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EFFECT OF SUBSTRATE TEMPERATURE ON THE STRUCTURAL
AND ELECTRICAL CONDUCTION BEHAVIOUR OF
VACUUM EVAPORATED WO3 THIN FILMS

M. C. RAO’
Department of Physics, Andhra Loyola College, Vijayawada — 520008, India

WO; thin films were prepared by vacuum evaporation technique. The deposition
parameters such as substrate temperature, deposition rate, film —substrate combination,
vacuum during the film deposition were controlled. The influence of substrate temperature
on the structural and electrical properties of WO; films has been studied. The WO; films
deposited at Ts ~ 503 K and subsequently annealed at 673 K for 6 hours in air showed
characteristic (020), (021), (002) orientations representing the orthorhombic phase of
WO;. The influence of substrate temperature on the electrical properties of WO; films has
been studied. The conductivity was found to increase with increasing substrate
temperature and the increase was more predominant for the films formed at T > 453 K.
The increase in conductivity is mainly due to the oxygen ion vacancies formed in the films
during the deposition due to the partial dissociation of constituent elements. The WO;
films formed at 303 — 503 K and subsequently calcinated at 673 K for six hours were
found to be translucent white. The electrical conductivity of these films was in the range 8
x10%to 4 x 107 ohm™ cm™.
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1. Introduction

Tungsten trioxide (WOs) is one of the most interesting materials exhibiting a wide variety
of novel properties particularly in thin film form useful for advanced technological applications. It
exhibits structural transformations and sub-stoichiometric phase transitions, which attracted the
attention of researchers over the past few years to explore their potential scientific and
technological applications in the fields of display systems and microelectronics [1-4]. It exhibits
electrochromic properties which make it suitable for variable reflection mirrors, dazzle free
mirrors in automobiles, variable sun protection system usually called ‘smart window’ (variable
transmittance) and surfaces with tunable emittance of thermal control of satellites. It has been
recognized as a significant chromic material that can be colored through electro-, photo-, gas-,
laser- and thermochromism processes [5-7]. WO; being an n-type semiconductor exhibits novel
electronic properties and it has been considered as a potential candidate for sensing pollutant gases
like NO,, NHs;, CO, H,S etc. It is also used as a catalyst, window for solar cells and low voltage
varistors.

Tungsten trioxide exhibits a cubic perovskite like structure based on the corner sharing of
regular octahedra with the oxygen atoms at the corner and the tungsten atoms at the center of each
octahedron. The crystal network is the result of alternating disposition of O and WO, planes
normally to each main crystallographic direction. Actually, the symmetry of WO; is lowered from
the ideal ReO; structure by two distortions: tilting of WOg octahedra and displacement of tungsten
from center of its octahedron [8]. Thus variations from these crystallographic distortions, WO,
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exhibits structural transformations and undergoes at least five equilibrium phase transformations in
a sequence:

tetragonal— orthorhombic— monoclinic— triclinic— monoclinic, when the temperature is
decreased from the melting point [9].

Tungsten trioxide can be deposited in thin film form using various deposition techniques
and finds their effective use in scientific and technological applications. Recently thin film WO,
has been received a growing interest and concern with respect to its excellent gas-chromatic
properties and has been established as one of the best gas sensors for the reducing gases. Tungsten
trioxide thin films have been deposited by a number of deposition techniques such as thermal
evaporation [10, 11], electron beam evaporation [12, 13], chemical vapor deposition [14, 15],
sputtering [16, 17], sol-gel [18], spray pyrolysis [19, 20]. Each deposition technique produced
different properties on different substrates in terms of composition, structure and morphology [19,
20]. It is required that the thin film deposition technique should satisfy certain criteria of producing
thin films with properties such as well adherence, pin hole free, stoichiometric, films with good
crystallinity at lower substrate temperatures.

Thermal evaporation is one of the most widely used, simplest and convenient technique
for the deposition of thin films. In this technique, the material can be evaporated by means of
resistive heating or rf heating. This is done in a high vacuum, both to allow the vapour to reach the
substrate without reacting with or scattering against other gas-phase atoms in the chamber, and to
reduce the incorporation of impurities from the residual gas in the vacuum chamber. Obviously,
only materials with a much higher vapour pressure than the heating element can be deposited
without contamination of the film. Initial stages of WO; growth on silicon substrates using thermal
evaporation technique was studied by Ottaviano et al. [21]. The films were deposited under high
vacuum conditions (10 Torr) with various (5 nm, 10 nm and 20 nm) thicknesses. Masek et al.
[22] investigated the influence of preparation and annealing conditions on the physical and
chemical properties of tungsten oxide thin films. The effect of annealing on the structural and
optical properties of WO; thin films prepared by electron-beam evaporation technique were
investigated by Joraid et al. [23]. However the investigations on the structural and electrical
properties of WO; thin films that are essentially depend upon the deposition parameters give a
scope for effective utilization of these thin films in the device application. Hence in the present
study the influence of deposition parameters on the structural and electrical properties of vacuum
deposited WO; thin films were reported.

2. Experimental

Tungsten oxide thin films were prepared on to Corning 7059 glass substrates by thermal
evaporation of pure WO; Powder (purity 99.99% obtained from MERCK) from an electrical
heated molybdenum boat kept at ~ 1823 K in a vacuum better than 8 x 10° Torr. A Hind High
Vacuum 12A4 Coating unit was used for the deposition of the experimental films. A diffusion
pump backed by a rotary pump was employed to produce the ultimate pressure of 3 x 10° Torr.
Well cleaned Corning 7059 glass substrate along with suitable masks were mounted on a copper
holder which was fixed on a tripod in the beljar. The source to substrate distance was fixed at 15
cm. After getting the ultimate vacuum of 5 x 10°® Torr and the desired substrate temperature in the
chamber, the glow discharge was initiated further ionically clean the substrates in the vacuum
chamber. This was done for about two minutes. The system was allowed to reach the ultimate
vacuum. When the power was fed to the boat, the material in the boat evaporated and the vapours
reacted with the oxygen gas leading to film deposition on the substrate. The deposition
temperature was in the range of 303 - 603 K, and it was measured by a Chromel- Alumel
thermocouple attached to the substrate and precisely controlled by a temperature controller. The
temperature of the boat during deposition was monitored by means of an optical pyrometer.

The substrates were maintained at the required deposition temperature, and then, the
molybdenum boat in which WO; powder was kept, was heated slowly. The shutter covering the
substrates was opened when the temperature of the boat reached about 1823 K and it was
maintained during the deposition of the films. The deposition rate observed by a quartz crystal
thickness monitor was 10 A%sec. The thickness of the films investigated was about 4000 A’. The
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structure of WQ; films was analysed using a Philips X-ray diffractometer with Cu K, (A = 1.5418
A°) target. The X-ray diffraction profiles were recorded in the scanning angle range 10° - 60° with
a scanning speed of 1 deg./ min. The dc electrical conductivity measurements were made on the
experimental films by employing the standard van der Pauw method.

3. Results and discussion

The deposition parameters such as substrate temperature, deposition rate, film —substrate
combination, vacuum during the film deposition etc. greatly influence the physical and chemical
properties of the oxide thin films. In the present investigation thin films of WO; were prepared on
Corning 7059 glass substrates keeping all the deposition parameters fixed except the substrate
temperature. WO; films formed at Ts < 403K were found to be translucent white. The color of the
films changed to pale blue and then to deep blue with increasing deposition temperature.

3.1 Structure

The structure of WO; films was analysed using a Philips X-ray diffractometer with Cu K,
(L = 1.5418 A°) target. The X-ray diffraction profiles were recorded in the scanning angle range
10° - 60° with a scanning speed of 1 deg./ min. The X-ray diffraction spectra of the films formed at
different substrate temperatures are shown in Fig. 1. No significant diffraction peaks were
observed for the films deposited at T, < 553 K indicating the amorphous nature of films (Fig. 1(a)
& 1(b)). The WO; films deposited at Ts ~ 503 K and subsequently annealed at 673 K for 6 hours
in air showed characteristic (020), (021), (002) orientations (Fig. 1(c)) representing the
orthorhombic phase of WOs. The lattice parameters evaluated from the XRD data were ‘a’ = 0.728
nm, ‘b’ =0.750 nm and ‘¢’ = 0.382 nm and they are in good agreement with the reported values on
WO; films [24-28].
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Fig.1 X-ray diffraction profiles of as-deposited and air heat treated WOj; thin films.
3.2 Electrical properties

The dc electrical conductivity of WO; films formed at different substrate temperatures was
measured by the four - point probe method. Fig. 2 shows the variation of electrical conductivity
with substrate temperature of WO; films. The conductivity of the films formed at room
temperature (303 K) was about 3.3 x 10”7 ohm™ cm™. The conductivity was found to increase with
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increasing substrate temperature and the increase was more predominant for the films formed at T
> 453 K. The increase in conductivity is mainly due to the oxygen ion vacancies formed in the
films during the deposition due to the partial dissociation of constituent elements. The oxygen ion
vacancies behave as positively charged structural defects in the substoichiometric WOsz., films
formed at elevated temperatures, where y is a small fraction [29]. The electrons may be promoted
into these defects by giving electrical or optical energy thereby increasing the conductivity of the
films. The WO, films formed at 303 — 503 K and subsequently calcinated at 673 K for six hours
were found to be translucent white. The electrical conductivity of these films shown in Fig. 2 was
in the range 8 x 10® to 4 x 10”7 ohm™ cm™. The decrease in electrical conductivity of air heat
treated films is attributed to partial filling up of oxygen vacancies.
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Fig.2 Dependence of electrical conductivity on deposition temperature of
WO; thin films.

The dc conduction mechanism in many transition metal oxides above room temperature (>
303 K) takes place by band conduction, where carriers excite beyond mobility edges into non -
localized states, dominating the transport. The temperature dependence of conductivity is of
Arrhenius type and is expressed as

G =6 oexp (-E,/KT) (1)

o o, the pre — exponential factor
E,, the thermal activation energy
k, the Boltzmann constant and
Ts, the absolute temperature.

The electrical conductivity was measured in the temperature range 303 — 503 K. Fig. 3is a
typical Arrhenius plot of log ¢ versus 1000/T of WO; films deposited at different substrate
temperatures. It is observed from the figure that the conductivity increases with increasing
temperature. The variation of activation energy with deposition temperature is shown in Fig. 4.
The activation energy was found to decrease with increasing deposition temperature.
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Fig.3 The plots of log o vs 10°/T of WOj thin films deposited at different

temperatures.
12
; ]'01_
.
>
iy
s 0 8-
L]
[
0
g 06
0
g
0.5'._
- | | | |
300 350 400 450 500

Substrate temperature (k)

Fig.4 Dependence of activation energy on deposition temperature of WO; thin films.

4. Conclusion

WO; thin films were prepared by vacuum evaporation technique. The influence of
substrate temperature on the structural and electrical properties of WO; films has been studied.
The WO; films deposited at Ts ~ 503 K and subsequently annealed at 673 K for 6 hours in air
showed characteristic (020), (021), (002) orientations representing the orthorhombic phase of
WOs. The conductivity was found to increase with increasing substrate temperature and the
increase was more predominant for the films formed at T, > 453 K. The increase in conductivity is
mainly due to the oxygen ion vacancies formed in the films during the deposition due to the partial
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dissociation of constituent elements. The WO, films formed at 303 — 503 K and subsequently
calcinated at 673 K for six hours were found to be translucent white. The electrical conductivity of
these films was in the range 8 x 10® to 4 x 10 ohm™ cm™. The substoichiometric WO; films
formed at T~ 503 K with high conductivity can be utilized in electrochromic devices and in solid
state microbatteries.
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