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Abstract

:

Featured Application


Three-axis magnetic field microsensors in this study can be applied to various electronic instruments, portable electronic devices, mobile phones, and industrial equipment.




Abstract


This study develops a three-axis magnetic field (MF) microsensor manufactured by a complementary metal oxide semiconductor (CMOS) process. The MF microsensor contains a ring emitter, four bases, and eight collectors. Sentaurus TCAD was used to simulate the microsensor characterization. The STI (shallow trench isolation) oxide in the process was used to limit the current direction and reduce leakage current. The microsensor produces a voltage difference once it senses a magnetic field. An amplifier circuitry magnifies voltage difference into a voltage output. Experiments reveals that the MF microsensor has a sensitivity of 1.45 V/T along the x-axis and a sensitivity of 1.37 V/T along the y-axis.
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1. Introduction


Many electronic instruments, portable electronic devices, and industrial equipment require magnetic field (MF) sensors [1,2,3,4]. Several transducers have been constructed on a smaller scale by a microelectromechanical system (MEMS) process [5,6,7,8]. Compared with traditional sensors, microsensors are easy to mass produce, are of high quality, are small, and have a low cost [9,10,11,12]. Recently, many MF microsensors have been developed utilizing the MEMS method. For example, Yin et al. [13] made a MEMS torsion oscillator MF sensor. The sensor with a soft magnetic wire was fabricated using a focus ion beam and a MEMS process. The MF sensor could detect a tiny magnetic field. The minimum recognizable magnetic field of the sensor was 55 nT. Zhang et al. [14] fabricated a resonant MF sensor using a MEMS process. The sensor structure was constructed by springs and electrodes. The output signal of the sensor was a variation of resonance frequency. Huang et al. [15] used a CMOS process to fabricate a fluxgate MF microsensor. The sensor was a 3-axis MF designed to detect low magnetic fields and could detect magnetic fields from −3 to 3 mT. Avram et al. [16] made an MF microsensor utilizing a CMOS process. An NPN (n-type, p-type, and n-type silicon) transistor was designed as a 2-axis MF sensor. Song et al. [17] employed a standard CMOS process of Hynix Company to develop an MF microsensor with an NPN transistor on a p-type silicon substrate. Leakage current existed in the sensor because there was no buried layer on the substrate. Yu et al. [18] presented a 2-axis magnetic Hall device based on a bipolar transistor process. The interaction effect of the magnetotransistor and the magnetoresistor in the device was investigated. There were three operation modes for the magnetic device. The magnetic Hall device needed a supply current of 100 mA, so it had a high power consumption problem. Estrada et al. [19] also utilized a bipolar transistor process to develop a magnetic Hall sensor, which had a low sensitivity of 0.02 mV/T. The sensitivity and performance of the sensor [16,17] manufactured by a CMOS process were higher than that manufactured by a bipolar process [19]. These microsensors [16,17,18] made by a CMOS process were 1-axis and 2-axis magnetic sensors. Thereby, a three-axis MF microsensor in this study was developed utilizing a standard CMOS process. Fabrication of the MF sensor in this study was simpler than that of these aforementioned sensors [13,14,15] because the sensor in this work required no added materials and did not involve any post-process.



A CMOS process employed to make various MEMS devices is called a CMOS-MEMS technique [20,21,22]. Many microsensors have been made this way [23,24,25]. In this study, a 3-axis MF microsensor was developed using the CMOS-MEMS technique. Several CMOS-MEMS magnetic microsensors [26,27,28] have required post-processing to obtain suspension components and to add functional materials. The MF sensor in this work did not require any post-processing, and its fabrication was fully consistent with the CMOS process. The design of this MF microsensor adopted an NPN transistor structure. The STI (shallow trench isolation) oxide was adopted to limit the current direction and reduce leakage current. This MF microsensor has a potential for applications in mobile and electronic instruments owing to its small volume and high sensitivity.




2. The Design of Magnetic Field Sensors


A magnetotransistor mechanism [10] was used to design this 3-axis MF microsensor. Figure 1a demonstrates the three-axis MF microsensor structure. Its structure is composed of a ring emitter, four bases, and eight collectors. The MF microsensor was constructed by an NPN magnetotransistor. As shown in Figure 1a, the STI oxide surrounds the emitter edge to counteract current moving. The STI oxide was also used to decrease the vertical p–n-junction effect and to eliminate the current from the surface of the magnetotransistor. Each electrode links a resistance, so the voltage difference of the bases in the x- and y-directions can be measured.



A magnetotransistor depends on the Hall effect. Figure 1b presents a cross-sectional view of the MF microsensor. Carriers, giving a magnetic field in the x-direction, move from the emitter to the collectors and bases. On the right in Figure 1b, the path of the carriers is bent downward by Lorentz force when carriers move to the right collector, and they move across the right collector to the right base, leading to the right base current increment. On the left of Figure 1b, the path of the carriers is bent upward by Lorentz force when carriers move to the left collector, and they are difficult to move across the left collector to the left base, leading to the left base current decrement. Thereby, this action causes both the right and left bases in the y-direction to generate a voltage difference. Similarly, the bases in the x-direction produce a voltage difference when a magnetic field is given in the y-direction. In both collectors, the current causes an imbalance when a magnetic field is given in the z-direction, so both collectors generate a voltage difference. Figure 2 illustrates an equivalent circuit for the microsensor, where MT denotes the magnetotransistor, VE is the bias voltage of the emitter, VB1, VB2, VB3, and VB4 are the voltages of the bases, VC1, VC2, VC3, VC4, VC5, VC6, VC7, and VC8 are the voltages of the collectors, R is the resister, and the symbol (4) represents the related circuit repeated four times. The resistor R is 1 kΩ. When the magnetic field in the x-direction applies to MT, we can measure a voltage difference between bases VB2 and VB4. Relatively, the magnetic field in the y-direction supplies to MT, and the voltage difference between bases VB1 and VB3 is then acquired. Finally, the voltage difference between collectors VC1 and VC3 (or VC2/VC4) is yielded when the magnetic field in the z-direction supplies to MT.



Carrier motion in the MF microsensor was simulated using FEM (finite element method) software Sentaurus TCAD. The MF microsensor is a symmetrical structure, so only one-quarter of the MF microsensor is established to reduce model size and simulation time. The model is meshed using the Delaunay triangulation method, and the model has 4 × 106 elements. The coupling effect of the electrical and magnetic fields is evaluated utilizing the Poisson electron hole approach. The carrier density of the MF microsensor model is computed by solving with the Bank/Rose approach. Figure 3 illustrates the computed results of the surface carrier density distribution for the MF microsensor model with the x-direction MF. The surface carrier density distribution of the MF microsensor without a magnetic field is presented in Figure 3a, and the surface carrier density distribution of the MF microsensor with 200 mT in the x-direction MF is presented in Figure 3b. In this computation, the emitter needs to supply a current and a bias voltage. The current and bias voltage for the emitter are 4 mA and 1.8 V, respectively. As shown in Figure 3a,b, we know that the base current increases by 930 nA at 200 mT in the x-direction MF by comparison of the computations.



With the same computation method, surface carrier density distribution in the z-direction MF for the microsensor was evaluated. The emitter requires a bias voltage and a current. The bias voltage and current applied to the emitter were 1.8 V and 4 mA, respectively. Figure 4 illustrates the evaluated results of the surface carrier density distribution for the MF microsensor in the z-direction MF. The surface carrier density distribution of the MF microsensor without a magnetic field is illustrated in Figure 4a, and the surface carrier density distribution of the MF microsensor with 200 mT in the z-direction MF in Figure 4b. As shown in Figure 4a,b, the current of the left collector increases by 90 nA at 200 mT in the z-direction MF.



To characterize the relation between the output signal and the magnetic field, the output voltage of the bases in the x-direction MF was evaluated using TCAD. The bias voltage and current applied to the emitter in this evaluation were 1.8 V and 4 mA, respectively. The magnetic field changed from −200 to 200 mT in the x-direction. Figure 5 shows the evaluated voltage difference of the bases in the x-direction MF. As shown in Figure 5, the voltage difference of the bases was −1.3 mV at −200 mT, and this value changed to 1.3 mV at 200 mT. The slope of the curve in Figure 5 is 6.5 mV/T. Because the MF microsensor is a symmetric structure, the voltage difference of the bases in the y-direction MF is the same as that in the x-direction MF.



To understand the MF microsensor performance in the z-direction MF, it was analyzed with the same method. The evaluation of voltage difference for collectors in the z-direction magnetic field is presented in Figure 6. The results depict that the voltage difference of the collector was −0.08 mV at −200 mT, and the value increased to 0.08 mV at 200 mT. The slope of the curve in Figure 6 is 0.4 mV/T.



As shown in Figure 5 and Figure 6, the slope of the curve (Figure 5) is 6.5 mV/T, and the slope value (Figure 6) is 0.4 mV/T. Therefore, the output signals of the bases and collectors in the MF microsensor were not large. To magnify the output signal of the MF microsensor, an amplifier circuitry was utilized to enlarge the output signal of the MF microsensor. Figure 7 shows the amplifier circuitry of the MF microsensor, where Vin denotes the MF sensor voltage difference, and V0 is the amplifier circuitry output voltage. The amplifier circuitry contains six resistors and two amplifiers. The first stage amplifier of A1 enlarges the voltage difference of Vin and eliminates the initial offset of the sensor. Then, the second stage amplifier of A2 strengthens the amplifier A1 output voltage. The output voltage of the amplifier circuitry can be expressed as [29]


    V 0  =  (     R b  ×  R d     R a  ×  R c     )   V  i n     



(1)




where Ra, Rb, Rc, and Rd denote resistors as shown in Figure 7. According to Equation (1), we can match the resistors to obtain an ideal magnification effect.



The resistors Ra, Rb, Rc and Rd in this evaluation are 1, 50, 5 and 25 kΩ, respectively. Substituting the resister values into Equation (1), we know that the gain of circuitry is 250. To understand the magnification effect of the amplifier circuitry for the microsensor sensing signal in the x-direction MF, the voltage difference of the bases in Figure 5 and the resisters (Ra = 1 kΩ, Rb = 50 kΩ, Rc = 5 kΩ, Rd = 25 kΩ) are substituted into Equation (1), and the output voltage of the microsensor is then yielded. The evaluated output voltage of the MF microsensor with amplifier circuitry is presented in Figure 8. The evaluated results depict that the output voltage of the MF microsensor with amplifier circuitry was −0.33 V at −200 mT, and this value changed to 0.33 V at 200 mT. The slope of curve in Figure 8 is 1.63 V/T, which is the evaluated sensitivity of the microsensor with amplifier circuitry in the x-direction MF.



The microsensor is a symmetric structure, so its output signal and sensing performance in the x- and y-directions were the same. Therefore, the evaluated results in Figure 8 were also applied to the microsensor with amplifier circuitry in the y-direction MF. The evaluated sensitivity of the microsensor with amplifier circuitry in the y-direction MF was also 1.63 mV/T.



To realize the signal magnification of amplifier circuitry for the microsensor in the z-direction MF, the voltage difference of the collectors in Figure 6 and the resisters (Ra = 1 kΩ, Rb = 50 kΩ, Rc = 5 kΩ, Rd = 25 kΩ) are substituted into Equation (1), and the output voltage of the microsensor can then be obtained. Figure 9 plots the evaluated output voltage of the microsensor with amplifier circuitry in the z-direction MF. As shown in Figure 9, the output voltage of the MF microsensor with amplifier circuitry was −0.02 V at −200 mT, and the value increased to 0.02 V at 200 mT. The slope of the curve in Figure 9 is 0.1 V/T, which is the evaluated sensitivity of the microsensor with amplifier circuitry in the z-direction MF.




3. Fabrication of Magnetic Field Sensor


A standard 0.18 μm CMOS process of Taiwan Semiconductor Manufacturing Company (TSMC) was utilized to make the MF microsensor [10]. According to the MF microsensor model in Figure 1, we designed the layout of the MF microsensor. The microsensor layout had to fit the design rules of TSMC. The chip of the MF microsensor was thus fabricated utilizing the CMOS process in accordance with the sensor layout. Figure 10a demonstrates an image of the MF microsensor chip after the CMOS process. The microsensor did not require any post-processing, so its fabrication was simpler than other MEMS magnetic field microsensor [16,17,18]. Figure 10b illustrates a magnification of the MF microsensor. As illustrated in Figure 10b, the microsensor contained a ring emitter, four bases, and eight collectors. The emitter was n-type silicon doped with phosphorus. The bases were p-type silicon doped with boron. The collectors were constructed out of n-type silicon doped with phosphorus. The STI oxide is utilized to decrease leakage current and confine current direction, and it surrounded the emitter edge to limit current moving. The STI oxide was also utilized to eliminate vertical p–n-junction effects. Finally, the MF microsensor chip was packaged, and it was wire-bonded on a frame. Figure 10c demonstrates the MF microsensor image after packaging.




4. Results


The MF microsensor characteristics were measured using a magnetic testing system. The system contained an MF detector, a magnetic field generator, and an oscilloscope. The function of a magnetic generator produced an MF supplied to the microsensor. The MF detector calibrated the magnitude of the MF generated by magnetic generator. The MF microsensor output signal was measured with an oscilloscope.



To characterize the MF microsensor with amplifier circuitry, its performances were tested. The MF microsensor was set in the magnetic testing system. A 4 mA current and a 1.8 V voltage were applied to the microsensor. The magnetic field generator supplied an MF range of −200–200 mT to the microsensor, and MF intensity was detected utilizing the MF detector. First, a magnetic field in the x-direction was applied to the microsensor. The oscilloscope was used to measure the output voltage of the microsensor. The sensing response of the microsensor in the x-direction MF was recorded. Figure 11 illustrates the measured output voltage versus the applied magnetic field in the x-direction. As depicted in Figure 11, the microsensor output voltage was −0.17 mV at −100 mT and 0.171 at 100 mT. The results depicted that the microsensor output voltage varied from −0.289 at −100 mT to 0.29 mV at 200 mT. The slope of the curve in Figure 11 was about 1.45 V/T, which was the measured sensitivity of the MF microsensor with amplifier circuitry in the x-direction MF. The microsensor power consumption was 7.2 mW.



To understand the sensing performance of the microsensor with amplifier circuitry in the y-direction MF, the microsensor was tested with the same approach. The magnetic field was applied to the microsensor in the y-direction, and the microsensor output voltage was measured with an oscilloscope. The sensing response of the microsensor in the y-direction MF was measured. Figure 12 illustrates the measured output voltage versus the applied magnetic field in the y-direction. As presented in Figure 12, the microsensor output voltage was −0.16 mV at −100 mT and 0.161 at 100 mT. The microsensor output voltage changed from −0.277 at −200 mT to 0.271 mV at 200 mT. Therefore, the measured sensitivity of the microsensor with amplifier circuitry in the y-direction MF was 1.37 V/T.



The characteristics of the microsensor with amplifier circuitry in the z-direction MF was also tested. The magnetic field was supplied to the microsensor in the z-direction, and the oscilloscope was used to record the microsensor output voltage. The sensing response of the microsensor in the z-direction MF was recorded. Figure 13 depicts measured output voltage versus applied magnetic field in the z-direction. As illustrated in Figure 13, the microsensor output voltage was −0.017 mV at −100 mT and 0.016 mV at 100 mT. The microsensor output voltage varied from −0.035 at −200 mT to 0.03 mV at 200 mT. Therefore, the measured sensitivity of the microsensor with amplifier circuitry in the z-direction MF was 0.163 V/T.



As depicted in Figure 8, the evaluated sensitivity of the microsensor in the x-direction MF was 1.65 V/T. The measurement results in Figure 11 indicate that the measured sensitivity of the microsensor in the x-direction MF was 1.45 V/T. Comparing evaluation and measurement, the sensitivity of the microsensor in the x-direction MF has an error percentage of 12%. The microsensor structure is a symmetric, so the characteristic of the microsensor in the x- and y-directions MF should the same. In fact, the measurement results in Figure 12 revealed that the microsensor sensitivity in the y-direction MF was 1.37 V/T. The microsensor sensitivity in the x- and y-directions MF has little difference, resulting from the deviation of fabrication and packaging. The measurement results in Figure 13 showed that the microsensor sensitivity in the z-direction MF was 0.163 V/T. Therefore, the microsensor along the x- and y-axes was more sensitive than that in the z-axis.



A Hall MF microsensor proposed by Estrada et al. [19] had a sensitivity of 0.02 mV/T. Leepattarapongpan et al. [30] developed an MF microsensor with a 110 mV/T sensitivity. Tseng et al. [10] made an MF microsensor whose sensitivity was 354 mV/T. The sensitivity of the MF microsensor in this work was higher than those of all three of these studies. The evaluated results in Figure 5 and Figure 6 show that the microsensor is linear output. In fact, the measured results in Figure 11, Figure 12 and Figure 13 show that the microsensor with circuits has little nonlinear output. The reason is that the sensor and circuits are not integrated on-chip, which results in noise and interference.




5. Conclusions


A three-axis MF microsensor was implemented utilizing a standard CMOS technology. Fabrication of the MF microsensor without any post-processing was simpler than that of other MEMS MF microsensors [16,17,18]. In the MF microsensor design, the STI oxide was adopted to surround the emitter edge to counteract current moving and decrease the vertical p–n-junction effect, eliminating the current from the magnetotransistor surface and reducing leakage current. The voltage difference of the bases and collectors in the MF microsensor was not large. Amplifier circuitry was employed to enlarge the output signal of the MF microsensor. The experiments revealed that the MF microsensor had a sensitivity of 1.45 V/T along the x-axis, a sensitivity of 1.37 V/T along the y-axis, and a sensitivity of 0.163 V/T along the z-axis.
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Figure 1. The MF microsensor structure: (a) tap view; (b) cross-sectional view. 
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Figure 2. Equivalent circuit of the MF microsensor. 
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Figure 3. MF microsensor carrier density with (a) 0 mT and (b) 200 mT in the x-direction MF. 
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Figure 4. Carrier density of the MF microsensor with (a) 0 mT and (b) 200 mT in the z-direction MF. 
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Figure 5. Voltage difference of bases in x-direction MF. 
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Figure 6. Voltage difference of collectors in the z-direction MF. 
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Figure 7. Amplifier circuitry. 
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Figure 8. Evaluated output voltage in the x-direction MF. 
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Figure 9. Evaluated output voltage in the z-direction MF. 
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Figure 10. The MF microsensor image: (a) chip; (b) magnification; (c) packaging. 
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Figure 11. Measured output voltage in the x-direction MF. 
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Figure 12. Measured output voltage in the y-direction MF. 
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Figure 13. Measured output voltage in the z-direction MF. 
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