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Abstract

:

InTiZnO gas sensors with different oxygen ratios were fabricated by RF sputtering at room temperature. The sensing responses for five different gases, including ethanol, isopropanol (IPA), acetone (ACE), CO, and SO2, were reported. The InTiZnO gas sensor with the MSM (metal–semiconductor–metal) structure generated a higher sensing response when the O2/Ar ratio was increased to 10%. It also revealed high selectivity among these gases and good repeatability. Moreover, the UV light-activated InTiZnO gas sensors were also studied, which could reduce the operating temperature from 300 °C to 150 °C and did not seem to damage the sensing film, demonstrating long-term stability. The high response and selectivity revealed that InTiZnO thin films possess high potential to be applied in gas sensing technology.
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1. Introduction


The metal oxide semiconductor gas sensor has attracted much attention for environmental monitoring, the detection of harmful gases, and even noninvasive breath diagnosis. Compared with other materials, metal oxide gas sensors have been widely investigated because of their high sensitivity, low cost, and simplicity in production [1]. Research indicates that the sensitivity and the reversible reaction of the gas reacting with the material surface could be affected significantly by some key factors, such as the chemical composition, nature of the materials, temperature, illumination, and defects in sensing layers [2,3]. To date, gas sensors based on different kinds of metal oxide materials, including SnO2 [4], ZnO [5], WO3 [6], TiO2 [7], ITO [8], and CuO [9], have been studied widely.



These metal oxide thin films are known for their wide bandgap, high resistivity, and excellent optical transmittance (>80%) in the visible region [10,11,12]. Among these materials, InTiZnO has been studied because of its wide bandgap of 4 eV [13], which is wider than that of typical metal oxide thin films. Because TiO2 is a well-known photocatalyst, a InTiZnO gas sensor illuminated at different operating temperatures for comparative purposes was studied. However, the high energy consumption due to the high operating temperature was a challenge in the development of these portable products. The high operating temperature may also result in reliability problems. Several methods have been proposed to reduce the device temperature, such as microelectromechanical system (MEMS) fabrication [14] and the use of ultraviolet (UV) lighting [15,16,17,18,19].



In this study, not only the organic vapors such as ethanol (C2H5OH), acetone (C3H6O), and isopropanol (C3H8O) but also inorganic vapors such as carbon monoxide (CO) and sulfur dioxide (SO2) are detected by a InTiZnO gas sensor at 300 °C. We use films with different oxygen flow ratios to measure the response of each gas. To overcome the energy consumption issue, the gas sensor, which is activated by UV light, is also discussed.




2. Materials and Methods


The following procedures were used to fabricate the InTiZnO gas sensor. Figure 1 shows the structure of the device. Quartz substrates were cleaned with acetone, isopropyl alcohol, and deionized (DI) water sequentially every five minutes in an ultrasonicator. After rinsing, they were dried with nitrogen. Next, we used an RF sputter (Cluster Multi-Chambers Sputter System, Kao Duen Technology Corporation, Taiwan) to grow the film at room temperature. The 200 nm InTiZnO thin film was deposited on quartz substrates with various oxygen flow ratios by sputtering an InTiZnO target (In:Ti:Zn = 99:1:99 in molar ratio). Before the deposition, the sputtering chamber was pumped down at a base pressure of under 5 × 10−6 Torr. The RF power was fixed at 80 W, and the substrates were rotated at a speed of 20 rpm. The oxygen/argon flow ratio was manipulated. The total flow of gas was 50 sccm, with an argon flow of 50 to 45 sccm and an oxygen flow of 0 to 5 sccm. Sample A to Sample D Fhad flow ratios of 0% (50 sccm Ar), 6% (3 sccm O2, 47 sccm Ar), 8% (4 sccm O2, 46 sccm Ar), and 10% (5 sccm O2, 45 sccm Ar), respectively. Lastly, Ni/Au (30/70 nm) metal contacts as electrodes were deposited on the quartz substrates through an interdigitated shadow mask by thermal evaporation. Figure 2a shows the XRD (Nanostar U System, Bruker AXS Gmbh, Karlsruhe, Germany) spectrum of the InTiZnO thin films. The curve shows that the thin films were all amorphous, without annealing and with no obvious diffraction peaks. The peaks in the spectrum were at 21.5° and 33°, which were attributed to the quartz substrate. Figure 2b shows TEM (JEOL JEM-2100F Ultrahigh Resolution Transmission Electron Microscope, Tokyo, Japan) cross-section images of the InTiZnO thin films. In the image, the film can be clearly divided into different layers. According to the TEM cross-section results, it is confirmed that the entire thickness of the device was approximately consistent with our complete fabrication process parameters.



The sample was placed on the heating platform. The heating platform shown in Figure 1 heats up and maintains the temperature of the sensor. And we confirm the temperature of the plateform with a thermocouple instrument. And then, we measured the I-V characteristics in the air from interdigitated electrodes of the sensing film. Subsequently, we injected the analyte into the sealed chamber through a microliter syringe. Then, we continuously measured the current of the sensor with a Keithley 4200 (Model 4200A-SCS Parameter Analyzer, Keithley Instruments Cleveland, OH, USA) semiconductor parameter analyzer after it was stabilized in the presence of analyte gases.




3. Results


As shown in Figure 3, ethanol was injected into the chamber and then we opened the cavity to diffuse the alcohol back into the atmosphere under the condition of continuous current conduction. A 5V bias was applied to the sensor across the top interdigitated electrodes during the measurement. We then observed the current change. In the presence of the reducing gas, the measured current increased when the test gas was injected. Through the measurement, we could see that the InTiZnO film was the N-type. When we exposed the N-type semiconductor to a reducing gas (C2H5OH), due to the exchange of electrons between the ionosorbed species and sensing film, the resistance of the InTiZnO film decreased, as shown in Equation (2). Figure 3a–c show the current transients for Samples A to C when injecting the ethanol gas. Figure 3d shows a comparison of the responsivity of each sensor under different ethanol concentrations. The response could be calculated from Equation (3) below, and the value was 320%, 663%, and 1001% for Samples A to C, respectively. As the oxygen flow increased, the response to ethanol became higher. In addition, Sample C had an excellent response to ethanol compared to gas sensors of other materials [20,21,22].


  Exposed   to   air :            O 2  + 2  e −  → 2  O −   



(1)






  Exposed   to   reducing   gas :    C 2   H 5  OH + 6  O −  → 2   CO  2  + 3  H 2   



(2)






  Response =  [  (  I  gas   −  I  air   ) /  I  air    ]  × 100 %  



(3)







The relation between oxygen flow ratio and gas sensing responsivity could be attributed to the surface morphology and defect theory [1]. Figure 4 shows the AFM measurement (D5000, Veeco, New York, USA) of the InTiZnO thin film [23]. The increasing root mean square (RMS) value of surface roughness from 1.1 nm to 1.4 nm was attributed to the enhancement of the O2/Ar ratio. The excess oxygen ions bombarded the surface and affected the surface roughness. With the increasing oxygen ratio, more oxygen ions bombarded the films, bringing about a rising RMS value of roughness. The responsivity increased due to their larger surface-to-volume ratio [24].



On the other hand, Figure 5 shows the X-ray photoelectron spectroscopy (XPS) (Phi 5000 VersaProbe, Ulvac-Phi. Inc., Kanagawa, Japan) results. Figure 5a–d are the XPS spectra of O1s for the InTiZnO film grown with various oxygen flow ratios. The spectra were de-convoluted in two peaks: one peak (OI) occurred at 529.6 eV, corresponding to O atom binding in bulk InTiZnO, and the other peak (OII) was located at around 531.3 eV and attributed to oxygen deficiencies, such as oxygen vacancies and oxygen interstitials, in InTiZnO. It can be clearly seen that the ratio of OII decreased from 78.8% to 57.7% as the oxygen flow ratio increased from 0% to 10%. It could be elucidated that when the oxygen flow ratio decreased, the number of oxygen vacancies in the crystal increased, and the chemisorptive oxygen ion traps rather recombined back to the oxygen vacancies in the bulk phase. This caused the reduction of surface traps and then lowered the responsivity. Figure 6 shows the response mechanisms of a chemisorptive sensor. We use surface chemical adsorption and defect theory as an explanation. The oxygen ion trap originally adsorbed on the surface at a high temperature tended to compound the oxygen defects in the sensing film. When the oxygen flow rate during deposition was higher, the amount of oxygen vacancies was filled and reduce. Then, when we measured the samples at high temperatures, the composite trap was reduced, and more traps remained on the surface to react with the gas, so the response was higher.



When the sensor was exposed to IPA, acetone, and CO at 300 °C, the sensing response of the device was observed and is shown in Figure 7a–c. The device with a 10% oxygen flow ratio had higher responsivity than the other conditions. We can see that the trend is the same as in Figure 3. The responses for different gases under a 100 ppm concentration exposed to 10%, 8%, and 6% samples are shown in Figure 7d. When comparing the responsivity of different oxygen ratios for ethanol, IPA, ACE, and CO, we found that Device D not only had the highest responsivity but also had the highest selection to ethanol among these gases. This confirmed that the InTiZnO sensor also had good sensitivity with an appropriate oxygen flow ratio during the sputtering.



The gas sensing property toward sulfur dioxide (SO2) was also considered. The injection of gas was performed from a fixed concentration to a fixed volume, and then it was converted into ppm because of the different test chambers. Figure 8a–c show the response to SO2. The current increased because SO2 was a strongly reducing gas, but it did not recover to the initial value after the gas injection. It took a long time but still could not reach a saturated state. The graph in Figure 8d shows the responsivity of the sensors. The experiment revealed that the responsivity was reduced with a higher SO2 concentration, showing the opposite trend compared with the other gases in this study. This phenomenon was attributed to the corrosivity and saturated adsorption of SO2. Table 1 shows the exact responsivity evaluated in Figure 8d.



Figure 9 shows that Device D was treated with UV light irradiation under 100 ppm of ethanol gas and different temperatures. The wavelength of UV light was 345 nm and the power was 6 watts. The current transient was affected by UV radiation, and the process could be divided into two stages. In the beginning, the current increased rapidly because of the electron–hole pairs induced by UV irradiation and then reached saturation. From Figure 9a, it can be seen that the sensitivity was 412% when we injected 100 ppm ethanol at 250 °C without UV treatment, and the current raised again after the sample was irradiated by UV light. When the current was saturated, the same concentration of ethanol was injected and we observed the same gas-sensing behavior, but the responsivity dropped from 412% to 58%.



As seen in Figure 9b, the sensitivity was 0% without UV treatment at 150 °C. The temperature, which was below 250 °C, could not cause the oxygen ions species to be adsorbed on the sensing film’s surface. However, the responsivity raised to 55% when the sample was measured under UV light irradiation. Based on the chemical adsorption, the oxygen ion traps and analyte gas reactions produced electrons, which caused the current increment. The working temperature of the InTiZnO gas sensor was around 250–400 °C, in which thermal energy could create a significant amount of oxygen ion traps. Electrons provided by UV irradiation also produced oxygen ion species on the InTiZnO surface. Therefore, the UV-activated traps could react with ethanol molecules and increase the current of the sensor.



Figure 9c shows the transient response of the InTiZnO sensor to 100 ppm ethanol at 100 °C. It appears that there was no response observed before and after the UV light was turned on. Since the current was derived from the reaction of oxygen ion traps adsorbed at the surface, it was mainly given by temperature. When the sensor was measured at a relatively low temperature, the UV could not enhance the response compared to high-temperature conditions. UV irradiation energy was not enough to compensate for the decreased thermal energy.




4. Conclusions


In this research, an InTiZnO gas sensor with an MSM structure was fabricated. First, we analyzed films with different O2/Ar ratios. When the O2/Ar ratio increases, it will result in a more significant surface area to volume ratio and will adjust the oxygen vacancies in the film. Subsequently, we measured different gases at a measurement temperature of 300 °C. As O2/Ar increases, the response to each gas also increases. The results show that the gas sensor has the best response and the best selectivity to alcohol when the oxygen ratio is 10%. In addition, the InTiZnO gas sensor activated by ultraviolet light was also studied. Since InTiZnO is sensitive to light, ultraviolet rays can cause electrons to be activated more easily, reducing the response temperature of the device, thereby improving the performance of the sensor. In summary, the high response and selectivity indicate that InTiZnO thin films have high application potential in gas sensing technology.
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Figure 1. MSM structure of InTiZnO gas sensor and the measurement environment of the gas sensor. 
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Figure 2. (a) XRD spectra of as-deposited InTiZnO thin film with various oxygen flow ratios (b) cross-section TEM image of InTiZnO film. 
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Figure 3. Sensing transients to ethanol for samples with (a) 6%, (b) 8%, and (c) 10% oxygen flow ratio at 300°C, respectively. (d) Variation in sensitivity with ethanol gas concentration. 






Figure 3. Sensing transients to ethanol for samples with (a) 6%, (b) 8%, and (c) 10% oxygen flow ratio at 300°C, respectively. (d) Variation in sensitivity with ethanol gas concentration.



[image: Coatings 11 00807 g003]







[image: Coatings 11 00807 g004 550] 





Figure 4. AFM images of InTiZnO thin film of (a) Sample B (RMS value: 1.1 nm), (b) Sample C (RMS value: 1.2 nm), (c) Sample D (RMS value: 1.4 nm). 
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Figure 5. XPS O1s spectra of InTiZnO thin film with various oxygen flow ratios: (a) 0%, (b) 6%, (c) 8%, (d) 10%. 
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Figure 6. Response mechanisms of chemisorptive sensor. 
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Figure 7. Comparative sensing behavior (300 °C) in response to different oxygen flow percentages as a function of (a) isopropanol (IPA), (b) CO, and (c) acetone concentration. (d) Responses of 100 ppm different gases exposed to 10%, 8%, 6% samples. 
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Figure 8. Sensing transients to SO2 for samples with (a) 6%, (b) 8%, (c) 10% oxygen flow ratio at 300 °C; (d) the sensing response of three different oxygen ratios. 
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Figure 9. Current transient of 10% InTiZnO under 100 ppm ethanol at (a) 250 °C, (b) 150 °C, (c) 100 °C. 
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Table 1. Gas-sensing performance (%) of 6%, 8%, 10% samples (300 °C) as a function of sulfur dioxide (SO2) concentration.
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	SO2

/Oxygen Flow
	30.6 ppm
	61.2 ppm
	91.8 ppm
	122.4 ppm
	153 ppm





	10%
	1075
	486
	307
	306
	307



	8%
	762
	475
	415
	365
	323



	6%
	186
	160
	125
	120
	122
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