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Abstract

This study designs and implements a single unit three-axis magnetic sensor using the standard
TSMC 0.35 um 2P4M CMOS process. The magnetic sensor consists of springs, a proof-mass
with embedded magnetic coils, and sensing electrodes. Two sets of in-plane magnetic coils
respectively arranged in two orthogonal axes are realized using the stacking of metal and
tungsten layers in the CMOS process. The number of turns for the proposed in-plane
magnetic-coil is not restricted by the space and thin film layers of the CMOS process. The
magnetic coils could respectively generate Lorentz and electromagnetic forces by out-of-plane
and in-plane magnetic fields to excite the spring—mass structure. Capacitance sensing
electrodes could detect the dynamic response of the spring—mass structure to determine the
magnetic fields. Measurements indicate the typical sensitivities of the sensor are

0.21 uV uT~! (x-axis), 0.20 uV uT~! (y-axis), and 0.90 uV uT~! (z-axis) at 1 atm. Moreover,
the resolutions of the sensor are respectively 384 nT rtHz~! for the x-axis, 403 nT rtHz~' for
the y-axis, and 62 nT rtHz~! for the z-axis at 1 atm. The presented magnetic sensor could
monolithically integrate with other CMOS-MEMS devices for various applications.

Keywords: three-axis resonant magnetic sensor, in-plane magnetic coils, CMOS-MEMS

(Some figures may appear in colour only in the online journal)

1. Introduction

Presently, smart phones are generally equipped with three-axis
magnetic sensors for personal navigation applications. Thus,
the demand for three-axis magnetic sensors is significantly
increased. Magnetoresistive (MR) [ 1] and Hall-effect magnetic
sensors [2] are the dominant technologies used in the existing
electronic compasses [3]. The Hall-effect magnetic sensors
can be realized using the standard CMOS process, and no
special magnetic materials are required. On the other hand, the
MR magnetic sensor has a higher sensitivity. The resonant-
type magnetic sensors with suspended MEMS (micro-
electro-mechanical systems) structures have been extensively
investigated [4—12]. The resonant-type magnetic sensor has a
high resolution and low power consumption [6—8]. Moreover,

0960-1317/14/035016+14$33.00

the resonant-type magnetic sensor can be implemented using
various existing MEMS processes, and thus has the potential
to monolithically integrate with other MEMS sensors such as
accelerometers and gyroscopes for different applications.
The Lorentz force induced by a magnetic field could
deform the suspended MEMS structures with small stiffness.
Thus, the deformation of MEMS structures has been exploited
to measure the magnetic fields. The three-axis magnetic
fields are detected by the deformation of three discrete
micromachined cantilevers with embedded piezoresistive
sensors [9]. The suspended MEMS structure will experience
a periodic Lorentz force in a magnetic field when there is
an input from an ac current [4]. The dynamic responses of
MEMS structures can be exploited to determine the magnetic
fields. In this design, the resonant vibration of the MEMS

© 2014 0P Publishing Ltd  Printed in the UK
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Figure 1. The schematic design of the present three-axis magnetic sensor: (a) the magnetic sensor consists of a proof-mass with embedded
magnetic coils, springs, sensing electrodes and stress compensation frame, and () the in-plane magnetic coils and their electrical routings
are formed by the stacking of metal and tungsten layers for CMOS processes.

structure is frequently employed to magnify the dynamic
response. The existing resonant-type magnetic sensors are
mainly designed to detect single-axis magnetic fields. Thus,
three separate resonant-type sensing units are integrated to
detect the three-axis magnetic fields for electronic compass
application [6]. In general, the out-of-plane magnetic field
could easily introduce an in-plane excitation and dynamic
response on the suspended MEMS structure by the Lorentz
force. Thus, it is easier to detect the out-of-plane magnetic field
by using the resonant-type sensor. A single MEMS structure

enabling the measurement of two-axis magnetic fields is
reported in [8].

The CMOS-MEMS sensors have the advantages of using
an existing foundry service, electrical routing compatibility
and monolithic integration of MEMS structures and sensing
circuits [10]. The resonant-type magnetic sensors of different
micromachined structure designs have been demonstrated
using the CMOS-MEMS processes [11, 12]. Piezoresistive
sensing has been employed to measure the dynamic response
of the MEMS structures. The in-plane magnetic coil fabricated
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Figure 2. The schematic illustrations show (a) the current input into the in-plane magnetic coil MC,, and (b) the electromagnetic field

Bc, generated by the magnetic coil MC, after the current is input.

using the standard CMOS process has been reported in [13].
The Lorentz and electromagnetic forces will be induced by
the magnetic fields to excite the suspended MEMS structures.
The two-axis magnetic fields are thus detected by the dynamic
responses of MEMS structure. However, the integration of two
discrete sensing units is required for the detection of three-axis
magnetic fields. The presented study takes the advantages of
the CMOS process and further extends the concept in [13] to
develop a CMOS-MEMS resonant-type magnetic sensor with
two in-plane coils for the detection of three-axis magnetic
fields. In this study, a single unit three-axis magnetic sensor
using the standard TSMC 0.35 um 2P4M CMOS process has
been designed and demonstrated. In short, the present design
has the following advantages: (1) the number of turns for
the in-plane magnetic-coil is not restricted by the space and

thin film layers of the CMOS process, (2) the integration of
two in-plane magnetic-coils enables the detection of three-
axis magnetic fields using a single sensing unit, and (3) it
can further monolithically integrate with other CMOS-MEMS
devices for different applications.

2. Design concept

Figure 1 illustrates the schematic design of the present three-
axis magnetic sensor. The sensor is designed based on the
standard TSMC 0.35 um 2P4M process. As indicated in
figure 1(a), the magnetic sensor consists of a proof-mass
with embedded magnetic coils, springs, sensing electrodes
and stress compensation frame. The zoom-in illustration in
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Figure 3. As the current is input into the in-plane magnetic coil MC,, (a) the electromagnetic force in the x-axis Fgy, Will be induced by the
magnetic field B,, and (b) the Lorentz force in the y-axis Fy, will be induced by the magnetic field B..

figure 1(b) further shows that the concept of an oxide-
rich CMOS-MEMS structure in [14] is employed to design
the proof-mass. Two sets of in-plane magnetic coils (MC,
and MC,) are embedded in the proof-mass. The left inset
depicts the in-plane magnetic coils consisting of the stacked
conductive films in the standard 2P4M process, including four
metal layers (as labeled in M1-M4) and tungsten vias. As
indicated in the right inset, the M1 and M2 metal layers are
respectively employed to act as the central electrical routings

for these two sets of magnetic coils. As shown in figure 2, these
two sets of in-plane magnetic coils are designed to respectively
provide two in-plane magnetic fields (Bymcy and Buicy) in
orthogonal directions after applying currents. Figure 2(a)
shows the input current / for magnetic coil MC,. As shown
in figure 2(b), the magnetic field Byic, is generated by the
in-plane magnetic-coil MC; after the current input into the
coil. Similarly, the input current on the magnetic-coil MC,
will introduce the magnetic field Bycy. According to the
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Figure 4. The first two vibration modes of typical spring—mass design predicted by the FEM simulation: (a) the first mode has oscillations in
the x-axis direction, and () the second mode has oscillations in the y-axis direction.

magnetic field Byicy (or Bumcy) introduced by the magnetic
coil, the electromagnetic force Fgm, (or Fgwmy) will apply on
the proof-mass when the sensor is exposed to the magnetic field
B, (or By), as indicated in figure 3(a).

The force Fgmy (or Frmy) in figure 3(a) is proportional
to magnetic fields B, (or By) at a given input current. When
applying an ac current of frequency w,; to the magnetic-coil

MC, in magnetic field B,, the loading and response on proof-
mass M of the sensor can be expressed as,

MX + CX 4+ KX = Fewy sin o (D)
where C, and K, are respectively the equivalent damping
coefficient and the stiffness of the sensor in the x-axis. The
dynamic response X of the proof-mass in equation (1) can be
expressed as
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Figure 5. A fully differential sensing circuit for (a) in-plane motion, and (b) out-of-plane motion.

C.wy
K, — Mw}
where X is the steady state vibration amplitude of the proof-
mass, and can be further expressed as,

X = Xy sin(w1 — ), ¢ =tan~! )

F
Xo = My 3)

\/(Kx - Mwlz)2 + (Cyay)?
As indicated in equation (3), the vibration amplitude is
proportional to the electromagnetic force Fgyy,. Thus, the
magnetic field B, can be determined by the vibration amplitude
Xo. As shown in figure 1(a), the vibration amplitude X, can
be detected by the capacitance sensing electrodes. Moreover,
according to equation (3), the vibration amplitude and the
sensing capacitance can be further increased when operating
the spring—mass system in its natural frequency. In other words,
the frequency w; of the input ac current is the same as the

natural frequency of the spring—mass structure w,. The design
considerations in the y-axis are the same as those in the x-axis.

Figure 3(b) depicts the equivalent direction of the input
current / in the magnetic coil MC,. Thus, a Lorentz force Fp,
will apply on the proof-mass as the sensor is exposed to the
magnetic field B;:

FLy = Lefel X Bz (4)
where L is the effective length of the magnetic coil for
the Lorentz force. Similarly, as applying an ac current of
frequency w; to the magnetic-coil MC, in a magnetic field B,,
the loading and response on the proof-mass M of the sensor
can be expressed as,

MY +CY + K,Y = Fy, sin ot 3)
where C, and K, are respectively the equivalent damping
coefficient and the stiffness of the sensor in the y-axis. The
steady state vibration amplitude Y of the proof-mass becomes,
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Figure 6. The fabrication process steps.
Fy magnetic field B,. Since the driving frequency w, agrees with

Yo = (6)

VK~ M3 +

According to equations (4)—(6), the magnetic field B, can
also be detected by the vibration amplitude Y of the spring—
mass system at the given L and input current /. In this case, the
dynamic response as well as sensing signal is also significantly
increased by resonance when the frequency w, of the input ac
current agrees with the natural frequency of the spring—mass
system wy.

In summary, this study designs a spring—mass structure
with two in-plane natural frequencies w, and w,. Figure 4
shows the mode shapes predicted by the finite element method
(FEM) for a typical spring—mass design. The first two modes
indicated in figures 4(a) and (b) have oscillations respectively
in the x-axis and y-axis directions. The ac current of two
different frequencies w, and w, is applied into the magnetic
coils MC, during sensing. The periodic electromagnetic forces
of frequencies w; and w, in the direction of the x-axis are
introduced by the magnetic field B,. Thus, the vibration
amplitude X, of frequency w, is employed to detect the

the first natural frequency of the spring—mass structure in
figure 3(a), a larger amplitude X, is achieved. Meanwhile,
the periodic Lorentz forces of frequency w, and w, in the
direction of the y-axis are introduced by the magnetic field B,.
The vibration amplitude Y, of frequency w, is employed to
detect the magnetic field B,. Similarly, the driving frequency
w, agrees with the second resonant frequency of the spring—
mass structure in figure 3(b) and a larger amplitude Y| is
also achieved. As a result, the in-plane magnetic field B,
and out-of-plane magnetic field B, are determined by the
in-plane vibration amplitudes in two orthogonal directions.
By using the same concept, the in-plane magnetic field B,
and out-of-plane magnetic field B, are detected using the in-
plane magnetic coil MC,. With embedded magnetic coils MC,
and MC, aligned in two orthogonal directions, the proposed
spring—mass structure design in figure 1 can detect the three-
axis magnetic field. Thus, the single MEMS sensing unit for
three-axis field measurement is achieved.

In the presented magnetic sensor, the fully differential
sensing electrodes shown in figure 5(a) and their sensing
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Figure 7. The micrographs of typical fabrication results: (a) the chip containing a three-axis magnetic sensor and its monolithically
integrated sensing circuits, (b) the overview of a 600 um x 580 pwm suspended structure consisting of springs, proof-mass,
stress-compensation frame and sensing electrodes, (c) two sets of in-plane magnetic coils embedded in the proof-mass, (d) the sensing chip
after wire bonding, (e) sensing electrodes in two different axes and the spring, and (f) the electrodes with sub-micron sensing gap.

circuits are also implemented and integrated using the standard
CMOS process. The preamplifier in this study acted as a
buffer with a gain (Gain,np) of one. The cross-axis sensitivity
and noise performance can be minimized under this condition
[15]. For instance, the in-plane magnetic field B, (or B,) will
generate an out-of-plane (z-axis direction) Lorentz force and
further cause an unwanted out-of-plane motion on the proof-
mass. The sensing signals induced by such unwanted out-of-
plane motion can be canceled using the differential sensing

electrodes design, as shown in figure 5(b). The detailed design
parameters of the proposed magnetic sensor are summarized
in table 1. The sensor has a suspended mechanical structure
(including spring, mass and stress compensation frame) of
600 um x 580 wm, and the footprint of proof-mass is
420 pum x 420 pm. In this design, the magnetic coil has
18 turns in each direction, and the effective length L.y for
the Lorentz force extracted from FEM simulation (ANSOFT
Maxwell) is 584 um. The mechanical characteristics for
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Figure 8. (a) The measurement setup to characterize the temperature increase of the structure after applying currents to the magnetic coil,
and (b) the typical measured temperature distribution displayed by colors as defined in the keys.

Table 1. The typical design parameters of a proposed magnetic sensor.

Design specifications of the magnetic sensor

Parameters

Electromagnetic force (X/Y magnetic field)

Lorentz force (Z magnetic field)

MEMS structure size

Proof-mass size

In-plane magnetic coil (turns) 18
Effective length (Leg) -
X:3.73Nm™!

Spring stiffness (N m~")

Y:479 Nm™!
Natural frequency X: 6.5 kHz

Y: 6.8 kHz
Initial capacitance (C,) 1545 fF
Capacitance gap 0.6 um

600 x 580 pm>
420 x 420 pm?

584 um
373Nm™!

6.8 kHz

154.5 fF
0.6 um

sensors have also been predicted by the FEM simulation
(ANSYS). The spring stiffnesses in the x-axis and y-axis
directions are respectively K, = 3.73 N m~! and K, =
479 N m~L. As shown in figure 4, the first two natural

frequencies are respectively w, = 6.5 kHz (linear vibration
in the x-axis with the proof-mass as a rigid body, as shown in
figure 3(a)) and w, = 6.8 kHz (linear vibration in the y-axis
with the proof-mass as a rigid body, as shown in figure 3(b)).
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Figure 9. (a) The measurement setup to characterize the thermal deformations of the suspended structure, (b) and (¢) the structure
deformations respectively characterized along the AA’ and BB’ cross sections at different input currents.

3. Fabrication and results

Figure 6 shows the fabrication process steps to implement the
magnetic sensor. Figure 6(a) indicates the chip prepared by the
standard TSMC 0.35 wm 2P4M CMOS process. After that, the
in-house metal wet etching and silicon substrate dry etching
were employed to release the suspended MEMS structures.
The etching solution with H,SO,4 and H,O, was used to remove
the metal and tungsten-via sacrificial layers [16]. After that, the
in-plane shapes of the MEMS structures, such as the springs,
proof-mass, sensing electrodes and sensing gaps, were defined,
as indicated in figure 6(b). During the wet etching process, the
metal films for magnetic coils, sensing electrodes and electrical

routings were protected by the surrounding dielectric layers of
the CMOS process. In addition, the minimum line width of
metal and tungsten vias for CMOS process properly defined
and implemented the sub-micron in-plane sensing gaps. Note
that the MEMS structures with submicron sensing gaps were
not suspended during the wet etching process. Thus, the
stiction problems that frequently occur during the wet process
were prevented. As shown in figure 6(c), the RIE (reactive ion
etching) process was then used to remove the passivation layer
to expose the metal bonding pads formed by the M4 layer.
Finally, the Si substrate was etched isotropically using dry
XeF; to suspend MEMS structures, as shown in figure 6(d).
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Figure 10. The measurement setup to characterize the performance of the packaged magnetic sensor. The input magnetic field was specified
by the Helmholtz coils and calibrated by a commercial gauss meter. The function generator was employed to provide the modulation signal.

Figure 7 shows typical fabrication results. The scanning
electron microscopy (SEM) micrograph in figure 7(a) shows
a chip containing the typical fabricated three-axis magnetic
sensor and its monolithically integrated sensing circuits.
Moreover, a linear accelerometer is also monolithically
integrated with the magnetic sensor on this chip. The zoom-
in SEM micrograph in figure 7(b) shows the overview of a
600 um x 580 um suspended structure including springs,
the proof-mass, the stress-compensation frame and sensing
electrodes. As listed in table 1, the footprint of the proof-mass
is 420 um x 420 pum. The zoom-in SEM micrograph in
figure 7(c) further depicts the two sets of in-plane magnetic
coils embedded in the proof-mass. The M4 metal layers of the
magnetic coils are observed from the micrograph, and each set
of magnetic coil has 18 turns. The micrograph in figure 7(d)
shows the sensing chip after wire bonding. Such a wire bonded
chip is ready for tests. Figure 7(e) shows sensing electrodes in
two different axes and the spring. The zoom-in micrograph in
figure 7(f) indicates the electrodes with a sub-micron sensing

gap.

4. Testing and results

The fabricated magnetic sensor was wire bonded and packaged
in a ceramic house. After that, the measurement setup shown
in figure 8(a) was established to characterize the temperature
increase of the structure after applying currents to the magnetic
coil. The temperature of the springs and proof-mass are
increased by joule heat after applying currents to the magnetic

coils and their electrical routings. Note that the input current
on the magnetic coil is 6 mA during the operation of
the sensor. The temperature distribution on the structure is
characterized using the commercial infrared microscope with
a spatial resolution of 3 um and a temperature resolution of
0.1 °C. During the measurement, the sample was heated with
a reference temperature of 70 °C provided by the infrared
microscope [17]. Figure 8(b) shows the typical measured
temperature distribution. It indicates that the springs for the
current input to, and output from, the magnetic coils have
the highest increasing temperature of less than 35 °C at
6 mA. The proof-mass with embedded magnetic coils has an
increasing temperature of less than 5 °C at 6 mA. Moreover, the
thermal deformations of the suspended structure at different
input currents are characterized using the setup in figure 9(a).
The out-of-plane bending deformation was measured using
the optical interferometer. Figure 9(b) indicates the structure
deformation characterized along the AA’ cross section on
the proof-mass. Due to thin-film residual stresses, the radius
of curvature (ROC) of the proof-mass is 3.19 mm when no
current was applied on the coil. Due to the thermal expansion
mismatch of thin films, the ROC of the proof-mass becomes
3.03 mm (~5% change) at a 6 mA input current. Moreover,
figure 9(c) shows the thermal deformation of the structure
characterized along the BB’ cross section on the proof-mass.
The ROC of the proof-mass changes from 3.02 mm (no current
applied on the coil) to 2.78 mm at a 6 mA input current
(~8% change). According to the measurements in figure 8§,
the change of proof-mass ROC after driving at a 6 mA input
current is mainly induced by the thermal deformation of the
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Figure 11. The typical frequency spectra in response to the signals detected from sensing electrodes after the sensor excited by (a) the x-axis
in-plane magnetic field B, (50 uT at 5 Hz) and () the z-axis out-of-plane magnetic field B, (50 T at 5 Hz).

springs. Moreover, the sensing area and sensing capacitance
has a less than 1.4% variation caused by the change of the
proof-mass ROC at a 6 mA input current.

This study established the measurement setup in figure 10
to characterize the performance of the packaged magnetic
sensor shown in figure 7(d). The input magnetic field was
specified by the Helmholtz coils and was calibrated by
a commercial gauss meter. The function generator was
employed to provide the modulation signal. In this study,
the modulation signal was 1 Vpp at 2 MHz. Currents with
a magnitude of 6 mA and frequencies of 6.5 kHz and 6.8 kHz
were simultaneously applied to the magnetic-coils MC, and
MC,. As discussed in section 2, these two frequencies are
respectively the first two natural frequencies w, and w, of
the spring—mass structure. To distinguish the sensing signals,

a very low frequency magnetic field (5 Hz) was applied
to the sensor when characterized by the spectrum analyzer
[8]. The strength of the magnetic field was then determined
by the intensity of the frequency response detected by the
sensing electrodes. The typical measured frequency spectra
in figure 11 are respectively in response to the in-plane
(x-axis, By) and out-of-plane (z-axis, B;) magnetic fields (50 uT
at 5 Hz) specified by the Helmholtz coils. The frequencies
of input currents 6.5 and 6.8 kHz are also respectively
displayed by the peak of the spectra. The in-plane magnetic
field (By) in the y-axis can also be detected by using the
same manner. The measured noise floor in the frequency
spectra indicates that the magnetic field resolutions of the
presented sensor are respectively 384 nT rtHz™! (x-axis),
403 nT rtHz™! (y-axis) and 62 nT rtHz™! (z-axis). The
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Table 2. The detailed measurement results and the comparison with existing magnetic sensors.

This study [18] [19]
Magnetic field axes detected by Three-axis Two-axis One-axis
single proof-mass sensing unit X Y z XYy Z X/Y
Current (mA) 59 59 59 45 4.5 4.5
Sensitivity (uV uT™) 021 020 090 092 320 20000
Resolution (nT rtHz™") 384 403 62 344 285 258
Resonant frequency (kHz) 6.5 6.8 6.5 1174 405 16
Pressure 101 KPa (1 atm) 2 KPa 101 KPa (1 atm)
Quality factor 1.3 310 110 -
Size of MEMS structure (mm?) 0.176 0.096 0.122
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Figure 12. Variation of the output voltages from the magnetic sensor
with the intensity of (a) the x-axis and y-axis magnetic fields, and
(b) the z-axis magnetic field. The sensing range of the magnetic field
is 0-1200 uT.

sensitivity of the presented sensors is determined after
characterizing the output sensing voltages at magnetic fields of
0-1200 pT. Measurements in figure 12(a) respectively show
the output voltages varying with the intensity of the x-axis and
y-axis magnetic fields. The sensitivities of the magnetic sensor
are respectively 0.21 uV uT~! for B, and 0.20 pV uT~! for
B,. In addition, figure 12() shows the output voltages varying
with the intensity of B,, and the sensor has a sensitivity of
0.90 uV uT~!. According to the simulation results, for the
magnetic fields By (or By) and B; of the same strength, the
Lorentz force induced by B, is larger than the electromagnetic

force Fgmy (or Fgymy) introduced by B, (or B,). Thus, the
spring mass structure has a larger dynamic response caused
by the out-of-plane magnetic field B,. As compared with the
in-plane magnetic field By (or B,), the magnetic sensor has a
higher sensitivity for B,. As discussed in [8], the sensitivity
and resolution would be further improved while detecting the
dc magnetic fields. Table 2 further summarizes the detailed
measurement results and the comparison with the magnetic
sensors in [18, 19]. The driving current could be reduced or
the sensitivity could be further increased if the device were
operating in a vacuum packaging with a higher quality factor.

5. Conclusions

In this study, a single unit three-axis magnetic sensor has
been designed and implemented using the standard TSMC
0.35 uwm 2P4M CMOS process. The magnetic sensor consists
of springs, a proof-mass with embedded magnetic coils, and
sensing electrodes. The metal and tungsten layers in the
CMOS process have been employed to realize two sets of
in-plane magnetic coils respectively aligned in two orthogonal
axes. AC currents with two different frequencies respectively
corresponding to the first two natural frequencies of the spring—
mass structure are applied to the magnetic coils. The in-
plane magnetic coils could respectively generate Lorentz and
electromagnetic forces by out-of-plane and in-plane magnetic
fields. Thus, the magnetic fields will introduce resonant
vibrations of the spring—mass structure which are then detected
by the capacitance sensing electrodes. Measurements on a
typical fabricated magnetic sensor indicate the sensitivities
for different axes are respectively 0.21 uV uT~! for B,
0.20 wV uT~! for By and 0.90 uV uT~! for B, at 1 atm.
Moreover, the resolutions of the sensor are respectively 384
nT rtHz ™! for B,, 403 nT rtHz~! for By and 62 nT rtHz™' for
B, at 1 atm. The sensitivity and resolution could be improved
if the device were operated in a vacuum packaging with a
higher quality factor. The presented three-axis magnetic sensor
can further monolithically integrate with other CMOS-MEMS
sensors using the same processes [14, 15, 17] for various
applications.
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