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ABSTRACT

WO,-based semiconductor type thin film gas sensor was fabricated for the detection of NO, by reactive d.c. sputtering method.
The relative oxidation state of the deposited WO, films was approximately compared by the calculation of the difference of the
binding energy between Olsto W4f,, core level XPS spectra in the standard WO, powder of known composition. As the anneal-
ing temperature increased from 500 to 800°C, relative oxygen contents and grain size of the sputtered films were gradually
increased. As the results of sensitivity (R /R, ) measurements for the 5 ppm NO, gas, the sensitivity was 110 and the sensor
showed recovery time as fast as 200 s. The other sensor properties were examined in terms of surface microstructure, annealing
temperature, and relative oxygen contents. These results indicated that the WO, thin film with well controlled structure is a good
candidate for monitoring and controlling of automobile exhaust.
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1. Introduction

itrogen oxides NO, (NO, NO,) were known for not only
N photochemically producing ozone (O,) that leads to cre-
ate a serious metropolitan smog, but also being the cause of
the acid rain destroying human ecology.” Previously, nitro-
gen oxides originated from the factory and domestic heating
system, but now those hazardous gases have been largely
caused by the exhaust gas from the combustion engine of
automobile as the use of fossil fuel is being tremendously
increased.

Various kinds of NO, sensors, such as electrochemical sen-
sor using solid electrolyte,” superconductor type sensor based
upon YBaCu,O,, thin film,? Surface Acoustic Wave (SAW)
sensor® gas sensor using organic semiconductor like phthalo-
cyanine,” and conductivity type sensor using semiconductor
oxides such as SnO,, ZnO, WO,, TiO,*” have been widely
developed. Among them, metal oxide semiconductor type gas
sensors, although its sensitivity can not reach ppb level like
Pb- phthalocyanine, have been much attractive for monitor-
ing the exhaust gas from the boiler and automobile with ppm
level due to durability to higher working temperature and
the easy feed-back control. In the case of semiconductor type
NO, sensor, since Chang et al.'” proposed SnO,-based sensor
in 1979, significant results have been reported. Sberveglieri
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et al."™™ reported Al, In, Cd-doped SnO, sensor element for
NO, sensing. Furthermore, Ishihara et al*® studied CoO-
In,O, oxide for possible application as NO, sensing element
by comparing the variations of capacitance with the change of
nitrogen gas concentration. Other mixed potential type NO,
sensor using both CdMn,O, film as a sensing part in the sup-
port of stabilized zirconia and metal oxide as a sensing elec-
trode was also announced by Miura et al.'* Since bulk type
tungsten trioxide (WO,) was firstly used for NO, sensing
material by Yamazoe et al.,”” WO, has been known as very
selective sensor material for low level concentrations of as
nitrogen oxides due to its very high sensitivity.

In this study, Pt electrode was screen-printed on low-
grade non-polished alumina substrate aiming at reducing
the cost of mass production. Sensor element of WO, thin
films was prepared by reactive d.c. sputtering and the sen-
sors based on those films are characterized through the
analysis of the crystalline structural and electrical proper-
ties. In addition, the sensor sensitivity to NO, gas is firstly
tried to explain in terms of the nonstoichiometry, i.e. the rel-
ative oxygen to tungsten atomic ratio incorporated in the
deposited films obtained by X-ray Photoelectron Spectros-
copy (XPS).

2. Experimental Method

2.1. Fabrication of WO, Sensor Element

As shown in Fig. 1, Pt electrode was screen-printed on 5 x
10 mm alumina substrate and heated at 800°C. WO, thin
film with thickness of 2 um was sputtered on Pt/alumina
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Fig. 1. Schematic diagram of the sensor structure.

Table 1. D.C. Sputtering Conditions of WO, Thin Films
99.9%, 4 inch W-target

Deposition source

Base pressure 1x10°® Torr
Deposition pressure 1x 107 Torr
Sputtering gas 90%Ar : 10%0,
Deposition rate 5.5 Als
Substrate temp. room temperature
Annealing temp. (°C) 500 — 800°C

Thermocouple

WO, film

Pt wire
Bonding with heater

-~ WO, film Pt electrode™

7 N/

Thermal & electrical
~ Insulating coating e
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Fig. 2. Cross sectional view of NO, sensor structure.

using pure 99.9% 4 inch W cathode and a mixture of
Ar:0,=9:1 plasma was used for reactive d.c sputtering.
Other deposition conditions are presented in Table 1. After
the deposition of WO, thin films, these were annealed at
500 — 800°C in an air atmosphere for 4 h to enhance the oxi-
dation and crystallization. As a heater, Pt/Au thick films
(Ferro Co.) was screen-printed on the back-side and
annealed at 850°C for 10 min. To monitor the working tem-
perature, K-type thermocouple was attached at the center of
the heater. The cross sectional view is shown in Fig. 2.

2.2, Measurement

The crystalline structure of sputtered WO, sensor element
thin films was analyzed by X-Ray Diffraction (XRD) using
Phillips (PW 7602, Cu K, at 30 mA and 40 kV) diffractome-
ter. Surface microstructure of those films was examined by
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Scanning Electron Microscopy (SEM; Hitachi, S-4200FE).
In order to determine exactly the relative oxygen to tung-
sten atomic ratio in the sputtered WO, films and the chemi-
cal shift of binding energy due to the difference in
incorporated oxygen content, XPS analysis was carried out.
XPS data were obtained with Al K radiation and all bind-
ing energy of the spectra was referenced to Cls peak at
284.6 V. As a standard, stoichiometric WO, powder (Ald-
rich Co.) was used for the comparison of the relative oxygen
to tungsten contents in the deposited films. The electrical
resistance of the sensor element in air (R ) and in a sample
gas of NO, (R,,,) was measured in 235 x 180 x 210 mm’
closed box with an injection method. The sensitivity of the
sensor element was investigated at the temperature 100 —
300°C by the Pt/Au heater using d.c 5 V input.

3. Results and Discussion

3.1. Crystalline Structure and Surface Microstruc-
ture of the WO_ Films

Fig. 3 shows XRD patterns taken from the as-deposited
WO, films and those annealed at 500 — 800°C. Around the
diffraction angle of 26=40°, a broad peak of W(110) plane
was observed in the as-deposited film and the film appears
not fully amorphous but locally crystalline structure to
some extent. As the annealing temperature increased from
500 to 800°C, the deposited film showed polycrystalline WO,
structure with the preferred orientation along WO,(001). In
general, it was not easy to distinguish the XRD peaks of tri-
clinic WO, from those of orthorhombic WO, because they
had very similar diffraction angles. From the main XRD

001

S : Al,O; substrate

Annealing at 800°C

Arbitrary intensity

W(110) 500°C

s S S s ss
As-deposited

T v T 4 T T T ' T T 1
20 30 40 50 60 70
20 (deg.)
Fig. 3. XRD diffraction patterns for the sputtered WO, thin
films on alumina substrate with the variations of
annealing temperature (500 — 800°C).
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peak WO,(001) at 206=22.5° in Fig. 3, the annealed WO_
films were grown as polycrystalline orthorhombic structure.
Fig. 4 shows SEM images of the surface microstructure of
the annealed WO, films. The as-deposited film at R.T.
appeared to be covered with very small grains and sparsely
huge grains as large as 1 pm like island also consisting of a
lot of small grains. As the annealing temperature increased,
the size of the grains also became large and subsequently in
case of the films annealed at 700°C the grain grew with the
size of about 0.5 um. This was consistent with above-men-
tioned XRD results indicating the sharp increase of peak
intensity and reduction of the width of the main peaks as
annealing temperature was increased.

3.2. X-ray Photoelectron Spectroscopy (XPS) Studies

Atomic ratios of the deposited films, (6=N/Ny,), were cal-
culated by correction of I/I,, with the observed peak area of
O1s to W4f,, in the standard WO, powder of known compo-
sition. Using the correction factor obtained from the compu-
tation of peak intensity ratio in WO, powder, all calculated
o’s were higher than the value of standard powder. Such an
overestimation could be thought mainly because of the dif-
ference of cross section between powder particle and the
solid surface. From the XPS studies, the Binding Energy
(BE) shift were approximately 0.26 eV for Ols and 0.61 eV
for W4f as the relative oxygen content are increased.
According to the previous article,'® it was reported that in
nonstoichiometric oxide SnO, the observed chemical shifts
of the tin (Sn) cation was larger than that of oxygen anion
with the increase of the oxygen content, and thus our
results well agreed with the previous. According to Lau and
Wertheim,'” in nonstoichiometric oxide compounds the rel-
ative shifts between Ols and the main metal core-level XPS

peak was suggested to use a possible index of the oxidation
stage without calibration procedures irrespective of charg-

tem=1um

Fig. 4. SEM surface micrographs of as-sputtered WO, film
(a), and annealed at 500°C (b), 600°C (¢), 700°C (d),
and 800 °C (e) respectively.
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Fig. 5. XPS Ol1s and WA4f core-level spectra of the sputtered
WO, films and stoichiometric WO, powder (ct : the
binding energy difference between Ols and W4f ).

ing problem in XPS. Here, the relative chemical shifts (o)
between Ols and W4f,, of the sputtered WO, films were
also measured to predict the oxidation state. In Fig. 5, the
o’s also increased from 494.40 eV to 494.75 eV as the oxygen
content, i.e., oxidation state, was increased in the films.
Anyway, the oxygen contents were increased as the anneal-
ing temperature increased and the films annealed at 700 °C
and that at 800 °C were believed nearly stoichiomtric or oxy-
gen-rich WO,

3.3. Gas Sensitivity

To characterize WO _-based sensor properties for NO, gas,
NO and NO, were used as testing gases in the concentration
range of 1-5 ppm and in the working temperature 100 —
300°C. As shown in Fig. 6, the WO, film annealed at 600°C
showed the best sensor performance with the highest sensi-
tivity to both 5 ppm NO (S=21) and NO, (S=110) gases at
200°C, respectively. Fig. 7 shows the variations sensitivity
of the WO_based sensor annealed at 600°C with the
changes of nitric oxide gases and working temperature.
Below 100°C, the sensor showed low sensitivity below S=20.
At the working temperature 200°C, it was linearly increased
until 2 ppm NO and NO, and greatly improved at higher
concentration than 3 ppm. In general, the sensitivity to NO,
gas was observed higher than that to NO gas. And then over
200°C, any response of the sensor was not found to the
change of nitric oxide gas concentration.

Fig. 8 shows the characteristic behavior of the response
and recovery of the sensor annealed at 600°C after 30 s
exposure to 5 ppm NO, measured at 200°C. The recovery
time, , defined as the time it took to reach 90% of the output
voltage measured in air, was about 200 s. This was short
compared to the recovery time of 350 s taken for the reactive
e-beam evaporated WO, based sensor (not shown here).
This was because the sputtered sensor element had large
number of tiny reactive particles for NO, gas to accelerate



100 Journal of the Korean Ceramic Society - Young Soo Yoon et al. Vol. 41, No. 2
10000
—— NO{100T)
120 —8— NO, (100C)
—e— NO (200C)
A —A— NO, (200T)
—v— NO (300°C) 7
—e— NO, (3007C) 8000 [
100 NO,NO,: § ppm
Thickness : 20000(A)
6000 -
. S
« z !
) o
3 8 4000 |
2 =
2 S
‘@
o
5]
0 2000 |-
T4=500C
Tomnea=600TC
T =200°C
o |- Gas=NO; (5 ppm)
1 4 L n 1 i S | n 1 " -l
0 100 200 300 400 500 600
L I 1 1 Time (sec)

500 600 700 800

Annealing temp (°C)

Fig. 6. Gas sensing characteristics of the WO_ thin film gas
sensor annealed at 500 — 800°C in the working temper-
ature 100 - 300°C at 5 ppm NO and NO, concentration.
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Fig. 7. Gas sensing characteristics of the WO_ thin film gas
sensor annealed at 600°C as a function of NO and
NO, concentration.

chemical reaction on the surface and thus it might directly
improve the sensor properties of response and recovery
behavior.

Fig. 8. NO, gas response time characteristics of the sensor
based on the annealed WO, film at 600°C.

4. Conclusions

The d.c sputtered WO, films were characterized for the
purpose of NO, sensor element. As the annealing tempera-
ture in ambient environment increased, the oxygen contents
were also increased. Compared to Ols and W4f BE's bind-
ing energies of standard WO, powder, those of the film
annealed at 800°C were observed at higher positions and
thus the film was believed to be oxygen-rich. Among the
WO, -based sensors, the sensor based on the film annealed
at 600°C was most sensitive to NO and NO, gases with
about S=110 at the annealing temperature 200°C. Even
though the oxygen content and grain size of that film were
smaller than those films annealed at 700 and 800°C, how-
ever, such a enhanced sensitivity of the sensor might be well
explained in terms of not relative oxygen content but opti-
mum grain size.
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