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Abstract:

A MEMS piezoresistive magnetic field sensor based on a silicon bridge structure has been simulated and

tested. The sensor consists of a silicon sensitivity diaphragm embedded with a piezoresistive Wheatstone bridge, and a
ferromagnetic magnet adhered to the sensitivity diaphragm. When the sensor is subjected to an external magnetic field,
the magnetic force bends the silicon sensitivity diaphragm, producing stress and resistors change of the Wheatstone
bridge and the output voltage of the sensor. Good agreement is observed between the theory and measurement behavior
of the magnetic field sensor. Experimental results demonstrate that the maximum sensitivity and minimum resolution
are 48 mV/T and 160 uT, respectively, making this device suitable for strong magnetic field measurement. Research
results indicate that the sensor repeatability and dynamic response time are about 0.66% and 150 ms, respectively.
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1. Introduction

Flux gate magnetic field sensors">2 and Hall-effect de-
vices!?] are widely used to measure magnetic fields?®!. How-
ever, the operating power requirements of these devices are
typically prohibitive for a long-term, portable application[*!. To
meet the demands of miniaturization, lower requirement and
low cost, a MEMS magnetic field sensor has been developed
since the 1990s[*]. MEMS technology can be used to reduce the
size of many types of sensors as well as increase their ability to
be mass produced (e.g. pressure sensors and accelerometers).

Recently, the magnetic field sensors using MEMS technol-
ogy have been reported in several studies!> 3], Liu e al.1%] fab-
ricated a cantilever magnetometer with a sensitivity of the order
of 4.58 uT. Yang et al.[®! proposed a ferromagnetic magnetic
field sensor that consists of low-stress electrodeposited mag-
netic alloys and surface-micromachined polysilicon structures
and achieved a sensitivity of 200 nT. Behreyni ez al.!”) reported
a resonant MEMS magnetic field sensor with a minimum de-
tectable signal of the order of 217 nT. Vasquez et al.l¥] pro-
posed a zero-power-magnetometer design which consists of a
permanent magnet that is torsionally suspended to allow rota-
tion about a single axis.

We proposed a novel method of fabricating a MEMS mag-
netic field sensor using a silicon bridge structure and incorpo-
rating a ferromagnetic magnet (FMM) as the sensing element.
Improvement of the sensor sensitivity was achieved by select-
ing the materials and device geometry that would: (1) maxi-
mize the magnetic force resulting from the interaction between
the external field and the ferromagnetic magnet, and (2) em-
phasize its effect on the sensor output. In this prototype device
the mechanical response was measured and a sensitivity of 48
mV/T was achieved.
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2. Principle

Figure 1 illustrates a schematic of the novel magnetic field
sensor design. It consists of a silicon bridge structure and an
FMM structure by the epoxy adhesive attaching to the sensitiv-
ity diaphragm. The silicon bridge has four piezoresistors placed
along the periphery of the sensitivity diaphragm that are con-
nected with a Wheatstone bridge configuration.

An FMM is characterized by the property of being “mag-
netized” if submitted to an external magnetic field. When the
magnet is subjected to an external magnetic field, the relation-
ship between the magnetic force and the magnetic field inten-
sity B sl

1 o
F =—B"S, 1
2410

where F is the magnetic force, i is the permeability of free
space, and B and S are the magnetic field intensity and the area

of FMM perpendicular to the magnetic field, respectively.
The interaction between an external magnetic field and the
magnet generates a magnetic force which bends the silicon sen-
sitivity diaphragm, producing stress and resistors change of the
Wheatstone bridge and the output voltage of the sensor, as de-
scribed in Fig. 2. The Wheatstone bridge output voltage Uy is

Ferromagnetic material
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Fig. 1. Schematic of the proposed magnetic field sensor.
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Fig. 2. Deformation of the magnetic field sensor with magnetic field. (a) Top-view. (b) Cross-section.
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Fig. 3. 3D finite element model of the magnetic field sensor and the stress distributions. (a) Finite element model of magnetic field sensor. (b)

The contour plot of membrane stress at the magnetic pressure of 5 kPa.

a linear function of the mechanical stress in the resistors per-
pendicular o, and parallel o to the diaphragm edgell:

Uo = 2 Uior —0g) = 2 Uiores,  (2)
2 2
where w44 denotes the piezoresistive coefficient of (100)
(110)-orientated silicon, and Uy is the operating voltage.
According to the small-deflection theory!'®l, the silicon
sensitivity diaphragm displacement is small (wg < 0.14, wg
is the deflection of the center of sensitive diaphragm) com-
pared to the thickness of the silicon sensitivity diaphragm un-
der transverse load pressure. The failure stress oy, of silicon is
7 x 10° N/m2['], The maximum stress gy of silicon in the
status of small deflection should satisfy:

Omax < 0.200,. 3)

Equation (3) could provide a reference for the calculation
of maximum magnetic field measurement range.

3. Finite element simulation

Finite element modeling and simulation were performed
using the software package ANSYS. All mechanical param-
eters are listed in Table 1. The response of the magnetic field

Table 1. Parameters for ANSYS simulation.

Material Elastic modulus  Poissonratio  Density (g/cm3)
(GPa)

Silicon 150 0.23 2.23

Epoxy 3.5 0.38 1.96

adhesive

Bearing 208 0.3 7.85

steel

sensor is represented by a constant magnetic pressure (mag-
netic pressure is defined as the ratio between the magnetic force
of FMMs to the upper bases area of the magnet) applied to the
upper bases of the FMM.

The magnetic field sensor model used for simulation is
shown in Fig. 3(a). The SOLID45 element is used to model the
silicon bridge and FMM. The MEMS200 element is used for
the epoxy adhesive. The regular prism bearing steel FMMs is
120 um high. We simulated devices with different side lengths
of FMM to investigate their effect on the magnetic field sen-
sor performance. Figure 4 illustrates the performance of mag-
netic field sensors with different side lengths and the same al-
titude. From Fig. 4, it is observed that the side length should
be around 0.7 mm for maximum sensitivity. So we only focus
on the FMM with a side length of 0.7 mm for discussion. Fig-
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Fig. 4. Response curves between magnetic pressure and magnetic field
intensity with different side lengths.

ure 3(b) is the contour plot of sensitive membrane stress dis-
tribution with magnetic pressure of 5 kPa perpendicular to the
upper bases of the magnet which has the dimensions of 700 x
700 x 120 um?3. It is observed that the maximum stress occurs
at the middle edge of the square diaphragm. The piezoresistors
are placed at the edges of the square diaphragm to gain max-
imum sensitivity. By changing the magnet surface magnetic
pressure, we obtained the midpoint stress value of the sensi-
tive diaphragm edge, and the sensor output voltage is deter-
mined by Eq. (2). Further, the relationship between magnetic
pressure and output is gained, as shown in Fig. 5(a).

Figure 5(b) shows the theory curves obtained by Eq. (1)
between the magnetic pressure on the magnets upper surface
and the magnetic field intensity. Equation (1) has no consid-
eration of the magnetic force of the magnet side. Actually, the
magnetic force of the magnet side is less than the magnet up-
per surface magnetic force. As can be seen from Figs. 5(a) and
5(b), the theory curve between the magnetic field intensity and
the sensor output voltage can be obtained in Fig. 5(c).

4. Fabrication

In this paper, the sensor with the FMM side length of
0.7 mm is prepared for test. The silicon bridge fabrication pro-
cess is mature, which is described in Ref. [12]. In Ref. [12], the
starting material used is silicon with (100) oriented and n-type
doped. The fabrication process flow is as follows.

(1) Thermal silicon oxide growth and LPCVD polysilicon
deposition on the silicon oxide.

(2) Photolithographic steps and boron ion implantation for
four polysilicon piezoresistor.

(3) A metal Al layer is deposited via sputtering. The sec-
ond photolithographic steps are used to make Al electrodes and
form the Wheatstone bridge configuration.

(4) The second metal Al layer is deposited on the backside
silicon via sputtering.

(5) The third photolithography step and etching Al layer.
Then the alloy step is performed.

(6) Etching of the backside silicon. The silicon diaphragm
thickness is 75 pum.

(7) Backside Al layer removal by wet etching.
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Fig. 5. (a) Theory relationship between the magnetic pressure and the
output with a side length of 0.7 mm. (b) Theory curve between the
magnetic field intensity and the magnetic pressure. (¢) Theory curve
between the magnetic field intensity and the output voltage.

In Fig. 6 a photograph of the pressure sensor chip in
Ref. [12] is shown. The MEMS pressure sensor has measured
sensitivity of 0.151 mV/kPa when the power supply is 5 V.

In this paper, the silicon bridge sensitivity diaphragm has
dimensions of about 1100 x 1100 x 20 um?3. The fabricated
silicon bridge has a sensitivity 8.9 times that of the pressure
sensor in Ref. [12] when working at 5 V. The starting mate-
rial used is silicon with (100) oriented and n-type doped. The
fabrication process flow is as follows.
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Fig. 6. Photograph of the pressure sensor chip in Ref. [12]. Fig. 7. SEM photograph of the magnetic field sensor.
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After the completion of the silicon bridge, it was glued to a Current Source

PCB with gold electrodes as electrical connection for fixation. Fig. 8. Complete test set-up of the magnetic field sensor.
In the center of the PCB, it has a blowhole which can make the
silicon bridge have the same atmospheric pressure inside and
outside the cavity to avoid temperature influence. The FMM 5
(height = 120 um and side length = 0.7 mm) was then glued
on the center of the sensitive membrane under a microscope. Ak —=— Forward
The SEM photograph of the fabricated magnetic field sensor is e Reverse
shown in Fig. 7.

5. Experiment and results

The performance of the prepared sensor was tested at atmo-
spheric pressure and room temperature. The sensor was placed
in the middle of the two magnetic poles of the electromagnet
that generated a homogeneous magnetic field perpendicular to
the upper and lower bases of the FMM. Variation of the mag-
netic field intensity was achieved by controlling the current 0 3do 6(|)0 960 12'()() 1500
flowing through the coil. A supply voltage of 5 V was applied B(G)
to the magnetic field sensor. The set-up is pictured in Fig. 8.

For magnetic sensing assessment, a homogeneous mag-
netic field was varied from 0 to 1500 G by controlling the
current source. Figure 9 illustrates the voltage output of the
magnetic field sensor as a function of external magnetic field
intensity. To compare the results of theory and measurement,  Figure 10 additionally contains the theory curve.

Voltage (mV)

Fig. 9. Response characteristics of the magnetic field sensor.
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Fig. 10. Comparison of theory and test.

Voltage (mV)

0 300 600 900 1200 1500
B (G)

Fig. 11. Repeatability characteristic.

5.1. Repeatability

By testing three times, we obtained the repeatability curve
in Fig. 11. The experimental results demonstrate that the re-
peatability is good. In order to measure the repeatability char-
acteristic, the ratio of maximum output deviation A, to full-
scale yrg is defined:

max

YES

b =% x 100% = £0.66%. @)

5.2. Dynamic performance analysis

To verify the dynamic performance of the sensor, the mag-
netic field intensity was adjusted to 1500 G firstly. Then
the power supply of the electromagnet was turned off. Agi-
lent34401A was connected to a computer to acquire the out-
put voltage of the sensor automatically. Thirdly, we turned on
the multimeter and electromagnet power supply. After the mul-
timeter had acquired data for a short time, the electromagnet
power supply was turned off again. Finally, the sensor dynamic
response curve was obtained (Fig. 10). Figure 12 indicates that
the response time of the sensor was about 150 ms.

Voltage (mV)

~

t(s)

Fig. 12. Dynamic performance.

6. Discussion

The experimental result shown in Fig. 10 is close to the
theoretical values. Due to omitting the magnet side magnetic
force, the theory result is less than the measurement result. In
addition, when the FMM was subject to a homogeneous mag-
netic field generated by the electromagnet, there will be edge
effects which lead to different magnetic field intensity on the
upper and lower surfaces of FMM, so this may cause a devi-
ation between the theory and the test. Furthermore, the devia-
tion recorded in Fig. 10 also comes from the positioning error
of the testing location in the magnetic field. Both the probe of
the Gaussmeter and the magnetic field sensor cannot be placed
very precisely in the experiment. In Fig. 10, it was observed
that the maximum sensitivity and minimum resolution were
48 mV/T and 160 uT, which is better than the “U-shape” can-
tilever('3] with 14 mV/T in sensitivity and 380 uT in resolu-
tion.

These three repeatability curves (Fig. 11) almost coincide
with each other because of the same test conditions. The small
deviation is due to the remanence of the electromagnet and
FMM.

The dynamic performance curve (Fig. 12) must be a devi-
ation because of the time spent turning the electromagnet and
multimeter power supply on and off. The actual response time
should be less than 150 ms.

The silicon bridge used for the magnetic field sensor in this
paper has the maximal output voltage of 160 mV. In this case,
the stress difference is 4.6 x 107 Pa by Eq. (2), which is much
smaller than oy, of Eq. (2). In accordance with Fig. 5(a), it
was shown that a magnetic pressure of 366.3 kPa can lead to
a 4.6 x 107 Pa stress difference. A magnetic field intensity of
9593 G produces a magnetic pressure of 366.3 kPa by Fig. 5(b).
The actual measurement range of the proposed magnetic field
sensor is 1.6-9593 G if the magnetic field intensity is no more
than the saturation magnetic flux density of bearing steel. The
measurement range of silicon Hall magnetic field sensors is
10-1000 G, which is less than the proposed sensor. The esti-
mated power consumption of the device is then 5 mW, which
is less than silicon Hall magnetic field sensor power[?].

Figure 7 indicates that the magnetization of FMM has a
hysteresis dependence on the magnetic field. To reduce the hys-
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teresis, we can take into account the low coercivity materials
(e.g. NiFe alloy!!4).

7. Conclusions

We have proposed a structure of a MEMS ferromagnetic
magnetic field sensor based on a silicon bridge. The device has
been successfully used for strong magnetic field measurement.
Operated at a low voltage (5 V), the fabricated sensor has a
maximum sensitivity of 48 mV/T and a measurement range of
1.6G-9593G if the magnetic field intensity is no more than the
saturation magnetic flux density of bearing steel. The repeata-
bility and dynamic response time are about 0.66% and 150 ms,
respectively. The theoretical results agreed well with the ex-
perimental results. The proposed magnetic field sensors have
mature fabrication technology, cost-effective batch fabrication,
low cost, lower power, small area and easy integration. More
work can be done to improve the sensor performance by select-
ing the FMM materials and geometry.
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