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a  b  s  t  r  a  c  t

This  paper  presents  a frequency-based  silicon  micromechanical  resonant  magnetic  field  sensor  with  a
high quality  factor  by using  a  double-ended  tuning  fork  (DETF).  The  sensing  mechanism  is  based  on
the  detection  of  resonant  frequency  shift  of the DETF  resonator  due  to the  exertion  of a  Lorentz  force
generated  under  the  presence  of a magnetic  field.  By designing  the  strain-sensitive  resonator  as  a  DETF,
we  are  able  to achieve  a quality  factor  (Q)  of over  100,000  for the anti-phase  mode.  An analytical  and  finite
element  (FE)  model  describing  the  sensitivity  of  the  magnetic  field  sensor  is  presented.  Good  agreement
between  the  FE  model  and  measurements  is obtained,  which  are  close  to  the analytical  model  estimates.
Through  more  careful  choice  of  the device  physical  dimensions,  we  show  that  the current  sensitivity  of
215.74  ppm/T  can  be improved  tenfold.  Given  this  level  of  field  sensitivity,  we envisage  that  magnetic
noise  floor  levels  in the  �T range  are  achievable  using  the  device  concepts  described  in this  paper.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Magnetic field sensors are widely used in various modern indus-
trial applications, such as magnetic storage, navigation systems and
position sensing [1]. The superconducting quantum interference
device (SQUID) for example is capable of detecting weak magnetic
fields down to femto-tesla (fT) precision [2]. As such, SQUIDs to date
represent the highest end among the spectrum of different kinds
of magnetic field sensors in terms of resolution. However, their
high cost and requirement for low temperature operation condi-
tions are some drawbacks that prevent their use in more ubiquitous
applications. At the other end of the performance-price spectrum
are Hall-effect sensors, which belong to a class of more main-
stream magnetic field sensors. Hall-effect sensors are characterized
by low cost with the tradeoff of poorer field resolution which
improves at the expense of increasing their power consumption
[3]. With the development of silicon micromachining technol-
ogy, micromechanical magnetic field sensors with comparatively
lower power consumption, improved resolution and reduced
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barriers to CMOS integration have emerged as attractive device
implementations.

Various micromechanical magnetic field sensors have been
developed [4–8]. Most of these designs rely on the effect of an asso-
ciated Lorentz force on the resonant structure as a means to detect
a desired magnetic field. The device can be designed in such a way
that the amplitude of the resonator’s oscillation is desirably sensi-
tive to perturbations by the Lorentz force. This change in amplitude
can in turn be detected electronically as a voltage output via capac-
itive plates or fingers on the device [9,10]. In this paper, we refer
to this class of devices as amplitude-based resonant magnetic field
sensors. Alternatively, the device can be designed in another way
such that the resonant frequency (instead of the amplitude) of the
oscillation is sensitive to the action of the induced Lorentz force.
The Lorentz force, and thus also the related magnetic field to be
measured, is thus monitored by tracking the shifts in the oscilla-
tion frequency of the resonator [11,12]. We  here refer to this class
of devices as frequency-based resonant magnetic field sensors.

For the frequency-based magnetic field sensor, the sensitivity is
determined by the geometry and material properties of the device.
Although the sensitivity does not benefit from having higher Q, a
higher Q is nonetheless desirable as it provides for larger output
signal by increasing the displacement amplitude, leading to bet-
ter signal to noise ratio and also higher resolution by decreasing
the short-term frequency noise in a closed-loop implementa-
tion. Previous reports on frequency-based magnetic field sensors
also mention the importance of Q in enhancing performance, but
did place much emphasis on implementing designs with high Q.
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Q is largely dependent on the structural design, and can thus be
enhanced through choice of geometry and physical dimensions
[13].

In this paper, we propose a frequency-based readout magnetic
field sensor shaped in the form of a double-ended tuning fork
(DETF). Being a frequency-based sensor, its nominal resonant fre-
quency is perturbed due to the action of a magnetic-field-induced
Lorentz force on the micromechanical resonator. By driving the
DETF in the anti-phase vibration mode, we can obtain a high qual-
ity factor (100,000), which is beneficial for improving the resolution
of the sensor. Next in Section 2, more details on the design of our
fabricated device are presented along with a finite-element model.
An analytical model is derived to describe the effect of the Lorentz
force on the resonant frequency, which defines the sensitivity of the
magnetic field sensor. To provide a reference to compare against
the DETF, another device design based on parallel beam resonators
is described. Likewise, both the analytical and finite element (FE)
models are presented. In Section 3, experimental results from the
characterization of these device concepts that have been fabri-
cated in a silicon-on-insulator (SOI) micromachining process are
presented. These results are compared against predictions from
the analytical and FE models, where good agreement is shown.
In Section 4, possible reasons for mismatches between the mod-
els and measurement results are discussed and verified. We  also
discuss how the sensitivity of the proposed frequency-based DETF
resonant magnetic field sensor can be further enhanced through
a more favorable choice of device physical dimensions. This will
help illustrate the potential limits of the device concepts presented
herein.

2. Design and modeling of the device

2.1. DETF frequency-based resonant magnetic field sensor

The schematic of the device is shown in Fig. 1. The central part
of the sensor is a DETF resonator formed by two parallel beams or
tines (600 �m long and 8 �m wide), clamped on both ends. Two
rows (instead of just a single row) of comb drives are attached
to each tine to increase the electromechanical coupling area. As
illustrated in Fig. 1, a set of comb drive electrodes on one of the
tines is used for actuation while another set of comb drive elec-
trodes on the other tine is used for sensing the motional current.
The electrostatic force drives the DETF to vibrate in the anti-phase
mode within the plane of fabrication, which is depicted in Fig. 1.
The anti-phase vibration mode has the benefit of realizing higher Q

Fig. 1. Schematic of the DETF resonator magnetic field sensor with biasing configu-
ration including transimpedance amplifier (TIA) at the sensing port. The right hand
side shows the eigenmode simulation of the anti-phase mode of the DETF and a
cross section schematic view of the device.

by merit of having mutual cancellation of opposing stress waves in
the coupling-ends of the tines [14]. Changing the overlap between
the comb fingers produces a motional current at the sensing elec-
trode which is then further enlarged by a transimpedance amplifier.
Having two rows of comb drives instead of one helps improve the
signal to noise ratio of the output motional current. In addition to
the anti-phase mode, the in-phase mode will also be excited and
detected by the abovementioned electrical probing configuration,
though the associated Q is expected to be much lower.

As shown in Fig. 1, the longitudinal axis of the DETF tines lies
perpendicular to a pair of suspended crossbars, which also form
the clamping boundary condition of the tines. Each of the crossbars
is anchored on either sides, across which a DC bias current (Iin)
is applied. The current running through the crossbars will heat up
the structure, leading to a thermally-induced frequency shift due to
softening of the material. To minimize the effect of joule heating, a
500 nm metal stack of chromium and gold was  deposited on the sil-
icon device layer (only along the crossbars) to reduce the resistance
across the crossbars as indicated in Fig. 1.

A Lorentz force is generated normal to the crossbars in the
plane of fabrication when Iin is passed through the crossbar under
the presence of an out-of-plane magnetic field (B). The current
in the crossbars on each end are running opposite to each other
such that the induced Lorentz forces will axially stretch or com-
press the vibrating tines. This results in a corresponding upward or
downward shift in the resonant frequency from which the value of
the magnetic field (B) can be inferred. We  model this axial-strain
frequency-tuning effect in the following.

The resonant frequency of a generic device vibrating in the fun-
damental lateral mode is given by:

f0 = 1
2�

√
kb

Meff
(1)

where kb is the spring constant and Meff is the effective mass of
the device under vibration. By simplifying the vibration of tines to
that of a doubly-clamped beam under axial load, kb can be approx-
imately expressed as [15]
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�L − 4 tanh
(

�L/4
) (2)

where E is the Young’s modulus of single crystal silicon, I is the
moment of area of the tines, and L represents the length of each
tine. Here the parameter � is defined as �2 = F/EI [11], where F is the
axial force applied to the tines. Given a width W and thickness H,
for in-plane vibrations, the moment of area is given by I = HW3/12.
Expanding Eq. (2) as a Taylor series yields
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Substituting Eq. (2) into Eq. (1), we obtain

f = f0

√
1 + 0.3L2

EHW3
F (4)

Expanding Eq. (4) once again as a Taylor series, the frequency
shift �f  as a function of Lorentz force is given by

�f  = f0

(
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)
F (5)
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