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Abstract: Tungsten oxide (WO5) thick films are prepared by screen printing method for detection of pollutant
gases. WO; thick films characteristics was investigated for X-ray diffraction to determine the structure and
phases. The X-ray diffraction patterns indicate that the thick films fired at 600, 700 and 800°C are
polycrystalline. Surface morphological and compositional characterizations of the prepared pure WO; thick
films were determined using SEM with EDAX. The temperature dependent electrical resistance variations for
pure WO; thick films were investigated. The electrical resistivity, TCR, activation energy of pure WO; thick
films was obtained. WOj; thick film Sensor response is investigated for various gases for different
concentrations. It is found that tungsten oxide based thick film sensor is a good candidate for NO, sensors with
satisfactory response and recovery times. The sensing mechanism associated with NO, gas detection is also
discussed. The prepared sensor is characterized by XRD and SEM.,
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I. Introduction

Tungsten trioxide is inorganic chemical compound containing oxygen and the transition metal
tungsten. It is obtained as an intermediate in the recovery of tungsten from its minerals. Tungsten ores are
treated with alkalis to produce WOs;. It possesses a polycrystalline structure. Semiconducting metal oxides has
proved to be very prominent member for detecting and monitoring the emission of pollutant gases. Their sensing
principle is based on the change in the resistance of a semiconductor metal oxide film when specific gases
interact with its surface. The surface of the semiconductor provides different surface states and when gas
molecules are adsorbed and react at the semiconductor surface a change in the inter-grain barrier height occurs.
So, the basic principle of operation of a semiconductor gas sensor is the control of surface potential barrier by
adsorbent. Tungsten oxide films are n-type semiconductors with a band gap of 2.6-2.8eV [1, 2] having a strong
absorption within the solar spectrum (440 nm) that exhibit superior electronic and optical properties. Tungsten
has many oxidation states i.e. 2,3,4,5 and 6 [3]. In recent years; WO; has been studied for its gas sensing
properties, making it about the fifth most researched metal oxide for this purpose [4].Tungsten also forms other
oxides such as WO, W,03 and W,03, however in gas sensing the stable WO, form is used. The crystal structure
of tungsten trioxide is temperature dependent, shows five phase transitions with the sequence viz. tetragonal at
temperatures above 740 °C, orthorhombic from 330 to 740 °C, monoclinic from 17 to 330 °C, and triclinic from
-50 to 17 °C. Many researchers pointed out that these phases are affected by many factors including
temperature, impurity and substrate material. These films have been widely studied for various applications such
as photo catalysis [5], high density memory devices, smart windows [6], gas sensor [7, 8], photoelectrochemical
water splitting, and electrochromism [9-11].

Electrical and optical characteristics of tungsten trioxide are dependent on the crystalline structure [12-
16]. In addition to the above phases, a metastable hexagonal WO; phase has also been reported around 400°C
[17]. Gullapalli et al. have successfully deposited tungsten trioxide thin films by using radio frequency reactive
magnetron Sputtering technique [18] and conclude that the films prepared at 100-300 °C could be the best
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candidate for H,S gas sensor applicable in coal gasification system. Sulfur is highly toxic and it is a natural
contaminant in fossil fuel supplied. They aware that the amount of H,S produced from coal gasification Plant
must be effectively controlled and monitored. Nishchay et al. [19] prepared tungsten oxide films using spark
ablation and focused inertial deposition technique. They produced various crystal structured materials by
controlling the experimental conditions. They pointed out that, the as-deposited films and annealed films (at
500°C) are amorphous and crystallite, respectively. Lastly, they conclude that the obtained films provide high
sensitivity and high accuracy in application for NO, gas sensing. Wongchoosuk et. al. have been studied Multi-
walled carbon nanotube-doped tungsten oxide thin films for hydrogen gas sensing application [20].

In the present work, thick films of tungsten trioxide have been deposited on alumina substrate by using
screen printing method and the general properties such as structural, elemental analysis, surface morphology and
band gap of thick films can be investigated. The obtained thick films are characterized for gas sensing will be
discussed and different gas sensing parameters are evaluated.

I1. Methods
2.1. Powder, Paste and Thick Film Preparation

Commercially available lemon yellow colour WO3; powder (Sigma Aldrich) is mixed thoroughly in an
acetone medium by using a mortar and pestle with a permanent binder as a glass frit [21, 22]. Initially the fine
powder is calcined at 450 °C for 2 hours in muffle furnace. The pastes used for screen- printing were prepared
by maintaining inorganic to organic materials ratio of 70:30. The inorganic part consisted of a functional
material (WO;) and glass frit. The organic part consisted of ethyl cellulose (EC) as temporary binder and butyl
carbitol acetate (BCA) as solvent. The mixture of WO, powder, glass frit and ethyl cellulose was mixed
thoroughly by adding butyl carbitol acetate drop by drop until a proper thixotropic property of paste was
achieved. Then the paste was screen printed onto an alumina substrate (96% pure) to prepare thick film resistor
[22-29]. The films were then dried under IR lamp for 1 hour in an air to remove the temporary organic binder
and fired at 600, 700 and 800 °C for 2 hours in the muffle furnace for better adhesion. During the firing process
glass frit melts and the functional materials are sintered. The function of glass frit is to bind grains of functional
material together. The thickness of the WO; thick films resistors were measured by using gravimetric method.
The thickness of the films was observed in the range of 10pm to 25um.

2.2. Structural and Morphological Characterization

In order to understand the structural phases, X-ray diffraction [Mini Flex model Rigaku 2500, Japan]
was carried out in the range of 20-80° (20) using CuKo radiation. The average grain sizes of tungsten oxide
thick film samples were calculated by using the Scherer formula [30]:

0.94.
~ Pcosh

@)

where D = the average grain size,
A=1.542 AU (X-ray wavelength), and
B = the peak FWHM in radiation and
0 = diffraction peak position.

The microstructure and chemical composition of the films were analyzed using a scanning electron
microscope [SEM-JOEL JED 2300] coupled with an energy dispersive spectrometer [6360 LA].

The average particle size was measured from SEM and specific surface area was calculated for
spherical particles using the following equation [31, 32].

6
SW = p7d (2)

where d is the diameter of the particles, p is the composite density of the particles.
2.3. Electrical properties and Gas sensing response

The resistance of the WO, thick films was measured by using half bridge method at different
temperature [21, 22, 33, 34]. Sheet resistance (ps) defined as resistivity per unit thickness (t) of the WO thick
film was calculated by the equation.
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. p  Rxb (3)
Sheet resistance =Ps = 7 =

Where b = breadth of WOs;thick film resistor sensors in meters,
I = length of WOs; thick film resistor sensors in meters.

The effect of temperature on the resistance of the WOj; thick film resistor sensors was studied to
determine the Temperature Coefficient of Resistor (TCR) and calculated as

1 ARJ 6 o
TCR= — | — 10 m/ K 4
Ro (AT PP )

Where AR = change in resistance from temperature range T;to T,,
AT = temperature difference between T;and T,
R, = Initial resistance of the film sample.

The activation energy of WO; thick films was calculated by the Arrhenius plot using the relation,

-AEKT
R=R_e 5)

Where R, = constant,
AE = the activation energy of the electron transport in the conduction band,
K = Boltzmann constant and
T = Absolute temperature.

2.4. Gas sensing set up

The gas sensing measurements of the WO; thick film sensor were tested on indigenously developed
static gas characterization system. The test system consisted of a glass chamber of diameter 10 cm and 15 cm
height. Effective volume of the chamber was 2000ml. An inlet was provided for inserting desired concentration
of gas to the chamber. An outlet is also provided to remove the gas. The pre-calibrated gas cylinders were
obtained from laboratories. The gas was injected into test chamber with a syringe through an inlet provided with
septum. Electrical connections from the sensor were made using two thin copper wires, bonded to the sensor
with silver paint. The sensing capability of the sensor was characterized at different operating temperatures to
find out optimum working temperature. A heater is incorporated in the chamber in order to heat sample to
desired temperature. A chrome-Alumel thermocouple is used to sense temperature. Feedthroughs are provided at
the bottom of the chamber for electrical connections to the heater as well as for the temperature sensor.
Electrical characterization of the WOj; thick films with and without gas was obtained by measuring the change
in resistance of films. A digital multimeter is used to measure the resistance of the sensor.

The gas sensing studies of WO, thick films fired at 600°C were carried out for different gases at 500
ppm in a static gas sensing system [21, 22, 35, 36] under normal laboratory conditions. The gas sensitivity, S,
of the WOj; thick film sensor is calculated by using the relation,

Sra _ Rair - Rgas ©6)
Rair
Where Rais the resistances of the thick film resistors in air and
Rg is the resistances of the WO3 thick film resistors in gas atmosphere.
I11. Results and Discussion
3.1. X-ray diffraction analysis of WOj3 thick films

In the present paper we prepared WOjs thick film resistor as a gas sensors using standard screen printing
method. To understand the structural phases of WO; thick films fired at 600, 700, and 800°C, XRD was
employed. The surface morphology, phase composition and specific surface area were analyzed by SEM and
EDAX. The XRD pattern shows several peaks of WOj3 phases confirming polycrystalline nature. In Fig. 1, the
peak intensity of WO; thick film resistors, which is a characteristic of crystallization, rises with increasing firing
temperatures. This means that the crystallinity is enhanced at higher firing temperature. By comparing the data
we obtained with those of PDF (Powder Diffraction file) number 20-1324 and 43-1035, we concluded that the
experimental data were agreed with a monoclinic and some orthorhombic phases of WOs.
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Fig.1 X-Ray diffraction pattern of WO; thick films fired at (a) 600 (b) 700 and (c) 800°C

Major peaks were found at 20= 23.12, 23.62 and 24.32°, which were identified as corresponding to
Miller index (002), (200) and (020) respectively, in monoclinic and some orthorhombic structure of WO3; (O-20-
1324;M-43-1035) and other minor peaks in various directions. Therefore the thick film resistors of pure WO;
obtained after firing at 600, 700 and 800°C was polycrystalline in nature. The other peaks at 58°, 77.40°
correspond to the alumina substrate.

The crystallite size (D) was calculated from peaks using the Debye Scherer formula. The average
crystallite size (D) of the pure WO, thick film resistors fired at 600, 700 and 800°C were found to be 52.03nm,
55.86nm, and 59.90nm respectively. Crystallite size was estimated individually from the FWHM of each plane
and the average of all the planes was taken to obtain the average crystallite size. Hence the thick film resistor
sensors were identified by XRD as nanocrystalline in nature.

The sharp peaks reflexes seen on the pattern indicate that a transformation to a highly ordered
crystallite has occurred in the material. From XRD analysis all films were shown random orientation of
polycrystalline nature. It has been observed that (200) reflections at 20 = 24.32° are of maximum intensity,
which indicates that WO; films have preferred orientation in the (200) plane. The higher peak intensities of an
XRD pattern is due to the better crystallinity and bigger grain size can be attributed to the agglomeration of
particles. It is observed that as the firing temperature increases, the peak height also increases as shown in Fig.1.
Hence the 600 °C fired nanocrystalline WO; thick film resistors were identified by XRD for best gas sensing
characterizations.

3.2. Scanning Electron Microscopic analysis of WO; thick films

The information about the surface morphology, crystalline shape and size of thick film materials is
obtained by using Scanning Electron micrographs (SEM) [SEM-JEOL, model- 6300(LA), Germany]. Fig.2
shows SEM images of WOj thick films fired at 600, 700 and 800°C for studying the effect of firing temperature
on surface morphology. These SEM images show that the particle size of the WO3 thick film increases with
rising firing temperature. All the SEM images are recorded at 100000X magnification for comparison. The SEM
images show the distribution of particles and agglomerates to be affected with the firing temperature. It is
evident that the material consists primarily of crystalline aggregates and is highly porous in nature. The most
important factors that influence the films characteristics are probably microstructure and surface area. The films
exhibiting a porous structure have a large fraction of atoms residing at surfaces and interfaces between the pores,
which suggests that the microstructure of the films is suitable for gas-sensing purposes. The SEM images of
WOj thick films shows polycrystalline structure with less or more numbers of pores (voids) on the surface of the
films, basically due to evaporation of organic binder during the firing of the films. The particle size distribution
of the resulting films was affected by the firing temperature. WO; thick films showed polycrystalline grain
morphology consisting of spherical grains of grain size ranging from 93- 274 nm for firing temperature ranging
from 600-800 °C. The average particle sizes of these WO; thick films is about 93.354, 174.19 and 273.8 nm
(+2nm) for 600, 700 and 800°C respectively. However, large polycrystalline grains were formed by the necking
or merging of small grains during the firing process. The average particle size observed in SEM is much higher
than estimated from XRD data, indicating agglomeration of the particles.
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Fig. 2 SEM of pure WO, Thick Films fired at (a) 600°C, (b) 700°C and (c) 800°C
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Fig.3 Plot of (a) particle size and (b) Specific surface area (S,,) versus firing temperature

The corresponding particle size data from SEM is plotted in Fig. 3(a) along with XRD data. Fig. 2
shows that particle size is increased with increase of firing temperature of WO3 thick films. Fig. 3(b) shows the
plot of Specific surface area versus firing temperature of WO3 thick films indicating that Specific surface area is
decreased with increase of firing temperature of the films.

3.3. EDAX Spectra of WQOs thick films (Elemental analysis)

The EDAX analysis of WO; thick films fired at 600, 700 and 800°C was carried out using EDAX
(JEON, JED-2300, Germany). Fig. 4 represents EDAX spectra of WOjs thick film samples fired at different
temperatures. The EDAX data indicate the appearance of peaks of the component in each WO; thick film
material. The EDAX analysis showed presence of only W and O elements as expected, no other impurity
elements were present in the film samples. The EDAX results show lot of variation in W/O ratio with firing
temperature. It is found that high value of W/O ratio for WO; film is at 800°C firing temperature. Also from the
EDAX spectra, it is found that wt% and At. wt. % of W and O is nearly matched as illustrated in Table-1.
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Fig. 4 EDAX Spectra of WO thick films fired at (a) 600 (b) 700 and (c) 800°C

Table 1: Elemental composition
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Firing temperature Element At. Wt. % WI/O ratio Mass % W/O ratio

W 66.19 95.74

600 °C 1.9577 22.4741
0 33.81 4.26
W 69.47 96.32

700 °C 2.2754 26.1739
O 30.53 3.68
w 72.12 96.74

800 °C 2.5868 29.6748
O 27.88 3.26

IV. Electrical and gas sensing characterization
4.1 Resistance-Temperature Relations

According to semiconductor theory, the relationship between semiconductor’s resistance and
temperature can be approximated by a nonlinear function. The resistance as a function of temperature can be
described as: R=R,e™¥XT, where Ryand R, are the resistance values at absolute temperatures T and T, (on the
Kelvin scale), respectively. AE is activation energy and K is Boltzmann constant over a limited temperature
range. From this relationship, one can make conclusion that SMO thick films resistance is greatly affected by
temperature. Fig. 5 shows this relationship when thick film temperature changes from room temperature to
450°C, the thick film resistance decreases from higher to below minimum values.

The Electrical DC resistance of the tungsten oxide thick films fired at 600, 700 and 800°C (+5°C), were
measured by half bridge method at different temperatures. The resistance of thick films decreases with
increasing temperature indicating semiconducting behaviour. Fig. 5(a) shows the resistance variation of WO,
thick films with temperature in air.

WO; thick films exhibited nearly three regions for change in resistance with temperature viz.: (i)
continuous initial fall of resistance region, (ii) an exponential fall of resistance region and (iii) finally saturation
region. Any increase in temperature of thick film causes the electrons to acquire enough energy and cross the
barrier at grain boundaries [21, 37]. There may be decrease in potential barrier at grain boundaries, since at
higher temperature the oxygen adsorbents are desorbed from the surface of the films. There is a decrease in
resistance with increase in temperature indicating semiconducting behaviour, obeying R=Ro e™**" in the
temperature range of 30 to 450 °C. For WOj; thick films fired at 600-800 °C, initially resistance is falls linearly
up to a certain transition temperature. After that transition temperature the resistance decreases in exponential
type and finally saturates to steady level. The transition temperature depends on firing temperature of the thick
film. The initially value of WOj; thick film resistance in air atmosphere at 30 °C was 9667, 6882, 2742 MQ fired
at 600, 700, 800 °C respectively may be due to change in thickness.
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Figure 5: Variation of (a) Resistance with temperature and (b) log R Vs 1/T of WOj thick film fired at
600,700 and 800 °C.
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The experimental results have been interpreted in terms of various conduction mechanisms such as
thermionic emission, Schottky emission, tunneling allowed states. According to Nifontoff [38] the thermionic
emission and Schottky emission predominates only when the separation of particles is more than 100 A°. The
electrical properties of thick films are functions of many factors such as manufacturing technique, ingredients
and sintering history [39]. The main ingredient of thick film is a conducting phase, such as oxides; a dielectric
phase, such as glass frit; and an insulating substrate. The oxides used in thick films mainly classified into two
groups: (i) metallic oxides in which the resistivity usually obeys a power law dependence on temperature, p o
T", where n > 0; and (ii) semiconducting oxides, for which the resistivity usually follows an exponential law, p a
exp (E/KT), where E is activation energy; K is Boltzmann constant and T is absolute temperature.

According to the Tatamangalam [40], the resistance of oxide thick film can be decreased normally due
to increase in temperature of the thick film, which causes the electrons to acquire enough energy and cross the
barrier at grain boundaries. Due to this, the effective resistance of thick film drops down to steady level at high
temperatures, i.e. the decrease in resistance with increase in temperature of oxide thick films can be attributed to
(i) decrease in potential barrier at grain boundaries, since at higher temperatures, the oxygen adsorbents are
desorbed from the surface of the films [37]; (ii) at higher temperature the carrier concentration increases due to
intrinsic thermal excitation, and Debye length decreases and (iii) an electron emission process, which always
improves with increase in temperature. The electrical resistivity is found to be varying exponentially with the
temperatures, suggesting that the conduction mechanism is thermally activated. The decrease in resistance with
increase in temperature is due to increasing drift mobility of the charge carriers or due to the lattice vibrations
associated with increasing temperature, where the atoms occasionally come close enough for the transfer of
charge carriers and conduction is induced by lattice vibrations [41].

The saturation region is a region with very low activation energy. This region may indicate some
saturation levels due to surface unevenness. In order to see that the fall in resistance is due to activation process,
the corresponding Arrhenius plots are plotted.

The high resistance for Oxide thick films may be due to the (i) deficiency of oxygen ions. When
exposed to atmospheric oxygen, the oxygen is adsorbed at the surface of the film. The free electrons in the
grains in contact with this adsorbed oxygen molecules are trapped due to their high electron affinity. The
resultant negative charge built-up at the boundaries causes a high potential barrier at the boundary. This hampers
the free movement of the electrons across the boundary, which is reflected as a corresponding increase in the
effective resistance of the ceramic (oxide film) material. (ii) Random distribution of grains, with more porosity
in the film and (iii) due to poor crystallinity.

Yamazoe et al. have suggested that oxygen adsorbs onto the surface of SnO, and ionizes to O~ or 0%
depending on the temperature by trapping electrons from the lattice [42]. Similar mechanism can be adopted in
the case of WO3. The resistance decreases with increase in firing temperature is related to the low concentration
of the adsorbed oxygen or the trapped electrons on the surface because the ratio of the surface area to bulk or the
adsorbed oxygen concentration decreases with the increase in grain size. The firing temperature can change
surface characteristics including grain size, surface area, and crystallinity [43].

Fig. 5(b) shows the Log Rs variation with reciprocal of temperature of WO 3 thick films fired at
600, 700 and 800 °C temperatures. The curve shows two regions of variations in resistance with temperature
having different activation energies. The two distinct regions of temperature viz low temperature region
(303 to 423 °K) and high temperature region (423°K to 723 °K). The activation energy in the lower
temperature region is always less than the energy in the higher temperature region because material passes
from one conduction mechanism to another. The earlier reported value of activation energy is 0.82 eV [44].
In low temperature region, the increase in conductivity is due to the mobility of charge carriers which is
dependent on the defect/dislocation concentration. So, the conduction mechanism is usually called the region
of low temperature conduction. In this region activation energy decreases, because a small thermal energy is
quite sufficient for the activation of the charge carriers to take part in conduction process. In other words the
vacancies/ defects weakly attached in lattice can easily migrate (extrinsic migration). Hence increase in the
conductivity in the lower temperature region can be attributed to the increase in charge mobility.

Fig, 6(a) shows the variation of resistivity with firing temperature of WO3 thick films. It is seen that the
resistivity decreases with increase in firing temperature of the films may be attributed to an increase the grain
size with the firing temperature supported by the results from XRD and SEM analysis. Temperature coefficient
of resistance (TCR) of WO; thick films is negative for all samples, indicating semiconducting behaviour. The
variation of TCR with firing temperature of WO, Thick films is shown Fig. 6(b). TCR is maximum at 800°C
firing temperature can be attributed to increase in the degree of crystallinity and grain size with firing
temperature.
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Fig. 6 Plot of (a) Resistivity and (b) TCR versus firing Temperature of WO3 thick films

Activation energy for low temperature (LT) and high temperature (HT) regions of WO3; thick films was
calculated from log R versus 1/T curve by using the relation R=R.e***". Fig.7 illustrates variation of
Activation energy with Firing Temperature of WOj5 thick films. The variation of activation energy values with
increase of firing temperature are shown in fig. 7.
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Fig.7 Activation energy versus Firing Temperature of WOj5 thick film resistors
4.2. Gas sensing characterization

This section deals with the study of gas sensing properties of WO3; Semiconductor metal oxide thick
film resistor sensors fired at optimized temperature of 600°C. Semiconductor metal oxide-based gas sensors are
extensively used for detection of several toxic, inflammable and odourless gases [45-50]. As the gas sensors are
resistive type in the form of thick films, the electrical characterization is related to the resistance variation with
operating temperatures in different gaseous medium at ppm level of gas (H,S, NO,, C,HsOH, NHa;, O, and LPG)
at normal atmospheric conditions. The Metal Oxide gas Sensor follows some basic mechanism during gas
sensing like surface reaction with adsorbed gases, ion exchange and direct gas adsorption. In the presence of
test gases, the electrical conductivity of porous semiconductor thick film sensor changes due to two main
reactions occurring on the surface [51-52]. These reactions are the adsorption of atmospheric oxygen on the
surface and the direct reaction of lattice oxygen or interstitial oxygen with test gases. In the first reaction,
atmospheric oxygen molecules are physisorbed on the surface sites, which while moving from site to site, get
ionized by taking an electron from the conduction band and are thus ionosorbed on the surface as O,y [53]. This
causes decrease in conductance of sensor material. In short, Oxygen molecules from air adsorbed on surface of
metal oxide removing electrons from conduction band of sensing metal oxide and occur on surface in form of
O, 0% and O, depending on temperature, creating a thin layer of depletion region at the surfaces of WO,
grains [54-56]. The resulting equations are,

0, (gas) 2 O, (ads) 7

O, (ads) +e (bulk) 2 O, (ads)  at 100 - 150°C (8)
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O, (ads) + 2e (bulk) 2 20" (ads) at 150 - 300 °C 9)
O (ads) + e (bulk) 2 O* (ads) at 300- 500°C (10)
Vo +26" + 112 0,5 O jatice (11)

In WO; films, electrons are also extracted from the interstitial tungsten atoms W, which act as an
electron donor [57]. The interstitial tungsten atoms in such cases are ionized via the following reversible
reaction,

W 2 W +2e (12)

In the second step the reducing gas molecule present in air ambient reacts with the chemisorbed
oxygen, thereby releasing an electron back to the conduction band and increasing the conductance of the
semiconductor,

R+ O~ (ads) — RO + e (bulk) (13)
At higher temperature RO desorbs.

Response to a gas is related generally to the number of oxygen ions adsorbed on the surface of film. If
film surface chemistry is favorable for adsorption, response and selectivity would be enhanced. In case of pure
WOQO3;, oxygen adsorption seems to be poor which may result in poor response. In addition to this, WO; requires
relatively larger operating temperature to adsorb the oxygen ions and therefore it would have responded at
higher operating temperature [58].

4.2.1. Gas sensing response of NO, gas

Fig. 8 shows the pure WO; thick film gas sensor response for different gases (H,S, NO,, C,Hs0H,
NHs, O, and LPG) to 500ppm. WO3; Gas sensing response was measured in air at a temperature range 100 to
450°C. The temperature scan rate used for the study gas sensing response is nearly constant and slow (=10
°C/min). Sensors were not sensitive to test gas at room temperature. In general, it is known that the metal oxide
sensor is affected by the working temperature. The higher temperature enhances surface reaction of the sensor
and gives higher sensitivity in a temperature range. Amount of chemisorbed oxygen on surface and the surface
species available for adsorption highly influences the change in conductivity. The fig. 8 presents the effect of
temperature on WOj thick film resistive gas sensors prepared by using standard screen printing method and
fired at 600 °C. The pure WOj; thick films show considerable response to NO, gas. The resistance of films
increases when exposed to the NO, gas. The maximum sensitivity observed for NO, is 24.31 at 290 °C which is
higher than other studied gases.

25
wo,
LPG
20 —=— C2HSOH
e H2S
— ————NH3
= is5 o2
= ———NO2
-= 10
=
=
3
s
o . . . . T°C
100 200 300 aoo soo

Fig. 8: Plot of sensitivity Vs temperature of WOj; thick films fired at 600 °C for different gases at 500 ppm

Nitrogen dioxide is a strong oxidizing agent and has strong electrophilic property [59], which makes
this molecule to be quickly adsorbed on the metal oxide surface. NO, can react with metal oxide surface both in
the presence and absence of oxygen. The oxidation of NO, leads to the reduction of conduction electrons in the
conduction band and hence the detection of NO, is achieved.

NO

26a5) T €outk = NOjag (14)

WwWw.ijesi.org 74 | Page



Preparation and characterization of tungsten oxide thick film gas Sensor

NO, gz + Oy + 2€0uk —> NOjgagsy + 20 g (15)

NO + O;(ads) - 20(’ads) +NO, (16)

2 (gas)
Thus the cyclic reaction continues. These series of reactions resulted in the concentration of electron on
the surface of the material to further decrease, which led to the decrease in conductivity of the material.

Also adsorption of oxygen from the NO, molecule on to the vacant site leads to decrease in
conductance of the n-type metal oxide [60].

NO, qutacey <> NO+O 7

Fig. 9 illustrates the gas sensing mechanism. NO, is oxidizing gas. Changes in the conductivity are
caused by electron transfer between adsorbed molecules and the semiconductor surface. The electrical
conduction takes place via individual WOj3; grains. NO, gets chemisorbed at the surface of WO; grains. Hereby
they trap electrons at the surface. WO3 is an n-type semiconductor. The electrons are taken from ionized donors
through conduction band and the density of majority charge carriers at the gas—solid interface is reduced. This
leads to the formation of a potential barrier for electrons with increasing of the oxygen ions density on the
surface the further oxygen adsorption is inhibited. Thus at the junctions between WO; grains, the depletion layer
and potential barrier leads to the increasing of the electrical resistivity value. This value is strongly dependent on
the concentration of adsorbed oxygen ions of the surface. Introducing the n-WO; films in an NO, ambient will
change the concentration of these ions and increase the resistance.

p— 2_
I\TCD:,(E@:_,:I + Ou = MO+ Onan

WO, + Bcp —2 NO;I:aﬂsj

o-

Surface Charge
Lasyer

o-

Fig. 9 Gas sensing mechanism

For NO, gas, the response was observed to increase with operating temperature (Fig 8) up to 290°C.
After 290 °C temperature, the surface would be unable to oxidize the gas so intensively and the NO, may
burn before reaching the surface of the film at higher temperature. Thus, the gas sensitivity decreases with
increasing temperature [61]. The higher sensitivity may be attributed to the optimum number of misfits on
the surface, porosity, larger surface area and the larger rate of oxidation of NO, at 290 °C for thick film. The
maximum response of WO3 thick film to NO, gas was found to be 24.31 at 290°C.

4.2.2. Selectivity of NO, against other gases

Selectivity or specificity is defined as the ability of a sensor response to a certain (target) gas in the
presence of other gases. Percent selectivity of one gas over others is defined as the ratio of the maximum
response of other gas to the maximum response of target gas (at optimum temperature of target gas) [62, 63].
The selectivity of the films for the particular gas with respect to other was determined by the relation,

Sensitivity of interferin as
VLY £ B ) 100 (18)
Sensitivity towards desired gas

% Selectivity (S) = (
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Fig. 10 shows histogram for the selectivity of other gases against NO, at 290°C. The selectivity of
NO, is considered as 100 %. It is observed from histogram that the WOj; thick films are sensitive to NO, gas and
it has relatively good selectivity against other gases. This is the main feature of pure WOsthick film sensor. It is
also observed that, the WOj3thick films also responds to other gases, though less. The efforts therefore must be
taken to enhance the sensitivity and selectivity of the WO; thick film sensor to the other gases at different
operating conditions.

100 -~

i I I |
NH3 H25

C2H50H LPG NO2 o2

Selectivity (%)

Fig. 10 Selectivity of WO5 thick film sensor for different gases against NO, gas at 290 °C
4.2.3. Variation of Sensitivity with gas concentration (ppm)

Fig. 11 shows variation of sensitivity of WO; thick film sensor for NO, for different gas concentrations
in ppm level at the optimum temperature 290°C. The most important specifications of any sensor is obviously
its calibration curve to find the concentration dependence of sensitivity, a series of observations are carried out
for the best of WO; thick film resistive sensor fired at 600 °C. For this study, two samples are temperatures
scan, each at least two times to get the optimal temperature at each concentration (from 100ppm to 1000ppm).
The change in optimal temperature with concentration is negligible. It is seen that the rate of increase in
response is relatively larger up to 600 ppm and then saturates. So we can infer that the active region of the WO,
film resistor would be between 100 to 600 ppm.

P
£ 24 -
z
=
| 21
C
7]
3 _
13' 1 1 1 1 1 1 1 }
10D 350 600 850
MO; gas conc. (ppm)

Fig. 11 Sensitivity of WO3 thick film as a function of NO, gas concentration at 290 °C.
4.2.3. Response and recovery time of the sensor

The response/recovery time is an important parameter used for characterizing sensors. It is defined as
the time required to reach 90% of the final change in voltage or resistance, when the gas is turned ON or OFF,
respectively. The response and recovery times of WO; film samples are represented in Fig. 12. The response
was quick (~ 16 s) to 500 ppm of NO,while the recovery was fast (~ 42 s). The quick response may be due to
faster oxidation of gas. Its high volatility explains its quick response and fast recovery to its initial chemical
status.
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Fig. 12 Response and recovery times of WO; film samples to NO, gas
V. Conclusions

This paper presents the successful preparation of WOj; thick film shows good adhesion to alumina
substrate employing a simple, inexpensive screen printing method. and electrical characterization of WO; films.
The thick films were characterized by using XRD and SEM coupled with EDAX. WO; thick films show
polycrystalline nature. The electrical parameters viz. resistivity, TCR and activation energies were evaluated by
usual methods. WQO; thick films exhibited good sensing performance to NO, gas with maximum sensitivity,
24.31 at 290 °C, with fast response and recovery time. Further, it was shown that the screen printed WO thick
films can be reliably used to monitor the concentration of gas over the wide range. The response and recovery
characteristics of WO; thick films are almost reproducible and quick. Thus, this study demonstrates the
possibility of utilizing WO5 thick films as a sensor element for the detection of NO, gas.
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