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In this study, we investigate the synthesis of WO3 and WOx �2.6�x�2.8� by adding different
concentrations of tungsten hexafluoride �WF6� into a H2 /O2 /Ar premixed flame within a
low-pressure reactor equipped with a particle-mass spectrometer �PMS�. The PMS results show that
mean particle diameters dp between 5 and 9 nm of the as-synthesized metal-oxides can be obtained
by varying the residence time and precursor concentration in the reactor. This result is further
validated by N2 adsorption measurements on the particle surface, which yielded a 91 m2 /g surface
area, corresponding to a spherical particle diameter of 9 nm �Brunauer-Emmett-Teller technique�.
H2 /O2 ratios of 1.6 and 0.63 are selected to influence the stoichiometry of the powders, resulting in
blue-colored WOx and white WO3 respectively. X-ray diffraction �XRD� analysis of the
as-synthesized materials indicates that the powders are mostly amorphous, and the observed broad
reflexes can be attributed to the orthorhombic structure of �-WO3. Thermal annealing at 973 K for
3 h in air resulted in crystalline WO3 comprised of both monoclinic and orthorhombic phases. The
transmission electron microscope micrograph analysis shows that the particles exhibit spherical
morphology with some degree of agglomeration. Impedance spectroscopy is used for the electrical
characterization of tungsten-oxide thin films with a thickness of 50 nm. Furthermore, the
temperature-dependent gas-sensing properties of the material deposited on interdigital capacitors are
investigated. Sensitivity experiments reveal two contributions to the overall sensitivity, which result
from the surface and the core of each particle. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2817612�

I. INTRODUCTION

Solid-state gas sensors have a huge potential for moni-
toring air pollutant emission in comparison to expensive gas
analyzers. This is due to their unique advantages of low cost,
small size, fast response time, and long operating life span.
These properties provide the opportunity to use gas sensors
in environmental and safety control of toxic gases, as well as
in the control of combustion processes.1–3 Solid-state gas
sensors are based on the principle that their electrical prop-
erties change in the presence of different gaseous environ-
ments. It has been discovered that the adsorption of atoms
and molecules on inorganic semiconductor surfaces can af-
fect surface properties such as conductivity and surface po-
tential. Hence, the composition of the ambient atmosphere
affects the electrical conductance of semiconductors. These
results have been applied to gas detection through the devel-
opment of the first chemo-resistive semiconductor gas
sensors.4

Semiconductor metal-oxides such as TiO2, SnO2, WO3,
and In2O3 have been identified as suitable materials for gas-
sensing applications.5–8 However, some of these materials
have the disadvantages of poor selectivity, cross sensitivity,
and influence of humidity. Among the above-mentioned

metal oxide, SnO2 has attracted the greatest attention for
gas-sensing applications. This is because of its native n-type
semiconductor behavior, which allows easy interaction of the
material with reactive gases. This interaction leads to a large
increase or decrease of the conductivity in different environ-
ments; however, SnO2 has been reported to exhibit poor se-
lectivity. Therefore, alternative materials are required, which
could be complementary to SnO2, or possess unique proper-
ties for diverse gas-sensing applications.

Tungsten oxide is known to be a very promising candi-
date with a good selectivity for sensing of the air pollutants
NO /NO2, CO /CO2, and ethanol.9–11 Furthermore, humidity-
insensitive gas sensors, which have overcome some of the
major disadvantages of conventional metal-oxide gas sen-
sors, have been developed based on tungsten oxides.12

Therefore, the creation of a gas sensor with very distinctive
parameters is necessary, to obtain physic-chemical informa-
tion about the electrical conduction processes of tungsten
oxides using ac analysis.

The sensing behavior of bulk WO3 is known to be a
function of its chemical and physical properties such as sur-
face area, crystallinity, stoichiometry, and phase composi-
tion. Additionally, it is accepted that the sensitivity is mainly
influenced by physic-chemical reactions on the surface of the
sensing material. Especially, nanoparticle-based thin-film
sensors exhibit promising application properties due to thea�Electronic mail: hartmut.wiggers@uni-due.de.
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large surface-to-volume ratio of each particle. Therefore, us-
ing nanoparticle thin films for sensing applications is a prom-
ising method to improve the response time and the sensitiv-
ity. Both properties are consequently influenced by the
synthesis method employed for generating WO3 particles
and thin films. Some of the methods which have been em-
ployed for the synthesis of WO3 nanoparticles and thin films
include sol-gel, rf sputtering, and various precipitation
techniques.13–15 While these methods have successfully
yielded crystalline WO3 nanoparticle and films, they are of-
ten constrained by multiple operation stages, or low product
yield. Hence, a synthesis route that ensures both sizable
quantities of products for ex situ analysis and materials with
well-defined properties is required.

In the past few years, premixed-flame synthesis of
metal-oxide nanoparticles has been successfully
implemented.16–19 This method offers the unique advantage
of chemically pure materials, short reaction time, cost effec-
tiveness, and scale-up possibilities in comparison to the
methods mentioned above. In this study, a premixed
H2 /O2 /Ar flat flame with dilute concentrations of WF6 as a
precursor material, operated in a low-pressure reactor, is
used for the synthesis of nanosized tungsten-oxide particles.
Operating the flame in a low-pressure environment provides
an additional parameter �pressure�, which can be used to tune
the properties of the nanoparticles. Furthermore, residence
time for particle growth can be varied during synthesis,
while the corresponding change in mean particle diameter
can be analyzed in situ with a particle-mass spectrometer
�PMS�.

One objective of this investigation has been to synthe-
size high surface area tungsten-oxide nanoparticles and de-
posit the particles on interdigital capacitors with the molecu-
lar beam assisted deposition process using the PMS. A
further objective has been the characterization of the proper-
ties of the synthesized oxides, with respect to potential ap-
plication in single-metal-oxide gas sensors, or combinational
gas sensor devices.

II. EXPERIMENT

A. Setup

A premixed low-pressure H2 /O2 /Ar flat flame stabilized
on a sintered-bronze burner head is used for the synthesis of
the tungsten-oxide nanoparticles by feeding the flame with
low concentrations of tungsten hexafluoride vapor. The ex-
perimental setup has been previously described and reported
elsewhere.20

The low-pressure reactor is coupled to a particle-mass
spectrometer �PMS� and the complete experimental setup is
divided into three major segments that operate at different
pressures. The first segment is the combustion chamber
which houses the horizontally mounted, water-cooled burner
head where the premixed H2 /O2 /Ar flame is stabilized. It is
connected to a first high-vacuum chamber via a sampling
orifice, followed by a second high-vacuum chamber con-
nected via a skimmer. The burner head can be moved in the
horizontal direction, which enables the variation of the dis-
tance between the burner head and a sampling orifice. This

distance, known as the “flow coordinate,” is proportional to
the residence time available for particle formation and
growth. The reactor pressure pD is kept constant at 30 mbar
with the aid of a PID pressure controller. The inlet gas ve-
locity �vu� is maintained at 1.32 ms−1, while the flow coor-
dinate is varied between 150 and 200 mm.

The second segment is the expansion zone, which is op-
erated at 10−4 mbar, and connected to the combustion zone
through a 0.5 mm sampling orifice. In this segment, the
particle-laden gas is supersonically expanded, causing a
rapid decrease of gas temperature and density. Due to the
rapid change of the flow from continuum to free-molecular
conditions, all chemical and physical processes stop imme-
diately, forming a frozen sample of the combustion aerosol.

The center of the supersonic free jet is extracted by a 0.7
mm skimmer and forms a particle-laden molecular beam in-
side the third segment of the interconnected vacuum cham-
bers operated at 10−6 mbar. In this segment, particle-mass
analysis, which is later converted to particle size distribution,
is performed using the PMS. The design, test, and applica-
tion of the PMS to size analysis of nanoscale particles have
been reported in Ref. 21.

A mixture of 1% tungsten hexafluoride �WF6� in argon is
prepared in a mixing vessel by a partial pressure method.22

The diluted WF6 is fed into the flame reactor via a steel pipe
using a mass-flow controller. Upon entering the flame, the
diluted WF6 is thermally dissociated, followed by an exo-
thermic gas-phase reaction that generates a gas phase of su-
persaturated metal oxides. At lower temperatures down-
stream of the flame, condensation of metal-oxide vapor leads
to the formation of primary particles which further grow into
agglomerates and aggregates by coalescence and
coagulation.23 The synthesized particles are thermophoreti-
cally sampled on a water-cooled plate located inside the
combustion chamber next to the sampling orifice. Further-
more, particles can be sampled on transmission electron mi-
croscope �TEM� grids at the same position, using a pneu-
matic sampling device by rapid insertion and withdrawal in
the particle-laden gas from the combustion segment.

Within the third chamber the molecular beam that con-
tains charged and uncharged particles is directed through an
electric field between two parallel arranged electrodes. The
electric field between the electrodes separates the charged
particles according to their polarity and splits the well-
focused beam into a fan of charged particles. Particles with
low kinetic energy show a stronger deflection than those with
high kinetic energy. The relation between the deflection volt-
age Uc and the kinetic energy of the charged particles is

Uc = const.
mp

ze

vp
2

2
, �1�

where mp is the particle-mass, vp the velocity of particles in
the beam, and z the number of elementary charges, respec-
tively. Based on Fuchs’ theory, each particle can assumed to
be singly charged. The current generated by these charges
can be measured using a Farraday cup and converted into a
particle current IP.

From the principles of the PMS it is also clear that the
current Ip is not directly proportional to the probability den-
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sity function �PDF� of the particle mass or the particle ki-
netic energy. Roth and Hospital21 have shown that the fol-
lowing relation between the measured particle current versus
deflection voltage Uc and the PDF holds:

PDF�mp� = const.
IP�Uc�

Uc
. �2�

The setup allows for the determination of the velocity of the
charged particles in the beam. By tuning the pulse frequency
of two repelling potentials with a spatial distance and per-
pendicular to the molecular beam this device operates as a
velocity filter. The resulting current plotted as a function of
pulse frequency shows distinct maxima and minima, which
in turn can be related to the particle velocity. The value of vp

satisfies the following equation:

vp = 2fminlg. �3�

Due to the difficulty associated with identifying the first fre-
quency minimum, which corresponds to a packet length lg, it
is more practicable to work with the difference between two
minima, whereby �f =2fmin. Hence, Eq. �3� becomes

vp = �fminlg. �4�

In this equation, �f is the frequency difference between two
current maxima. A typical PMS signal �current/voltage� is
shown in Fig. 1.

With the PMS signal, the velocity measurement, and the
bulk density of the material, the PDF of the particle diameter
can be obtained from the measured data �Fig. 1�. The mean
particle diameter dp as well as the geometric standard devia-
tion �g can thus be obtained from Fig. 2.

B. Sensing mechanism

The sensing mechanism of nanoparticles with respect to
CO and NO measurements is attributed to interactions be-
tween different species on the particle surface. It has been
established that both gases react with preadsorbed oxygen or
oxygen from the lattice, and release electrons into the con-
duction band. The dependence of conductivity on the CO or

NO ratio in the atmosphere is described in a model by
Morrison24 and also related to temperature by Reyes et al.25

A visualization of the adsorption sides of oxygen on WO3

nanoparticles is given by Ottaviano et al.26 The reducing
chemical surface reactions of NO and CO with the WO3

particles are displayed in Eqs. �5� and �6� in Kröger-Vink
notation,

WW
x + OO

X + NO ⇒ WW� + VO
•• + NO2, �5�

WW
x + OO

X + CO ⇒ WW� + VO
•• + CO2. �6�

Additionally, the disproportionation of NO at the particle
surface takes place as shown in Eq. �7�,

NO ⇒ N2O + NO2. �7�

Therefore, further oxidizing reactions following Eq. �8� oc-
cur,

WW� + V0
•• + N2O ⇒ WW

X + OO
X + N2. �8�

III. RESULTS AND DISCUSSION

A. PMS and TEM image analysis

Figure 3 shows the PMS analysis of WO3 nanoparticles
for flow coordinates between 150 and 200 mm. The mea-
sured mean particle diameter dp ranges between 5 and 9 nm,
while the geometric standard deviation �g varies between
1.07 and 1.19. With increasing flow coordinate, both, dp and
�g increase.

The sampling of the particles is achieved by positioning
the burner head at a flow coordinate of 170 mm. As men-

FIG. 1. A typical PMS signal: measured current vs deflection voltage. The
inset shows a velocity measurement at a fixed deflection voltage.

FIG. 2. Particle diameter distribution obtained from the data shown in Fig.
1.

FIG. 3. Mean particle diameter as a function of flow coordinate.
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tioned before, a pneumatic TEM sampling device is used for
thermophoretic deposition of particles on TEM grids. The
position for the TEM sampling corresponds to the position of
the sampling orifice, where a sample aerosol is extracted for
PMS analysis. Figure 4�a� shows a TEM image of the
tungsten-oxide nanoparticles on a carbon layer of the TEM
grid. The results of the particle size distribution obtained
from PMS and TEM image analysis can thus be compared as
shown in Fig. 4�b�.

The TEM image shows that the WO3 particles have a
roughly spherical morphology. However, some degree of ag-
glomeration is observed, which is typical for high-
temperature gas-condensation processes. Three hundred indi-
vidual particles are selected from micrographs, from which
classes and probabilities are determined. Mean particle diam-
eters of dp=6.84 and 7.25 nm corresponding to TEM image
analysis and PMS, respectively, are obtained. The results are
in good agreement with the slight disparity attributed to mea-
surement errors. The geometric standard deviation �g is 1.11
and 1.14 from TEM and PMS, respectively.

The ability to control, characterize, and sample nanoma-
terials during synthesis operations provides the basis for
size-selected deposition of the metal oxide from the molecu-
lar beam on substrates for ex situ analysis.

B. XRD

WO3 nanoparticles are synthesized with two different
H2 /O2 ratios of 0.625 and 1.6, which represent lean �excess
oxygen� and rich conditions. The essence of this investiga-
tion is to determine if nonstoichiometric WOx nanoparticles
can be generated in oxygen deficient conditions. The reactor
pressure and inlet gas velocity are kept constant at 30 mbar
and 1.32 m/s, respectively, for both experimental investiga-
tions, while the precursor concentration is maintained at 500
ppm. For the low oxygen concentration a blue-colored pow-
der is obtained, while a white-colored powder is generated
for higher oxygen concentration. Blue-colored tungsten-
oxide particles have been reported to occur either during
oxygen deficient synthesis or during thermal annealing in a
reducing atmosphere.26 As a result, oxygen defects occur,
which results in a nonstoichiometric tungsten oxide WOx,
whereby 2�x�3. In contrast, the white-colored tungsten
oxide is assumed to be fully oxidized WO3 nanoparticles. In
order to validate this assumption and investigate any differ-
ence, x-ray diffraction measurements on the particles are per-
formed.

The x-ray diffraction �XRD� pattern is detected with a
highly sensitive semiconductor detector �X’Celerator/
Panalytical� equipped with a cobalt x-ray source and an iron
filter to suppress any k�-radiation. From the XRD spectrum
of as-synthesized tungsten-oxide nanoparticles shown in Fig.
5, both particles show a similar spectrum with broad reflexes
which could not be matched to any known polymorph of
tungsten oxide. The broad reflexes indicate that, despite the
high amorphous nature of the materials, some degree of or-
dered arrangement exists in the crystal lattice of the materi-
als.

It has been reported that tungsten oxide can crystallize
into several polymorphs when exposed to high
temperatures.27 Hence, in order to confirm that the as-
synthesized materials are tungsten oxide, the materials are
thermally annealed at 700 °C for 10 min in air. The ther-
mally annealed particles are consequently analyzed with
XRD and the diffractogram is presented in Fig. 6. The sharp
reflexes seen on the diffractogram indicate that a transforma-
tion to a highly ordered crystallite has occurred in the mate-
rial. The reflexes are matched to monoclinic �-WO3 nano-

FIG. 4. �a� TEM micrograph of WO3 nanoparticles; �b� Comparative analy-
sis of particle size distribution from TEM image analysis and PMS.

FIG. 5. XRD diffractogram of as-synthesized tungsten-oxide nanoparticles
generated with different H2 /O2 ratios.
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particles with the P21 /n space group. This result confirms
the successfully synthesis of tungsten-oxide nanoparticles in
the low-pressure flame reactor.

The sensing properties of both tungsten-oxide powders
deposited on interdigital capacitors �IDC� substrate are per-
formed in order to establish the suitability and sensitivity of
both powders for gas sensing devices.

C. Sensor geometry

The sensor is realized by depositing the tungsten-oxide
nanoparticles on top of an interdigital capacitor realized on a
p-type silicon wafer with an insulating SiO2 layer on top. An
array of interdigitated gold contacts is arranged using elec-
tron beam lithography.

Figure 7 shows a scanning electron microscope image of
the sensor structure with the deposited WO3 nanoparticles.
The enlargement in the inset in Fig. 7 shows the nanoparticle
thin film on the interdigitated structure. The device is
achieved by placing the sensor along the path of the particle-
laden molecular beam, which arises from the pressure differ-
ence in the various segments of the reactor. Assuming a
closed arrangement of the particles with a filling factor of
87%, a film thickness of about 50 nm is calculated.

D. Electrical measurement

To perform ac measurements under the influence of re-
active gases, the sample is kept in a glass tube with a gas
inlet and outlet at the ends of the tube. The inlet is connected
to a gas-mixing system as previously described by Rakesh et
al.28 The measurement cell is encased by a temperature-
controlled tube furnace to vary the temperature of the sample
in the range between 553 and 583 K, after annealing the
sample at 583 K for several hours. Impedance spectroscopy
�IS� measurements are performed under synthetic air, syn-
thetic air with 1000 ppm CO, and synthetic air with 1000
ppm NO in steps of 10 K down to 553 K. After each mea-
surement series the sample is annealed again at 583 K under
synthetic air.

For impedance measurements, a Solatron SI 1255 fre-
quency response analyzer �FRA� in combination with a di-
electric interface SI 1296 is used in the frequency range be-
tween 1 Hz and 1 MHz with 17 points per decade. The
control of the FRA, the data recording, and the temperature
adjustment are realized with a computer. Before measuring
the impedance of the material, the sample is annealed at 583
K under a gas flow of 100 sccm synthetic air for several
hours. For a quantitative analysis of our measurements, the
data have been fitted using adequate equivalent circuit by
means of a nonlinear least-quare fit algorithm.

1. Sensitivity

To investigate the sensitivity of the particulate tungsten-
oxide thin films, the change of resistance R under synthetic
air with reactive gas species CO and NO is measured at 583
K after annealing for several hours under synthetic air. For
this purpose the impedance data at a frequency of 100 Hz
�which is still in the dc range� are recorded as a function of
time for a 30 min time period.

Figure 8 shows the normalized sensitivity S=Rair /Rgas

for 1000 ppm NO and 1000 ppm CO in synthetic air. In both
cases the reactive gas has been added after a runtime of 120
s. Both, the CO and NO data exhibit an increase of sensitiv-
ity during the measurements and a leveling off at about t
=1500 s. At this time, a sensitivity S=4.3 for NO and S
=2.9 for CO is observed. For both gases the increase of
conductivity can be explained by the injection of electrons.

FIG. 6. XRD diffractogram of tungsten oxide thermally annealed at 700 °C
for 10 min in air.

FIG. 7. SEM image of an interdigital capacitor with gold “fingers” and
electrodes on a p-doped silicon substrate with a 1000 nm SiO2 top layer;
inset shows a close-up which resolves the nanoparticle thin film on top.

FIG. 8. Sensitivity of WO3 nanoparticles on interdigital transducers against
time for measurements under synthetic air with 1000 ppm reactive gases.
The inset shows a magnification of the dashed box. The reactive gas is
added after 120 s.
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However, the data reveal a faster increase of sensitivity for
NO as well as a better sensitivity. Furthermore, we observe a
similar time dependence for both species within the first 120
s after the addition of the gases, followed by a slower, but
dominant, increase of sensitivity during longer exposure.
This fast change in sensitivity during the first seconds usu-
ally is not seen with common WO3 sensors and can be at-
tributed to the high surface-to-volume ratio of the nanosized
oxide. To further substantiate this, impedance spectra have
been measured to investigate core and grain boundary sensi-
tivity in detail.

2. Impedance data

The results received from the sensitivity measurements
reveal stable saturation values before the reactive gases are
added, as well as 1500 s after adding the gases. Therefore, it
is possible to perform time-consuming impedance spectros-
copy under such stable conditions. For the impedance mea-
surements the same sample conditioning is used as for mea-
suring the sensitivity of WO3 thin films. After annealing and
stabilizing with 1000 ppm NO and 1000 ppm CO, imped-
ance data are recorded from 583 to 553 K in 10 K steps.

Figure 9 shows the Nyquist diagram of the impedance
measurements in the temperature range between 553 and 583
K under CO exposure. The decrease of resistance with in-
creasing temperature is a well-known property of semicon-
ducting materials. All measurements exhibit an almost-
perfect quarter of a circle for frequencies higher than the
resonance frequency �r �apex of the circle�. This can be as-
cribed to a very narrow relaxation time distribution due to
the fact that the sensor material consists of nearly monodis-
perse WO3 particles. For frequencies lower than the reso-
nance frequency �right-hand side of the spectra� the mea-
sured spectra do not deviate from a semicircle, but show a
widening toward higher impedances. Similar results are ob-
tained for granular tungsten oxide by Ling et al.,29 and for

solid thin films by Labidi et al.30 This behavior consequently
indicates a second scattering process at low frequencies and
has been described in detail by Barsan et al.31

To perform the NLLS �nonlinear least-square� fits, an
equivalent circuit of two serial elements has been used con-
sisting of one RC element describing the high-frequency
�HF� region and a second one, containing a so-called “con-
stant phase element”32 and a resistor, which accounts for the
low-frequency �LF� region. The high-frequency signal origi-
nates from the semiconducting core of each particle �bulk�,
while the low-frequency contribution originates from the in-
tergranular contacts of the particles �grain boundary�. As can
be seen from Fig. 9, measured data and model calculations
match perfectly. The resistances obtained from the fit results
have been used to determine the different contributions �bulk
and grain boundary� to the overall sensitivities on NO and
CO. Figure 10 shows the grain boundary �SGB� and the bulk
Sbulk sensitivities calculated from the fit results.

The data of the separated sensitivities are in good agree-
ment with the overall sensing results �see Fig. 8�. From Fig.
10 it is obvious that the sensitivity for CO is significantly
higher compared to NO at temperatures �570 K, while this
behavior turns above 570 K. Furthermore, in all cases the
sensitivity of the grain boundary is enhanced compared to
that of the bulk.

Infrared studies on NO adsorption on W /Al2O3 catalysis
have shown that NO, contrary to CO, favors adsorption in
twin form on the catalysis surface, and different nitrogen
oxides like N2O, N2O3, and NO2 are observed.33,34 Weingand
et al. reported that the stable species produced after coad-
sorption of NO and O2 on WO3 /ZrO2 surfaces are NO+ and
nitrates �NO3

−�.35 Thus, the infrared studies suggest that the
adsorption/desorption and surface chemistry of NO is quite
complex compared to CO. Moreover, it is generally accepted
that NO interacts more strongly with transition metals than
CO. As a result, the adsorption of CO and desorption of CO2

is expected to occur at lower temperatures compared to
NO /NO2.

FIG. 9. Impedance data in Nyquist representation for different temperatures
under synthetic air with 1000 ppm CO. �r represents the resonance fre-
quency of the high frequency contribution for the measurement at 553 K.
The equivalent circuit in the upper part is used to analyze the data, while the
lines represent the result of our fits.

FIG. 10. Core and grain boundary sensitivities of tungsten-oxide nanopar-
ticles on CO and NO against temperature. The squares represent the sensi-
tivity of CO and the circles those of NO, respectively.
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The results of the ac measurements at 583 K are in good
agreement with those derived from the dc measurements at
the same temperature. Nevertheless, the overall sensitivity
Soverall= �R1+R2�air / �R1+R2�gas is dominated by the contribu-
tion of the core �R1� and only slightly affected by the grain
boundary effects �R2�. For this reason, we attribute the in-
stantaneous increase in sensitivity �see Fig. 8� directly after
adding the reactive gases to a fast surface reaction at the
grain boundaries followed by a slowly rising sensitivity due
to a change in bulk conductivity.

IV. CONCLUSION

Nanosized WO3 particles are successfully synthesized in
a low-pressure H2 /O2 /Ar premixed flame using dilute con-
centrations of tungsten hexafluoride �WF6�. The mean par-
ticle diameter of the as-synthesized material is controlled be-
tween 5 and 9 nm by varying the residence time for particle
growth in the reactor as a function of the flow coordinate.
Furthermore, the geometric standard deviation for particles
produced at the beginning of the formation process is nearly
monodisperse ��g�1.11�, and reaches values above 1.3 at
higher coordinates. The as-synthesized WO3 nanoparticles
have a high amorphous content with some degree of the
orthorhombic crystal structure, as indicated by relatively
broad reflexes in the x-ray diffraction pattern. For low oxy-
gen concentrations, nonstoichiometric �blue-colored� WOx

particles are generated. This material shows no significant
difference in crystal structure in comparison to stoichio-
metric WO3 nanoparticles. The particles are deposited on a
sensor structure by molecular beam assisted particle deposi-
tion and the sensing properties are electrically characterized
in synthetic air and in the presence of 1000 ppm of CO and
NO, respectively. Impedance spectroscopy reveals good sen-
sitivities of the tungsten-oxide nanoparticle thin film. The
sensor exhibits different sensitivities to the investigated reac-
tive gas species NO and CO. It is established that the overall
sensitivity mainly consists of two different contributions as
determined by impedance spectroscopy results. Our studies
show that the surface sensitivity is much higher than the
sensitivity of the core material. In addition, it is observed
that the optimum temperature for sensing CO is lower than
that for NO. We attribute this fact to the different surface
chemistry and adsorption/desorption behavior of the two gas
species. Therefore, nanosized tungsten oxide with a particle
diameter smaller than 7 nm seems to be a very good candi-
date for a fast detection of air pollutants originating from
combustion processes.
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