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ABSTRACT

Tungsten trioxide (WOs;) thick films prepared by standard screen printing technique and fired at different
temperatures in air atmosphere. The compositional, morphological and structural properties of films were
analyzed by Field Emission scanning electron microscopy (FESEM), Energy dispersive spectroscopy (EDS)
and X-ray diffraction (XRD). The films were observed to be oxygen deficient, it indicates that the films are
non- stoichiometry in nature. As deposited and fired films were analyzed using SEM to know its surface
morphology. XRD showed the polycrystalline nature. The crystallite size changes from 28.2133 nm to
58.5176 nm for all strong orientation with increase in firing temperature. The role of firing temperature on
electrical resistivity has been studied and showed decrease in resistance with increase in temperature.
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INTRODUCTION

To produce compact, robust and relatively inexpensive hybrid circuit for many purposes, Screen
printing technique was introduced in the later part of 1950’s, after that thick film technique has
attracted by the sensor field'. Thick films are suitable for gas sensors since the gas sensing properties are
mostly related to the material surface and the gases are always adsorbed and react with the films
surface’. Screen printing is simple and economical method used to produce thick films of various materials™
" The semiconducting metal oxides such as TiO,, SnO,, ZnO, Fe,0;, WO; etc. such type of
semiconducting metal oxides (SMO’s) offer the potential for developing portable and inexpensive gas
sensing devices, which have advantages of simplicity, high sensitivity and fast response. The sensor is a
device senses input signal. The working principle of these semiconductor gas sensors is based on change in
conductivity when exposed to the target gases''. WO; is a widely studied transition metal oxide and
behaves as n-type semiconducting oxide due to non- stoichiometry. It has been widely studied for several
applications in optical fields and used as gas sensor. Several deposition methods have been used to grow
WOs; films such as Spray pyrolysis, Vacuum evaporation, chemical vapor deposition, magnetron
sputtering, pulsed laser deposition, sol -gel technique, screen printing technique'’. Among the various
metal oxides that can be used in gas sensors, only those materials based on tungsten trioxide/titanium oxide
have been widely manufactured and utilized".

EXPERIMENTAL

WO; Thick film preparation:
Table 1: Preparation of WO; films
Substrate material Glass

Active Material

WO; (AR Grade)

Deposition Technique

Screen Printing

Types of screen

40S-Mesh No.355

Material Calcined time 1 hour.
Calcined temperature 4500c
Active Material to Organic vehicles ratio 70:30
Organic vehicles (Binders) BCA & EC
Settling time 15-20 minutes.
Drying under IR 45 minutes.
Firing Time 2 hours.

Peak firing temp. (FT)

350°C, 450°C & 550°C
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From table 1, the glass substrates used for screen printing were cleaned initially by soap solution. Further, they
were cleaned by using chronic acid to remove the finger prints and other impurities present on the
substrates. Finally substrates were washed by distilled water and then clean with acetone. Analytical Reagent
(AR) grade WO; powder was calcined at 673K for an hour in a muffle furnace. Then this powder was crushed
and thoroughly mixed. Organic vehicles such as butyl carbitol acetate (BCA) and ethyl cellulose (EC) were
added to this active material to achieve proper thixotropic properties of the paste. The ratio of inorganic to
organic parts was maintained at 70:30 (the ratio of EC to BCA was 98:2 in 30 %). WOj; thick films were
prepared on glass substrates using a standard screen-printing technique. The screen of nylon (40S, mesh no.355)
was selected for screen-printing. The required mask was developed on the screen using a standard
photolithography process. The paste was printed on clean glass substrates with the help of a mask. The pattern
was allowed to settle for 15 to 20 minutes in air. The films were dried under infrared radiation for 45 minutes
and fired at temperatures of 350°C, 450°C &550°C for 2 h (which includes the time required to achieve the
peak FT and then constant firing for 30 minutes at the peak temperature) in a muffle furnace.

Structural, morphological and compositional characterizations: The structural properties of WO; films
were investigated using X-ray diffraction analysis for diffraction angle 20 = 20-800 [D-8, Advance Model,
Bruker diffractometer, Berlin, Germany| with Cu-Ka radiation of wavelength A=0.1542 nm with a 0.10/step
(20) at the rate of 2 s /step. FESEM [X-Flash Detector S-4800 type-II, Hitachi high Technology Corporation,
Japan] was employed to characterize the surface morphology. The composition of WOj thick film samples were
analyzed by an energy dispersive X-ray spectrometer (EDAX) [X-Flash Detector 5030, Bruker AXS GMBH].
The information about the grain shape and sizes of WO thick film materials is obtained by using FESEM. All
WO; samples were coated with a very thin conducting gold layer (few 100 A) using vacuum sputtering
technique to avoid charging of the samples. The composition of WO; thick film samples were analyzed by
EDAX.

The crystallite size was determined using Scherer’s formula'®.

091
B Bcosb ( 1)

Electrical characterization: 1-V characteristics were plotted for WO; samples annealed at 400°C. The DC
resistance of the film samples as a function of temperature'> was measured in home-built static measurement
system.

The electrical resistivity (p) of thick film resistor was determined by using the equation,
p=RxA)/I] ()

__ [Rxbxt]
L

where R = Resistance of WOj; thick film at constant temperature; t = thickness of the film sample; | = length of
the thick film; b = breadth of the thick film

The sample resistance measurement was carried out in static gas system explained in the D.C. resistance
measurement above. The static system consists of almost air tight glass bell-jar (chamber) in which heater,
thermocouple and the sample mounted with electrodes for external electrical connections. The gas admittance
valves are provided for injecting the target gas into the chamber of known volume. Sample resistance was
measured in air ambiance and then in the presence of target gases with different concentrations and at various
operating temperatures.

16-22

RESULTS AND DISCUSSION

Structural Parameters and their Analysis
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Fig. 1: XRD pattern of WO films fired at (a) As deposited, (b) 350°C, (c) 450°C and (d) 550°C.

Table 2. Variation of structural parameters for strong oriented peaks at different firing temperatures.

Tflilr[i)l.l% ¢ | Plane (hkl) | d-values (A°) | FWHM (B)degrees Cry‘g?l(lliltl‘;)size
002 3.8275 0.285 28.4458
020 3.7495 0.260 31.2087
200 3.6377 0.288 28.2133
As 120 3.3287 0.286 28.5411
deposited 022 2.7234 0.285 29.0500
220 2.5939 0.256 32.4857
004 1.9111 0.288 30.1294
402 1.6343 0.286 31.4825
002 3.7762 0.240 33.7989
020 3.7263 0.222 36.5608
200 3.5986 0.284 28.6254
350°C 120 3.3922 0.200 40.7710
022 2.7234 0.218 37.9783
220 2.5845 0.238 34.9549
004 1.9179 0.206 42.0936
402 1.6237 0.245 36.8199
002 3.7668 0.228 35.5817
020 3.7018 0.192 42.2859
o 200 3.6217 0.194 41.8925
450°C
120 3.3410 0.205 39.8100
022 2.6962 0.178 46.5536
220 2.6145 0.184 45.1633
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004 1.9317 0.188 46.0606
402 1.6375 0.190 473630
002 3.8416 0.166 48.8302
020 3.7608 0.154 52.6831
200 3.6542 0.166 48.9381
120 3.3225 0.166 49.1784
550°C 022 2.7144 0166 49.8894
220 2.6000 0.154 53.9899
004 1.9208 0.166 522215
042 1.7023 0.154 57.8250
402 1.6401 0.154 58.5176

By using a standard screen printing method the films were deposited on glass substrate and fired at 350, 450,
and 550°C. XRD analysis of WO; thick film samples analysis had been undertaken to understand the structure
evolution and phase transformation of WO, thick film samples fired at 350, 450, and 550°C.

XRD analysis of WOj thick film samples were carried out in the 20-80° range using CuKo radiation with a 0.1°
/step (20) at the rate of 2 s /step. XRD analysis had been undertaken to understand the structure evolution and
phase transformation of WO, thick film samples fired at 350, 450, and 550°C.

The crystalline structures of the thick films were analyzed with X-ray diffractogram. The diffraction peaks of
crystal planes (002), (020), (200), (120), (022), (220), (122), (320), (004), (402) & (314) correspond to 26
values of 23.1° 23.6°, 24.3°, 26.8°, 32.9°, 34.5°, 35.5, 44.6°, 47.3°, 56.1° & 63.2° respectively, were obtained
for as-deposited and fired at 350°C, 450°C, & 550°C thick film samples. In addition to these peaks, crystal
plane (042) correspond to 53.8° was also seen for the film fired at 550°C. From the XRD data, the obtained
planes were found well matched with the standard JCPDS data card no. 83-0949, that show the presence of
triclinic phase of WO; compound. From this analysis, several peaks of triclinic phases confirmed that the films
were polycrystalline nature. The most reflected and strongly oriented peaks (002), (020), (200), (022), (220)
were observed at 23.1° 23.6°, 24.3°, 32.9°, 34.5° indicate the growth of crystallites for preferred orientations
along these particular directions.

Crystallite size (D) analysis: The crystallite size of WO; films at different FT is as shown in fig. 2.
Generally, in the field of chemical sensors, the structural stability, porosity and high surface-to-volume
ratio are key properties for a sensing film. Importantly, here, with increase in the FT, surface area will
decrease as the grain size increases, which may drastically affect the gas sensing properties. The crystallite size
of thick films as deposited and fired at different temperatures were determined using Scherer’s formula.
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Fig. 2: Average crystallite size with different firing temperature.

246
Special Issue on Current Research in Chemistry and Nanosciences (CRCNS-2022)



Asian Journal of Organic & Medicinal Chemistry ISSN Online: 2456-8937
Vol. 7 No. 2 (April-June, CRNSS 2022) UGC CARE APPROVED JOURNAL

Surface Morphology Analysis: The accelerated electrons carry significant amounts of kinetic energy &
dissipated in different signals produced by interactions between the electron and film sample by Field Emission
Scanning Electron Microscope (FESEM). These signals include secondary electrons, backscattered electrons,
diffracted backscattered electrons, photons, visible light and heat. Images were produced by secondary electrons
which can useful to studying the morphology of film samples, backscattered electrons are useful for illustrating
rapid phase discrimination in multiphase samples. It was clearly seen that as-deposited samples revealed nano
grains embedded into an amorphous matrix.

Fig.3 (a), (b), (¢) and (d) represents the FESEM micrographs of WOj; thick films. For comparison all images
were recorded at same magnification. WO; thick films is made up of spherical grain structure. Increase in firing
temperature FESEM images clearly showed that, the crystallite size increases & attributed to increase in the
degree of crystallinity and grain size. Increase in grain & particle size increases the mobility of atoms at the
surface of the film & thus decrease in the surface area™.

Fig. 3: FESEM of WO, thick films fired at (a) As deposited, (b) 350°C, (c) 450°C and (d) 550°C.

From FESEM images the particle size determination based on direct observations of particles and also receive
the important information on the shape of particles. Surface morphology showed that the particle sizes are the
function of the temperature. It has been observed that increase in the firing temperature leads to increase in
porosity, increase in crystallite size, and decrease in oxygen which help to enhance the gas sensing performance.

Microstructure and specific surface area are the most important factors that influence the sensor characteristics.
WO; thick films showing a spongy structure have a large fraction of atoms exist at surfaces and interfaces
between the holes, the spongy surfaces of the films makes it highly suitable for gas sensing application.

Specific surface area can be determined from FESEM images. The specific surface area of WOj; thick films was
calculated for spherical particles using the equation™.
6

where, d - Diameter of the particles and, p - Density of the particles.

Table 3: Specific surface area and particle size with the firing temperature.

Firing temperature Specific Surface Area Particle size
(m?/g) (nm)

As depo. 2.7032 310
350°C 2.3277 360
450°C 1.8417 455
550°C 1.6115 520
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Energy Dispersive X-ray (EDAX) is a technique used for identifying the elemental composition of the film
sample. The EDAX analysis system works as an integrated feature of scanning electron microscope™ .

2.2

®)
1.8 1.8+

1.6
1.6

1.4
1.4

1.2

1.2

0.8

0.6 |

0.4
0.2 ]
ke

=====

(©) (d)
Fig. 4: EDAX spectrum of WO; thick films fired at (a) As deposited, (b) 350°C, (c) 450°C and (d) 550°C

EDAX analysis reported the elemental composition of WOs thick films. Fig. 4 (a, b, ¢ & d) spectrum reveals the
presence of tungsten & oxygen elements without any impurity. Release of excess oxygen, mass percentage of
W found to increase with increase in firing temperature®’. Oxygen deficiency clearly indicates that the films are
non-stoichiometry. The observed deficiency of oxygen show the conducting nature of WO;™ *°. WO, thick
films fired at 550°C observed the high W/O ratio. Therefore the optimized firing temperature 550°C selected
for further studies of tungsten oxide thick films.

Table 4: Composition of WOj; thick films.

Element Firing Temperature
(Mass %)
As deposited 350°C 450°C 550°C
W 85.37 85.88 86.08 88.98
(0) 14.63 14.12 13.92 11.02

Electrical analysis: The resistance of WO; thick films decreased with increase in temperature shows
semiconducting behavior. Resistivity increased with decrease in firing temperature.

I-V Characteristics: [-V characteristics of WOj; thick films in air ambient shows the linearity which indicates
the ohmic nature of the pressure contacts. Current versus voltage characteristics were measured for thick film
samples in air ambient. Using constant voltage source £30V, I-V characteristics were measured and presented
in fig. 5 that shows the variation of current as a function of voltage.

248
Special Issue on Current Research in Chemistry and Nanosciences (CRCNS-2022)



Asian Journal of Organic & Medicinal Chemistry ISSN Online: 2456-8937
Vol. 7 No. 2 (April-June, CRNSS 2022) UGC CARE APPROVED JOURNAL

1-V CHARACTERISTICS (WO03) |

—4— As depo.

—&-3500C
4500C
=*=5500C

5
4
3
2
1

Fig. 5 I-V characteristics of WOj thick films fired at (a) as deposited, (b) 350°C, (c) 450°C and (d) 550°C.

Resistivity (p): Electrical characterization of thick films observed that the resistivity decreases exponentially
with increase in temperature could be attributed to negative temperature coefficient of resistance (NTC) and
semiconducting nature of WO;. Fig. 6 indicate that with variation in operating temperature, resistivity of thick
films decreases with increase in firing temperature. Due to increase in firing temperature, increase in grain size
results decreases in grain boundaries and associated impedance to the flow of charge carriers®. This behavior is
favorable for gas sensing applications of thick films.

5500000 - RESISTIVITY (WO3)|
5000000 |
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4000000 - —=-3500C
3500000 - 450 OC
3000000 7 =550 0C

2500000 -
2000000 -
1500000 -
1000000 -
500000 -
(i}

|RESISTIVITY (Qm)|

250 300 350 400 450 500 550 600 650 700
| TEMPERATURE (K) |

Fig. 6 Variation of resistivity (Qm) with different firing temperatures.

Temperature dependent exponential variation of electrical resistivity depicted that the conduction mechanism is
thermally activated. Onto the surface of SnO, oxygen adsorbs, & ionizes to O— or O,— depending on the
temperature by trapping electrons from the lattice’'. Similar mechanism can be adopted in the case of WO;.
Increase in temperature, decrease in resistance of WO; thick films causes the electrons gain sufficient energy
and cross over the barrier at grain boundaries, increasing drift mobility of the charge carriers or lattice
vibrations where the atoms occasionally come closer enough for the transfer of charge carriers and conduction
is induced by lattice vibrations®>. The resistivity (p) of WO thick films at constant temperature is calculated
using the relation,
_ [Rxbxt]
1

The resistivity of WOj; thick films decreases with increase in firing temperature.
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CONCLUSION

Small uneven shift in the peak positions has been observed due to increase in firing temperature of the thick
films. It has detected that the peaks were randomly oriented since the obtained intensity of the peaks less than
the standard intensity, by comparing the obtained intensity with the standard intensity. The increasing trend for
the crystallite/grain size (nm) of thick films with an increase in the firing temperature has been observed.

The increasing trend found for the grain size of the film with an increase in the FT. The increase in the grain
size may be due to the sintering of the smaller crystallites to form larger size crystallite after getting sufficient
amount of thermal energy. With increase in the FT, surface area will decrease as the grain size increases

It was found that with increase in firing temperature, the smaller grains to come together to form a bigger grain
as well as well-defined irregular shaped grains were seen without any amorphous matrix. Due to particle
agglomeration, variations in particle size are also seen in FESEM images.

It has been observed that increase in the firing temperature leads to increase in porosity, increase in crystallite
size,

From EDAX spectrum, the oxygen deficiency clearly indicates that the films are non-stoichiometry. The
observed deficiency of oxygen show the conducting nature of WOs.

Electrical characterization of thick films indicate that with variation in operating temperature, resistivity of thick
films decreases with increase in firing temperature.
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