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Abstract

Pure and W-doped ZnO thin films were obtained using magnetron sputtering at working
pressures of 0.4 Pa and 1.33 Pa. The films were deposited on glass and alumina substrates at room
temperature and subsequently annealed at 400°C for 1 hour in air. The effects of pressure and W-
doping on the structure, chemical, optical and electronic properties of the ZnO films for gas
sensing were examined. From AFM, the doped film deposited at higher pressure (1.33 Pa) has
spiky morphology with much lower grain density and porosity compared to the doped film
deposited at 0.4 Pa. The average gain size and roughness of the annealed films were estimated to
be 65 nm and 2.2 nm, respectively with slightly larger grain size and roughness appeared in the
doped films. From XPS the films deposited at 1.33 Pa favored the formation of adsorbed oxygen
on the film surface and this has been more pronounced in the doped film which created active
sites for OH adsorption. As a consequence the W-doped film deposited at 1.33 Pa was found to
have lower oxidation state of W (35.1 eV) than the doped film deposited at 0.4 Pa (35.9 eV).
Raman spectra indicated that doping modified the properties of the ZnO film and induced free-
carrier defects. The transmittance of the samples also reveals an enhanced free-carrier density in
the W-doped films. The refractive index of the pure film was also found to increase from 1.7 to
2.2 after W-doping whereas the optical band gap only slightly increased. The W-doped ZnO film
deposited at 0.4 Pa appeared to have favorable properties for enhanced gas sensing. This film
showed significantly higher sensing performance towards 5-10 ppm NO, at lower operating
temperature of 150°C most dominantly due to increased free-carrier defects achieved by W-
doping.
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1. Introduction

Today nanostructured semiconducting metal oxide thin films have received greatest attention due
to their properties that are different from those of their bulk counterparts. With the advancement
of modern technologies, well controlled processing and development techniques can produce
metal oxide thin films with desirable physical, chemical, electrical, optical and other properties
suitable in various applications [1, 2]. Among the metal oxides, nanostructured ZnO thin film has
been investigated extensively due its wide range of applications including optoelectronics,
piezoelectricity, catalysis, and gas sensor devices [3-5]. Several techniques have been used to
deposit pure and doped nanostructured ZnO thin films including sol-gel, CVD, ultrasonic spray
pyrolysis, pulsed laser deposition, physical vapour deposition, thermal oxidation [6-13]. While
all these techniques have their own advantages and limitations, better control of film quality and
properties can be obtained using PVD techniques [5, 14-20]. From the various PVD techniques,
magnetron sputtering has simplified fabrication steps with well controlled deposition variables to
essentially grow high quality films. In the literature, the influences of sputter deposition
parameters including partial pressure, sputtering power, reactive gas species, temperature, etc. on
the properties of pure and doped ZnO films on various substrates have been investigated [2, 3,
21, 22]. When modification of the as-deposited films for specific application has become
desirable, post-annealing heat treatments are commonly applied to achieved various film
characteristics [23-26]. Several attempts have been made to enhance the gas sensing
performance of ZnO through the optimization of nanostructural morphology, grain shape and
size, crystalline nature, film thickness and porosity, impurities and defects [27-29]. Defects such
as oxygen vacancies are inherent in most metal oxides including ZnO and this creates n-type
semiconducting material. As the metal oxides approach to stoichiometry, however, oxygen
vacancies are reduced and the conductivity of the oxide becomes extremely low (high resistance)
and gas-sensing measurements become difficult. Doping can effectively modify the
stoichiometric properties of ZnO film and increases oxygen vacancies and free-carrier density to
enhance gas sensing performance [30-33]. Several methods such as laser deposition, CVD, sol-
gel and sputtering were used to deposit W-doped ZnO films [34-37] but none of these films has
been investigated for gas sensing.

In this paper pure and W-doped ZnO films were obtained using magnetron co-sputtering at two
different pressures of 0.4 Pa and 1.33 Pa using low sputtering power. The films were developed
at room temperature and subsequently annealing at 400°C for 1 hour in air. The effects of
sputtering pressure and W-doping on the structure, chemical, optical and electronic properties of
ZnO films for gas sensing were examined. The morphology, composition and crystallinity nature
of the films were analysed using atomic force microscope (AFM), X-Ray Photoelectron
Spectroscopy (XPS) and Raman Spectroscopy. The thickness and refractive index of the films
were obtained using Ellipsometer and the measured thicknesses were verified using Mechanical
Stylus Profilometer. The optical properties of the films were characterized using UV-Vis-NIR
spectrophotometer and from the measurements the optical band gap was obtained. Gas sensing
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measurements of the different samples towards NO, of various concentrations (1-10 ppm) at
different operating temperatures (150-300°C) were carried out. From the measurements the
performance of the sensors inclduing response amplitude (sensitivity), response and recovery
times were evaluated.

2. Experimental Methods
2.1.  Sample Preparation

Magnetron sputtering (PVD 75 K.J. Lesker with 4 targets of 50 mm diameter) was used to
produce pure and W-doped ZnO thin films from high purity zinc oxide (99. 9%) and tungsten
(99.95%) targets. After the chamber was evacuated to a base pressure of 8.2 x 10 Pa, Ar gas
(99.99% purity) was introduced into the chamber and maintained at the desired working
pressure. The pure ZnO films were produced from the ZnO target using RF power of 30 W.
Doping was done by co-sputtering ZnO and W targets using 30 W RF and 10 W DC power,
respectively. Several films were obtained on glass and alumina (8 x 8 mm) substrates at
sputtering pressure of 0.4 Pa and 1.33 Pa. The alumina (8 x 8 mm) consisted of pre-printed Pt-
interdigitated electrodes with line width 100 um and height 300 nm has been used for gas
sensing measurements. The substrate holder was fixed at a distance of 150 mm from the target
and was allowed to rotate at 20 rpm to keep the uniformity of the films. All the samples were
deposited at room temperature (24°C) for 120 minutes and subsequently annealed at 400°C for 1
hour in air. Prior to the film deposition, 5 minutes pre-sputtering time was allowed to remove any
surface contamination from the source target and also to ensure stability of the sputtering
conditions. Only four samples identified by their doping and sputtering pressure as shown in
Table 1 were closely examined for gas sensing.

2.2.  Film Characterization

Film thickness measurements were performed using M-2000 Ellipsometer (J. A. Woollam Co.,
Inc.) and the results were confirmed with mechanical stylus profilometer (Bruker Dektak XT).
Ellipsometric measurements of the samples on glass substrates were also carried out to determine
the refractive indices of the films. The surface morphologies of the films on alumina substrates
before and after annealing were obtained using AFM (Nanocute SII) in tapping mode
configuration with nominal tip diameter of 10 nm. All the samples were scanned over 1 um x 1
pum area.

Raman spectroscopy has been employed to analyse the effect of W-doping on the structural and
chemical nature of the ZnO film. WITec Raman confocal microscope with laser excitation
source of 633 nm wavelength was used. The laser was focused on the surface of the films to
reduced background effect from the substrate. Raman shift of the films between the
wavenumbers 200 to 700 cm™ has been examined. The chemical makeup and composition of the
pure and W-doped ZnO film were obtained from XPS spectra. The XPS data was acquired from
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Shimadzu ESCA-3400 using non-monochromatic MgKoa X-rays (10 kV, 20 mA) over the
binding energy range of 0 to 1100 eV. Survey (wide) and high resolution scans were performed
at steps of 1 eV and 0.1 eV, respectively. All the binding energies were corrected using C 1s
peak of graphite (284.8 eV) as a reference. The peak analyses were carried out by using
XPSpeak41. The optical properties of the films on glass substrates were measured using Cary 50
UV-Vis-NIR spectrophotometer in the wavelength range 300 to 1100 nm at normal angle of
incidence.

Table 1: Sputtering parameters (power, pressure and time) used for the deposition of the pure and
W-doped ZnO films.

Specimen ZnO RF power | W DC power | Time Pressure
W) W) (min) (Pa)

ZnO (0.4Pa) 30 0 120 0.4

ZnO (1.33Pa) 30 0 120 1.33

ZnO:W (0.4Pa) | 30 10 120 0.4

ZnO:W (1.33Pa) | 30 10 120 1.33

2.3.  Gas Sensing Measurement

Gas sensing measurements of the four samples shown in Table 1 towards NO, were carried out
in a flow through chamber using a high precision multi-channel gas testing system. The system
includes an 1100 cc volume test chamber capable of testing four sensors in parallel, an eight high
precision mass flow controllers (MKS 1479A) to regulate the gas mixture, an eight channel MFC
processing unit (MKS 647C), a pico-ammeter (Keithley 6487) and a climatic chamber to control
the temperature. The measurements were performed in a chamber with different target gas
concentrations of 1, 5 and 10 ppm at the operating temperatures of 150-300°C. The exact
concentration of the target gas was obtained by mixing with synthetic air while maintaining a
total constant flow rate of 200 sccm (mL/min). The concentration range has been selected within
the threshold limit values acceptable in various applications [38]. The response of the films was
evaluated by measuring the sensors resistance variation using bias voltage of 1 V. The desired
operating temperature was regulated by applying voltage to a micro-ceramic heating element
having resistance of 44 ohms (Sakaguchi MS-3). The duration for each gas exposure was 5 min
with reasonable 20 min time allowed for the recovery of the sensors prior to the next exposure.
The sensor response amplitude (i.e. sensitivity, S) was used as the measure of sensor response
and is defined as a positive quantity and for oxidizing target gas (e.g. NO,):

S= (R'Rair)mairzAR/Rair ( 1 )

where R,;; is the steady state resistance value in the reference air and R the final resistance of the
sensor when exposed to the target gas achieved within a reasonable time (5 min) [39]. The



Applied Surface Science 357 (2015) 728-734

response time was determined by considering the time required for the sensor to reach 90% of
the final S value after exposed to the target gas. Similarly the recovery time of the sensor was
also obtained from the time the sensor requires to recover the 90% of the maximum S value so it
reached 10% above the baseline resistance after switching off the target gas.

3. Results and discussion

As shown in Table 2, the film thickness of the pure and W-doped ZnO films as measured using
Ellipsometer were about 100 nm thick and the values were verified using the mechanical stylus
profiler. From the data, the deposition rates of the films were calculated and found to be less than
I nm/min. Results show that the deposition rate of the doped films appeared slightly higher than
the corresponding pure films. However, there is no clear correlation between the deposition rate
and sputtering pressure.

Fig. 1 shows AFM surface morphologies (1 um x 1 um) of the as-deposited pure and W-doped
ZnO films at sputtering pressures of 0.4 Pa and 1.33 Pa. From the images both doping and
sputtering pressure have significant effect on the morphology of the ZnO films [2]. As shown in
Fig. 1, the as-deposited pure ZnO films have predominately amorphous characteristics when
deposited at lower sputtering pressure (0.4 Pa), whereas doping and/or increasing pressure (1.33
Pa) improved the formation of ZnO granules. Looking at the doped films, the film deposited at
1.33 Pa (Fig. 1d) appeared to produce spiky morphology with much lower grain density and
porosity compared to the doped film deposited at 0.4 Pa (Fig. 1c¢).

Fig. 1 AFM morphology of as-deposited films on alumina electrodes: (a) ZnO (0.4 Pa), (b) ZnO
(1.33 Pa), (¢c) ZnO:W (0.4 Pa), and (d) ZnO:W (1.33 Pa).

Annealing of the as-deposited samples at 400°C for 1 hour promoted the formation of
nanostructured grains. Defects were also observed in all the annealed films which can be useful
for enhancing gas sensing performance. From the AFM images (Fig. 2a-d), the gain sizes of the
pure and doped films appeared similar with slightly higher size found in the doped films as
shown in Table 2. Analysis of the images indicated that the average grain size and surface
roughness of the films were 65 nm and 2.2 nm, respectively. When the morphologies of the
annealed films in Fig. 2 are compared, the W-doped ZnO film sputtered at 1.33 Pa (Fig. 2d) has
fewer grains and the protruding on the film surface.
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Fig. 2 AFM morphology of annealed films on alumina electrodes: (a) ZnO (0.4 Pa), (b) ZnO
(1.33 Pa), (¢c) ZnO:W (0.4 Pa), and (d) ZnO:W (1.33 Pa).

Table 2: Film thickness (), deposition rate (f), grain size (D) and surface roughness (R,) of pure
and W-doped ZnO films. Ellipsometer was used to measure ¢ whereas D and R, are obtained
using AFM.

Sample ¢t (nm) f (nm/min) | D (nm) R, (nm)
Zn0 (0.4 Pa) 94 0.78 64 2.6
ZnO (1.33 Pa) 99 0.83 62 2.1
ZnO:W (0.4 Pa) 110 0.92 67 1.9
ZnO:W (1.33 Pa) | 102 0.85 70 2.1

Raman spectroscopy has been employed to analyse the chemical and crystalline nature of the
films as there was no diffraction observer from XRD grazing incidence measurement. Raman
spectra of the annealed films were very weak and thus the highest Raman intensity was observed
using confocal microscope. As shown in Fig. 3, the pure film deposited at 1.33 Pa has shown
sharp Raman characteristics at wavenumber of 440 cm™. This typical peak is usually assigned in
the literature to the Raman active transverse (TO) phonon mode [4]. The position of the optical
phonon mode indicated nanocrystalline ZnO films having wurtzite hexagonal phase. All the
films have shown a broader Raman peak centred at about 580 cm™. The boarding occurred due
to the influence of Raman peak of glass substrate at around 554 cm™. This additional mode at
580 cm™ is related to defect-induced modes such as oxygen vacancies, Zn interstitials and free-
carrier defects induced by dopants. The enhanced intensity of this mode (580 cm™) in the doped
films indicated that W-dopant has induced higher amount of free-carrier defects, most probably
due to breakdown of the translational crystalline symmetry of the pure films [40, 41]. The
Raman peak at around 800 cm™ found in only the W-doped films is related to tungsten oxide
[35].
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Fig. 3 Raman spectra of annealed pure and W-doped ZnO films on glass substrates sputtered at
0.4 Pa and 1.33 Pa.

From XPS survey scans, peaks of Zn, O, and C were observed in all of the films. In addition W
was found in the co-sputtered films. The C signal is most likely from the surface contamination
and no thus further analysis was done on it. The high resolution XPS spectra of Zn 2p, O 1s and
W 4f were fitted to the experimental data as shown in Fig. 4. In the figure, the open circles are
experimental data, the solid lines represent the fitted and deconvoluted curves by using
Gaussian-Lorentzian function, whereas the broken lines are Shirley-type background. Two core
levels of Zn 2p peak positions that belong to Zn 2ps, and Zn 2p;, were found in all the samples
as shown in Fig. 4a. The binding energy difference between the two Zn 2p core levels in all the
films is exactly 23.1 eV. However, the intensity of the films deposited at 1.33 Pa appeared lower
than the films deposited at 0.4 Pa and the reduction is more apparent in the doped film. The Zn
2ps; peak position of the pure and doped films deposited at 0.4 Pa remained the same at 1022.6
eV but larger than the stoichiometric ZnO (1021.7 eV) [42]. From the films deposited at 1.33 Pa,
a significant shift in the peak positon of the pure film (1022.9 eV) was observed after W-doped
(1022.0 eV) due to a change in the oxidation state of the film. From the above results, Zn existed
only in the oxidised state as no peak of metallic Zn (1021.5 eV) was detected. Identification of
such oxidation states using the binding energy of Zn 2p is not always obvious and has been
verified using the corresponding components of O 1s peaks [43] as discussed below.

In Fig. 4b, the deconvoluted spectra of O 1s show the presence of two different peaks in all the
samples. The sharp peak centred at around 530.8 eV is associated with O-Zn bonding of wurtzite
structure and appeared dominant in the films sputtered at 0.4 Pa. The intensity and sharpness of
this peak were reduced in the films sputtered at 1.33 Pa. The peak centred at 532.7+0.5 eV is
dominant in the W-doped film deposited at 1.33 Pa and this can be attributed to adsorbed oxygen
[44, 45]. This doped film has also shown weak O 1s shoulder at 527.7 eV and according to
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literature it was assigned to OH species [46]. Further investigation of the films shows two typical
electronic core levels of W 4f that belong to W 4fs; and W 415, in the doped films (see Fig. 4c¢).
The W 4f;,, peak positions of the W-doped films sputtered at 1.33 Pa and 0.4 Pa are located at
35.1 eV and 35.9 eV, respectively. The difference between the W 4f;,, and corresponding W 4fs,
peaks in both doped samples is 2.5 eV which indicated the bonding of W with oxygen in the
ZnO lattice [47]. The binding energy of the film deposited at 0.4 Pa (35.9 eV) is positioned near
the binding energy of stoichiometric WO;3 (35.6 ¢V) with W in its W® oxidized state but lower
oxidation state of W (35.1 eV) was observed in the film deposited at 1.33 Pa. From the above
analyses it can be concluded that the films deposited at 1.33 Pa favoured the formation of
adsorbed oxygen on the film surface and this has been more pronounced in the doped film which
created active site for OH adsorption.
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Fig. 4 XPS high resolution spectra of pure and W-doped ZnO thin films. (a) Zn 2p, (b) O 1s and

(c) W 4f. The heavy lines are fitted curves.
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Using Ellipsometry the refractive indices of the films in the visible wavelength (632.8 nm) were
obtained. The values of the pure films (1.7-1.9) were increased after W-doping (2.0-2.2) as
shown in Table 3. This may be due to an increase in free-carrier density of the pure films after
doping with W. The refractive indices of the W-doped films were found similar to Al-doped ZnO
films reported elsewhere [48]. The optical properties of the films on glass substrate in the UV-
Vis-NIR wavelength range (300-1100 nm) are shown in Fig. 5. From Fig. 5a, the transmittance
of the pure films deposited at 0.4 Pa and 1.33 Pa appeared similar, with higher transmittance in
the visible and NIR but a sharp drop below 400 nm. After doping, the transmittance of the films
in the visible and NIR were reduced but slightly increased in the UV (<400 nm), causing minor
shifted on the onset of transmittance to shorter wavelength and this can be due to the increased
number of free-carrier density. The visible transmittance (7);,) values were calculated by
weighting the spectrum of each film to the corresponding visible intensity for air mass 1.5. The
pure ZnO films were found to be fairly transparent having visible transmittance in excess of 70%
but less than the glass substrate (81%) as shown in Table 3. The weighted solar transmittance of
doped films was reduced to less than 67%. The reflectance of all the films remained fairly
constant with weighted visible reflectance (R,;) of about 15%.

Table 3: Refractive index (n), visible transmittance (Tyis), film thickness (7) and optical band gap
(E,) of pure and W-doped ZnO films. The film resistance at 250°C is also shown.

Specimen n Tyis (%) | t(nm) | E; (eV) | Film Resistance
at 250°C (k)

ZnO (0.4 Pa) 1.7 |71 94 3.40 6.3

ZnO (1.33 Pa) 19 |72 99 3.53 10.3

ZnO:W (0.4 Pa) 22 |64 110 3.78 1698

ZnO:W (1.33 Pa) 20 |67 102 3.80 463348

The optical band gaps (E;) of the films were evaluated from the transmittance spectra (Fig. 5a)
and Table 3 using the relationship between the absorption coefficients (o) and the photon energy
(hv) for direct band gap materials such as ZnO:

(ahv)’ =A( hv-E,), )

where, A is a constant and is a function of refractive index and effective mass of electron and
hole. Linear extrapolation of the (ahv)’ vs hv plot to the energy axis (a=0) gives the optical
band gap [49]. The optical absorption coefficient (a) at incident photon energy (hv) was
obtained using the relationship:

ot= ln((]'Rvis)/Tvis)a (3)

where t T, R, are the thickness, visible transmittance and reflectance of the films,
respectively. As shown in Table 3, the optical band gap slightly increased when W was
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incorporate into the ZnO film [50] and this is well described by the Burstein—Moss effect. The
optical band gaps of the W-doped ZnO films obtained in this work are found to be within the
range of Al-doped ZnO films developed by RF-sputtering [51] but slightly larger than the band
gap energy of W-doped ZnO films prepared by CVD [35]. Although the method of film
preparation can have an effect on the optical band gap, other factors such as film thickness also
have significant influence. To determine the influence of film thickness on the optical band gap,
a number of un-doped ZnO films of different thicknesses were deposited at 0.4 Pa. Fig. 5b shows
the shift of the onset of transmittance to the longer wavelength with increasing film thickness. As
shown in the inset of the figure, the optical band gap of the pure ZnO film decreases with
increasing film thickness but this is less pronounce when the film thickness is above 90 nm. The
samples analysed in Table 3 have film thicknesses between 94-110 nm and hence the effect of
film thickness variation on the optical band gap can be minimum.
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Fig. 5 (a) Spectral transmittance of pure and W-doped ZnO films on glass substrate deposited at
0.4 Pa and 1.33 Pa. (a) Effect of doping at two sputtering pressures, and (b) effect of film
thickness on the transmittance and optical band gap of the pure ZnO film.

The sensing performances of the pure and W-doped ZnO films annealed at 400°C towards 1-10
ppm NO; gas at the operating temperature of 150-300°C were examined. Only three of the four
samples have shown a response to NO, at 5 and 10 ppm as shown in Fig. 6. From the figure, a
noticeable response can be observed from the pure ZnO films. However, the response of the ZnO
film deposited at 0.4 Pa has been improved significantly after doped with W and this is much
more apparent at lower operating temperature (nearly 8 times at 150°C). There was no response
observed from the W-doped ZnO film deposited at 1.33 Pa due to very high resistance of the film
(see Table 3). The reason for such high film resistance is not clear but from XPS the surface of
this film was dominated by adsorbed oxygen species compared to the O-Zn bonding and

10
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favoured the adsorption of OH species [46] and the surface contaminant may be the main cause
for such high resistance. In addition, the film appeared to have less porousity and fewer grains
(see Fig. 2d), and such morphologies are undesirable for enhanced gas sensing properties.

As shown in Fig. 7, the response of the films is higher at lower operating temperature (150°C)
and decreases with increasing temperature. The W-doped ZnO film deposited at 0.4 Pa exhibited
high response amplitude (sensitivity) of 350 towards 10 ppm NO, gas at operating temperature
of 150°C. The response and recovery times of the sensors at 5 ppm and 10 ppm NO; gas in the
operating temperature of 150-250°C are shown in Table 4. As expected the response and
recovery times generally decrease with increasing temperature and increasing gas concentration.
From the overall results, the sensing performance of ZnO film without the presence of OH
contaminates has shown markedly high senstivity at lower operting temperature after doped with
W and this is most likely due to enhanced free-carrier defects of the W-doped ZnO film obtained
by sputtering at lower power.
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Fig. 6 Dynamic response of pure and W-doped ZnO films towards various concentrations of NO,
gas (1, 5, 10 ppm) measured at operating temperature of (a) 150°C and (b) 200°C.

11



Applied Surface Science 357 (2015) 728-734

120 400
—_— b
1007 4 @ -e—épxng/?/?oia)Pa) + 3507 M ®) =—e—2n0 (0.4 Pa)
\ --4--7n0 (1.33 Pa) \ =¢— ZnO:W (0.4 Pa)
.\ 30017 ‘\ --4--7n0 (1.33 Pa)
807 \ 5 ppm NO, i ‘\
D:.E \‘ D::—; 2507 \\
= 60 \ = .| \ 10ppm O,
q:m \\ Dl:m 200 \
x \ x d
LI \ € 150 \
\ ] \
201 3\~ L 100 \
~
T N >
07 i | -
rrrrrrrrerr T T T T T TTT OII‘I\II‘I\II‘I\\I‘I\
150 200 250 300 150 200 250 300
Temperature (°C) Temperature (°C)

Fig. 7 Response amplitude (sensitivity) of pure and W-doped ZnO films towards 5 and 10 ppm
NO; at operating temperature of 150-300°C.

Table 4: Response and recovery times of the pure and W-doped ZnO films to 5 ppm and 10 ppm
NO; gas at different operating temperature (150-250°C).

ZnO ZnO ZnO:W | ZnO ZnO ZnO:W
Temperature | (0.4 Pa) | (1.33Pa) | (0.4Pa) |(0.4Pa) |(1.33Pa) | (0.4 Pa)
Response time at 5 ppm Recovery time at 5 ppm

150 (°C) 300 s 270 s 195s 1000 s 690 s 650 s
200 (°C) 240 s 280 s 200 s 920 s 770 s 750 s
250 (°C) 230's 260 s 275s 590 s 820 s 630 s
Response time at 10 ppm
150 (°C) 265 s 255s 220's 1200 s 855's 845 s
200 (°C) 280s 230s 210s 1200 s 845 s 955s
250 (°C) 215s 250s 250's 650 s 830's 700 s

Conclusions

Pure and W-doped ZnO thin films were deposited using lower sputtering power (30 W RF and 10
W DC) at pressure of 0.4 Pa and 1.33 Pa. The films were deposited at room temperature and
subsequently annealing at 400°C for 1 hour in air. Doping and annealing assisted the formation of
grains whereas higher sputtering pressure (1.33 Pa) produced spike-like grains. From AFM the
average grain size and surface roughness of the annealed samples were 65 nm and 2.2 nm,
respectively. Raman spectra indicated more free-carrier defects were induced by W-dopant due to
breakdown of the translational crystalline symmetry of the pure ZnO film and this was supported
from optical measurements. When the doped films were compared, the film deposited at 1.33 Pa
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was found to have lower oxidation state of W and surface dominated adsorbed oxygen species
compared to the O-Zn bonding found in the film deposited at 0.4 Pa. This adsorbed oxygen
species favoured active surface sites for OH adsorption and caused unfavourable film properties
for NO; gas sensing. The W-doped ZnO film deposited at 0.4 Pa has shown enhanced gas sensing
performance (up to 8 times) towards 5-10 ppm NO, at lower temperature (150°C). From the
overall results it is concluded that the high sensing performance of the W-doped ZnO sensor to
NO; gas at lower operating temperature (150°C) was most like achieved due to the enhanced free-
carrier defects of the film obtained using lower sputtering power at pressure of 0.4 Pa.
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