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CHEMICAL SENSORS

MoO3; and WO3; based thin film conductimetric
sensors for automotive applications
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Un-doped semiconducting oxides suitable for automotive gas sensor applications have
been studied in this work. Thin films of MoO3; and WQO3; were fabricated by ion beam
deposition on alumina substrates with gold interdigitated electrodes. The process pressure
inside the deposition chamber was 1.6 x 10~* Torr. The oxygen to argon ratio in the
secondary plasma was maintained at 5:5 sccm. A stabilization heat treatment of 500°C for
8 h was performed for each set of films that produced nanocrystalline structures. Gas
sensing tests were carried out at 450°C with nitrogen dioxide/ammonia with synthetic air
background similar to those realized in diesel automotive exhausts. XRD and electron
microscopy studies were performed to understand the microstructure of the thin films
following the sensing tests. The MoO3 films were selective to ammonia whereas the WO;
films showed high senstitivity towards NO, with respect to NHs;. An attempt is made to
correlate the structural characteristics to the sensing behavior of the materials.
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1. Introduction

The automotive industry is using chemical sensors for
emission control and environmental protection. Selec-
tivity to a particular gas has been the key issue of
chemical sensor technology that is still lacking. The
state of the art in achieving gas selectivity involves the
use of metallic or oxide additions as secondary com-
ponents in sensing elements or the use of multiple sen-
sor arrays. The former approach is only partially ef-
fective as aging effects associated with long term use
of these detectors allow for the formation of solid so-
Iutions and the loss of any gas specificity. The latter
approach uses multiple sensors and complex signal pro-
cessing methods to discriminate between responses to
different gases. There is a need for selective chemical
sensors for high temperature and harsh environment
applications, such as for monitoring emissions from
combustion processes. There are several challenges as-
sociated with the development of sensor technology
for monitoring combustion processes. These include
high temperatures, presence of reducing and oxidiz-
ing gases, organic vapors (VOCs), high flow rates,
etc.

Recently the application of ammonia sensors and
NO; sensors in selective catalytic reduction (SCR) sys-
tems has gained importance [1, 2]. SCR systems are
employed in the exhaust system of commercial vehi-
cles, combustion systems in power plants and in in-
dustrial boilers to monitor the emissions of NO, and
NO. These gases are harmful by-products of combus-
tion processes. In a SCR converter, ammonia serves
as a reducing agent for nitrogen oxides converting
them into environmentally safe nitrogen and water va-
por. An ammonia sensor is required to calculate the
amount of un-reacted and excess ammonia, which is
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fed into the inlet stream. This necessitates the de-
velopment of a selective ammonia sensor capable of
detecting small quantities of ammonia in the pres-
ence of interfering gases, such as NO,, CO, and
hydrocarbons.

Semiconductor metal-oxide-based gas sensors have
been utilized in gas detection in automobiles. This work
focuses on two metal oxide systems—Molybdenum ox-
ide, which possesses excellent catalytic, electrochromic
and gas sensing properties, and tungsten oxide which
has been used to detect various gases due to its ex-
cellent semiconducting properties. Mutschall et al. [3]
first reported the suitability of MoOs as a potential ma-
terial for ammonia sensing. Further studies on MoO3
based gas sensors were carried out by various research
groups [4-6]. Obermeier’s group at the University of
Berlin studied MoOj3 as gas sensor by depositing the
material using RF sputtering on oxidized silicon sub-
strates containing a 30 nm Al,O3; adhesion layer and
interdigitated Pt electrodes on top. The MoQO3 films
had whisker like grain structures and large grain size.
They studied the sensing response of MoO3 to various
gases, including CO, CHy, SO;, NO; and NHj3 in the
temperature range of 250°C and 475°C, revealing that
MoO3; was twice as sensitive to NH3; than to NO, and
Hj; at 425°C and that the gas sensitivity dropped with
decreasing film thickness (<300 nm). Multilayer sput-
ter processing of MoO3 by the same research group re-
sulted in improved H; sensing properties and low cross-
sensitivity towards NHj3 [7]. The same group discussed
the enhancement of sensitivity and selectivity to NHj
following the addition of Ti overlayers to MoOs, (and to
Hj, by adding V,0s5 to MoOs [5]). However, Guidi et al.
[8] reported sensitivity towards CO for Ti additions to
MOO3.
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Shaver reported the first WO3 gas sensor for the detec-
tion of hydrogen [9]. Since then there has been various
reports on WOj3 sensors for detecting NO, and NHj3 [8,
10-16] and other gases such as ozone and H,S [17-19].
There has been numerous reports on WOj3 sensors for
NO, detection [2, 11-14, 20]. Chung et al. [20] discuss
the sensing properties for thick film WOj3 sensors which
are sensitive to NO, at 100°C. These films showed a
very weak response to NO, above 250°C and the re-
sponse was found to be p-type at higher temperatures
(>250°C). Marquis et al. [2] discuss the fabrication of
sensor arrays for selective detection of NO, and NHj.
These films were found to operate at optimum tem-
perature of 300°C and 350°C for selective detection
of NO; and NHj respectively. During processing, the
substrates were kept at 200°C or higher. Dopants were
used to achieve selectivity. Sberveglieri et al. [12] re-
ported the sensing properties of sputter deposited WO3
thin films deposited at 350°C. The films showed good
response to NO, at 400°C. They report the presence
of triclinic phase being stabilized for the undoped ma-
terial. Penza et al. [11] have reported the presence of
tetragonal WOj films being sensitive to NO; at 250°C.

This paper focuses on un-doped MoO3z and WO3
thin films prepared by ion beam deposition. There is
strong evidence available in the field of catalysis that
MoO; exhibits structure sensitivity in some catalytic
processes, such as the NO reduction with NHj3. That is,
the catalytic activity and selectivity of this oxide cor-
relate with the grain morphology as well as with the
crystallographic orientation of the surface exposed to
the gaseous species. Therefore, it is expected that such
structure sensitivity may affect the response of MoOj3
(and the related system WO3) with regard to the gas
sensing processes, particularly towards ammonia and
nitrogen dioxide at temperatures similar to those real-
ized in automotive exhausts.

2. Experimental

Thin films of MoO3 were reactively ion beam-deposited
onto alumina substrates in a dual ion beam deposi-
tion (IBD) system. A 12" diameter molybdenum tar-
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get was utilized to sputter Mo using a filamentless
radio-frequency inductively coupled plasma (RFICP)
primary source, with the film partially oxidized dur-
ing growth using a RFICP assist source directed at the
substrate which is held at room temperature and water
cooled. The ratio of oxygen to argon in the secondary
plasma was maintained at 5:5 sccm. The overall pro-
cess pressure was 1.6 x 10~* Torr. A more detailed de-
scription of the deposition chamber is given elsewhere
[21]. The alumina substrates were pre-patterned with
200 pm thick interdigitated Au electrodes. Deposition
was carried out for half an hour. Following deposition,
the films were annealed at 500°C in air for 8 h to com-
plete the oxidation to MoOs3. A similar procedure was
adopted for preparing WOj films using tungsten target
(6” diameter).

Sensing tests were carried out with nitrogen dioxide
and ammonia gases with synthetic air (10% oxygen
and balance nitrogen) in the background. The gases
were controlled using 1479 MKS mass flow controllers.
The combined flow rate of the gases was maintained at
1000 sccm. A Lindberg/Blue tube furnace is used for
programmed heating and the resistance of the sensor
monitored using Agilent 34401 digital multimeter. The
sensor response is plotted as change in resistance versus
time, with varying gas concentration.

Characterization of the films was carried out us-
ing Philips CM12 TEM with LaBs cathode excited
at 120 keV and XRD. The films were analyzed after
sensing tests.

3. Results

3.1. Tungsten trioxide

3.1.1. Sensing tests

The response of the IBD WO3; to ammonia and NO; at
450°C is as shown in Figs 1 and 2 respectively. As is
evident from the graphs, WOj is highly sensitive to NO,
even at the low concentration of 1 ppm. The response
and recovery times are 10 s and 25-50 min respectively.
The adsorption of NO, on the surface of the WO3 and
possible slow desorption time may be responsible for
the prolonged recovery time. Gas adsorption studies are

100 ppm
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Figure 1 Response of IBD WO3 to ammonia (100 ppm to 8 ppm).
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6.0 T required to clarify this issue. The response to ammonia,
though fast (10-15 s), is negligible when compared
to NO,. Taking the sensitivity into account (10 times
increase in resistance for NO, as opposed to within
0.75 times for NH3), WOj3 films prepared by IBD is
relatively selective towards NO, over NHj3.
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3.1.2. Characterization

2.0 7
Fig. 3 shows the transmission electron micrograph of
1.0 - Ippm  jon beam deposited WOj3 after sensing experiments. It
65 ppm \ 40ppm Vo0 ppm Sppm  3PPM can be observed that the film is composed of tiny grains
0.0 +—r——rT T 7T T T 1T T T of 50 nm. XRD studies of the films after sensing re-
© I3 83§38 Y vealed the presence of orthorhombic phase (JCPDS 71-
Time (min) 0131—Space Group: Pmnb 62, a: 7.341 A, b: 7.57 A,

c: 7.754 A) (Fig. 4).

Figure 2 Response of IBD WO3 to NO; (65 ppm down to 1 ppm).

3.2. Molybdenum trioxide
3.2.1. Sensing tests
The response of ion beam deposited MoO3 to ammonia
and nitrogen dioxide is shown in Figs 5 and 6 respec-
tively. As seen from the graphs, ion beam deposited
MoOs films are selective to ammonia over nitrogen
dioxide. In Fig. 5, the conductance is plotted against
time for various concentrations of ammonia. The con-
centration of ammonia is varied from around 490 ppm
down to 10 ppm with a background gas containing 10%
oxygen and the remainder nitrogen. Ammonia being
a reducing gas, the conductance of the film increases
when ammonia is passed over it and is proportional
to the concentration of ammonia. The response time is
rapid (a few seconds) and the recovery time is also fast
(in the order of 2-3 min).

The film is then subjected to varying NO, concen-
trations from 490 ppm down to 10 ppm. It is found that
there is negligible change in conductance upon NO,

Figure 3 TEM image of IBD WOs3. exposure.
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Figure 4 d vs. I graph for ion beam deposited WO3 after sensing tests.
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Figure 6 Response of ion beam deposited MoO3 films to nitrogen diox-

ide at 450°C.
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Figure 5 Response of ion beam deposited MoO3 films to ammonia at

10

NO, pulses

2[}0 250 300
time (min)

3.2.2. Characterization

Fig. 7 shows a bright field transmission electron mi-
crograph showing the grain structure of a sputtered
and heat-treated MoOs3 film. The average grain size
is approximately 60 nm. XRD characterization per-
formed on the film after sensing revealed the presence of
orthorhombic phase (JCPDS 35-0609—Space Group:
Pbnm 62, a: 3.9630 A, b: 13.856 A, c: 3.6964 A) as
shown in Fig. 8.

4. Discussion

The simple nature of the sensing mechanism of resis-
tive sensors often results in a given oxide system being
sensitive to more than one type of gases, which causes
undesirable gas interference effects to the sensing be-
havior of this system.

This paper has focused on the undoped material and
has addressed the importance of the polymorph selec-
tion for gas sensing. Excellent sensitivity and selec-
tivity to ammonia were obtained when the orthorhom-
bic MoOs3 phase was used for sensing. Orthorhombic
MoOs crystallizes in a unique 2D layered structure that
is built up of double chains of edge-sharing [MoOg]
octahedral connected through vertices.

Tungsten trioxide films prepared in our case were
stabilized in orthorhombic phase and were found sen-
sitive to NO, over NH3. We have shown that there is a
10 time decrease in conductance when the films are ex-
posed to NO, whereas there is only a0.75 times increase
on exposure to ammonia. We also relate the polymor-
phic dissimilarities between orthorhombic MoO3; and
orthorhombic WOs3. The crystal structure of WO3 is
a distortion of rhenium oxide cubic structure in which
tungsten atoms are located in cube corners and the oxy-
gen atoms are located on the cube edges [22]. The

Figure 7 Microstructure of MoO3 thin films used for sensing.

4350



5000

CHEMICAL SENSORS

4750 1
4500
4250 A
4000 1
3750
3500
3250 1
3000 A
2750
= 2500
2250 A
2000
1750
1500 1

1250 1
1000 4
750

(110) O

200

(021) 0
(111) 0
(060) O

250 4o

4,43
403

3.7
3.42
3.18
2.97
279
2.63
2.49
2.36
225
215
2.06
1.87
1.89
1.82
1.76

d (Angstrom)

Figure 8 d vs. I graph of ion beam deposited MoO3 after sensing tests.

distorted structure is stable in several forms giving
rise to different phases depending on the temperature;
in this case studied the orthorhombic polymorph was
stabilized.

Earlier studies by the authors of this paper [21] has
shown that when the MoOs sensing film consists of
both «- and B-polymorphs its sensitivity to ammonia
is reduced. This may be explained by the fact that the
B-MoOs structure is closely related to that of WOs3,
which is not sensitive to NH3. Moreover, a chemical
reaction between MoO3; and ammonia is expected to
occur during sensing [23] whereas in the case of WOs3,
only adsorption is anticipated to be the underlying sens-
ing mechanism against NO,. Further investigations are
currently under way to elucidate the sensing mecha-
nism for the two oxides relative to the gases examined
here.

In summary, it is important to note that the mi-
crostructure and crystallographic characteristics of the
oxide used for sensing are key parameters controlling
the gas sensing response. The discrepancy in the re-
ported sensing properties for the same oxide system
(as discussed for MoO3; and WO3 above) by several
workers is expected to be strongly related to the dif-
ferences in the (micro-) structural configuration of the
sensing elements.

5. Conclusions

Thin films of MoO3; and WO3 were prepared by ion
beam deposition and subjected to similar annealing
conditions of 500°C for 8 h. MoOs3 films are found to
be sensitive to ammonia whereas WOj5 films are found
to be selective to NO,. The longer recovery times as
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observed in latter films might be attributed to lower gas
desorptionrate. The importance of the oxide polymorph
used for sensing has been discussed in the light of the
present and earlier results. Microstructural control of
the oxide films is expected to be critical for achieving
selectivity in gas sensing.
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