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Detecting magnetic field direction by a micro beam
operating in different vibration modes*
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A new method to detect the magnetic field direction by using a silicon structure is presented in this paper. The

structure includes a micro beam and an in-plane coil electrode. When the electrode under a magnetic field is applied

with an alternating current, the micro beam is actuated under the effect of the Lorentz forces. Magnetic fields of different

directions cause different vibration profiles. The direction of the magnetic field is obtained by measuring the vibration

amplitudes of the micro beam, which is driven to work at first- and second-order resonant modes. A micro structure has

been fabricated using the bulk micromachined silicon process. A laser Doppler vibrometer system is implemented to

measure the vibration amplitudes. The experimental results show that the amplitude of the structure, which depends

on the different modes, is a sine or cosine function of the angle of the magnetic field. It agrees well with the simulation

result. Currently a resolution of 10° for the magnetic field direction measurement can be obtained using the detecting

principle.
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1. Introduction

Magnetic sensors have assisted mankind in vari-
ous fields, such as navigation, data storage, location
sensing, foreign body detection, motion detection, cur-
rent sensing, medical bio-electric detection and disease
detection.['?] With the development of micro-electro-
mechanical systems (MEMS), MEMS magnetic field
sensors and MEMS magnetic field actuators®! can not
only reduce production costs, but also complete more
projects than those of a larger size.

In the past few decades, the magnetic sensor
market has been dominated by Hall effect devices
and flux-gate magnetometers, which are cost-effective,
batch-fabricated and can be easily integrated with
electronics.!) The known limitation of these sensors is
their high power consumption. In recent years, many
novel structures for magnetic field sensing have been
introduced and analyzed by using micromachining
technologies. To be small and cost-effective, these sen-
sors are mostly fabricated by using the MEMS process,
which is compatible with the complementary metal-
oxide-semiconductor process and is known as CMOS-
MEMS technology. New devices, such as resonant
magnetic field microsensors, which use the Lorentz
force to actuate the vibration of the suspended MEMS
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structures, are based on the measurement of electro-
mechanical parameters, such as piezoresistance,!4¢
frequency(”l and vibration amplitude.8! A resonant
magnetic microsensor sensitive enough to measure the
Earth’s magnetic field for compass applications has

9-11] The sensor combined an electro-

been reported.!
statically driven micromechanical resonator and a pla-
nar magnetic concentrator with two narrow gaps.

Information on the direction of the magnetic field
is also required for the application of magnetic field
measurement. A device composed of a permanent
magnet integrated with a rotational comb drive res-
onator can be used to measure the direction of an
external magnetic field.'2=14 The shift of the fun-
damental mechanical resonant frequency of the device
caused by the interaction of the external magnetic field
with the magnetic component of the resonant system
is used to determine the amplitude or the direction of
the external field. The realization of very small res-
onators is usually a challenge, because it is difficult to
fabricate a miniaturized permanent magnet.

In this paper, an approach to build a Lorentz-
force-driven structure using micromachining technol-
ogy is proposed. The sensor consists of a resonating
structure incorporated into an aluminum planar con-
ductive coil. The interaction of the electrically con-
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ductive lines with an external magnetic field alters the
vibrational modes of the structure,!*>16 thereby al-
lowing a readout of the direction of the external field.

The bulk micromachined process was used to fab-
ricate the sensing structure. Both theoretical analysis
and finite element analysis (FEA) were performed to
find the best configurations of the electric excitation.
Experimental validation was conducted using a laser
Doppler vibrometer system. The measurement of the
magnetic field direction as well as the amplitude has
been demonstrated.

2. Operating principle

As shown in Fig. 1, the mechanical structure of
the magnetic sensor consists of a freestanding mem-
brane supported by two micro beams. An aluminum
planar coil used for magnetic coupling runs along the
periphery of the membrane. The driving current with
a magnetic field presented results in different Lorentz
forces on different sides of the membrane. The inter-
action of the aluminum planar coil with an external
magnetic field alters the vibrational amplitude of the
membrane, thereby allowing the readout of the direc-
tion of the external field. A variation of the frequency
of the drive current will result in the change of the vi-
bration amplitude of the membrane. The membrane
vibration can be considered as a time-variant weighted
superposition of its resonant mode functions. If the
frequency of the current approaches one of the reso-
nant frequencies, the membrane will resonant greatly
at that resonant mode, making the vibration ampli-
tude large enough to be observed.

Fig. 1. Schematic of magnetic field detection.

Neglecting the minor geometric asymmetry of the
sensing structure, there are two major sets of resonant
modes of vibration in the structure. One set are the
y-axis anti-symmetric resonant modes, in which the

membrane rotates about the y axis. The other set are
the z-axis symmetric resonant modes, in which the
membrane symmetrically rotates out-of-plane about
the z axis. It is clear that the former set is con-
tributed by the Lorentz forces from the z component
of the magnetic field and the latter set by those from
the y component. In each set, the first-order resonant
mode of vibration is most significant, because the re-
sponse of higher orders shrinks dramatically with the
increased frequency. We denote the first-order modes
of the y-axis anti-symmetric modes and the z-axis
symmetric modes as YAS1 mode and XS1 mode, re-
spectively. The responses of these two modes at reso-
nance are used to detect the amplitude and the direc-
tion of the magnetic field.

Assume the clockwise current to be positive.
When the frequency of the forcing current is sinu-
soidally driven to the first resonant frequency of the
mechanical structure, the displacement at the edge of
the membrane for the YAS1 mode can be written as

a =100, - B8 )
1 1
where )1 is the quality factor of the resonant rotation,
k1 is the stiffness coefficient of the y-axis torsion, and
Fi(t) and F5(t) are the Lorentz forces acting on metal
lines I; and I3, respectively. For driving current I and
external field B, they are given by

Fy (t) = —F5(t) = Iy B cos f sin 27 f1 ¢, (2)

where [; is the length of the line, f; is the resonant
frequency of the YAS1 mode, 6 is the angle between
the direction of the external field and the z axis. The
amplitude of rotation about the y axis can thus be
obtained as

2111 B cosf

Ay = =220 )
1
The stiffness coefficient of torsion can be ex-
pressed as!!7]
2G T
kl = Tpa (4)

where G is the shear modulus, I}, is the polar moment
of inertia and [ denotes the length of the torsional mi-
cro beam.

The following equation can be used for the quality

factor of the resonant rotation,!®!

(2m) Y2 wipd <R0T>1/2

Q=7 |

()

where w; is the circular resonant frequency of the
YAS1 mode, M is the molar mass of air, Ry is the
universal gas constant, 7" is the absolute temperature,
P is the pressure, d is the thickness of the resonator
and p is the density of the structural material.
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Following a similar procedure as above, an ap-
proximation to the maximum amplitude of the XS1
mode As;, can be given as

I(la—l—15)Q2
ko

Agp = Bsin6, (6)
where ()2 is the quality factor of bending, ko is the
stiffness coefficient of bending, s, I4 and [5 are the
lengths of the metal lines as shown in Fig. 1. The stiff-

ness coefficient of bending ks can be expressed as!!”]

24E1;
k2 = l3 9 (7)

where F is the Young’s modulus and I; is the cross-
sectional inertia of the torsion beam. The quality fac-

tor of bending can be expressed as!!?!

Q= et ptes (") L

where ws is the circular resonant frequency of the XS1
mode, hg is the nominal gap between the membrane
and the substrate, and s is the peripheral length of
the gap.

A 90° phase shift between the modes of the YAS1
and the XS1 is detected at the mechanical resonance
modes. The maximum amplitudes of the beam are
determined by the angle, which is defined so that it
is zero when B is parallel to the x axis (see Fig. 1).
When the magnetic field is applied in the direction
parallel to the x axis, the YAS1 amplitude A;, is ob-
tained. When it is applied parallel to the y axis, the
XS1 amplitude Ay, is obtained. Angle 6 of a magnetic
field in an arbitrary direction can thus be calculated

Ay )
0 = arctg ( k==L ), 9
g( = 9)

where k is the normalized coefficient that compen-

using

sates for the difference of the mode responses under
the same magnetic field. According to Egs. (3) and
(6), it can be written as

_ ka @1 . 2l
k1Qo lo— 1y —15

k (10)

3. Simulation

To validate the operation principle, the resonant
frequencies and the modes of the resonators were sim-
ulated using the finite element program ANSYS. The
mechanical properties including Young modulus FE,
Poisson’s Ratio v, density p and thickness h of dif-
ferent thin-film materials are summarized in Table 1.

Table 2 lists the geometrical dimensions of the sens-
ing structure. The dimensions were measured using
an HIROX KH-3000VD 3-D microscope. In the simu-
lation, the constant damping ratios were set to 0.005
for the YAS1 mode and 0.0017 for the XS1 mode.
The simulated mode shapes of the two lowest

Table 1. Material properties used for FEM simula-

tion.
Material E/10° Pa v p/grem™3  h/pm
Polysilicon 160 0.22 2300 10
Silicon oxide 73 0.17 2500 0.3
Aluminum 70 0.33 2700 0.8

Table 2. Geometries used for FEM simulation.

Length/pm Width/pum
ll ! l2 l4 w
600 400 1100 400 340

Fig. 2. Resonant mode shapes of the structure: (a) the
1st mode, shape of the rotation about an axis; (b) the 2nd
mode, shape of the out-of-plane vibration.

modes for the resonator are shown in Fig. 2. As
expected, the YAS1 mode corresponds to a rotation
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about the y axis and the XS1 mode vibrates out-of-
plane, which is a mode with a nodal line perpendicu-
lar to the clamped side. The difference between their
phases is exactly 90°.

Figure 3 shows the plot of the simulated max-
imum amplitudes of the structure under magnetic
fields of 60 mT and 80 mT as a function of the field
direction. The results agree well with the theoreti-
cal prediction. The maximum amplitude linearly in-
creases with the increasing magnitude of the mag-
netic field. The YASI response reaches its maxi-
mum/minimum when the XS1 response reaches its
minimum/maximum, leading to a phase difference of
90° in the amplitude—direction diagram, as shown in
Fig. 3. In addition, a clear sine curve is observed with
the simulated maximum amplitude proportional to B.
The simulated maximum amplitude of the first mode
is about five times larger than that of the second mode.

BT 71 v 71 1 71 11 32
L Ist 80 mT
cn —a— 1st 60 mT
150 =& 2nd 80 mT
F —4— 2nd 60 mT - 24
120
< 90 416 £
S |
60 3
F -8
30+ ]
0 TR TEEE . . TR PR 0
0 40 80 120 160
6/(%)

Fig. 3. Simulated maximum amplitudes of the two modes
of the sensor.

4. Fabrication

As shown in Fig. 4, the starting material was a 4"
(100) p-type silicon wafer. Firstly, an approximately
8 wm-thick N-doped layer (Fig. 4(a)) was formed by
phosphorus diffusion. The layer was used as the struc-
tural layer and was released by the pn junction etch-
stop and dry-etch methods. After diffusion, 1 um-
thick thermal SiO; was thermally grown on the sur-
face as the insulator (Fig. 4(b)).

mately 500 nm-thick aluminum film was sputtered on

Next, an approxi-

the surface and patterned to form the coil and the
wire bonding pad (Fig. 4(c)). Then, electrochemi-
cal wet etching on the backside of the wafer was per-
formed to obtain the n-type silicon layer (as shown in
Fig. 4(e)).

ductively coupled plasma etching of the n-type silicon

Finally, the structure was released by in-

layer (as shown in Fig. 4(f)). A typical test structure

is shown in Fig. 5.

(b)

Fig. 4. Fabrication process of the structure: (a) diffusion,
(b) oxidation, (c) metal plating, (d) wire etching, (e) wet
etching and (f) ICP etching.

Fig. 5. Photo of a typical test structure.

5. Measurements and results

The vibration amplitudes of the micromachined
structures were detected by using a laser Doppler vi-
brometer (LDV). The LDV is capable of measuring
the frequency spectrum of the vibrating object under
the laser spot via the Doppler effect.[2)) A Polytech
LDV system with hardware modules of MSV-400-M2

097101-4



Chin. Phys. B Vol. 20, No. 9 (2011) 097101

was used in this experiment.?!) The setup of the LDV
system is shown in Fig. 6. In the measurement, an
alternating current (AC) voltage up to 300 mV in am-
plitude was applied across the coil under a magnetic
field. Frequency spectra at the edge of the vibrating
membrane were measured, from which the resonant
frequencies were extracted.

scanning
head

esd
Ssample
» Py

Fig. 6. Configuration of the LDV system. The system
mainly consists of a scanning head to control the laser
scanning, a vibrometer to decode the laser signal and a
junction box to interconnect each part.

Figure 7 shows the response spectrum. The
first two peaks correspond to the YAS1 and the XS1
modes, respectively. The FEM results are compared
with the experimental data. The simulated and the
experimentally detected resonant frequencies of the
structure are summarized in Table 3. Experimen-
tal data are in agreement with the calculated values
within an error of 7%. Other important parameters
of the two mode vibrations were also measured ex-
perimentally, including stiffnesses ky = 130, ko ~ 370
and quality factors Q1 ~ 100, Q2 ~ 310. The applied
magnetic field generated by a permanent magnet was
independently measured by using an external Gauss
meter. All measurements were performed at atmo-

spheric pressure.

Table 3. Four lowest experimentally detected and
simulated resonance frequencies of the structure.

feXP/kHZ fansys/kHZ fanSYS/fexp
fi 23.1 22.9 1.008
f2 25.3 26.9 0.941
f3 78.4 80.5 0.974
fa 86.1 83.7 1.028

Figure 8 shows the dependence of the vibration
amplitudes on the angle under an external magnetic
field of 80 mT. As expected, the vibration amplitudes
of the YAS1 and the XS1 modes show a sinusoidal
dependency on the applied magnetic field angle. The
simulated results fit well with those of the measured

data and validate the operation principle of the sens-
ing structure. Figure 9 plots the measured angles as
a function of the applied angle. It can be estimated
that a minimum resolution of 10° has been achieved
at the current stage of design. This sensing technique
maintains the measurement precision of the magnetic
field direction while reducing the sensing structure to
the minimum size.
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Fig. 7. Experimentally detected resonance frequencies of
the structure.
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Fig. 8. Experimental and simulated amplitudes of the
structure as a function of the direction of the applied mag-
netic field. Magnetic field intensity is 80 mT.
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Fig. 9. Measured angle as a function of the direction of
the magnetic field.

6. Conclusion and discussion

A miniaturized sensing structure has been de-
signed and fabricated to measure the direction of mag-
netic field. The altering Lorentz forces on each side of
the coil drive the membrane to vibrate in resonance.
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The direction of the magnetic field is obtained accord-
ing to the amplitudes of the two resonant vibrations,
respectively, driven by the orthogonal components of
the magnetic field. The proof-of-concept structure was
simulated using finite element analysis and was fabri-
cated using the bulk-micromachined process. The de-
signed test structure has achieved a resolution of 10°
for field direction measurement at 80 mT. The experi-
mental data is consistent with the theoretical analysis
and thus validates the concept of the design.

The Lorentz force applied to the coils of the sup-
port beam can deform the structure. However, it is
found in the calculation that the deformation is small
relative to that caused by the coils around the perime-
ter of the board, thus it is negligible. This conclusion
is consistent with the results given by the simulation.
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