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Abstract:

 A multifunctional platform based on the microhotplate was developed for applications including a Pirani vacuum gauge, temperature, and gas sensor. It consisted of a tungsten microhotplate and an on-chip operational amplifier. The platform was fabricated in a standard complementary metal oxide semiconductor (CMOS) process. A tungsten plug in standard CMOS process was specially designed as the serpentine resistor for the microhotplate, acting as both heater and thermister. With the sacrificial layer technology, the microhotplate was suspended over the silicon substrate with a 340 nm gap. The on-chip operational amplifier provided a bias current for the microhotplate. This platform has been used to develop different kinds of sensors. The first one was a Pirani vacuum gauge ranging from 10−1 to 105 Pa. The second one was a temperature sensor ranging from −20 to 70 °C. The third one was a thermal-conductivity gas sensor, which could distinguish gases with different thermal conductivities in constant gas pressure and environment temperature. In the fourth application, with extra fabrication processes including the deposition of gas-sensitive film, the platform was used as a metal-oxide gas sensor for the detection of gas concentration.
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1. Introduction

Recently, complementary metal oxide semiconductor (CMOS) compatible sensors have been widely used in the detection of pressure, temperature, acceleration, and chemical leakage [1,2,3,4]. With better control and optimization of CMOS technology, the manufacturing yield of the sensors can be dramatically increased [5]. The noise level of the sensor would be decreased by integrating the sensor and the signal processing circuit in one chip [6]. With the fast development of various kinds of sensors, the idea of multifunctional platforms for the different sensors is generated [7]. With these multifunctional platforms, different kinds of sensors can be implemented, which would save a lot of development time and cost.

The microhotplate is a good multifunctional platform. It includes the thin membrane for pressure measurement, the heater and thermister for thermal-related applications, and the free-standing structure with excellent thermal isolation for high temperature platforms. The microhotplate fabricated by microelectromechanical systems (MEMS) technology has been widely used for gas pressure sensors, gas sensors, chemical sensors, flow sensors, and accelerometers [8,9,10,11,12,13]. It could also be implemented in the standard CMOS process for high yield and low cost. The most important considerations for the CMOS-compatible microhotplate fabrication include the CMOS-compatible materials and the post-CMOS process. The materials of microhotplate mainly include the heating material and the thermal insulation material. Many different heating materials are available for microhotplate, such as polysilicon [14], aluminum (Al) [15], platinum (Pt) [16], and tungsten (W) [17]. Platinum has been considered the best material for the microhotplate, but it is not the material in the standard CMOS process. Aluminum and polysilicon cannot endure high currents and high temperatures. Tungsten is suggested to be the perfect heating and temperature measurement material for microhotplate due to its properties of high melting point, large temperature coefficient, low cost, and CMOS compatibility. The SiO2 and Si3N4 as the dielectric layer in the CMOS process are commonly used as the thermal insulation layer for the microhotplate. The post-CMOS processes for the microhotplate mainly include the etching process to suspend the microhotplate from the substrate. Alkaline solutions are used to etch silicon or polysilicon to suspend the microhotplate. The fact that most of the alkaline solutions attack the aluminum bonding pads should be considered. One way is to protect the aluminum pads with some metal, such as Pt, against alkaline corrosion [18]. The improved tetramethylammonium hydroxide (TMAH) has also been used as an effective method to remove the silicon without damaging the aluminum pads [19,20].

In this paper, tungsten was employed as the heating and temperature measurement material for the microhotplate. An improved TMAH solution was used to remove the polysilicon sacrificial layer to suspend the microhotplate. The multifunctional platform for sensors consisted of the tungsten microhotplate and the on-chip operational amplifier. A bias current for the microhotplate was supplied by the operational amplifier. The platform for sensors was implemented in 0.5 μm standard CMOS process. It has been employed to develop a Pirani gas pressure, temperature, and thermal-conductivity gas sensor based on the fact that the gaseous thermal conduction is mainly affected by gas pressure, gas temperature, and the type of the gas. Besides those applications, with a little extra fabrication process, including deposition of the gas-sensing film on the microhotplate, this platform could be used as the heating component for a metal-oxide gas sensor.



2. Experimental Section


2.1. Fabrication Process of Tungsten Microhotplate

Tungsten has been traditionally used as a plug material to form via pathways between various metal layers due to its ability to uniformly fill the high aspect ratio vias when deposited by chemical vapor deposition (CVD) methods. In our design, the tungsten microhotplate was fabricated in 0.5 μm standard CMOS process, which featured two polysilicon layers (Poly1 and Poly2) and two aluminum interconnection layers (Metal1, Metal2). The metal plug between Metal1 and Metal2 was tungsten. Dielectric layers surrounding the metal layers were phosphosilicate glass (PSG). The Si3N4 was more stable than PSG so it was used as the passivation layer on the surface to protect the chip. In the design of the tungsten microhotplate, tungsten was in the form of serpentine resistor instead of via plug. The anchors of the tungsten resistor were connected to Metal2, leaving Metal1 unconnected. A 0.34 μm thick Poly2 was used as a sacrificial layer below the tungsten microhotplate. The etch windows of the tungsten microhotplate were opened during the bonding-pad patterning process in a standard CMOS process, as shown in Figure 1a. Figure 1b shows that the etch windows for the microhotplate and the bonding pads were etched simultaneously during the bonding pad dry-etching in the CMOS process until Poly2 was exposed. Lastly, in our lab, Poly2 was removed to suspend the tungsten microhotplate by an improved TMAH etchant which avoided etching the exposed aluminum bonding pads. Before starting the etching process, the aluminum layer was sputtered at the backside of the die to keep etching substrate from the backside. It took about 8 h to remove the sacrificial layer with the improved TMAH etchant in 85 °C, as shown in Figure 1c [21].

Figure 1. Fabrication of the freestanding structure of the tungsten microhotplate. (a) Opening of the etch windows for the tungsten microhotplate; (b) Dry-etching process to expose the sacrificial layer for the tungsten microhotplate; (c) Suspending of the tungsten microhotplate by the removal of the sacrificial layer.
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2.2. Multifunctional Platform with Microhotplate and Operational Amplifier

The constant current circuit was adopted to bias the microhotplate [22], as shown in Figure 2. R1 was the tungsten resistor of the microhotplate and R2 was the reference resistor in the substrate.

Figure 2. Constant current circuit for the microhotplate.
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In Figure 2, Vref was an external reference voltage and Equation (1) defined the output voltage Vout:
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(1)








When the Vref was set to constant, the voltage in the minus input of the amplifier was also constant. R2 was in the substrate whose temperature was considered equal to the ambient temperature. During application of the sensor, the ambient temperature would be controlled to be as stable as possible, so R2 was nearly constant and the current through R2 was also considered constant. The current through R1 was equal to the current of R2 since the input current of the ideal amplifier was zero. That temperature compensation technique was required in order to avoid the influence of the ambient temperature fluctuation. For the constant current circuit, R2 was also used as the temperature compensation resistor. Considering the influence of ambient temperature fluctuation, the output voltage Vout was defined by Equation (2):
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(2)




where α1 and α2 are the temperature coefficient for resistors in the microhotplate (R1) and in the substrate (R2), respectively; ΔT was the ambient temperature fluctuation. If R1 and R2 adopted the same material, α1 was equal to α2. Thus, R2 was also a tungsten resistor, but in the substrate, to compensate the influence of the temperature variation of the substrate. In this situation, Equation (2) would change to Equation (1), and the output voltage was not influenced by the ambient temperature fluctuation.
Figure 3 shows the optical and scanning electron microscope (SEM) pictures of the multifunctional sensor platform. The tungsten microhotplate with a square area of 60 μm × 60 μm was suspended by four beams which had a length of 30 μm and a width of 15 μm. The width of the tungsten resistor was 0.8 μm. The thickness of the microhotplate was about 4 μm. The gap between the tungsten microhotplate and the substrate was 0.34 μm according to the thickness of Poly2 as the sacrificial layer. The end of the sacrificial layer (Poly2) removal process could be identified according to the color difference of the Poly1 concentric square after Poly2 removal, as compared in Figure 3a,b. Figure 3c shows the SEM picture of the microhotplate. Figure 3d shows the SEM picture of the microhotplate platform, consisting of the tungsten microhotplate array, the reference resistors, and the constant current circuit with the on-chip operational amplifier.

Figure 3. Pictures of the multifunctional sensor platform. (a) Optical microscopy picture of the tungsten microhotplate before etching; (b) Optical microscopy picture of the tungsten microhotplate after etching; (c) scanning electron microscope (SEM) picture of the tungsten microhotplate; (d) SEM picture of the platform for sensors.
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3. Results and Discussions

Based on the microhotplate platform, different kinds of sensors were developed. Without any extra fabrication processes, this platform was developed for a Pirani gas pressure sensor, a gas temperature sensor, and a thermal-conductivity gas sensor. With a few fabrication processes, including the deposition of aluminum electrodes and sensitive chemical film, the platform was used as the metal-oxide gas sensor. Thus, experiments were carried out in four aspects. First, for the same type of gas, the gas pressure was measured when the gas temperature was constant. Second, for the same type of gas, the gas temperature was measured when the gas pressure was constant. Third, the responses to the different types of gases with different thermal conductivities were introduced at the constant temperature and gas pressure. Fourth, after deposition of sensitive material on the microhotplate, the concentration of the alcohol gas was detected with the platform. All the results showed that the microhotplate was an effective platform to develop a gas pressure sensor, a gas temperature sensor, a thermal-conductivity gas sensor, and a metal-oxide gas sensor.


3.1. Measurement of Pirani Gas Pressure Sensor

The working principle of the Pirani gas pressure sensor is based on the fact that the heat loss of the hotplate to its substrate through gas conduction is a function of the gas thermal conductivity. It is widely used in rough vacuum measurement. In the experiment, the platform configured as the Pirani sensor was put into the vacuum chamber. The temperature in the chamber was 30.3 °C, as measured by a PT100 thermal resistor (Hayashi Denko, Tokyo, Japan). The bias current through the microhotplate was 3.85 mA. The measurement procedure was divided into two steps. First, the gas pressure was decreased from atmosphere to 10−1 Pa. Second, when the gas pressure of the vacuum system was below 1 Pa, the pump was isolated, then the air slowly bled into the chamber to the desired pressure, and the real-time output voltage of the circuit was recorded with a personal computer using the A/D card. Figure 4 shows the typical response curve of the sensor to the gas pressure ranging from 10−1 to 105 Pa, which made the sensor platform suitable for the Pirani vacuum sensor.

Figure 4. The response of the sensor platform to the gas pressure from 10−1 to 105 Pa.
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According to the measurement results, the whole rough vacuum range could be divided into several ranges. The Pirani sensor biased by constant current had different sensitivities to each vacuum range, as shown in Table 1. In the high vacuum from 0.1 to 4 Pa, the sensitivity of the sensor was 1.8 mV/Pa, while in the low vacuum from 104 to 105 Pa, the sensitivity of sensor decreased to 0.0025 mV/Pa. Thus, the Pirani sensor biased by constant current circuit had high sensitivity in high vacuum.

Table 1. The sensitivity of the Pirani sensor in different vacuum ranges.


	Vacuum Range
	Average Sensitivity





	0.1–4 Pa
	1.8 mV/Pa



	4–100 Pa
	0.7 mV/Pa



	100–1000 Pa
	0.28 mV/Pa



	1000–3500 Pa
	0.081 mV/Pa



	3500–10,000 Pa
	0.013 mV/Pa



	10,000–100,000 Pa
	0.0025 mV/Pa












3.2. Measurement of Temperature Sensor

Thermal conduction of gas is also influenced by the gas temperature, which is the principle of the temperature sensor discussed in detail in our previous research [23]. The gas in the gap between the microhotplate and the substrate was employed as the sensory component for the temperature sensor. In the test, the platform configured as the temperature sensor was placed in the temperature-controlled oven filled with air at atmospheric pressure and the temperature was adjusted each Celsius degree from −20 to 70 °C. The output voltage for the corresponding temperature was recorded by a multimeter. The measurement results were shown in Figure 5. The sensor showed a good linearity over the temperature range, and the temperature coefficient was 0.303% when the bias current through the microhotplate was 3.85 mA.

Figure 5. The response of the sensor platform from −20 to 70 °C.
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The samples without the etching process and suspended gap have also been tested. For these samples, since there was no suspended gap, the tungsten resistor in the microhotplate was also in the silicon substrate. Therefore, as shown in Figure 2, both R1 (the resistors in microhotplate) and R2 (the resistors in substrate) had the same response to the temperature changes. According to Equation (1), the output voltage had little response to the temperature change, measured about 1 mV fluctuation from −20 to 70 °C, probably due to the measurement error, noise, and temperature drift of the operational amplifier, as shown in Figure 5. The obvious difference for the response of the microhotplate with and without the suspended gap was the result of the temperature-related thermal conduction of the gas [23]. As the sensory component was the gas, the inflatable sealed package filled with N2 or inert gas would be adopted as the ideal package for the temperature sensor.





3.3. Measurement of Thermal-Conductivity Gas Sensor

For the gases with different thermal conductivities, this platform also had the response due to the different thermal conduction of each gas. The experiment was carried out at atmospheric pressure, in 25 °C. The various gases, including CH3CH2OH (ethanol), CH3COOH (acetic acid), CH3COCH3 (acetone), NH3 (ammonia), and HCHO (formaldehyde) mixed with air, respectively, were bled slowly to the platform in the chamber with a syringe. Figure 6 presents the responses of the platform to the different gases. The responses to the organic gases were similar due to their similar thermal conductivity. NH3 had larger thermal conductivity compared to the organic gases, so it had an obvious response. When the gas concentration decreased over time, the output voltages of the sensor gradually got closer to the conditions in the air's atmosphere. This experiment was not so precise; nevertheless, the platform could be used for the thermal-conductivity gas sensor, especially for H2 or He detection due to their high thermal conductivity [24,25].

Figure 6. The response of the platform to the gases with different thermal conductivities, including ethanol, acetic acid, acetone, ammonia, and formaldehyde mixed with air at atmosphere pressure, in 25 °C, respectively.
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3.4. Measurement of Metal-Oxide Gas Sensor

The metal-oxide gas sensor requires working in high temperature for better performance. This platform could be used as the heating plate for metal-oxide gas sensors with extra chemically sensitive material on the surface of the microhotplate [6,9,26]. In our experiment, two aluminum electrodes were fabricated on the surface of the microhotplate during the CMOS process. Thin SnO2 film was sputtered on the microhotplate in our lab as the gas-sensitive material, as shown in Figure 7a. The resistance of the SnO2 film was measured as 0.3 MΩ. During the gas detection measurement, the sensor was placed in a 50 L gas chamber, and ethanol was injected into the chamber. The resistance of the sensor was recorded by the multimeter. The sensing film was heated up to 300 °C with the microhotplate platform, and resistance changes of the SnO2 film to ethanol were measured after one week of preheating. Figure 7b shows the typical sensing response curve to ethanol. The gas sensor had a good response to ethanol, and the resistance of the sensor increased with the ethanol concentration increasing from 30 to 2000 ppm.

Figure 7. Microhotplate platform configured as a metal-oxide gas sensor with SnO2-sensitive film and the response to ethanol. (a) Scanning electron microscope (SEM) picture of the tungsten microhotplate for metal-oxide gas sensor; (b) Response of metal-oxide gas sensor to ethanol with different concentrations at 300 °C.
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4. Conclusions

Many CMOS-compatible sensors have been developed in recent years. For some similar kinds of sensors, it would be effective to develop a uniform platform for them. Based on the same platform, different sensors could be developed with a shortened research cycle, low cost, and similar standard.

In this paper, the multifunctional platform for sensors based on the microhotplate was developed. The tungsten microhotplate could afford high temperature and it was fully CMOS-compatible. Without extra fabrication processes, this platform has been configured as the Pirani gas pressure, temperature, and thermal-conductivity gas sensor, respectively. Besides those applications, with a few extra fabrication processes, including the deposition of the sensory film on the microhotplate, this platform can be employed as the heating component for some metal-oxide gas sensors.
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