SINGLE-STRUCTURE 3-AXIS LORENTZ FORCE MAGNETOMETER WITH
SUB-30 nT/YHZ RESOLUTION
Mo Li’, Eldwin J. Ng°, Vu A. Hong’, Chae H. Ahn’, Yushi Yang’,
Thomas W. Kenny’ and David A. Horsley'
1University of California, Davis, USA
*Stanford University, USA

ABSTRACT

This work demonstrates a 3-axis Lorentz force
magnetometer for electronic compass purposes. The
magnetometer measures magnetic flux in 3 axes using a
single structure. With 1 mW power consumption, the sensor
achieves sub-30 nT/VHz resolution in each of the 3 axes.
Compared to the 3-axis Hall sensors currently used in
smartphones, the 3-axis magnetometer shown here has the
advantages of 10x lower noise floor and the ability to be
co-fabricated with MEMS inertial sensors.

INTRODUCTION

Unlike Hall-effect or magnetoresistive sensors, a
Lorentz force magnetometer is a force sensor and typically
operates at its mechanical resonance, f,. The sensitivity of the
sensor is directly proportional to the bias current flowing
through the structure and to the length through which the
current travels (F;=LixB). One type of Lorentz force
magnetometer modulates a low-frequency magnetic field up
to f, [1-3], thus the motion resulting from the Lorentz force is
amplified by the mechanical quality factor (Q). Closed-loop
operation of this type of sensor has also been demonstrated
[4]. Another type of Lorentz force magnetometer has a
frequency output; magnetic field is measured by monitoring
the change in f, as Lorentz force changes the stiffness of the
resonator. In both types of magnetometers, it is desirable to
have a larger bias current and longer current-carrying beam
to improve the sensitivity and resolution of the sensor.
Moreover, having high Q is always desirable for resonant
sensors, as it improves the signal to noise ratio (SNR).

Multi-axis sensing and sensor integration is the trend of
MEMS inertial sensors as they allow chip size and
fabrication cost to be reduced while maintaining the same
performance and reliability. Single-structure  3-axis
gyroscopes are currently in full production and have been
widely used in smart phones and portable devices [5].
Single-structure 3-axis accelerometers have also been
demonstrated  [6] whereas  single-structure  3-axis
magnetometers have not. Moreover, the lowest noise floor
achieved in a MEMS Lorentz force magnetometer, fabricated
in a process that requires electrically-isolated metal layers on
top of the silicon MEMS structure, was reported as
70 nT/NHz for z-axis field and 10 nTVHz for x-/y- axis field
[7]. Most other Lorentz force magnetometers have noise
levels greater than 200 nT/NHz. Here, we demonstrate a
single-structure 3-axis Lorentz force magnetometer for
electronic compass purposes, which has a noise floor below
30 nT/VHz. The magnetometer is fabricated in the epi-seal
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process developed at Stanford University [8]. The process is
currently used for high-volume manufacturing of
micromechanical oscillators for timing applications by
SiTime Inc. and provides a very low operating pressure
(1 Pa). Pressure sensors, thermometers, accelerometers,
gyroscopes [9] and magnetometers have been demonstrated
using the same fabrication process. The magnetometer
presented in this work is fully compatible with production
MEMS processes such as the STMicroelectronics THELMA
process and the Bosch’s surface micromachining process,
and can be fabricated on the same die with accelerometers
and gyroscopes.

DESIGN

The 3-axis magnetometer consists of a 1.8x1.8 mm’
resonator fabricated in 40 um thick (100) single-crystal
silicon and wafer-level vacuum sealed at less than 1 Pa to
reduce damping and increase quality factor (Q). An n-type
wafer with doping level of 6E19 cm” (resistivity 1mQ-cm) is
used to reduce the resistance of the current-carrying flexure.
Figure 1 shows the schematic view and SEM image (inset) of
the magnetometer. The structure is long to maximize Lorentz
force, while the area is optimized to only 0.72 mm?® (18% of
the 2x2 mm” die area). During operation, an ac bias current at
a frequency close to f, is injected through the structure which
generates Lorentz force and therefore movement of the
structure in the presence of magnetic field.
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Figure 1:3-axis Lorentz force magnetometer. Inset: SEM
image of the magnetometer before epitaxial sealing process.
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Figure 2: FEM simulation of the magnetometer. The
excitation current (green arrows) is modulated at the
resonance frequency, and low frequency magnetic field (blue
dashed arrows) generates Lorentz force (black arrows) near
the resonance frequency.

47.106 kHz
47.157 kHz
47.268 kHz

Multi-Axis Resonator

Figure 2 shows the FEM simulation of the three resonant
modes excited by x, y and z field, with a detailed schematic of
current flow and Lorentz force direction. Time-multiplexing
is used to measure each axis of magnetic field in sequence by
switching the direction of current flow. While
time-multiplexing reduces the measurement bandwidth,
cross-axis coupling is greatly reduced.

The three resonant frequencies were designed to be close
to each other, so that when operating in open loop, only one
frequency reference is required for 3-axis sensing. With the
trade-off of reducing sensitivity, the bandwidth can be
greatly enhanced by operating at a frequency slightly
off-resonance [10]. The magnetometer can also be operated
in closed-loop, providing the maximum sensitivity and at the
same time better stability over temperature. The closed-loop
operation also reduces the effect of self-heating due to the
bias current, which would otherwise reduce the sensitivity
because of the change in the natural frequency.

Capacitive Sensing

Capacitive pick-offs are used for displacement sensing,
as illustrated in Figure 3. In-plane motion (z-axis field) is
measured with a pair of differential parallel plates (C,. and
C,.), while out-of-plane motion (x- or y- axis field) is
measured by taking the difference (x-axis field) or sum
(y-axis field) of the signals from two out-of-plane sense
pick-offs (C,; and C,.) located above the moving structure.
The electrode configurations for each axis are different,
further reducing cross-axis coupling.

When designing the capacitive pick-offs, damping has to
be considered. For typical micromechanical resonators with
capacitive sensing, squeeze film gas damping and slide film
gas damping dominate the damping for pressure levels down
to 10-100 Pa [11]. Large sensing capacitance requires more
die area and increases both damping and thermomechanical
noise, however too little sensing capacitance causes
electronic noise to dominate. Comb-finer and parallel plate
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Figure 3: Capacitive pick-off placement for m-plane motion
sensing (top left) and out-of-plane motion sensing (top
right). Bottom schematics show the electrode configurations
for x, y, and z axis magnetic field sensing.

capacitors are the most commonly used capacitive sensing
types. Compared to comb-finger, parallel plate capacitive
sensing gives larger sensitivity for the same area but also
introduces transduction nonlinearity and electrostatic
nonlinearity. However, for the full-range of Earth’s field
detection, the displacement resulting from Lorentz force is on
the order of 1 nm and the nonlinearity from the parallel plate
can be neglected. We considered device size, capacitance
sensitivity, sensor’s resolution and quality factor (Q) during
the sensor design. The designed
displacement-to-capacitance sensitivity is ~1 uF/m in each
axis.

RESULTS

Lorentz force bias current generating circuitry and
capacitive sensing circuitry are implemented with discrete
components on a PCB. We currently use 4 switches to
manually select the sensing axis by setting the current flow
direction, however this switching can be automated in the
future. During operation, a 5.8 mA, s bias current is injected
through the MEMS sensor. This Lorentz force bias current
passes through a resistance of ~30 Q in each axis, which
results in a power consumption of 1 mW. A dc bias voltage is
also applied to the moving mass at the same time for
capacitive sensing. The Lorentz force results in a change in
capacitance that is measured by a transimpedance amplifier.
The measured electronic noise floor is 0.03 aF/VHz with a
4 V DC bias. A digital lock-in amplifier (Zurich Instruments
HF2-LI) is used to generate the bias current at sensor’s
resonant frequency and demodulate the signal. Table I
summarizes the magnetometer parameters for each axis.

Frequency Response and Sensitivity

Figure 4 shows measured frequency responses (left) and
capacitance change vs. input magnetic field (right). Note here
that the measured z-axis frequency response (in-plane
resonating mode) shows that the resonance frequency is
2 kHz higher than the expected value from FEM simulation,



Table 1. Sensor Parameters

Parameter X-field Y-field Z-field
Frliztll‘;?ly 4743kHz  4729kHz  49.10 kHz
0 7100 3200 12700

Bandwidth 3.3Hz 7.4 Hz 1.9 Hz

Power 1 mW 1 mW 1 mW
Sense Cap. 1947 {F 1947 {F 990 fF
Sense Gap 2 um 2 um I um
Sensitivity ~ 17.44 pF/T 9.28 pF/T 24.2 pF/T
Resolution 19 nT/NHz 32 nT/\NHz 17 nT/NHz
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Figure 4: Frequency responses (left) and measured
capacitance change vs. input magnetic field (vight). The

magnetometer is linear up to 400 uT in all three axes.

mainly due to the overcompensation for over-etch in the
device layout. Although all three axes have similar 1 pF/m
displacement-to-capacitance sensitivities, they have different
field-to-capacitance sensitivities due to different Q, an effect
which can be compensated by the detection electronics. The
difference in @ also results in slightly different
thermomechanical noise-limited resolution. The
magnetometer is linear (<1% nonlinearity) up to 400 UT in
all three axes limited by the measurement setup.

Earth’s Field Measurement

We use a commercial geomagnetometer (Integrity
Deisgn & Research IDR-321) to measure the Earth’s field in
our lab (Davis, California) as a reference (13 uT). To
demonstrate that the MEMS magnetometer is capable of
measuring Earth’s field, the device is rotated 360° about its
y-axis and the horizontal component of Earth’s field is
measured from the sensor’s x- and z-axis outputs, showing
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the expected sin(0) and cos(0) dependency in Figure 5. This
measurement was performed with the magnetometer excited
slightly off-resonance (Af, = 7.2 Hz, Af, = 4.2 Hz), trading
sensitivity  for increased bandwidth (BW,=12 Hz,
BW,= 6.8 Hz) and reduced sensitivity to temperature, similar
to an approach recently proposed for gyroscopes [12] . Since
the Brownian (thermomechanical) noise is at least 10x larger
than the electronic noise floor, the resolution is not sacrificed
by operating off-resonance [10].
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Figure 5: Magnetometer’s response to the horizontal
component of Earth’s field (13 uT).
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Cross-axis Sensitivity

The cross-axis sensitivity is measured by mounting the
magnetometer inside a 2-axis Helmholtz coil. The accuracy
of the measurement is limited by the accuracy of the
alignment in our measurement setup (tens to hundreds of
millidegrees). Note that a one-degree misalignment between
the coil and the magnetometer introduces a -35 dB error in
the cross-axis sensitivity.

Table 2 shows the measured cross-axis sensitivity. The
low cross-axis sensitivity results from using (a) three
different resonating modes, (b) time-multiplexing and (c)
three different capacitive sensing configurations. The y-axis
output shows larger coupling from the x-axis input compared
to other combinations. This is possibly because a voltage
source rather than a current source is used to provide the
Lorentz force bias current. A resistance-mismatch in the
current-carrying flexure due to fabrication variation results in
a mismatch of the bias current. The mismatched bias current
is orthogonal with the original bias current, which increases

Table 2. Measured Cross-axis Sensitivity

Input X-OUT Y-OUT Z-0UT
X 0dB -29 dB -65 dB
Y -37dB 0dB -63 dB
V4 -43 dB -36 dB 0dB




the cross-axis sensitivity. This effect can be suppressed by
using a current source instead of voltage source.

Figure 6 compares the performance of recently reported
MEMS Lorentz force magnetometers which are capacitively
transduced. For both sensitivity and resolution, the bias
current for Lorentz force generation is normalized to 1 mA
for comparison. Kyynérdinen’s [7] torsional magnetometer
and double-ended-tuning-fork magnetometer keep the record
for sensitivity and resolution thanks to the
electrically-isolated metal layer on the silicon MEMS
structure, which increases the effective length of the current
carrying beam by a factor of 5X-65X.
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Figure 6: Comparison of capacitance sensitivity versus
resolution of recently reported MEMS Lorentz force
magnetometers.

CONCLUSION

We demonstrate a 3-axis Lorentz force magnetometer in
a single structure. By optimizing the mechanical design, it
achieves sub-30 nT/NHz resolution for all three axes.
Experimental results verify that the device is capable of
measuring Earth’s field. The cross-axis sensitivity is reduced
by both mechanical design and time-multiplexing operation.
Compared to previous single-axis and dual-axis
magnetometers, the 3-axis magnetometer demonstrated in
this work provides very good performance considering
resolution, sensitivity and sensor size.
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