

  Modeling and Manufacturing of a Micromachined Magnetic Sensor Using the CMOS Process without Any Post-Process




Modeling and Manufacturing of a Micromachined Magnetic Sensor Using the CMOS Process without Any Post-Process







Sensors 2014, 14(4), 6722-6733; doi:10.3390/s140406722




Article



Modeling and Manufacturing of a Micromachined Magnetic Sensor Using the CMOS Process without Any Post-Process



Jian-Zhi Tseng 1, Chyan-Chyi Wu 2 and Ching-Liang Dai 1,*





1



Department of Mechanical Engineering, National Chung Hsing University, Taichung, 402 Taiwan






2



Department of Mechanical and Electro-Mechanical Engineering, Tamkang University, Tamsui, 251 Taiwan









*



Author to whom correspondence should be addressed; Tel.: +886-4-2284-0433; Fax: +886-4-2287-7170.







Received: 18 February 2014; in revised form: 31 March 2014 / Accepted: 8 April 2014 / Published: 11 April 2014



Abstract:

 The modeling and fabrication of a magnetic microsensor based on a magneto-transistor were presented. The magnetic sensor is fabricated by the commercial 0.18 μm complementary metal oxide semiconductor (CMOS) process without any post-process. The finite element method (FEM) software Sentaurus TCAD is utilized to analyze the electrical properties and carriers motion path of the magneto-transistor. A readout circuit is used to amplify the voltage difference of the bases into the output voltage. Experiments show that the sensitivity of the magnetic sensor is 354 mV/T at the supply current of 4 mA.
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1. Introduction

The operation of precision equipment is always affected by the magnetic field, which deflects the transmission path of electrons or holes, and changes the resistance of magneto-resistive materials. These effects caused by the magnetic field can affect the performance of an instrument or make it export unreliable data. Therefore, correcting the magnetic field signal is very important. To resolve this problem, this study designs a micro-magnetic sensor to detect the magnetic field variation in an environment. The magnetic microsensor can also be applied to protecting human health as well as in monitoring the magnetic field of equipment environments. The magnetic field affects human health by deflecting the transmission path of charged particles in human blood. This can make people feel dizzy or develop a metallic taste in their mouths [1].

The magnetic microsensor in this study is implemented using micro-electromechanical system (MEMS) technology. That has the advantage of small size, low cost and ease of mass production. Moreover, MEMS chips can be merged in portable devices such as cell phones and laptops. Some magnetic microsensors have been developed by MEMS technology [2]. Nazarinejad et al. [3] developed a giant magneto-impedance (GMI) magnetic sensor as a magnetic switch. The GMI sensor had both meandering and straight film structure, and the main material was Co73Si13B15 with a maximum impedance at 10 Gauss. Wattanasarn et al. [4] designed a 3-dimensional Lorentz sensor using MEMS technology. It was composed of three thin piezoresistive cantilevers. One of the z-axis parts was bent by Cu layer deposition and a thermal annealing process. The resolution of the sensor was 1 mT with a power consumption of less than 11 mW. Estrada [5] fabricated a 3-dimensional Hall sensor using MEMS technology and a silicon on insulator (SOI) wafer. The Hall sensor was implemented during repeated etching and deposition of metal and polyimide layers. After combination of three identical components, the sensitivity of each element was 0.02 mV/T. Ristic et al. [6] designed a lateral magneto-transistor using CMOS technology. It was an NPN (p-doped semiconductor between two n-doped layers) transistor using an n-well as the body. The principle in this magneto-transistor is the imbalance between the currents of both collectors deflected by the magnetic field. Furthermore, Leepattarapongpan et al. [7] also designed a lateral magneto-transistor using CMOS technology. This was a PNP (n-doped semiconductor between two p-doped layers.) transistor based on an n-type substrate. The magneto-transistor was connected with a resistor in series, then the node voltage between the base and collector electrodes was varied, because of the current deflected by the magnetic field. Under a 5 mA supply current, the relative sensitivity of this magneto-transistor was 110 mV/T. The magneto-transistor could detect the magnetic field at the y and z-axes at the same time. Caruntu et al. [8] investigated the relationship between the ratio of electrode width (W) to spacing of electrodes (L) and relative sensitivity. This research strengthens the relative sensitivity of the magneto-transistor by changing the material of the substrate. The Hall mobility based on a GaAs substrate was much larger than that based on a silicon substrate, and the relative sensitivity of the magneto-transistor was dramatically strengthened by using the GaAs substrate. The relative sensitivity of the magneto-sensitivity was 5.5%/T. There are many different types of magnetic sensors [3–8]. These sensors were fabricated using either particular materials or difficult processes, and they required a high voltage supply or a non-traditional silicon substrates.

Various microdevices have been fabricated using the commercial CMOS process [9–13]. Micro-devices manufactured by this process have the potential for integration with circuitry on-a-chip [14–16]. In this work, we develop a magnetic microsensor using the commercial CMOS process. Microsensors and microactuators fabricated by the CMOS process usually require a post-process [17–20] to add functional films or to release suspended structures [21–24]. Some magnetic sensors were designed in CMOS technology [25–27], and they all needed a post-process. In this work, the fabrication of the magnetic sensor is fully compatible with the commercial CMOS process without any post-process. The advantages of the magnetic sensor include easy fabrication and low cost. The magnetic microsensor is designed based on a magneto-transistor, which is a PNP bipolar structure which can be utilized in portable electronic devices or cell phones because of the low supply voltage and the reduced power dissipation resulting from the decrease in current supply. The output signal of the magnetic sensor is amplified by a readout circuit. This work strengthens the sensitivity and sensing range of the magneto-transistor by adjusting the topology and electrodes.



2. Design and Simulation of the Magnetic Microsensor

The magnetic sensor is designed based on a magneto-transistor. The magneto-transistor depends on the Hall effect, which is more evident in semiconductors than in conductors. The proposed magneto-transistor adopts silicon as a substrate. Figure 1 illustrates the current I deflected to the −z direction (ΔZ) by the magnetic field of the x axis, and the Hall angle is Ø. When the displacement of current is L and the major carrier is holes, the relationship between displacement and the angle of deflection is given by:

Figure 1. Current deflected by the magnetic field of the x axis.
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(1)




where L is the displacement of current, BX is the magnetic field of the x direction, Ø is the Hall angle deflected by BX, and μP is the Hall mobility.
The current I is transmitted from the left electrode to the right electrode, as shown in Figure 1. When the magnetic field is applied in the x axis, the current I is deflected to the −z direction and part of current (ΔI) is not received by the right electrode, as shown in Figure 1. The loss current of ΔI can be expressed as [8]:
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(2)




where G is the geometrical correction factor, d is the depth of electrode. The right electrode is connected in series with a resistor R, and the voltage difference of Vb-b caused by the magnetic field is given by [8]:
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(3)




where R is the resistance connected with the electrode. According to Equation (3), the voltage difference of Vb-b generates a change as the magneto-transistor senses the magnetic field of BX.
The magneto-transistor in this study uses PNP structure, as shown in Figure 2. The proposed magneto-transistor includes one p-type emitter, eight p-type collectors and four n-type base electrodes. The design uses local oxidation of silicon (LOCOS) of an undefined area around the emitter electrode bevel edge [28] to resist transmission of current, and also uses LOCOS inside the emitter center to reduce the vertical pn-junction effect. Each base electrode is connected with a resistance in series, so that we can measure both base electrodes opposite each other to readout the magnetic signal of the x and y axes.

Figure 2. Isometric view of the magneto-transistor.
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Figure 3 presents the design of the magnetic microsensor for detecting the magnetic field in the x axis. The current transmitting from the emitter to the collector is deflected down and across the collector electrode to the base electrode. Thus the current of the right base electrode is increased and the current of the left one is decreased. Therefore, we can distinguish positive or opposite magnetic fields in the x axis through the imbalance of both electrodes.

Figure 3. Current of magneto-transistor deflected by x-axis magnetic field.
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The FEM software Sentaurus TCAD is employed to simulate the motion of carriers in the magneto-transistor. To reduce the simulation time and model size, only one-quarter of the magneto-transistor is established. The Delaunay triangulation method is used to mesh the model, and there are about 3.7 million elements. We use the Poisson electron hole method to couple electoral field, magnetic field and other effects. The Bank/Rose nonlinear solver is adopted to converge the simulation model. Figure 4 shows the distribution of current density for the magneto-transistor with a magnetic field of 250 mT. In this simulation, the bias voltage of the emitter is 2.6 V, and the current of the emitter is 4 mA. The results showed that the current of the bases increased 390 nA under the magnetic field of 250 mT.

Figure 4. Carriers density of the magneto-transistor in a 250 mT magnetic field.
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To characterize the voltage difference of the bases, the magneto-transistor is simulated with different magnetic fields in the x axis. Figure 5 shows the simulation results of the voltage difference of the bases for the magneto-transistor. In this investigation, the voltage and current of the emitter are also 2.6 V and 4 mA, respectively. The simulation results showed that the voltage difference of the bases increased from 6.5 to 7.4 mV when the magnetic field changed from −250 to 250 mT.

Figure 5. Simulation results of voltage difference of the bases for the magneto-transistor.
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As shown in Figure 5, the voltage difference of bases in the magneto-transistor is small. To enlarge the voltage difference of bases, a readout circuit is employed. Figure 6 illustrates the readout circuit of the magnetic sensor, where Vb-b is the voltage difference of the bases of the magneto-transistor and V0 is the output voltage. The circuit is composed of two amplifiers and six resistors. The first stage amplifier of A1 is used to enlarge the voltage difference of the bases Vb-b. Then, the second stage amplifier of A2 is utilized to strengthen the output signal of the amplifier A1 again. The output voltage of the readout circuit is given by [29]:

Figure 6. Readout circuit for the magnetic microsensor.
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(4)




where R1, R2, R3 and R4 are the resistors of the readout circuit, and V0 is the output voltage of the readout circuit. According to Equation (4), we know that the gain of the readout circuit depends on the resistors. In this design, the resistors R1=1 kΩ, R2=50 kΩ, R3 =10 kΩ and R4 =50 kΩ are adopted. Substituting the values of the resistors and the voltage difference of the bases in Figure 5 into Equation (4), the output voltage of the readout circuit can be obtained. Figure 7 shows the evaluated results of the output voltage of the readout circuit for the magnetic sensor. The results showed that the output voltage of the magnetic sensor changed from 1.62 to 1.85 V as the magnetic field varied from −250 to 250 mT.


Figure 7. Output voltage of the readout circuit.
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3. Fabrication of the Magnetic Microsensor

This study implemented the design and fabrication of the proposed magnetic senor using the commercial 0.18 μm CMOS process of the Taiwan Semiconductor Manufacturing Company (TSMC, Taipei, Taiwan). The first step was light doping the phosphorus into a p-type silicon substrate as an n-well by ion plasma implantation. After the body (n-well) of the magneto-transistor was defined, the emitter and collector parts were light doped with boron; the bases were light doped with arsenic. Then the emitter and collector were heavily doped again by boron implantation; the bases were heavily doped in the same way as the n-well. When the above process was finished, the magnetic sensor was practically completed. Figure 8 shows an optical image of the magnetic sensor after completion of the CMOS process. Finally, the chip of the magnetic sensor was wire-bonded on a printed circuit board by an aluminum wire bonder. In order to prevent impact, dust and other outside interference, it was packaged in an acrylic protective cover. Figure 9 shows an optical image of the magnetic sensor after completion of wire-bonding and packaging.

Figure 8. Optical image of the magnetic sensor after the CMOS process.
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Figure 9. Optical image of the magnetic sensor after completion of packaging.
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4. Results

A magnetic field generator, a Gauss-meter, a digital multi-meter, and power supplies were used to test the performances of the magnetic sensor. Figure 10 illustrates the measurement set-up for the magnetic sensor. The magnetic field generator was used to supply a magnetic field to the magnetic sensor chip. The Gauss-meter was employed to calibrate the value of magnetic field generated by the magnetic field generator. The digital multi-meter was utilized to record the output signal of the magnetic sensor. The power supplies provided power to the magnetic field generator and magnetic sensor.

Figure 10. Measurement set-up for the magnetic sensor.
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Before detecting magnetic field, the characteristics of the magneto-transistor in the sensor chip were tested without magnetic field. Figure 11 shows the characteristic relation between the current and voltage of the magneto-transistor, where IB is the current of base and IC is the current of collector. In this measurement, the collector and base electrodes were similarly connected with 1 kΩ resistance in series. The results revealed that the magneto-transistor started operation at 0.75 V, resulting from the driving voltage of silicon pn-junction 0.7 V. The current of collector increased from 0 to 8 mA as the supply voltage changed from 0.75 to 5 V. The current of base varied from 0 to 5 mA as the supply voltage increased from 0.75 to 5 V. The current of the collector exceeds that of the base.

Figure 11. I-V characteristic of the magneto-transistor.
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The performances of the magnetic sensor with readout circuit were measured. A metal film was used to package the readout circuit for isolating the external magnetic field to the interference of the circuit performance. In order to reduce the energy dissipation, the operating condition of the magnetic sensor was set with a 2.6 V voltage supply and current supply of 4 mA, where the power consumption was 10.4 mW. The detecting range of magnetic field was set from −240 to 240 mT, because of working limitations of the magnetic field generator. Magnetic field intensity was changed by altering the current input of the magnetic field generator. Simultaneously, the magnetic field value was recorded by the Guess-meter, and the output voltage of the magnetic sensor was detected by the digital multi-meter. After recording data every 50 mT, the relation between the output voltage and magnetic field intensity were obtained. Figure 12 shows the output voltage of the magnetic sensor with readout circuit under different magnetic field intensities. The results showed that the output signal deviation of the magnetic sensor was quite small in the static magnetic field. Figure 13 depicts the relation between the output voltage and magnetic field for the magnetic sensor, and the results were obtained from the data in Figure 12. As shown in Figure 13, when the magnetic field varies from −240 to 240 mT, the output voltage of the magnetic sensor changes from 1.65 to 1.82 V. The sensitivity of the sensor is 354 mV/T. The evaluated results (Figure 7) are linear because we assume that the Hall mobility μp in Equation (3) is constant in order to simplify the model. Actually, the Hall mobility depends on the external magnetic field. The Hall mobility generates a change when the external magnetic field varies [30]. Thereby, the measured results (Figure 13) are nonlinear. The nonlinearity is small, and the measured results approximate to the evaluated results.

Figure 12. Output voltage of the magnetic sensor under different magnetic fields.
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Figure 13. Relation between output voltage and magnetic field for the magnetic sensor.
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Table 1 shows the properties of magnetic sensors from this work and the related research. Nazarinejad et al. [3] developed a GMI magnetic sensor with a special material of Co73Si13B15. This work does not need any special material, so the cost of the magnetic senor in this work is lower than that of Nazarinejad et al. [3]. Wattanasarn et al. [4] fabricated a 3D Lorentz force magnetic sensor using MEMS technology, and Estrada et al. [5] presented a MEMS-SOI 3D-magnetic field sensor. Their fabrications were complicated but the fabrication of the magnetic sensor in this work is easier than those of [4,5]. Ristic et al. [6] manufactured a magneto-transistor magnetic sensor using CMOS technology, and the sensor had a power consumption of 1,108 mW. The power consumption of the magnetic sensor in this work is lower than that of Ristic et al. [6]. Leepattarapongpan et al. [7] proposed a magneto-transistor magnetic sensor fabricated by CMOS technology, and the sensitivity of the sensor was 110 mV/T. The sensitivity of this work exceeds that of Leepattarapongpan et al. [7].

Table 1. Properties of magnetic sensors for this work and the related researches.


	Researchers
	Sensing Principle
	Sensitivity
	Power Consumption





	Nazarinejad et al. [3]
	GMI
	20,000 Ω/T
	–



	Wattanasarn et al. [4]
	Lorentz force
	30.4 Ω/T
	11 mW



	Estrada et al. [5]
	Hall
	0.02 mV/T
	–



	Ristic et al. [6]
	Magneto-transistor
	80 μA/T
	1,108 mW



	Leepattarapongpan et al. [7]
	Magneto-transistor
	110 mV/T
	–



	This work
	Magneto-transistor
	354 mV/T
	10.4 mW










5. Conclusions

A magnetic microsensor has been designed based on a magneto-transistor and manufactured using the commercial 0.18 μm CMOS process. The fabrication of the magnetic sensor was compatible with the CMOS process, and without any post-process. The current of the magneto-transistor was transmitted from the emitter electrode to collector and base electrodes. The voltage difference of the bases in the magneto-transistor was small, therefore, a readout circuit was adopted to amplify the voltage difference of the bases and convert the signal into the output voltage. A voltage of 2.6 V and a current of 4 mA were supplied to the magnetic sensor, and the experiments showed that the output voltage of the magnetic sensor varied from 1.65 to 1.82 V as the magnetic field increased from −240 to 240 mT. The sensitivity of the magnetic sensor was 354 mV/T, and the power consumption was 10.4 mW.






Acknowledgments

The authors would like to thank National Center for High-performance Computing (NCHC) for chip simulation; National Chip Implementation Center (CIC) for chip fabrication and the National Science Council of the Republic of China for financially supporting this research under Contract No NSC 101-2221-E-005-006-MY3.



Author Contributions

J.Z. Tseng carried out the design and fabrication of the magnetic sensors and measured their performances. C.C. Wu designed the readout circuit for the magnetic sensors. C.L. Dai supervised the work of J.Z. Tseng and wrote the paper. All authors read and approved the final manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Ali, E.; Memari, A.R. Effects of magnetic field of power lines and household appliances on human and animals and its mitigation. Proceedings of 2010 IEEE Middle East Conference on Antennas and Propagation (MECAP), Cairo, Egypt, 20–22 October 2010; pp. 1–7.

	2. 
Gardner, J.W.; Varadan, V.K.; Awadelkarim, O.O. Microsensors MEMS and Smart Devices; John Wiley & Son Ltd.: Chichester, UK, 2001. [Google Scholar]

	3. 
Nazarinejad, S.; Akhavan Fomani, A.; Mansour, R. Giant magneto-transistor thin film magnetic sensor. IEEE Trans. Magnet. 2013, 49, 3874–3877. [Google Scholar]

	4. 
Wattanasarn, S.; Matsumoto, K.; Shimoyama, I. 3D Lorentz force magnetic sensor using ultra-thin piezoresistive cantilevers. Proceedings of 2013 IEEE 26th International Conference on Micro Electro Mechanical Systems (MEMS), Taipei, Taiwan, 20–24 January 2013; pp. 693–696.

	5. 
Estrada, H.V. A MEMS-SOI 3D-magnetic field sensor. Proceedings of 2011 IEEE 24th International Conference on Micro Electro Mechanical Systems (MEMS), Cancun, Mexico, 23–27 January 2011; pp. 664–667.

	6. 
Ristic, L.J.; Doan, M.T.; Paranjape, M. 3-D magnetic field sensor realized as a lateral magnetotransistor in CMOS technology. Sens. Actuators A Phys. 1990, 22, 770–775. [Google Scholar]

	7. 
Leepattarapongpan, C.; Penpondee, N.; Phetchakul, T.; Phengan, W.; Chaowicharat, E.; Hruanun, C.; Poyai, A. Merged three-terminal magnetotransistor based on the carrier recombination-deflection effect. Proceedings of 2008 IEEE Sensors, Lecce, Italy, 26–29 October 2008; pp. 399–402.

	8. 
Caruntu, G.; Panait, C. The optimization of Hall microsensors structure. Proceedings of 2011 IEEE 6th International Conference on Intelligent Data Acquisition and Advanced Computing Systems (IDAACS), Prague, Czech Republic, 15–17 September 2001; pp. 115–118.

	9. 
Hsieh, C.H.; Dai, C.L.; Yang, M.Z. Fabrication and characterization of CMOS-MEMS magnetic microsensors. Sensors 2013, 13, 14728–14739. [Google Scholar]

	10. 
Dai, C.L.; Chen, J.H. Low voltage actuated RF micromechanical switches fabricated using COMS-MEMS technique. Microsyst. Technol. 2006, 12, 1143–1151. [Google Scholar]

	11. 
Dai, C.L.; Peng, H.J.; Liu, M.C.; Wu, C.C.; Hsu, H.M.; Yang, L.J. A micromachined microwave switch fabricated by the complementary metal oxide semiconductor post-process of etching silicon dioxide. Jpn. J. Appl. Phys. 2005, 44, 6804–6809. [Google Scholar]

	12. 
Kao, P.H.; Shin, P.J.; Dai, C.L.; Liu, M.C. Fabrication and characterization of CMOS-MEMS thermoelectric micro generators. Sensors 2010, 10, 1315–1325. [Google Scholar]

	13. 
Dai, C.L.; Chen, H.L.; Chang, P.Z. Fabrication of a micromachanied optical modulator using the CMOS process. J. Micromech. Microeng. 2001, 11, 612–615. [Google Scholar]

	14. 
Yang, M.Z.; Dai, C.L.; Lu, D.H. Polypyrrole porous micro humidity sensor integrated with a ring oscillator circuit on chip. Sensors 2010, 10, 10095–10104. [Google Scholar]

	15. 
Dai, C.L.; Lu, P.W.; Chang, C.; Liu, C.Y. Capacitive micro pressure sensor integrated with a ring oscillator circuit on chip. Sensors 2009, 9, 10158–10170. [Google Scholar]

	16. 
Briand, D.; Van Der Schoot, B.; De Rooij, N.F.; Sundgren, H.; Lundström, I. Low-power micromachined MOSFET gas sensor. J. Microelectromechan. Syst. 2000, 9, 303–308. [Google Scholar]

	17. 
Dai, C.L.; Chiou, J.H.; Lu, M.S.C. A maskless post-CMOS bulk micromachining process and its appliction. J. Micromech. Microeng. 2005, 15, 2366–2371. [Google Scholar]

	18. 
Dai, C.L.; Kou, C.H.; Chiang, M.C. Microelectromechanical resonator manufactured using CMOS-MEMS technique. Microelectron. J. 2007, 38, 672–677. [Google Scholar]

	19. 
Dai, C.L.; Hsu, H.M.; Tai, M.C.; Hsieh, M.M.; Chang, M.W. Modeling and fabrication of a microelectromechanical microwave switch. Microelectron. J. 2007, 38, 519–524. [Google Scholar]

	20. 
Dai, C.L. In situ electrostatic microactuators for measuring the Young's modulus of CMOS thin films. J. Micromech. Microeng. 2003, 13, 563–567. [Google Scholar]

	21. 
Fedder, G.K.; Howe, R.T.; Liu, T.J.K.; Quévy, E.P. Technologies for cofabricating MEMS and electronics. Proc. IEEE 2008, 96, 306–322. [Google Scholar]

	22. 
Dai, C.L.; Yu, W.C. A micromachined tunable resonator fabricated by the CMOS post-process of etching silicon dioxide. Microsyst. Technol. 2006, 12, 766–772. [Google Scholar]

	23. 
Dai, C.L.; Chen, Y.L. Modeling and manufacturing of micromechanical RF switch with inductors. Sensors 2007, 7, 2660–2670. [Google Scholar]

	24. 
Dai, C.L.; Tsai, C.H. Fabrication of the integrated chip with microinductors and micro-tunable capacitors by complementary metal-oxide-semiconductor postprocess. Jpn. J. Appl. Phys. 2005, 44, 2030–2036. [Google Scholar]

	25. 
Skucha, K.; Gambini, S.; Liu, P.; Megens, M.; Kim, J.; Boser, B.E. Design Considerations for CMOS-Integrated Hall-Effect Magnetic Bead Detectors for Biosensor Applications. J. Microelectromech. Syst. 2013, 22, 1327–1338. [Google Scholar]

	26. 
Lu, C.C.; Liu, Y.T.; Jhao, F.Y.; Jeng, J.T. Responsivity and noise of a wire-bonded CMOS micro-fluxgate sensor. Sens. Actuators A Phys. 2012, 179, 39–43. [Google Scholar]

	27. 
Beroulle, V.; Bertrand, Y.; Latorre, L.; Nouet, P. Monolithic piezoresistive CMOS magnetic field sensors. Sens. Actuators A Phys. 2003, 103, 23–32. [Google Scholar]

	28. 
Leepattarapongpan, C.; Phetchakul, T.; Penpondee, N.; Pengpad, P.; Srihapat, A.; Chaowicharat, E.; Hruanun, C.; Poyai, A. The low power 3D-magnetotransistor based on CMOS technology. Proceedings of 2011 IEEE Sensors, Limerick, Ireland, 28–31 October 2011; pp. 500–503.

	29. 
Senturia, S.D. Microsystem Design; Kluwer Academic: Boston, MA, USA, 2001. [Google Scholar]

	30. 
Sung, G.M.; Yu, C.P. 2-D differential folded vertical Hall device fabricated on a p-type substrate using CMOS technology. IEEE Sens. J. 2013, 13, 2253–2262. [Google Scholar]



































© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/3.0/).







media/file4.png
250

P
/’/
P

-50 ' 150 .

Magnetic field (mT)

150

50

2

76

-

T
0 < = ¥
e~

(Aw) oo:oh..o,&% owam:o\/ )

e

-250





nav.xhtml


  sensors-14-06722


  
    		
      sensors-14-06722
    


  




  





media/file11.png
o)
S
1

2O
S
1

Output voltage(V)
3

o
C

o~

) 100 200 300 400 500 6
Time (s)

0





media/file1.png





media/file2.png





media/file13.png





media/file7.png





media/file9.png
l Chip

Magnetic field generator

Gauss-meter Power Supply Digital Multi-meter





media/file10.png
— IB current

—e—] c current

Current (mA)

o>

0 0.5
Voltage (V)

1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0





media/file5.png





media/file12.png
Output voltage (V)

1.80- el
e
e
1.75- ./
1.70 e
s
-
1,65+ _—
250 -150 150 250





media/file3.png
Abs(eCumrentDensity-V) (A/cmz)
9.574e-09 2.851e-05 8.490e-02 2.528e+02  7.528e+05
[ B





media/file0.png
5
20

/////%%M/W

——"





media/file8.png





media/file6.png
Output voltage (V)

—_—
.

—

[
.

(S
.

o
.

S50 50
Magnetic field (mT)

80- /
75: /
70- e
651
Py — —
250 -150 150 250






