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Tungsten trioxide sintered wafers were prepared from WO3 powder obtained when
ammonium paratungstate is decomposed in air at moderate temperature. Two wafer series
of five samples were sintered under the same conditions in the temperature range
600–1000 ◦C. One of these wafers series was submitted to a subsequent annealing at 700 ◦C
under a hydrogen atmosphere. All samples were characterized at room temperature by
X-ray diffraction and electrical measurements. X-ray spectra show that WO3 ceramic
presents a mixture of the triclinic and monoclinic phases before the reduction process.
After the reduction process, WO2 and four hydrogen tungsten bronze phases are present in
wafers. Capacitance measurements showed that the samples submitted only to the
sintering process changed the dielectric constant with the frequency according to the
Debye model. The reduced WO3 shows a semiconductor behavior, as determined by
electrical resistivity measurements. C© 1999 Kluwer Academic Publishers

1. Introduction
Tungsten trioxide (WO3) has many technological
applications. As thin films, it is used extensively in
eletrochromic devices [1], for solar energy conversion
and photovoltaic water purification [2], and in surface
acoustic wave gas sensors [3]. WO3 films may be pre-
pared by several different techniques: sol-gel [4], spray
pyrolysis deposition [5], thermal evaporation [6], r.f.
sputtering [7], anodization [8] and e-beam deposition
[9], for example. Several studies in compacted WO3
ceramics have been reported in the literature, mainly
due to its importance in the fabrication of gas sensors
[10, 11]. Recently, ceramic semiconductors have been
used for detection and control of toxic gases [11].
Consequently, as others metal oxides, such as SnO2,
TiO2, and Fe2O3, doped WO3 is a basic material
for use in devices that find applications related to
environmental protection.

Due to their high dielectric constant, WO3 sintered
wafers are suitable for the fabrication of ceramic ca-
pacitors. The changes in the electrophysical properties
of the stable and metastable WO3 ceramic wafers re-
lated toγ -ray doses and temperature variation in the
range 180–300 K was reported by Soshnikovet al. [12].
These authors have described the dielectric of the WO3
ceramic at low frequency (1.0 Hz) as a function of the

temperature variation and have observed a monoclinic
to triclinic phase transition in the temperature interval
200–230 K, and also a triclinic to monoclinic phase
transition around 300 K. Pfeiferet al. [13] studied the
dielectric properties of tungsten trioxide at high fre-
quency (60 MHz to 9.44 GHz). However, literature
reports on the dielectric response of WO3 sintered
wafers at room temperature to low frequency oscillating
fields are very scarce.

Since the technological interest in the WO3 ceramic
is growing, it seems opportune to pursue a better un-
derstanding of its properties to improve its character-
ization. The aim of the present work is to study the
microstructural and electrical properties of the WO3
ceramic obtained by compressing the WO3 powder.
Measurements at room temperature performed before
and after the reduction process of WO3 ceramic sam-
ples were carried out. The dielectric constant behavior
of the WO3 ceramic as a function of the signal fre-
quency in the range 120 Hz–10 KHz is presented, as
its X-ray diffratograms, and the sintering temperature
dependence of its electrical resistivity.

2. Experimental
WO3 ceramic samples were prepared from the WO3
powder obtained after ammonium paratungstate
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thermal decomposition in room atmosphere. The WO3
powder of grain size 75µm was submitted to a hydro-
static pressure of 400 MPa. Two groups of WO3 wafers
with 10 mm diameter and 5 mm of thickness were
sintered in air in the temperature range 600–1000◦C.

One group of WO3 samples was submitted to a
physical-chemical reduction process in a H2 atmo-
sphere. The furnace temperature during the physical-
chemical reduction process was maintained at 700◦C
for 120 min. Such a process was carried out in a cham-
ber where the reducing atmosphere was kept under
a hydrogen flux of 18 ml min−1, based on previous
studies made by da Silva [14] on this material.

Both groups of WO3 samples were microstructurally
characterized by X-ray diffraction, using a RIGAKU
diffractometer, model DMAXB, with a CuKα radia-
tion of 0.1504 nm wavelength, coupled to a RIGAKU
computer FP 6000. The X-ray tube has a 40 kV oper-
ating voltage and a 20 mA current. All measurements
were performed within the 20◦ to 80◦ angular interval
with a 6◦min−1 goniometer velocity. The Joint Com-
mittee on Powder Diffraction Standard (JCPDS) cards
were used to identify the chemical species and their
phases [15].

To perform the electrical characterization the wafers
were superficially metallized with silver paste. Mea-
surements of the electric capacitance were made in the
group of unreduced WO3 samples with a HP capaci-
tance bridge model 4262-A RCL Meter. Using these
results and the circular parallel plates capacitor model,
the dielectric constant was obtained.

3. Results and discussion
3.1. X-ray measurements
The X-ray diffraction spectrum of WO3 starting pow-
der used in our experiment is shown in Fig. 1. The
JCPDS card suggests from this spectrum that WO3 has
crystallized in the monoclinic phase. This result is in
accordance with the literature [16].

When commercial WO3 powder is submitted to pres-
sure for the production of the WO3 ceramic samples,
some of their covalent chemical bonds can be desta-
bilized and the structural transitions that take place are
affected. Soshnikovet al. [12] has determined that WO3
powder submitted to high pressures exhibits a triclinic

Figure 1 X-ray spectrum of the WO3 original powder used to fabricate
wafers (da Silva [14]).

Figure 2 X-ray diffraction spectra of WO3 sintered wafers at (a1)
600◦C, (a2) 700◦C, (a3) 800◦C, (a4) 900◦C and (a5) 1000◦C.

phase at room temperature. These authors attributed the
displacement of the transition temperature between tri-
clinic and monoclinic phases to the presence of cobalt
ions in the WO3 powder utilized for the preparation of
disk-shaped samples. The pellets used by those authors
were compressed at a pressure of 7.0× 104 MPa.

The influence of the sintering temperature of WO3
ceramic on X-ray spectra is shown in Fig. 2. The three
peaks of highest intensity are related to the triclinic
phase with (0 0 2), (0 2 0), and (2 0 0) spatial orienta-
tion. Other peaks assigned in the spectra correspond to
the monoclinic phase. This result indicates the existence
of monocrystals formed from the monoclinic phase of
WO3 powder. The mixture of phases present in our re-
sults may be attributed to the application of a moderate
pressure on the process of WO3 wafers fabrication. We
assume that the pressures used in the fabrication of our
samples were not sufficient to completely convert the
monoclinic to triclinic WO3.

Fig. 3 shows X-ray diffraction spectra of reduced
WO3 ceramic as a function of sintering temperature.
The majority peaks of WO3 have disappeared and new
peaks appeared after the reduction process of WO3
ceramic. This result is similar to that reported in the
literature [17–19], and are attributed by those authors
to the suboxide WO2 and hydrogen tungsten bronze
HxWO3, wherex presented the following values: 0.1,
0.23, 0.33, and 0.5. The new chemical species are
identified in the literature [17–19] as being tetragonal
H0.1WO3, tetragonal H0.23WO3, tetragonal H0.33WO3,
and cubic H0.5WO3.
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Figure 3 X-ray diffraction spectra of several WO3 samples, sintered at 600◦C, 700◦C, 800◦C, 900◦C and 1000◦C. These samples were also reduced
at 700◦C in a H2 atmosphere;d (WO3), I (WO2), ss (H0.1WO3), (H0.23WO3), nnn (H0.33WO3) andm (H0.5WO3).
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Figure 4 Dielectric constant of WO3 sintered wafers as a function of
sintering temperature.

3.2. Electrical measurements
Fig. 4 shows the relative dielectric constant as a function
of the sintering temperature, for three different values
of frequency measured at room temperature. Indepen-
dently of the sintering temperature, the dielectric con-
stant decreases with increasing frequency of the sig-
nal used in the measurements. This result is similar
to that reported in perovskite glass-ceramic [20]. The
influence of sintering temperature on the dielectric con-
stant is such that it varies slowly between 600◦C and
750◦C, presenting a peak at 850◦C. Between 850◦C
and 1000◦C there is a decrease in the value of the di-
electric constant. To understand this result we report
on the effects of temperature on the dielectric constant,
as described by Debye relations. The real and imagi-
nary parts of the dielectric constant are given by the
following relations:

εr = ε∞ + ε(0)− ε∞
1+ ω2τ 2

, (1)

εi =
[
ε(0)− ε∞

]
ωτ

1+ ω2τ 2
, (2)

where,ε∞ is the dielectric constant at optical frequency,
ε(0) the static dielectric constant,ω the measuring fre-
quency, andτ is the relaxation time. The relaxation
time τ is a function of temperature. From Equation 1
it is clear thatεr decreases when the frequencyω in-
creases. We have assumed that the same relation is valid
whenT is the sintering temperature, due to the coales-
cence between grains of WO3 powder induced by the
sintering process. Therefore, for a constant value of fre-
quency, there is an increase of the dielectric constant as
the sintering temperature increases. Furthermore, the
dielectric response is not only a function of the relax-
ation time. Other mechanisms have an influence on the
dielectric constant, such as the space charge polariza-
tion and the number of interfaces. It is well known that
the sintering process produces microstructural defects
in the materials, such as number of vacancies, vacancy
groups and grain boundaries, for example. As a conse-
quence, there will be a small migration of ions by the

Figure 5 Electrical resistivity of WO3 sintered at several temperatures
and reduced at 700◦C in the presence of hydrogen atmosphere.

action of an a.c. electric field that results in a weak po-
larization of both W6+ and O2− ions when a higher sin-
tering temperature is used, thus decreasing the dielec-
tric constant. Based on these considerations, the peak of
the dielectric constant that appears at 850◦C may be ex-
plained by two combined effects: The increasing dielec-
tric constant, due to relaxation time, and the decreasing
dielectric constant due to the weak polarization.

Another explanation for this peak can be obtained by
examining the X-ray diffraction pattern shown in Fig. 2.
These results indicate that there is a major cristallinity
around 850◦C, that may be determined by the structure
factor, i.e. there is a greater number of induced dipoles
in a preferential spatial orientation, resulting in a max-
imum value of the dielectric constant. This explanation
takes into account the fact that the intensity of the X-
ray beam scattered in this situation depends only on
the structure factor. We assume that parameters such as
temperature factor, Lorentz factor, polarization, mul-
tiplicity factor, and temperature, are invariant to each
WO3 ceramic sample characterized.

Reduced WO3 ceramic was electrically characterized
by resistivity measurements. Fig. 5 shows the influence
of sintering temperature on the resistivity of reduced
WO3 ceramic at 700◦C in H2 atmosphere. The same
behavior was observed in the range of frequency stud-
ied with no dispersion in the resistivity value. These
samples presented electrical resistivity in the range
10−3Äm to 10−2Äm, that may be caused by the pres-
ence of hydrogen tungsten bronze. The transition of this
material from insulator to semiconductor is attributed to
the intercalation of the H+ ions in the oxygen vacancies
and tungsten interstitial positions [21].

4. Conclusions
The behavior of the dielectric constant of WO3 sintered
wafers is explained by extrinsic factors, i.e. microstruc-
tural defects and coalescence of grains. Combining
these arguments with the Debye relation, it is possible
to understand the spectrum of dielectric constant as
a function of sintering temperature. The analysis of
X-ray diffratograms shows a mixture of triclinic and
monoclinic phases of WO3 with preferential growth
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orientation on directions (0 0 2), (0 2 0), and (2 0 0)
which are related to the triclinic phase. After the
reduction process, the X-ray spectra show the pres-
ence of WO2 and tungsten bronze in four phases.
These new phases give the material semiconducting
properties which are confirmed by electrical resistivity
measurements.
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