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Abstract 
 
ZnO films grown by a home-made aerosol spray pyrolysis system at 350 0C have 
shown to exhibit a characteristic columnar structure with thickness variations that 
extent all the way to its surface. Surface morphology studies revealed the highly 
porous structure which proved ideal for the performance as gas sensing element. 
Conductometric ozone response tests have shown that the films of this porous 
structure may be very effective in detecting ultra low ozone concentrations. The 
lowest ozone limit detected was 16ppb at room temperature opening up the road for 
ultra sensitive inexpensive metal oxide ozone detectors. 
 
Introduction 
 
Zinc oxide (ZnO) is an n-type semiconductor of wurtzite structure with a direct 
energy wide-bandgap of about 3.37 eV at room temperature and high transparency in 
the 0.4–2 mm optical wavelength range. Due to its potential utility it can be used in 
various applications such as UV photonics, transparent high-power electronics, solar 
cells, varistors, surface acoustic wave devices, piezoelectric transducers and gas 
sensing devices [1,2]. Gas sensors have a great impact in many areas, such as 
environmental monitoring, domestic safety, public security, automotive applications, 
air conditioning in airplanes, spacecrafts and houses, sensor networks, etc. [3,4]. Until 
now ZnO-based elements have attracted much attention as gas sensors because of 
their chemical sensitivity to volatile and other radical gases, their high chemical 
stability, suitability to doping, non-toxicity, low cost and simplicity in fabrication 
[5,6,7] Furthermore, the gas sensing properties of ZnO are related to the surface state 
and morphology of the material. [8-10]. In particular, nanostructured ZnO films, 
along with other materials, present new enhanced response properties and 
performance when applied as gas sensing elements for radical gases such as ozone. 
Ozone sensing has been studied for ZnO films produced by several physical 
techniques, such as sputtering [11,12], pulsed laser deposition (PLD) [13], molecular 
beam epitaxy (MBE) [14], and aqueous chemical growth (ACG) [15]. 
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In the present work we report on the room temperature sensing response of ZnO films 
fabricated in a home-made aerosol spray pyrolysis (SP) system, to ultra low ozone 
concentrations ranging from 2400 to 16 ppb .  
 
Experimental 
 
The ZnO films were fabricated in a home-made aerosol spray pyrolysis. The system 
was composed of an ultrasonic generator, which was operated at the atomizing 
frequency of 1.8 MHz creating an aerosol. The average diameter of the misted droplet 
generated from the vibration of the transducer calculated from an expression given by 
Lang [16] and was found to be 2.76μm. A mist of aerosol was sprayed horizontally 
through a 1mm diameter nozzle to a corning 1737 F glass substrate (25.4×25.4 mm2) 
mounted on a heating plate. Temperature of the heating plate and substrate were 
recorded by a K-type thermocouple and were controlled by a Eurotherm 400 
temperature controller. 
 
The starting material was aqueous solution of zinc nitrate dehydrate Zn(NO3)2 (purity 
>99%, Sigma-Aldrich, USA) dissolved in distilled water to a concentration of 0.1 M . 
The chain of chemical reactions associated with the decomposition of zinc nitrate to 
zinc oxide through the formation of oxides of nitrogen with some intermediate 
products was previousely reported by S. A. Studenikin et al. [17]. 
 
The films were analysed by XRD using a Rigaku diffractometer with λ=0.154nm Cu 
Kα  X-rays, by a UV-Visible spectrophotometer Varian Cary 50 Conc for absorption 
and by SEM using a Hitachi S570 scanning electron microscope. For XTEM analysis 
samples were cleaved in two and glued face to face, then mechanically thinned to 25 
μm. The responses to varying ozone concentrations as supplied by a commercial 
ozone analyser/generator (Thermo 49i) were monitored by applying a coplanar 
conductometric set-up following a photoreduction exposure. 
 
Sensing responses were monitored under a pressure of 800mbar, and, at 500sccm flow 
of ozone and synthetic air mixtures at room temperature. Result reproducibility was 
established based on circles of photoreduction and oxidation processes discussed 
elsewhere [18]. 
 
Results and |Discussion 
Substrate temperature for the spray pyrolysis films was varied between 280 and 400 
oC. However all results reported hereby are based on films fabricated at 350oC, a 
temperature at which the decomposition of solid nitrate and conversion to ZnO was 
observed to be complete while maintaining high spray efficiencies [17]. 
 
The typical X-ray diffraction pattern shown in Fig.1 shows the (100), (002), (101) and 
(102) characteristic peaks indicative of the crystalline nature of ZnO in the Wurtzite 
type structure, according to JCPDS card file No. 36-1451.However the dominant 
(002) peak at 2θ=34.440 underlines the very high level of orientation along the c-axis 
perpendicular to the substrate. 
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Figure (1) : The (100), (002), (101) and (102) characteristic peaks indicative  

of the crystalline nature of ZnO. 
 

The nature of growth was confirmed by the a selected area diffraction (SAD) pattern 
taken during the cross-section transmission electron microscopy (XTEM) studies as 
shown in Fig.2 exhibiting diffraction arcs indicative of a columnar growth structure, 
also shown in the dark-field (DF) micrograph of Fig.3. 
 
 

   
 
Fig.2, 3 Diffraction pattern of SP ZnO on Glass substrate exhibited    Fig.4 Diffraction by dc 
diffraction arcs indicative of a columnar growth structure and                  magnetron sputtering on Si 
Dark-field (DF) micrograph     substrate. 
 
 
This diffraction was similar to that of ZnO films earlier grown by dc magnetron 
sputtering on Si substrates Fig.4.Besides the columnar structure, an additional feature 
of the film growth process associated with local deviations of the deposition rate, 
characteristic of the spray pyrolysis films, was observed. Layers parallel to the 
interface exhibiting dark and light contrast were noticed as shown by arrows in 
(Fig.5a,5b).These layers were observed even in the early stages of growth within the 
first 20nm (Fig.6) near the ZnO/Glass interface and are speculated to be associated 
with changes of the deposition rate rather than film impurities since no extra rings 
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except those belonging to the ZnO compound were found in the recorded diffraction 
patterns.  
 

        
 
Figure (5a, 5b) : Dark(a) and bright(b) field  XTEM micrographs         Fig. 6 Early stage defected  
exhibiting inhomogeneous layers parallel to the interface.                layers  at the ZnO/Glass interface. 
 
In an aerosol spray pyrolysis process there are two sources that may contribute to a 
deposition rate variation. The first is related to the precursor solution atomization and 
the second to the droplet transport and decomposition on the surface. Detailed 
accounts of the role of these processes together with assorted theoretical models have 
emerged over the last few years [19-24] and an attempt to present them in the context 
of the present results is beyond the scope of this work. 
 
However the above XTEM analysis revealed the nature of the growth process adopted 
by the present experimental set-up which point out that the observed irregularities are 
characteristic of the ultrasonic nature of the atomization process and the 
thermodynamic environment as the droplets strike the substrate. More specifically we 
attribute the early stage irregularities with the thermal gradient and the repelling 
thermophoric forces on the on-coming droplets from the high temperature (3500C) 
substrate [25] particularly for droplets of < 2μm diameter that experience a very high 
evaporation rate. However as the deposition process proceeds, the temperature 
gradient and the evaporation rate get reduced and spreading of droplets prevails [24]. 
These processes may explain the observed significant layered variations in the film 
structure which, as shown in Fig.5a,5b, are denser close to the interface and become 
fewer as the growth process proceeds. Evidence of these variations caused by the 
droplet spreading was obtained from low magnification SEM surface analyses. Fig.7 
shows the surface morphology of a 50 nm thick film as compared with the 
corresponding 400nm film in Fig.8. Both show clear evidence of the circular 
spreading of the impinging droplets with an average diameter of 70μm and with more 
pronounced overlapping features on the surface of the thinner film. Higher 
magnification analysis revealed, as expected, a highly porous film surface, shown in 
Fig.9, originated from its columnar growth structure. Identical film structures on spray 
pyrolysis films were reported by P. Sing et al. [26].The average size of the porous was 
of the order of 100 nm making these films ideal as gas sensing elements.  
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Fig.7 SEM of a 50 nm film with    Fig.8 SEM of a 400nm film          Fig.9 Highly porous film surface 
circular spreading of the              with overlapping circular 
impinging droplets             spreading 
 
Indeed, by growing these films on glass substrates with geometrically ordered ohmic 
conducts and exposing to a photoreducing / oxidation  process as discussed above, 
their sensing response to ultra low ozone concentrations was tested. Furthermore as 
the need for low temperature metal oxide gas sensors is becoming a necessity [27], all 
tests were performed at room temperature thus sacrificing part of the response signal 
obtained at elevated temperatures. Fig.10 shows the film response after exposure to 
ozone concentrations varying more than two orders of magnitude(i.e. 2400 to 16 ppb).  
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Figure (10) : The film response after exposure to ozone concentrations  

from 2400 to 16 ppb. 
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Figure (11) : Rate of response to the different ozone concentrations.  

 
For each exposure the photoreducing stage A created by a mercury UV lamp, was 
followed by the “lamp-off” stage B and consequently by the oxidation stage C, lasting 
10 min, at which the film was subjected to an accurately controlled ozone 
concentration as supplied by a commercial ozone analyzer (Thermo 49i) described 
above. Tests have shown that the magnitude of response to different ozone 
concentrations was, as expected, decreasing following a characteristic exponential 
decay form with decreasing ozone presence, while remained detectable even at the 
16ppb range. This detection limit of 16ppb for spray pyrolysis thin films at room 
temperature is, to the best of our knowledge, the lowest ever reported in the open 
literature.  To ensure that these responses are well separated from each other and 
more-over from the synthetic air carrier gas, all the exponential decay curves were 
plotted in a normalized form, shown in Fig.11. Overall the response characteristics 
shown above demonstrate the possibility of applying ZnO spray pyrolysis films as 
room temperature Ozone detecting elements. 
 
Conclusions 
Highly porous ZnO films with characteristic c-axis columnar growth structure 
deposited on glass substrates in a home-made aerosol spray pyrolysis system at 3500C 
have been fabricated. Their sensing response to low ozone concentrations was 
evaluated at room temperature. Films have shown to produce clear response signals to 
ozone concentrations as low as 16ppb with a response time of 1 min, demonstrating 
the potential of applying these films as sensing elements in future metal oxide gas 
sensing devices. 
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