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Abstract  

Herein, the oxygen (O2) plasma has been used to post-treat tungsten oxide 

(WO3) nanorods to improve the sensing performance of the H2S gas sensor. 

The reactive DC magnetron sputtering process with the glancing-angle 

deposition (GLAD) technique was used to prepare the WO3 nanorods. After 

deposition, the WO3 nanorod thin films were treated with O2 plasma at 

different treatment power from 100 – 200 W. The physical structure of as-

deposition and treated WO3 nanorod thin films was investigated crystal 

structure and morphology by grazing incident X-ray diffraction (GIXRD), 

field-emission scanning electron microscope (FE-SEM), and high-resolution 

transmission electron microscope (HRTEM). The result indicated that the 

WO3 nanorod structure transformed to the monoclinic polycrystalline phase. 

FE-SEM and HRTEM observed slight changes in the shape of the WO3 

nanorods. The H2S sensing properties were measured at 10 ppm at 150 – 

350C operating temperatures. At an operating temperature of 200 °C, the 

response to H2S of O2 plasma treated WO3 nanorods is increased by a factor 

of 5 – 15, and the maximum response to H2S is 15. The results showed that 

the O2 plasma treatment process improved the sensing response of the WO3 

nanorods. 
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Introduction  

Tungsten Oxide (WO3) is an n-type semiconductor and 

has an energy gap of approximately 2.60 – 3.60 eV, which 

can be applied in many technologies such as electrochromic, 

photocatalytic, photovoltaic, and gas-sensor technology. For 

the gas-sensor technology, the semiconductor gas sensing of 

WO3 has been widely studied since it has high sensitivity, 

high stability, and fast response to many gases such as 

ethanol, NO2, H2, and H2S [1 – 3]. Moreover, WO3 can be 

fabricated into many nanostructure patterns, such as 

nanotubes, nanowires, nanorods, etc. The WO3 

nanostructured gas sensors were effective for high 

sensitivity and fast response due to their large surface area 

and optimum crystallinity [4 – 6]. Increasing the surface area 

and crystallization by plasma treatment is an interesting 

technique [7]. Several processes were used to synthesize  

 

WO3 nanostructures, such as physical vapor deposition 

(PVD), chemical vapor deposition (CVD), thermal 

oxidization, flame spray pyrolysis, and hydrothermal  

[8 –10]. However, there are many processes to prepare WO3 

nanostructures that cannot control their sizes, distributions, 

formation, and reproducibility. Therefore, a physical vapor 

deposition (PVD) method with the GLAD technique is most 

suitable for synthesizing WO3 nanostructures [11, 12]. The 

GLAD technique is an oblique angle deposition (OAD) 

method with substrate rotation to synthesize a columnar 

nanorod structure. The porosity and shape of the nanorod 

structure can be controlled by the self-shadowing effect and 

surface diffusion of the initial nucleation island during the 

deposition process [13 – 15]. 
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Materials and Methods 

 The WO3 nanorods were synthesized, and the O2 plasma 

treatment was processed by a reactive DC magnetron 

sputtering system with the GLAD technique, as shown in the 

symmetric diagram in Fig. 1. The silicon wafers (100) were 

used as substrates for physical property analysis, and an 

ultrasonic washer cleaned them in acetone. Then, the SiO2/Si 

with interdigitated gold electrodes were used as substrates 

for H2S gas sensor testing. For the sputtering process, the 

sputtering target was a metallic tungsten disc, and the 

substrate was 7 cm from the target. Then, the substrate was 

installed at an angle with the vapor incident flux equal to 85° 

and the substrate rotation speed fixed at 5 rpm. The WO3 

nanorods are prepared under the atmosphere with argon (Ar) 

and O2 flow rates of 12 and 48 sccm, respectively. The base 

pressure and operated pressure are 6  10–6 and 5  10–3 

mbar, respectively. The deposition time was fixed at 90 min. 

After growth, the WO3 nanorod samples were treated with 

the O2 plasma at different power from 100 – 200 W for 10 

min. The crystal structures of the WO3 nanorods were 

analyzed by the GIXRD technique, obtained from a grazing 

incident X-ray diffractometer operating with an incident 

angle of 20° – 60°. The morphology of the WO3 nanorods 

was analyzed by a field-emission scanning electron 

microscope (FE-SEM) and a high-resolution transmission 

electron microscope (HRTEM). For H2S gas sensor testing, 

the tungsten oxide nanorods were deposited on interdigitated 

electrodes and mounted in a gas-testingchamber. The 

purified air and H2S gas were mixed with the concentration 

of H2S gas at 10 ppm and made to flow through the testing 

chamber. Then, the H2S gas sensor was tested with an  

 

operating temperature varied from 150 – 350 °C and heated 

by an external heater. 

Results and Discussions 

 The GIXRD pattern of as-deposited and O2 plasma-

treated WO3 nanorods is shown in Fig. 2. It can be found that 

the as-deposited and plasma-treated WO3 nanorods at  

100 –150 W exhibit an amorphous structure. When the O2 

plasma treatment is increased to 200 W, the polycrystalline 

structure of the WO3 monoclinic phase can be observed. 

This might be because the plasma treatment could enhance 

the internal heating of the sample during the treatment 

process. Generally, the crystalline transition from 

amorphous to polycrystalline WO3 occurs when the samples 

are annealed at 300 – 400 C° [15]. 

 

Fig. 2 GIXRD patterns of as-deposited and oxygen plasma-

treated WO3 nanorods. 

  

 

Fig. 1 Schematic diagram of the GLAD technique and O2 plasma treatment process. 
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 Fig. 3 shows the typical HRTEM and selected area 

diffraction electron (SADE) images from the tip of the O2 

plasma-treated WO3 nanorods at 200 W. The crystalline 

structure of the WO3 nanorods was clearly observed in the 

HRTEM image. In addition, the SADE pattern indicates that 

the plasma-treated WO3 nanorods at 200 W were 

polycrystalline, which corresponds to the GIXRD result in 

the previous section. 

 The FE-SEM images of as-deposited and O2 plasma-

treated WO3 nanorods are shown in Fig. 4. The results 

indicate that all the thin films of tungsten oxide nanorods 

show columnar nanorod structures. The average diameter of 

WO3 nanorods is estimated to be 60 nm, and the WO3 

nanorods thickness of as-deposited and O2 plasma-treated 

WO3 nanorods at 100, 150, and 200 W were measured to be 

approximately 233, 200, 267 and 150 nm, respectively, as  

 

Fig. 3 HRTEM image of 200 W-O2 plasma-treated WO3 nanorods. 

 

 

Fig. 4 FE-SEM images of as-deposited and oxygen plasma-treated WO3 nanorods. 
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shown in Fig. 5. However, the surface morphology of the 

plasma-treated WO3 nanorods at high power showed a 

smooth surface. In addition, the thickness of the WO3 

nanorod layer decreased with the increase in O2 plasma 

treatment power. The decrease in the smooth surface and 

etching thickness layer might be due to the O2 interaction 

with the nanorod surface, which indicates that the energy of 

the O2 plasma plays a major role in morphology control. 

 

 

Fig. 5 WO3 nanorods thickness of as-deposited and O2 

plasma-treated at 100, 150 and 200 W. 

 

 

Fig. 6 H2S gas response of as-deposited and oxygen plasma-

treated WO3 nanorods. 

 As shown in Fig. 6, as-deposited and O2 plasma-treated 

WO3 nanorods were measured toward 10 ppm-H2S gas at 

operating temperatures ranging from 150 – 350 °C. The as-

deposited WO3 nanorods showed an inadequate response. It 

can be found that the H2S gas responses of plasma-treated 

WO3 nanorods increase as the operating temperature 

increases from 150 – 200 °C. The response to H2S of O2 

plasma treatment WO3 nanorods is increased by about a 

factor of 5 – 15 depending on temperature and the adsorbed 

surface oxygen species. In addition, the O2 plasma treatment 

of WO3 nanorods exhibits a maximized response to H2S of 

15 at an operating temperature of 200 °C. The experimental 

results indicate that O2 plasma treatment significantly 

enhances the H2S sensing performance by a 380% 

improvement compared to a dense WO3 film. This 

improvement can be attributed to the modifications in the 

structure and the increased surface area achieved through the 

O2 plasma treatment [17 – 20]. 

 

Conclusion 

 In conclusion, we present the crystal structure, 

morphology, and H2S sensing of as-deposited and oxygen 

plasma-treated WO3 nanorods on Si substrate. The post-O2 

plasma treatment at 200 W promoted the polycrystalline 

WO3 nanorods. The plasma-treated WO3 nanorods at high 

O2 plasma power tend to smooth surface and decrease in 

thickness. In addition, the plasma-treated WO3 nanorods at 

200 W were revealed to be promising for achieving H2S 

sensors with a high response of about 15 at 200 °C optimum 

operating temperature compared with as-deposited WO3 

nanorods. 
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