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Semiconductor gas sensor based on tin oxide nanorods prepared by plasma-enhanced chemical vapor deposition with postplasma treatment Hui Huang,a兲 O. K. Tan, Y. C. Lee, T. D. Tran, and M. S. Tse Microelectronics Center, School of Electrical and Electronic Engineering, Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore



X. Yao Electronic Materials Research Laboratory, Xi’an Jiaotong University, Xi’an 710049, China



共Received 20 June 2005; accepted 12 September 2005; published online 14 October 2005兲 SnO2 thin films were deposited by radio-frequency inductively coupled plasma-enhanced chemical vapor deposition. Postplasma treatments were used to modify the microstructure of the as-deposited SnO2 thin films. Uniform nanorods with dimension of 쏗7 ⫻ 100 nm were observed in the plasma-treated films. After plasma treatments, the optimal operating temperature of the plasma-treated SnO2 thin films decreased by 80 °C, while the gas sensitivity increased eightfold. The enhanced gas sensing properties of the plasma-treated SnO2 thin film were believed to result from the large surface-to-volume ratio of the nanorods’ tiny grain size in the scale comparable to the space-charge length and its unique microstructure of SnO2 nanorods rooted in SnO2 thin films. © 2005 American Institute of Physics. 关DOI: 10.1063/1.2106006兴 SnO2 is an important conductance-type gas-sensing semiconductor material. Surface modification and microstructure optimization of SnO2-based sensor materials have been demonstrated to be an effective way to obtain high gas sensitivity and selectivity.1–3 The recent research focus on microstructure modification has been devoted toward nanostructured gas sensors and many new sensing paradigms originating out of nanoscience and technology, particularly from bottom-up fabrication, were reported.4,5 Due to the reduction in grain size of the nanostructured sensing materials, it allows a very high surface-to-volume ratio and great surface activities, and the reactions at grain boundaries and complete depletion of carriers in the grains can strongly modify the material transport properties. Most recently, onedimensional 共1D兲 nanoscale materials for gas sensors have stimulated great interest because of their unique sensing properties. Wang et al.6 found that the SnO2 nanowires prepared by a solution-based route exhibited both high sensitivity and reversibility to ⬃6% ethanol, 20 ppm CO, and 500 ppm H2 gas in air, even under ambient conditions. Kolmakov et al.7 illustrated a functional and sensitive SnO2 single nanowire sensor for detecting CO and O2. Kind et al.8 used individual SnO2 nanoribbons as small, fast, and sensitive devices for detecting ppm-level NO2 at room temperature under ultraviolet light.8 Comini et al.9 reported that SnO2 nanobelts were sensitive to environmental polluting species, such as CO and NO2, as well as to ethanol for breath analyzers and food control applications at 400 °C. However, the 1D nanoscale materials are too small to handle in the preparation of sensor devices and the reliability of these sensor devices is also a problem. In this letter, plasma treatments were used to modify the microstructure of the SnO2 thin films deposited by plasmaenhanced chemical vapor deposition 共PECVD兲. After plasma treatment, uniform 1D SnO2 nanorods grown from the twodimensional 共2D兲 films were observed in plasma-treated SnO2 thin films. Enhanced gas sensing properties were a兲
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achieved in the plasma-treated SnO2 thin films. The deposition system was a custom-designed PECVD system, and details of the system are shown in Ref. 10. Inductively coupled plasma was used as the plasma source and it was generated by a 13.56 MHz 1.2 kW radio-frequency generator coupled on a copper tape circled outside the cylindrical quartz deposition chamber. Dibutyltin diacetate 共Aldrich, 98% purity兲, 共C4H9兲2Sn 共OOCCH3兲2, was used as the precursor. The precursor temperature was 90 °C. Inert Ar gas was used as the carrier gas at a flow rate of 100 sccm, and 100 sccm O2 was used as the reaction gas. A 4 in. SiO2 / Si wafer was used as the substrate and it was put in the downstream of the plasma for the deposition of the thin films. No further substrate heating was performed. After deposition, the as-deposited SnO2 thin films were treated in the plasma for 20 min. The x-ray diffraction 共XRD兲 analysis was performed using a Rigaku x-ray diffractometer using Cu K␣ radiation. A Leo 1550 field emission-type scanning electron microscope 共SEM兲 was used to observe the morphologies of the SnO2 thin films. The microstructure of the plasma-treated SnO2 thin films was studied by a JEOL JEM-2010 high-resolution transmission electron microscope 共HRTEM兲 and corresponding selected area electron diffraction 共SAED兲. Au was deposited on the films by electron-beam evaporation and was patterned into interdigital top electrodes by photolithography for electrical measurement. The gas sensing properties were characterized using a computer-controlled gas sensing characterization system. The test gas was 50–2000 ppm CO in dry air with a total flow rate of 500 sccm. The gas sensitivity S is given by the relative resistance, S = Rair / RCO, where Rair and RCO are the resistance of the sensor in air and in CO gas, respectively. Figures 1共a兲 and 1共b兲, respectively show the XRD patterns of the as-deposited SnO2 thin film and plasma-treated SnO2 thin film. It indicated that the as-deposited thin film was well-crystallized rutile SnO2, even without substrate heating during the deposition. After plasma treatment; the intensity of 共110兲 peak decreased while that of 共101兲 peak
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FIG. 1. XRD patterns of 共a兲 as-deposited SnO2 thin film and 共b兲 plasmatreated SnO2 thin film.



increased, and the plasma-treated SnO2 thin film showed a 共101兲 preferential orientation. It indicated that the microstructure of the plasma-treated SnO2 thin film was restructured during plasma treatment. Figures 2共a兲 and 2共b兲, respectively show the SEM micrographs of the as-deposited SnO2 thin film and plasma-treated SnO2 thin film. The as-deposited SnO2 thin film was granular and the grain size was about 20 nm 关Fig. 2共a兲兴. After plasma treatment, SnO2 nanorods in uniform size of 쏗7 ⫻ 100 nm were observed on the plasma-treated SnO2 thin film 关Figs. 2共b兲 and 3共a兲兴. Figure 3 clearly illustrates that the SnO2 nanorods are rooted in the SnO2 thin film matrix and grow outwardly. Therefore, the plasma-treated sample could be described as a hybrid microstructure of 1D SnO2 nanorods grown on a 2D SnO2 thin film. The clear lattice fringes of HRTEM image of the nanorod 关Fig. 3共b兲兴 indicated a singlecrystal structure of the nanorod. The observed interfacial spacing was 3.387 Å, corresponding to the 共110兲 plane of the rutile SnO2. The HRTEM image was recorded along the 共101兲 zone axis. The 共101兲 direction was parallel to the long axis of the nanorod, indicating the 共101兲-preferred growth direction of the SnO2 nanorods, which was in agreement with the XRD results 关Fig. 1共b兲兴. From the XRD characterization and HRTEM observations, we believed that the nanorods on the plasma-treated SnO2 thin films were formed by the sputtering-redeposition mechanism. During the plasma treatment, the films were sputtered by the bombardment of heavy ions in the plasma, then generated by the sputtering redeposited, and rearranged on the films. As the sputtering effect and deposition of the films occurred simultaneously, the nuclei grew along their preferential growth orientation, 共101兲 in our films, and formed SnO2 nanorods. More evidence on this growth mechanism of the nanorods would require further investigation. Figure 4 shows the Rair / RCO versus operating temperature of the as-deposited SnO2 thin film and plasma-treated SnO2 thin film. The testing gas was 1000 ppm CO in dry air. The sensitivity, Rair / RCO, reached its maximum at optimal
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FIG. 3. 共a兲 HRTEM image of the plasma-treated SnO2 thin film. Inset is the corresponding SAED patterns. 共b兲 HRTEM image of a selected typical SnO2 nanorod.



operating temperature, and then began to decrease with the elevated temperature. The optimal operating temperature of the as-deposited SnO2 thin film derived from Gaussian peak fitting was 330 °C, which was slightly lower than the value of 340–450 °C reported by other research groups.11–14 The maximum sensitivity of the as-deposited SnO2 thin film achieved at 330 °C was 3.9. After plasma treatment, the optimal operating temperature of the plasma-treated SnO2 thin film decreased to 250 °C, while the maximum sensitivity achieved at 250 °C increased to 31.7. It should be noted that the optimal operating temperature of the plasma-treated SnO2 thin film with nanorods decreased by 80 °C, while the maximum gas sensitivity increased eightfold. For SnO2-based sensors, the changes in resistance are mainly caused by the adsorption and desorption of gas molecules on the surface of the sensing structure. It was reported that the sensitivity could be exponentially enhanced when the grain size was reduced to a scale comparable to the space-charge length.15,16 As grains size decreased, the optimal operating temperature also decreased remarkably, and roomtemperature detecting CO gas was reported in the SnO2 nanowires and nanoribbons gas sensors.6,8 For the asdeposited SnO2 thin film with particles in nanoscale, the surface-to-volume ratio, although high, is still relatively less than plasma-treated SnO2 thin film with nanorods. Furthermore, only a thin layer close to film surface can be activated during gas detection. For the plasma-treated SnO2 thin film, the diameter of the nanorods was 7 nm, and was very close to the space-charge length 6 nm of SnO2. Furthermore, the nanorods were rooted in the plasma-treated thin film in one end and randomly stretched outward in the other end. This generated a highly porous structure and enabled both the analyte and the background gas to access all surfaces of SnO2 nanorods as well as the SnO2 thin film. In this case, both the 1D nanorods and 2D thin film could contribute to
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FIG. 5. Sensing properties of as-deposited and plasma-treated SnO2 thin films. 共a兲 CO gas response to various concentrations and 共b兲 response time and recovery times vs CO concentrations.



the chemical reactions at all their surfaces. Hence, the whole device could be seen as SnO2 nanorods antenna arrays integrated on the SnO2 thin-film matrix. This unique 1D and 2D hybrid structure of the plasma-treated SnO2 thin film resulted in a high sensitivity at a lower optimal operating temperature. To determine the CO gas sensing properties of the asdeposited and plasma-treated SnO2 thin films, they were cycled at their optimized temperatures; 330 °C for the asdeposited film and 250 °C for the plasma-treated film, through different CO concentrations. The response and recovery times at various CO concentrations were calculated from Fig. 5共a兲. Here, the response and recovery times were defined as the time needed for the resistance of the sensors to reach within 10% of the final equilibrium value for a given concentration. The plasma-treated SnO2 thin film with nanorods showed fast response and good reversibility at lower operation temperature. It is known that the response and recovery times of conductometric sensors are determined by the adsorption-desorption kinetics. Kolmakov and Moskovits17 reported that the average time it takes photoexcited carriers to diffuse from the interior of an oxide nanowire to its surface was greatly reduced with respect to electron-to-hole recombination times. The rapid diffusion rate of electrons and holes to the surface of nanorods allows the analyte to be rapidly adsorbed/desorbed from the surfaces, and it helps to decrease the response/recovery times of the nanorods. For the as-deposited SnO2 thin films, the response time decreased with the increase of gas concentrations as showed in Fig. 5共b兲. However, for the plasma-treated SnO2 thin film with nanorods, it has a hybrid microstructure of 1D SnO2 nanorods on 2D SnO2 thin films. The nanorods are separated from each other and are only connected at the roots by the film matrix. The carriers in the nanorods need to diffuse to the film matrix during gas detecting and thus caused some delays in setting the charge balance equilibrium between the nanorods and the film. Therefore, for the



plasma-treated SnO2 thin film, there are two competing factors, one is the fast response of the nanorods that decreases the response time of the device, while the other is the delay of carrier diffusion from the nanorods to the thin films matrix that increases the response time. At lower CO concentration, due to the predominant carriers diffusion delay effect, the response time increased with the increase in CO concentration and reached its maximum at 500 ppm. For CO concentrations higher than 500 ppm, the response time decreased continuously and began to be larger than that of the asdeposited SnO2 films at CO concentration of about 2000 ppm. However, the recovery time of the plasma-treated SnO2 thin film was not affected too much, and showed the same trend as that of the as-deposited film in the whole CO concentration range. That is, increasing with the increase in CO concentration. In summary, SnO2 thin films were deposited by PECVD, and postplasma treatment was used to modify the microstructure of the as-deposited SnO2 thin films. After plasma treatments, uniform SnO2 nanorods were observed in the plasma-treated SnO2 thin film. The nanorods were formed by a sputtering-redeposition mechanism and grew along their 共101兲 preferential orientation. The optimal operating temperature of the plasma-treated SnO2 thin film decreased by 80 °C while the gas sensitivity increased eightfold. The enhanced gas sensing properties of the plasma-treated SnO2 thin film result from the large surface-to-volume ratio of the nanorods’ tiny grain size in the scale comparable to the space-charge length and its 1D and 2D hybrid microstructure. The authors thank Ms. Guo Jun for the HRTEM observations. This work is sponsored by the A*STAR of Singapore 共No. 0221010022兲. 1
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