystalline and the amorphous WO; phases, due to the
freezing of the in-plane rotational degree of freedom of
the [WO4]°~ structural unit (considered a rigid body).

Ti-WOj5 thin films were deposited onto alumina substra-
tes by r.f. magnetron sputtering from a target of the Ti-W
alloy (90% W-10% Ti in atomic weight) by using an Alcatel
(Model 450 SCM) sputtering plant. The use of titanium in
the Ti—-W target alloy was aimed to improve the thin film
adhesion properties. The pressure inside the chamber was
0.0125 mbar and four samples with different Ar/O, ratios,
i.e., 20, 30, 40, and 60% O, content in the gas mixture, were
grown. X-ray diffraction measurements were performed on
a Philips MPD 1830 powder diffractometer with graphite
monochromated CuKe radiation in the Bragg—Brentano
parafocusing geometry. Simulations and modeling were
performed by the Cerius? software package (22).

Despite the considerable amount of Ti atoms in the target
(~40% of the atoms in the target are Ti atoms), the as-
grown samples usually show a lower Ti/W atomic ratio,
which increases with annealing treatments (16). Therefore,
in the present samples titanium is regarded as an impurity
for the WO, lattice. The effect of Ti cations on the WO,
lattice has been discussed in a recent study (16). These
defects can be ascribed to the tendency of Ti atoms to form
edge-sharing Ti—O octahedra which can originate disorder
in the network of the W—O corner-sharing octahedra char-
acteristic of WO;. However, despite the lower Ti sputtering
rate, the amount of Ti is still relevant and the presence of
poorly crystallized or amorphous Ti—O phases may not, in
principle, be excluded.

As for the present samples, Ti-O segregated phases
are excluded, within the instrumental sensitivity, on the
basis of an optical and micro-Raman investigation. Indeed,
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a micro-Raman mapping (with a spatial resolution of about
1 um) of the layers did not show any phase inhomogeneity.
This result was also confirmed by an analysis with an
optical microscope. The optical inspection is, in the present
case, indicative of sample inhomogeneity since previous
studies (21, 23) have shown that phase segregation is related
to modification of the layer morphology on a micrometer
scale. For example, 0.5-5.0 pm sized WOj crystallites were
found over the sample surface after annealing for several
hours at high temperatures and the area around the crystal-
lites appeared to be Ti rich (from EDS analysis). The signal
from WO; crystallites was easily detected by XRD. For
annealing treatments of about 8 h at 800°C, segregation of
nanophase TiO, anatase was found by TEM measurements.
The signal from TiO, anatase was also easily detected by
micro-Raman measurements. Moreover, samples with
a high Ti content on the surface showed a brown color. This
is not the case of the present samples which were not
annealed after the deposition and do not show any of the
features mentioned above. Therefore they are assumed to be
homogeneous within the sensitivity of the micro-Raman
probe.

Figure 1 shows the XRD pattern of the Ti—-W-O thin
films. The Al,O; reflections from the substrate are identified
through the bar sequence on the top of the figure. As shown
by the intensity trend of the Al,O; reflections, the substrate
signal increases with the oxygen content in the mixture,
which can be ascribed to a less efficient sputtering process.
The thin film contribution to the XRD pattern is given by
several structures. First, the strong 001 and 002 reflections
are detected at 24° and 46° (20). These peaks are relatively
narrow with respect to the “amorphous-like” structures
detectable in the pattern at 25°, 50°-54°, and 76°. Moreover,
the sharp structures are found at scattering angles different
from the amorphous maximum, which indicates that the
distance corresponding to the sharp peak is slightly different
from the average W—W distance in the ReO;-related struc-
tures of WO3. The presence of amorphous-like structures at
high scattering angles (50°-54°, and 76°) is quite unusual. It
should also be observed that the lattice spacing correspond-
ing to these reflections are multiple of ~3.5 A, the average
W-W distance, davg, in the corner-sharing bonding of the
[WO4]°~ octahedra. Furthermore, while in the case of the
sharp reflections the third order is not detectable, in the case
of the broad reflections the third order can be found peaked
at 76°. Finally, the intensities of the broad peaks decrease
with the scattering angle. The lack of hkl reflections with at
least two nonzero indexes is another important finding,
which indicates the lack of structural correlation both in
two and three dimensions.

The features described so far are more clearly detectable
in the sample deposited with the lowest O, content and,
therefore, the possible structural models have been related
to oxygen-deficient WO;_, phases. When an anion defi-
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FIG. 1. XRD patterns of samples grown with 20% (a), 30% (b), 40%

(c), and 60% (d) O, content in the gas mixture. As references, the 20
position of the Al,O3 pattern (top) and the XRD pattern of pure WO;,
powder (e) are reported. A logarithmic scale is used to enhance the “dis-
order” contribution to the pattern.

ciency is introduced in the structure, the anion vacancies
can be eliminated by sharing one part of the structure
relative to the other along a certain crystallographic direc-
tion. This defect is, however, observed in a narrow range of
oxygen stoichiometries (WO; _, with 0 < x < 0.13).

The crystallographic shear (CS) phases can be regarded as
translational modulations of the parent structure, the trans-
lation boundaries being CS planes. In particular, oxygen
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removal causes the WOj; structure to collapse along the
{102} planes, thereby introducing {102} CS planes into the
crystal. The idealized structure of these defects consists of
blocks of four edge-shared octahedra in a normal ReOj;-
type of structure. Below about WO, o3, {103} CS planes are
introduced in the structure, resulting in blocks of six edge-
sharing octahedra (see, e.g., K. Kosuge in Ref. 2). While, in
the former cases, the octahedra edges in the plane remain
parallel to each other, other phases are known with lower
oxygen content where also a rotation of the octahedra with
respect to each other is present (see, e.g., WO, 5, WO, 76,
WO, .75, WO, 625 (24)).

All the WO;_, structures share a common feature.
Namely, the measure of one cell parameter corresponds to
the height of a [WO4]®~ octahedron, while in the plane
perpendicular to this axis, defects can be found according to
the oxygen content. When these defects are due to CS
ordered planes, the Magneli phases may occur.

In view of these common features reported for WO;_,,
amodel is proposed for the present layers, based on oxygen-
deficient layers orderly stacking in one direction. In this
way, the sharp reflections detected at 22.8° and 47.5° are
ascribed to the constant interlayer spacing, while the broad
features detected in the pattern are related to disorder effects
within each layer and, in particular, to the average in-plane
nearest-neighbor W—W distance djvg. Actually, a similar
feature is also found in the XRD pattern of the amorphous
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phase, but the presence of these features even at high scatter-
ing angles indicates that, despite disorder effects, a mono-
dimensional correlation is present. The difference between
the amorphous and the present phase can be ascribed to
the orientation of the [WO4]®~ octahedra. While in the
amorphous case the octahedra are randomly oriented, in
the present phase disorder is supposed to result only from
the sliding and not from the rotation of the octahedra. This
sliding, which is related to the edge-sharing defects observed
in the oxygen-deficient phases of WO3, can still maintain
a correlation of the atomic distributions. In this frame, the
present phase can be viewed as an intermediate case be-
tween the crystalline and the amorphous, in that, while the
octahedron (considered as a rigid body) has zero in-plane
degrees of freedom in the crystalline phase and three in the
amorphous phase, only the two translational in-plane
degrees of freedom are found for the present layer.

The broad halo detected in the 44°-57° range shows, to
a close inspection, some structure. Indeed, two maxima are
clearly observed at 50° and 54° in the experimental pattern
(Fig. 2), which indicates that different average periodicity
— due to different sequence of defects in the two orthogonal
directions — may be found. The defects in the plane can be
related to an increase in the number of edge-sharing oc-
tahedra which pack in the plane with respect to the ideal
ReOs;-like plane. The presence of these two maxima allowed
estimation of the oxygen stoichiometry in the sample. The
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FIG. 2. Expanded view of the pattern shown in Fig. 1a. The data fitting is drawn with a continuous line. On the bottom, the difference between the
experimental and the calculated data is reported. The Al,Oj reflections are indicated with asterisks. The inset shows the [WO4]°~ octahedral unit and the

three axes, a, b, and ¢, corresponding to the body diagonals.
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peak positions have been determined by fitting the experi-
mental data with the PC-APD software package (Fig. 2).
The h00, 0kO, and 00/ reflections detected in the experi-
mental pattern correspond, in the WO; structure, to the
directions identified by the octahedron diagonals. On the
basis of the oxygen-deficient WO, 4 structure reported in
literature (ICSD Card No. 24736, Ref. 24) showing a {103}
CS defect, a supercell has been generated to allow a com-
parison with the ideal WOj structure (ICSD Card No. 836,
Ref. 247 based on the axis transformation described by the
matrix
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The presence of one defect in the WO, 4 structure was
related to a contraction of 1/2 of the W—W distance (Fig. 3).
The counting was performed along the directions corres-
ponding to the corner-sharing octahedra rows in the ideal
WOj; structure, with a reference unit length corresponding
to the in-plane W—W (d,vg) distance, as shown in Fig. 3. The
calculated contractions are reported in Table 1. The cal-
culated Ti—-W-O parameters have been obtained starting
from the experimental value of the c-axis (7.808 .&) and
scaling the other two axis lengths according to the ideal
WO; structure. On the basis of these data, the oxygen
content can be estimated and the oxygen stoichiometry of
the present sample results to be very close to 2.9. It is
remarkable to observe that despite disorder, different con-
tractions are maintained along the two directions, which
can be related to the characteristic shape of the defect, as
described above.

Another important feature concerns the relative intensity
of the reflections belonging to the same family in the experi-
mental pattern. While the measured intensity for the 002
and 004 reflections agrees with the expected intensities in
the case of the ordered structure along the corresponding
direction, i.e., the c-axis (see Fig. 1), for the other detected
reflections the intensity ratio between reflections of the same
family is different from that observed in the ordered struc-
ture. This effect has been simulated by introducing disorder
effects into a monodimensional chain of 50 W atoms.

The calculated contribution to the XRD pattern from the
two possible defect clusters (I and II) each distributed along
one direction with the same density as that found in WO, 4
is shown in Fig. 4. The calculation was performed according
to the procedure suggested by Warren (25),

E

I sin(kd;)
I~ Nt

where N, is the number (50) of scattering units, d; are
the possible W—W distances (multiple of a/2) for a given

TABLE 1 .

Projected W-W Average Distance, d,yg (in A), along Three
Orthogonal Axes for WO;, Ti-WQ; (as Obtained from the
XRD Data of Fig. 2), and Ti: WO; Normalized with Respect to
the WO; Cell Parameters. Ratio between the Experimental and
Calculated d,vg Distances for Ti: WQ;. Ratio between the
d,vi Distances of WO,, and WO,
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FIG. 3. Supercell, obtained by proper matrix transformation, for the
WO, , phase. A total of 41 octahedra are found in the type I defect
sequence direction, while 43 octahedra are found along the type II defect
direction.

Axis WO; Ti: WO; Ti: WO; Ti:WO;  WO,4/WO;
experimental calculated (i.e., exp/calc
normalized to WO5;)
¢ 3.877 3.904 3.904 1 1
a 3.785 3.699 3.811 0.971 0.974
b 3.670 3.428 3.696 0.927 0.927

Note. The orthogonal axis corresponds to the body diagonal of the [WO4]°~
octahedron (see inset of Fig. 2).
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FIG. 4. XRD pattern of the sample grown with 20% O, content in the gas mixture compared with the pattern calculated on the basis of the structural
simulation. Inset: the two sequences of defects (type I and type II) used in the simulation.

distribution, »; is the total number of the d; distances, and
k = 4rnsin0/2 (. = 1.541 A, CuK«). The simulated pattern is
in good agreement with both integrated intensity and the
peak positions. In particular, the proposed model shows
that the defect clusters I, originated by the {103} CS, are
oriented parallel to each other. Indeed, as can be evinced by a
close inspection of Fig. 3, this orientation implies that the
defect distribution along two orthogonal directions is different.

In conclusion, the XRD patterns and the structural
modeling bring evidence of translational disorder generated
by oriented defects in the Magneli phases. The lack of cor-
relation in the structure can be ascribed to a random spac-
ing between {103} planes while keeping the defect density
and therefore the axis correlations of the WO, 4 ordered
structure. This kind of translational disorder may affect the
electrochromic properties of this material. Indeed, a change
in the thin film color (from green—gray to pale yellow) was ob-
served with the increase in oxygen in the Ar/O, gas mixture.
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