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Nanocrystalline WO3 thin films were prepared by spray pyrolysis technique onto heated glass substrates 
with different thickness by varying spray deposition time of the solution. The structural, surface 
morphology, microstructural, electrical properties and gas sensing performance of the WO3 thin films 
were studied on exposure of various conventional gases. As prepared thin films were characterized by 
employing XRD, FE-SEM, TEM and EDAX to know crystal structure, surface morphology, microstructure 
properties and elemental composition respectively. The crystallographic structure of the films was 
studied by X-ray diffraction (XRD) with crystallite size found to be 16 nm. It is found that the films are 
hexagonal with (110) orientation. The film was observed to be most sensitive (S = 789) to H2S at 50 °C. 
Furthermore, the H2S sensor reported is cost-effective, user friendly and easy to fabricate. The quick 
response (6 s) and fast recovery (13 s) are the main features of this sensor. 
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1. Introduction 

Metal oxide semiconductor chemical sensors have been a subject of 
intensive research due to their industrial and domestic applications in 
toxic and flammable gas detection [1]. Because of an increasing demand 
for fast and continuous detection, current research in gas sensor 
techniques has been focused on the development of sensors which have 
the characteristics of low cost, rapid response, high sensitivity, and good 
selectivity. The sensing mechanism is based on the surface reaction of 
these materials; therefore their sensing performances are strongly 
dependent on the morphology and structure, namely, grain size, surface 
area, and dimension. Especially, when the average crystallite size is 
smaller than or close to twice the thickness of electron depletion layer, the 
increase in sensor response could be even larger as the whole particle and 
not only the surface is fully depleted of electrons through surface 
interactions [2-4]. 

Among various metal oxides, WO3 has found useful applications in 
electrochromic devices [5], semiconductor gas sensors [6], and 
photocatalyses [7]. Several methods have been employed to prepare 
nanocrystalline WO3 thin films. These include rf magnetron sputtering [8], 
sol-gel [9] and chemical vapor deposition [10] are widely used for gas 
sensor. 

Among these techniques, spray pyrolysis has proved to be simple, 
reproducible and inexpensive, as well as suitable for large area 
applications. In addition, spray pyrolysis opens up the possibility to 
control the film morphology and particle size in the nanometer range. Out 
of these approaches spray pyrolysis is a versatile technique for deposition 
of metal oxides [11, 12]. 

In the present investigations, nanocrystalline WO3 thin films with 
different spraying time of the solution were prepared by spray pyrolysis 
technique. Structural properties, surface morphology, microstructure 
property and elemental composition were studied using X-ray diffraction, 
FE-SEM (Field effect scanning electron microscope), TEM (Transmission 
electron microscope) and EDAX (Energy dispersive of X-rays)  
respectively. These nanostructured WO3 thin films were tested for 
different conventional gases. 
 

 

 

2. Experimental Methods 

2.1 Experimental Setup to Prepare Nanocrystalline WO3 Thin Films 

Fig. 1 shows spray pyrolysis set up to prepare nanocrystalline WO3 thin 
films. Set-up consists of spraying chamber, substrate, spray nozzle (gun), 
pressure regulator, flow meter, compressor for carrier gas, heating 
system, precursor reservoir and temperature indicator. 
 

 
Fig. 1 Spray pyrolysis system 

 
Table 1 Optimum parameter to obtain nanocrystalline WO3 thin films 

Deposition parameter Optimum value / item 

Spray deposition time 5 min., 10 min, and 15 min. 

Nozzle-to-substrate distance 30 cm 

Concentration of precursor  0.05 M 

Solvent N-N dimethyl amine 

Deposition temperature 350  °C 

Flow rate of solution 8 mLmin-1 

 
2.2 Preparation of Nanocrystalline WO3 Thin Films 

Nanocrystalline WO3 thin films were prepared using the above set up. 
(0.05 M) Tungsten hexachloride (WCl6, Purified Merck) and N-N dimethyl 
amine (Solvent) was chosen as the starting solution for the preparation of 
the films. WCl6 and N-N dimethyl amine in 1:1 proportion were chosen for 
preparation of the thin films. The stock solution was delivered to nozzle 
with constant and uniform flow rate of 70 mL/h. by compressed air. The 
optimum value of spray deposition time, nozzle-to-substrate distance, 
concentration of precursor, deposition temperature and flow rate of 
solution were tabulated in Table 1. The aerosol produced by nozzle was 
sprayed on the glass substrate heated at 350 °C. As the prepared WO3 thin 
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films samples were annealed at 500 °C for 60 min and referred as sample 
S1, S2, and S3 respectively. Thin films were annealed in a Muffle furnace at 
500 °C for 60 minutes. 
 

2.2 Characterization of the Thin Films 

2.2.1 Determination of Film Thickness 

Film thickness was measured by using a micro gravimetrical method 
[13] (considering the density of the bulk tungsten oxide). The films were 
deposited on clean glass slides whose mass was previously determined. 
After the deposition the substrate was again weighted, determining the 
quantity of deposited WO3. Measuring the surface area of the deposited 
film, taking account of WO3 specific weight of the film, thickness was 
determined using the relation: 

 

T= MWO3/A* *104    (1) 
 

where  A  = Surface area of the film [cm2] 
MWO3  = Quantity of the deposited titanium dioxide  
  = Specific weight of WO3 

 
The values of the film thickness are given in Table 2. 

 
Table 2 Measurement of spray time and film thickness 

 
The thickness of the film was varied from 108 to 124 nm. It was found 

that the thickness of the film increases with increase in deposition time of 
sprayed solution. 
 

2.2.2 Structural Properties: X-Ray Diffraction Studies 

The structures of the film were analyzed with X-ray diffractogram 
(Miniflex Model, Rigaku, Japan) using CuKα radiation with a wavelength of 
1.5406 Å. The X-ray diffraction patterns were recorded from 10 to 80o as 
shown in Figure 2. The observed peaks: (100), (001), (110), (200), (111), 
(201), (401), (222) and (402) planes are very well matching with ASTM 
data of WO3 [14], possessing hexagonal structure. It seen that the films 
exhibited strong orientation along (110). Crystallite sizes of the most 
sensitive samples (S2) were calculated using Scherer formula [13] which 
was found to be 16 nm. 
 

 
Fig. 2 X-ray diffractogram of most sensitive thin film (Sample= S2) 

 
2.2.3 Surface Morphology 

The surface morphology of the prepared film was analyzed using a field 
emission scanning electron microscope (FE-SEM, JEOL. JED 6300). Fig. 3 
shows the FE-SEM image of most sensitive thin film sample (S2). It was 
observed that surface of the film was smooth and grains are spherical in 
nature. Grain size observed to be 21 nm. 
 
2.2.4 Micro Structured Property using TEM and SAED Pattern 

The microstructure of thin film samples was studied using transmission 
electron microscopy (TEM) [CM 200 Philips (200 kV HT)]. Fig. 4(a) shows 
the TEM image of pure WO3, thin films obtained by scratching the thin film. 
The powder was dispersed in ethanol. Copper grid was used to hold the 
powder. It is clear from TEM image that the grains are nanocrystalline in 
nature and observed to be 10 nm in size. 

Surface to volume ratio of such nanoparticles is very high. Therefore, 
these particles are highly reactive to exposed gases. The interaction 

between the gases and the sensitive layer is limited to the surface itself 
[15]. This is one of the reasons that nanostructured films give high gas 
response. Fig. 4(b) shows the SAED image of the S2 sample indicates high 
crystallanity.  TEM image confirms the nanocrystalline nature of the films. 
 

 

Fig. 3 FE-SEM images of most sensitive sample (S2) 

 

 
Fig. 4 TEM (a) image of most sensitive WO3 thin film samples S2 and (b) image show 
electron diffraction pattern 

 

2.2.5 Quantitative Elemental Analysis (EDAX) 

Elemental composition of the prepared films was carried out at room 
temperature shown in Fig. 5. Table 3 shows the elemental composition of 
the films from EDAX. Theoretically expected stoichiometric composition 
of WO3 (in terms of at %) is: W=25 % and O=75%. observed at% of W and 
O were tabulated in Table 3. 
 

 
Fig. 5 Elemental analysis of the most sensitive thin film sample (S2) 

 
 
Table 3 Elemental composition of the most sensitive WO3 (Sample S2) 

Element Observed 

wt % at % 

W 45.13 24.11 

O 54.87 75.89 

Total 100.00 100.00 

 

 

2.3 Electrical Properties of the Sensor 

2.3.1 I–V Characteristics 

Fig. 6 shows I–V characteristics of nanocrystalline WO3 thin films for the 
samples sprayed for 5 min, 10 min and 15 min. The graphs are observed 
to be symmetrical in nature indicating ohmic contact. Confirmation of 
ohmic contacts would ensure that the change in resistance could only be 
due to the influence of gas exposure. 

Sample Spray time (min) Thickness (nm) 

S1 5 108 

S2 10 113 

S3 15 124 
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Fig. 6 I–V characteristics of nanocrystalline WO3 thin film sensors 

 

2.3.2 Electrical Conductivity 

Fig. 7 shows the variation of log (σ) with operating temperature. The 
conductivity of each sample is observed to be increasing with an increase 
in temperature range between 50 °C and 250 °C in steps of 50 °C. The 
increase in conductivity with increase in temperature could be attributed 
to negative temperature coefficient of resistance and semiconducting 
nature of nanocrystalline WO3. It is clearly indicates that the 
nanocrystalline WO3 thin films were semiconducting in nature. 
 

 
Fig. 7 Variation of log (σ) with operating temperature (°C) 

 

 
Fig. 8 Variation of activation energy (∆E) with thickness (nm) 

 
It is reported [16] that there is a variation of activation energy with film 

thickness. The activation energy calculated from the slopes of line for 5 
min, 10 min, and 15 min thin films. It is observed from the Fig. 8 that as the 
thickness of the films increases, activation energy goes on decreases. 
 

2.4 Gas Sensing Performance of the Sensors 

2.4.1 Measurement of Gas Response 

Gas response (S) of the sensor is defined as the ratio of change in current 
to the current of the sensor on exposure of target (at same operating 
conditions). 

 

S = Ia-Ig/Ia     (2) 
 

where,  Ia = the current of the sensor in air  
Ig = the current on exposure of a target gas 

 

2.4.2 Gas Response with Operating Temperature 

The gas-sensing performance of the nanocrystalline thin films was 
tested using static gas-sensing system [13]. The heater was fixed on the 
base plate to heat the sample under test. Operating temperature was 
changed from room temperature to 500 °C. The current passing through 
the heating element. Cr–Al (Chromel-Alumel) thermocouple was used to 
sense the operating temperature of the sensor. The output of the 
thermocouple was connected to a digital temperature indicator. A gas inlet 
valve was fitted at one of the ports of the base plate. The required gas 
concentration inside the static system was achieved by injecting a known 
volume of a test gas using a gas-injecting syringe. The electrical 
connections were brought out from the system to connect dc voltage 
source and digital picoammeter. A constant voltage was applied to the 
sensor, and the current was measured by a digital picoammeter. The air 
was allowed to pass into the glass chamber before start of (every) new gas 
exposure cycle. The required gas concentration inside the dome was 
achieved by injecting predefined known volume of the test gas in chamber 
filled with ambient air at atmospheric pressure. Values of current before 
and after exposure of gas were recorded. Values of conductance were 
determined to obtain the gas response. 

 

 
Fig. 9 Gas  response of nanocrystalline WO3 thin films with operating temperature 

 
Fig. 9 shows variation of gas response with operating temperature of 

samples S1, S2 and S3 on exposure of 5 ppm H2S. It is clear that the H2S 
response of sample S2 is higher (S = 789) at 50 °C as compared to those of 
S1 (S = 231), S3 (S= 345). It is well-known that the response of the metal–
oxide semiconductor sensors is mainly determined by the interactions 
between a target gas and the surface of the sensor [17]. 
 

2.4.3 Selectivity 

Selectivity or specificity is defined as the ability of the sensor to respond 
to certain gas in the presence of the other gases. Selectivity of 
nanocrystalline WO3 thin film sensors is measured at an operating 
temperature of 50 °C. Fig. 10 depicts the bar diagram to indicate H2S 
selective ability of the sensor. 

 

 

Fig. 10 Selectivity of nanocrystalline WO3 thin films for different gases 

 
2.4.4 Response and Recovery of the Sensor 

The time taken for the sensor to attain 90% of the maximum decrease 
in resistance on exposure to the target gas is the response time. The time 
taken for the sensor to get back 90% of original resistance is the recovery 
time. The response and recovery of the nanocrystalline WO3 thin film (S2) 
sensor on exposure of 5 ppm of H2S at 100 °C are represented in Fig. 11. 
The response is quick (6 s) and recovery is fast (13 s). The high oxidizing 
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ability of adsorbed oxygen species on the surface nanoparticles and high 
volatility of desorbed by-products explain the quick response to H2S and 
fast recovery [18]. 

 

 
Fig. 11 Response and recovery of the sensor 

 

3. Results and Discussion 

3.1 H2S Gas Sensing Mechanism 

The gas response of any metal oxide semiconductor to a particular gas 
increases with the decrease in the size of nanocrystallites [19, 20] due to 
an increase in surface to volume ratio and therefore the reactivity. Grain 
sizes and microstructures of the sensor affect the gas sensing performance 
of the sensor. It was found that, if the grain size of the sensor material is 
sufficiently small, the area of active surface sites is larger, and the 
sensitivity and selectivity for a particular gas enhances largely. 
Nanocrystalline material would be expected to show much better gas 
sensing performance as compared with the sensor fabricated from bulk 
materials [20]. 

At low and medium temperatures (about 300 °C - 400 °C), oxygen is 
adsorbed on the oxide crystals surface as ions are formed by abstracting 
free electrons from the semiconductor solid, reducing the electrical 
conductivity. This reaction is described by Eq. (3)  

 
 O2 + 2 e- 2 O-s    (3) 
 
Beside, this fact creates a monolayer of oxygen negative ions that 

produces a repulsion force over the free electrons inside the oxide crystal. 
The resistance of the nanocrystalline WO3 thin films decreases as gas 

flows into the test chamber and adsorbed on the surface of the 
nanocrystalline WO3. However, when nanocrystalline WO3 thin film 
consisting of nanograins in absence of H2S, the depletion layer would 
extend throughout the entire layer of nanocrystalline WO3 on the film, and 
its resistance would become strikingly large. In a H2S gas environment, the 
depleted layer would shrink quickly as it obtains conduction electrons due 
to reaction between H2S adsorbed oxygen and the resistance of the 
nanocrystalline WO3 would experience a large change. The response to H2S 
can be explained in the following reaction. Then, the electrons are confined 
in the centre of the crystals and a depletion layer is formed just below the 
crystal surface. So, a potential barrier appears between the oxide crystals, 
causing an additional reduction of the electrical conductivity. In the 
presence of a reducing gas (R), this gas will react with the adsorbed 
oxygen, leaving free the previous trapped electrons and the new molecule 
keeps free. This reaction is described by Eq. (4) 

 
R + O-s  RO + e-    (4) 

 

4. Conclusion 

Nanocrystalline WO3 thin films prepared by simple and inexpensive 
spray pyrolysis technique onto the glass substrates by varying spray time 
of precursor solution. The structural, morphological and microstructural 
properties confirm that the as-prepared WO3 thin films were 
nanostructured in nature. The elemental analysis conferred that as 

prepared thin films was nonstoichiometric in nature. Thickness of the 
films was observed to increase from 108 to 124 nm with increase in spray 
time of solution. The WO3 thin film of (Sample S2= 10 min spray time) was 
most sensitive to H2S gas and exhibit the response of S= 789 to the gas 
concentration as 5 ppm at the low operating temperature of 50 °C. The 
sensor has good selectivity to H2S against different gases. The 
nanocrystalline WO3 thin films exhibit rapid response–recovery which is 
one of the main features of this sensor. 
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