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Abstract. The influence of annealing temperature on the microstructure and H2 sensing properties of 
Pd-doped SnO2 sputtered thin films were investigated. The as-deposited film was amorphous and 
would crystallize to tetragonal SnO2 structure when the annealing temperature was above 350°C. The 
films were composed of columnar grains. Both crystallite size and grain size increased with an 
increase in annealing temperature. H2 sensing measurements showed that gas sensors based on these 
films obtained the peak response to 1000 ppm H2 at an operating temperature of 100°C and showed a 
good reversibility. The Pd-doped SnO2 thin film annealed at 450°C showed the highest response to 
H2. The improved gas sensing properties were attributed to the porosity of columnar nanostructures 
and catalytic activities of Pd doping. 

1. Introduction 

In recent years, oxide semiconductor gas sensors have attracted significant attention due to their 
simple implementation, low cost, and good reliability for real-time control system with respect to 
other gas sensor devices [1]. Different materials such as SnO2, WO3, ZnO have been investigated and 
show promising applications for detecting target gases such as H2, H2S, NO2, etc [2–4]. Although 
some gas sensors based on oxide semiconductors have been commercialized for years, many 
problems still need to be solved to improve the sensitivity, stability, selectivity, and reliability. 

The gas sensing properties of oxide semiconductors are usually influenced by many 
microstructure factors such as grain size, film thickness, porosity, dopants, and so on. The response of 
an oxide semiconductor gas sensor comes from the change in the electrical conductivity or resistance 
due to the change in the gas atmosphere surrounding the sensor. The detected gas molecules react 
with surface adsorbed species (O2

−, O− and O2−, etc.) of oxide semiconductor gas sensor [5]. 
Therefore, the control of microstructure and the fundamental mechanism of microstructure effects are 
two of the main themes of the research on oxide semiconductor gas sensor. 

As an n-type wide band gap semiconductor material (Eg=3.6 eV at 300 K), SnO2 is a key 
functional material that has been used extensively for transparent conductors [6], gas sensors [7], 
transistors [8], and optoelectronic devices [9]. Preparation techniques such as magnetron sputtering, 
chemical vapour deposition, thermal evaporation, sol-gel process, and pulsed laser deposition have 
been used to deposit SnO2 thin films. Most of these methods require a post-annealing process to 
stabilize the film structure and improve the operating performance of gas sensors. However, 
annealing leads to the change not only of crystallinity but also of the grain size and density of 
adsorption sites. Therefore, it is necessary to understand the effect of annealing on the microstructure 
and gas sensing properties of oxide semiconductors. In this study, SnO2 thin films were prepared by 
sputtering method and annealed at different temperatures. The films were doped with Pd to further 
improve gas sensing properties. The effect of annealing temperature on the microstructure and H2 
sensing properties of the Pd-doped SnO2 thin films were systematically investigated. 
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2. Experimental 
Pd-doped SnO2 thin films with a thickness of approximately 300 nm were deposited on oxidized 

Si substrates at room temperature (RT) by dc reactive magnetron sputtering. A circular tin target of 
100 mm in diameter with a purity of 99.99% was used. For Pd doping, two pieces of Pd chips with a 
thickness of 0.1 mm were pasted on the tin target using silver paste at the most deeply eroded points 
which were 26 mm away from the tin target center. The target was then baked at 200°C for 2 h in 
drying oven before sputtering. Pd concentration in the films was evaluated to be about 4 at.% using an 
energy-dispersive X-ray analyzer. The discharge gas was an argon–oxygen mixture with a ratio of 
Ar:O2=2:3. The chamber was first evacuated to 4 × 10−4 Pa and then was kept at 12 Pa during the film 
deposition by filling the discharge gas. The discharge current was fixed at 80 mA, and the discharge 
voltage showed a value of about 300 V. Before the deposition, the target was pre-sputtered for 5 min 
with a shutter closed. After the deposition, the films were annealed at different temperatures between 
350 and 650°C for 4 h in air with a heating and cooling rate of 2°C min−1 to stabilize the film structure. 
When the film was used as a sensor, a pair of Pt interdigital electrodes with a gap length of 0.12 mm 
was formed on Si substrates before the film deposition. 

The crystallographic structure of the films was investigated by X-ray diffraction (XRD) using an 
X-ray diffractometer (PANalytical X’Pert Pro) with Cu Kα radiation. The incident angle was 0.5°. 
The morphology of the films was observed by using a field emission scanning electron microscope 
(FESEM, ZEISS Ultra Plus) with the operating voltage of 20 kV. 

H2 sensing measurements were carried out in an aluminum chamber with a capacity of 13×10–3 m3 
in ambient air. The sensors were heated from the back of the substrate using an electric heater. The 
heater was made of a nichrome wire wound around a mica plate and was sandwiched between two 
mica plates. A chromel-alumel thermocouple was fixed beside the gas sensors for the thermometry, 
and the operating temperature was changed from 50 to 300°C. H2 was introduced into the chamber to 
a predefined concentration of 1000 ppm using an injector and stirred by circulating the ambient air 
using a pump installed outside the chamber. The resistance of the sensors was determined by 
measuring the electric current which flowed when a voltage of 10 V was applied between Pt 
interdigital electrodes. For this measurement, a computerized Agilent 34972A multimeter was used. 
The response of the sensor was defined as (Ra−Rg)/Rg, where Ra and Rg were the electrical 
resistances before and after the introduction of H2, respectively. 

3. Results and discussion 

Fig. 1 shows the XRD patterns of the as-deposited film and the films annealed at the temperatures 
of 350, 450, 550, and 650°C. The structure of the as-deposited film was amorphous while a tetragonal 
structure was formed in the films annealed at 350°C or above. For the annealed films, all the 
diffraction peaks could be indexed to the tetragonal SnO2 structure with lattice constants of 
a=b=0.4738 nm and c=0.3187 nm according to JCPDS card No. 41-1445. The diffraction peaks 
became sharp with increasing annealing temperatures from 350 to 650°C, indicating the 
improvement of crystallinity. In addition, no peaks related to Pd were observed from the XRD 
patterns due to low Pd concentration in the films. 

The surface and cross-sectional FESEM images of the as-deposited film and the films annealed at 
different temperatures are shown in Fig. 2. As shown in this figure, all the films deposited at a 
relatively high discharge gas pressure of 12 Pa were generally composed of columnar grains. The 
grain size, namely, the thickness of columnar grain, increased with increasing the annealing 
temperature as shown later in Fig. 3. Sintering of the grains was promoted and the film was densified 
as the annealing temperature increased, resulting in an increase in the grain size and the formation of 
cracks. The increase in grain size with increasing annealing temperature observed here agrees with 
those reported by Satapathy et al. [10] and Wu et al. [11] for LiTaO3 thin films and VO2 films, 
respectively. 
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Fig. 1 XRD patterns of the Pd-doped SnO2 thin films deposited at 12 Pa and RT. The results of the as-deposited film 

and the films annealed at 350, 450, 550, and 650°C are shown. 

 
Fig. 2 Surface and cross-sectional FESEM images of the Pd-doped SnO2 films deposited at 12 Pa and RT. The 

images of the as-deposited film and the films annealed at 350, 450, 550, and 650°C are shown. 
The crystallite size calculated by Scherrer’s formula from the XRD patterns and the grain size 

observed by FESEM images are represented in Fig. 3 as a function of the annealing temperature. As 
shown in this figure, the crystallite size increased from 2.4 to 6.2 nm as the annealing temperature 
increased from 350 to 650°C. On the other hand, the grain size observed from FESEM images varied 
from 24 to 32 nm as the annealing temperature increased from 350 to 650°C. Especially, it should be 
noted that the grain size was larger than the crystallite size for the same film, indicating that the grains 
were composed of some small crystallites. 
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Fig. 3 Crystallite size and grain size of the films as a function of the annealing temperature. 

Fig. 4 shows the typical examples of the changes in the resistance of the films annealed at different 
temperatures upon exposure to 1000 ppm H2 at an operating temperature of 100°C. The resistance in 
air decreased from 23.4 to 6.9 MΩ as the annealing temperature increased from 350 to 650°C. Such 
decrease in the resistance results from more close contact between columnar grains at a higher 
annealing temperature. In addition, the resistance decreased rapidly upon exposure to H2 and almost 
saturated within 300 s except for the film annealed at 350°C, and the resistance could recover to its 
initial value after H2 removal, indicating a good reversibility. Especially, the maximal change in the 
resistance was found for the film annealed at 450°C, revealing that this film obtained the highest 
response to H2. 

 
Fig. 4 Typical examples of the changes in the resistance of the films annealed at different temperatures upon 

exposure to 1000 ppm H2 at an operating temperature of 100°C. 
The relationship between the response to 1000 ppm H2 and operating temperature for the films 

annealed at different temperatures is shown in Fig. 5. As shown in this figure, it should be noted that 
the responses of the film annealed at 350°C were of poor at the operating temperatures of 50 and 
100°C because the resistance in H2 did not saturate after exposure to H2 for 600 s as the time for the 
definition of the response; this means the response would be higher if the exposure time is selected 
longer. The peak response was found at an operating temperature of 100°C for every film. The 
highest response was obtained for the film annealed at 450°C. As the annealing temperature increased, 
the columnar grains came to more close contact with each other. Therefore, the response gradually 
decreased. 

According to the above-mentioned result, the relationship between the peak response to 1000 ppm 
H2 and annealing temperature at an operating temperature of 100 °C is shown in Fig. 6. The response 
of the film annealed at 350°C was 1060, and the highest response of 2978 was obtained for the film 
annealed at 450°C. As the annealing temperature further increased, the responses of the films 
decreased to 1983 and 1421 at the annealing temperatures of 550 and 650°C, respectively. As shown 
in Fig. 2, the columnar grains using to compose of the film gradually came to more close contact with 
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each other as the annealing temperature increased, resulting in the highest response at the annealing 
temperature of 450°C. 

 
Fig. 5 Relationship between the response to 1000 ppm H2 and operating temperature for the films annealed at 

different temperatures. 

 
Fig. 6 Relationship between the peak response to 1000 ppm H2 and annealing temperature at an operating 

temperature of 100°C. 
At a high discharge gas pressure of 12 Pa, the contact area between neighboring grains decreases 

and the film becomes porous, which leads to the formation of the film with a large surface area. Thus, 
the response is greatly enhanced for these porous films. On the other hand, as the film porosity 
increases, the features of Schottky-barrier-limited transport prevail while the bulk transport features 
diminish [12], which results in the decrease of the operating temperature at which the response shows 
a maximum. Moreover, Pd doping further enhances the response and lowers the operating 
temperature by so-called chemical and electronic effects [13,14]. 

4. Conclusions 
In this study, XRD, FESEM, and H2 sensing measurements have been carried out to investigate 

the Pd-doped SnO2 sputtered thin films annealed at different temperatures. The as-deposited film was 
amorphous and would crystallize to tetragonal SnO2 structure when the annealing temperature was at 
350°C or above. The crystallite size and grain size increased from 2.4 to 6.2 nm and from 24 to 32 nm, 
respectively, with increasing the annealing temperature from 350 to 650°C. All the film sensors 
showed the peak response to H2 at an operating temperature of 100°C. The response and recovery 
times became short as the annealing temperature increased except for the film annealed at 350°C. The 
highest response of 2978 to 1000 ppm H2 was obtained for the film annealed at 450°C. The results 
highlight the importance of achieving porous structure and noble metal doping on improving the gas 
sensing performance. By taking advantage of the annealing process, the microstructural parameters 
of sputtered films can be controlled to fit the request for gas sensor application. 
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