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Abstract— This work presents a combined magnetometer /
accelerometer sharing a single surface micromachined structure.
The device utilizes electrical current switching between two
perpendicular directions on the structure to achieve a 2D in-
plane magnetic field measurement based on the Lorentz force.
The device can concurrently serve as a 1D accelerometer for out-
of-plane acceleration, when the current is switched off.
Accordingly, the proposed design is capable of separating
magnetic and inertial force measurements, achieving higher
accuracy through a single compact device. The sensor supports
static operation at atmospheric pressure, precluding the need for
complex vacuum packaging. It can alternatively operate at
resonance under vacuum for enhanced sensitivity. The device is
fabricated using a low temperature surface micromachining
technology, which is fully adapted for above-IC integration on
standard CMOS substrates. The resonance frequency of one of
the fabricated structures is measured to be 6.53 kHz, with a
quality factor of ~30, at a 10 mTorr ambient vacuum level. The
magnetic field and acceleration sensitivities of the device are
measured using discrete electronics to be 1.57 pF/T and 1.02 fF/g,
respectively, under static operation.

Index Terms—Muicroelectromechanical systems (MEMS),
Lorentz force magnetometers, micromachined accelerometers,
silicon carbide (SiC), surface micromachining, above-IC
integration.

I. INTRODUCTION

Micromachined Lorentz force magnetometers are
receiving considerable attention in the sensing community, as
they can be fabricated without requiring any custom magnetic
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materials (e.g., integrated permanent magnets in [1]). This
allows for their co-fabrication alongside other MEMS sensors
on the same chip, for augmented functionality with minimum
impact on form factor. Such integration is highly attractive for
consumer electronics applications, where MEMS sensors are
playing an increasing role each day. In such cost-sensitive
applications, exotic magnetic materials often do not justify the
added costs and fabrication complexity, and limit the
compatibility of magnetometers with other MEMS sensing
structures and integrated circuits (ICs). In [2], an out-of-plane
Lorentz force magnetometer and a ferromagnetic in-plane
nickel magnetometer are presented, requiring high temperature
fabrication steps (e.g., 800°C), while, in [3-4], a Lorentz force-
based resonant sensor for in-plane or out-of-plane magnetic
fields is built using SOI technology. While two similar
orthogonal structures could be used for 3D sensing, these
devices are not suitable for post-CMOS monolithic
integration. In [5], a co-fabricated CMOS-MEMS
magnetometer is presented in a TSMC 0.35 um technology,
but is restricted to the materials and constraints inherent to that
semiconductor process node.

Alternatively, sensors that are amenable to above-IC
integration present lower parasitics to the associated readout
circuitry, resulting in an improved overall sensitivity.
Furthermore, the area sharing made possible by overlaying the
sensors with the electronics allows for smaller overall chip
size, compared to the side-by-side co-fabrication approach.
Accordingly, this work presents a Lorentz force based
magnetometer / accelerometer combined sensor, made from a
low temperature, above-IC-compatible fabrication process.
The proposed sensor relies on switching an electrical current
between two perpendicular directions on the device structure
to achieve a 2D in-plane magnetic field measurement.
Concurrently, the device serves as a 1D accelerometer for out-
of-plane acceleration, by switching the current off and by
monitoring the structure's capacitive change in response to
acceleration. The design can thus separate magnetic and
inertial force measurements, utilizing a single compact device.
The proposed sensor supports static operation at atmospheric
pressure to avoid the need for complex vacuum packaging.
Alternatively, it is also capable of operating at resonance
under vacuum for enhanced sensitivity. The device is
fabricated using a silicon carbide (SiC) surface
micromachining technology as in [6-8], which is fully adapted
for above-IC integration on standard CMOS substrates.
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This paper first describes the device design, and then
presents finite-elements simulation results. The process flow
for the fabrication technology is then detailed, and
measurement results are presented and discussed.

Il. DESIGN

The principle of operation for a Lorentz force
magnetometer can be explained as follows. If a magnetic field
B is acting on a wire of length | and carrying a current I, the
wire will be affected by a Lorentz force (Fiorenz) Orthogonal to
both the wire and the magnetic field. This force is given by

F =i(l xB). Q)

As such, by measuring the displacement caused by the
force, while knowing the current and length, the magnetic
field can be inferred.

An SEM micrograph of the fabricated device is shown in
Fig. 1. Bowing is apparent in the device due to its relatively
large area, and the residual stresses present in the film stack.
The sensor is composed of: i)a 2 um-thick 500 pm-wide
square suspended SiC structure acting as the current carrying
element for magnetometer operation and concurrently serving
as the proof mass for the accelerometer; ii) four 250 pm-long
and 9 um-wide suspension beams, anchored from their ends,
holding the proof mass and allowing for its free motion; iii) a
sensing electrode underneath the structure used for the
capacitive detection of the out-of-plane motion resulting from
Lorentz or inertial forces; and iv) a metallic layer underlying
the SiC structure in order to serve as a low resistivity path for
the current, thus helping to reduce electrical noise.

The beam dimensions are chosen to adjust the stiffness of
the supports in order to provide adequate sensitivity and
ensure the structural integrity of the device. The spring
constant k of a simple cantilever beam is given by [9]

Lorentz

wt®

where E is the Young’s Modulus of the beam material
(amorphous SiC in this case), w is the beam width, t is the
structure thickness, and | is the beam length. A summary of
the device design parameters is given in Table I.
During device operation, the sensing cycle is divided into
three successive phases, as illustrated in Fig. 2:
1)The current is driven along the x-axis, from left to right,
causing the resulting Lorentz force to induce a displacement
along the z-axis, due to any magnetic field in the y-axis.
This displacement is detected capacitively by the sense
electrode, and can be used to infer the y-axis component of
the magnetic field.
2)The current is directed along the y-axis, from bottom to top.

k

simple beam

TABLE |
SUMMARY OF DEVICE DESIGN PARAMETERS
Parameter Value

Proof mass 500 pm x 500 um
Structure thickness 2 pm
Suspension dimensions 250 um x 9 pm
Capacitive gap 0.5 um
Spring constant (Keg) 1.07 N/m
Resonance frequency 4.03 kHz
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Fig. 1. SEM micrograph of a fabricated device.
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Fig. 2. First two phases of the sensing cycle showing the current direction
together with a side cross-section view illustrating the device displacement.

The resulting Lorentz force then causes a displacement
along the z-axis, due to any magnetic field along the x-axis.
Capacitive detection at the sense electrode is used to
determine the x-axis component of the magnetic field.
Notably, measurements in phases 1 and 2 are sensitive to
external z-axis inertial force.

3)The current is switched off so that the motion due to the
z-axis inertial force is detected and used to cancel out its
effect on the magnetic field measurements in phases 1 and
2, achieving a high accuracy combined 2D
magnetometer / 1D accelerometer.

In order to increase the number of operation axes of the
device, lateral electrodes could eventually be added at the
perimeter of the proof mass as suggested in [10] to enable in-
plane motion detection and achieve a 3D magnetometer /
3D accelerometer.
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I1l. CASIMIR FORCE

The Casimir force is an attractive force that acts between
two close parallel uncharged conducting plates. It is due to
quantum vacuum fluctuations of the electromagnetic field. As
the device presented here has a large electrode area and a
relatively small gap, this force must be considered. In addition
to the Casimir force, the suspended top plate of the device is
affected by several other forces, namely the gravitational
force, the applied Lorentz and inertial forces, and the
suspension spring forces such that

Fow =F +F +F

total Casimir gravitational + FLorentz inertial + I:spring ' (3)

The Casimir force is proportional to the electrode area and
is inversely proportional to the fourth power of the distance
between the two electrodes. It is given by [4]

_ whewey Ly,
Casimir 480(d _ Z)4 '

where h is Planck’s constant, c is the speed of light in vacuum,
wewm is the width of the proof mass (top electrode), and Lem is
its length, d is the nominal capacitive gap between the
electrodes, and z is the displacement of the top electrode. The
force related to the weight of the structure is given by

Fgravitational = Psic Wey Lpw ®)

where psic is the density of the SiC structural material, and g is
Earth’s gravitational acceleration. The balancing spring force
is given by

(4)

I:spring = _keqz . (6)

where keq is the equivalent spring constant of the structure.

At equilibrium, the resultant force must be zero (i.e.,
Frota = 0), as illustrated in Fig. 3, where all the forces are
plotted along with that of the restorative spring force.
Furthermore, a necessary condition is that the first derivative
of total force (i.e., dFww/dz) be negative at the point of
equilibrium, such that

dF,

total _ ThcWey Loy _
dz 120(d -z)°

Figure 4 shows dFwa/dz for different values of the gap
between the electrodes (d). For small values of d, dFa/dz is
always positive for all positive displacement (z) values. This
means that the top electrode would always be pulled-in by the
Casimir force directly after release such that there is no stable
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Fig. 3. Forces affecting the structure versus vertical displacement.
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Fig. 4. First derivative of the total force (dFw/dz) vs the displacement (z) for
different values of the inter-electrode gap (d). The selected inter-electrode gap
is underlined and the resulting maximum displacement (zmax) is shown.

equilibrium state. As d increases beyond a certain value,
deritical, @ Stable equilibrium range, where the derivative is
negative for positive z, is reached. This equilibrium ensures
that the structure will not collapse as a result of Casimir force
after release. In order to calculate dcriical, the Casimir force for
small values of z can be neglected as it is very small, and will
otherwise complicate the solution due to its 1/(d-2)*
dependence. For a critically stable condition without pull-in
after release, the spring force should balance the weight, such
that

kquPI = Psic YWey Loyt (8)

where zp is the displacement in this critically stable situation.
By combining (7) and (8), dcritical Can be calculated using

5| TCWe Loy 4 Psic GWoy Loy t ' (9)
120k k

€q
Using (9), the value for deiticar is calculated to be of

275 nm. The maximum possible displacement of the structure
before pull-in collapse due to the Casimir force is expressed as

d>d

critical

7 —d_s Thcwey Loy,

mex 120k

Accordingly, a sacrificial layer thickness (gap between the
electrodes) of 500 nm is selected in order to ensure structural
integrity of the device after release, and to allow sufficient
displacement before a pull-in collapse occurs. The derivative
of the total force vs the displacement for this selected gap size
is shown in Fig. 4, yielding a stable equilibrium region for
displacements below 239 nm. This allowable displacement
range allows for a good dynamic range of the device.

Note that at all times the electrical potential difference

(10)

between the electrodes must be kept well below the
electrostatic pull-in voltage given by [9]
8keqd®
Ve = L’ (11)
27 &Lpy Wo

where ¢ is the free space permittivity. The pull-in voltage
value is calculated from (11) to be ~130 mV. Accordingly,
careful attention needs to be given to this issue during the
sensing circuit design, in order to avoid electrostatic pull-in
and collapsing of the structure, as will be discussed in section
VI. Notably, this calculated pull-in value is expected to be
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Fig. 5. FEM simulation showing the structure displacement as a result of a
force along the z-axis.

below the actual value, because of the bowing observed in
Fig. 1.

IV. SIMULATION RESULTS

A finite-element simulation illustrating the displacement
of the structure as a result of a force along the z-axis is shown
in Fig. 5. Figure 6(a) shows simulation results for the
displacement 4d relative to F,, the external force applied along
the z-axis. In order to calculate 4Cactar, the resulting change in
capacitance for the device, a parallel plate capacitor
approximation is used and fringing fields are neglected:

&
ACowtet = Come ™ Coomins :d—ojd_%A'

where A is the area of the capacitor plate and d is the nominal

gap size, defined by the thickness of the sacrificial polyimide.
From Taylor series expansion, a linear approximation for

the change in capacitance can be made for Ad<<d such that

s = (1) )

(12)

d & (13)

Figure 6(a) shows the sensor response calculated using
(12) as well as the linear approximation given in (13).
Accordingly, the spring constant keq of the structure can be
calculated to be of 1.07 N/m, which corresponds to a
capacitance sensitivity of 8.24 uF/N. This translates to a
magnetic field sensitivity of 8.24 nF/A/T for a structure length
of 1 mm in which current flows to generate the Lorentz force,
as deduced from (1), and an acceleration sensitivity of
121 fF/g, stemming from (5). The percentage error between
the actual and linear capacitance changes is shown in Fig.
6(b), and is expressed as

A

The actual change in capacitance coincides well with the
linear approximation for small displacements, but starts to
differ for larger motion. By limiting the worst-case linearity
error to 10%, the dynamic range of the device is found to be
+50 nN. This value corresponds either to a detected magnetic
field of 50 mT with a driving current of 1 mA, or to a
detected acceleration of +3.4 g.

Furthermore, in order to determine the maximum shock
the device can survive before collapsing, a step input
acceleration is considered. The damping ratio (¢) is calculated
to be ~0.0167 from the measured value of the quality factor

2dorar — x100. (14)
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Fig. 6. (a) Change in capacitance (linear approximation, actual) and
displacement vs. external force applied, and (b) percentage error of

capacitance linear approximation.

(Q), given in section VI. Therefore, as shown in [12], the
system’s step response experiences an overshoot percentage
(Mp) of 95%, according to
M, 100-67NE (15)
By limiting the maximum displacement overshoot to
239 nm (zZmax. before Casimir pull-in, calculated in section I11),
determining the displacement step input yielded by the
overshoot percentage, and calculating the required
acceleration to generate this step, the maximum shock the
device can survive is calculated to be +9 g.

V. FABRICATION PROCESS

The fabrication process sequence is illustrated in Fig. 7. A
silicon substrate covered with a layer of thermal oxide is used
for this prototype. The process is designed to be fully
compatible with monolithic integration on standard CMOS
substrates. First, a 200 nm layer of aluminum is deposited onto
the substrate by DC sputtering. The aluminum is then
patterned and wet etched using phosphoric-acetic-nitric acid
(PAN) etchant to form the bottom electrode and the pads, as
shown in Fig. 7(a). A 0.5 um sacrificial polyimide layer is
then spin coated. Then, the polymer is oven cured at 200°C to
form the vertical gaps for the sense capacitor. An oxygen
reactive ion etch patterns the polyimide to allow for the
eventual anchoring of the structural supports to the substrate,
as shown in Fig. 7(b). Afterwards, the structural stack is
deposited, including the following layers, ordered from top to
bottom: i) A 2 um amorphous SiC layer, which is the main
structural layer; ii) a 200 nm aluminum layer to form the low
resistance path for the current, reducing the electrical noise;
and iii) a 20 nm layer of chromium acting as an etch stop layer
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Fig. 7. Simplified device fabrication process flow.

during the second aluminum etch.

The stack is covered by a 600 nm chromium layer to act
as a hard mask while etching the SiC layer. The deposition of
the four layers is performed using DC sputtering, after which
the chromium hard mask is patterned and wet etched. The SiC
is then dry etched using nitrogen trifluoride (NF3) reactive ion
etching, stopping onto the underlying aluminum layer.
Subsequently, the chromium hard mask is wet stripped as
shown in Fig. 7(c), and the underlying aluminum and
chromium layers are patterned using wet etching, as shown in
Fig. 7(d). During this step, the chromium layer acts as an etch
stop, protecting the exposed regions of the first aluminum
layer from the etch of the second aluminum layer. Finally, the
process is completed by dry release of the sacrificial
polyimide using oxygen plasma, as shown in Fig. 7(e). A dry
release mitigates the risk of stiction, compared to the more
common wet release methods. Release holes with 10 um
diameter and 40 um spacing are incorporated within the
suspended structure to facilitate the release process.

V1. MEASUREMENT RESULTS

A. Resonance Characteristics

The resonance characteristics of the fabricated devices are
measured under vacuum using the test setup shown in Fig. 8.
Bias tees are used to decouple the high frequency

/\&,

Bias tee
RF+DC— RF

VNA

Packaged device placed in vacuum

¥

DC

RF-DC—RF
Bias tee

Fig. 8. Simplified schematic of the test setup used for resonance
characterization.
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Fig. 9. Measured resonance characteristics of fabricated devices (10 mTorr
vacuum).

measurement signals from the DC signals, and apply the DC
voltages to the device, which are necessary for electrostatic
actuation. Measurement results for devices with 200 um
support beam length are shown in Fig. 9. They exhibit a
resonance frequency (fr) of 6.53 kHz and a quality factor (Q)
of 30 under 10 mTorr vacuum level. This Q value is calculated
based on the 3-dB bandwidth inferred in Fig. 9. Note that the
actual measured peak is slightly lower than 3-dB. However,
this method is used to ascertain a worst case value.
Alternatively, considering the resonance curve as symmetric
and calculating the bandwidth using the right side of the curve
only, a Q of 125 is obtained. Finite-element Eigen frequency
simulation indicates a resonance frequency of 4.03 kHz. The
difference between the simulated and measured values can
most likely be attributed to the residual stress also at play in
the bowing of the structure.

B. Magnetic Field Response

The magnetic field response of the fabricated devices was
characterized using a variable electromagnet and discrete
electronics. The schematic of the test setup used is shown in

10 MQ Variable Current Source

=

i ol

Packaged Device
o)

- d
Top1:T, Bottom : B

VDD,
Top2: T, T;

0.1 uF

Ce G Veore
ZSSC3123 Capacitance to
Digital Converter
SDA SCL VDD
— Rpy

|||— Vss.

Capacitive Readout Circuit

0.1 uF

Rey

SDA| SCL 33V

PICI18LF2550 Circuit |
3.3 V Regulator|
Circuit
—
VDD, .
+ D-
‘ D+ D sv GND]‘

GND,

USB Interface Circuit

ini USB Connector

Fig. 10. Schematic of the test setup used for the magnetic characterization of
the device.
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Fig. 10, where DC current is generated by a variable current
source and flows through the top structure of the device from
pad T to pad T,. This current serves to generate a Lorentz
force when the device is subjected to an in-plane magnetic
field normal to the current. The resulting capacitance change
between the top (T) and bottom (B) electrodes of the device is
monitored and used to acquire the magnetic field. The ZMDI
ZSS73123 capacitance to digital converter chip [13] is
configured to measure the capacitance of the device relative to
an internal reference capacitor. This chip outputs a 1 MHz
1.8V square wave excitation signal for the capacitance
measurement. As the bowing that the fabricated structure
exhibited has widened the gap to ~5 um, the corresponding
electrostatic pull-in voltage has increased to 4.23V.
Accordingly, electrostatic pull-in- will not occur during
sensing. Coupling capacitors (C.) of 22 pF are used to couple
the AC signal between the device and the capacitance readout
chip, as well as prevent any DC current leakage from the
current source circuit to the chip. A large resistor of 10 MQ is
connected between the top and bottom electrodes of the device
to make sure that they stay at the same DC potential in order
to avoid any electrostatic force between them. The capacitance
readout chip communicates the digital words for the measured
capacitance through an 1°C interface to the USB interface
circuit using the two pull-up resistors Rey (2.2 kQ). A
Microchip PIC18LF2550 microcontroller [14] serves to accept
the digital data from the capacitance readout circuit through
the I?C interface and then transmits it to the host PC via USB.
The microcontroller is also used for configuration of the
capacitance readout chip.

The schematic of the current source circuit is shown in Fig.
11, utilizing the Analog Devices MAT14 matched monolithic
quad transistor chip [15]. One transistor is connected in a
diode configuration with two resistors (Riimit and Rune) at the
collector, generating the reference current. Rimit Serves as a
current-limiting resistor to protect the chip by ensuring that the
current does not exceed the maximum current rating for the
minimum value of the tuning resistor Rune. Riimit iS set to
200 Q, limiting the current to a maximum of 14.5 mA, well

Vcs

3.3V Regulator
Circuit

VDD, (33V) |

EUT

lcs

Riimit

RIUHE

MAT14

S S S NSUBW

GND,

Fig. 11. Schematic of the variable current source circuit.

below the rated maximum. A 2 MQ trimmer variable resistor
is used for Rune, due to its large number of turns, enabling fine
current tuning, with a range from 1.4 pA to 14.5 mA. The
remaining three transistors in the chip are connected in a basic
current mirror configuration. A DIP switch is used to select
the number of transistors driving the output current, thus
tripling the tuning range.

The capacitive readout and interface circuits are powered
through the 5V USB supply from the host PC, while the
current source circuit is powered through a distinct 4.5V
battery pack feeding a 3.3 V regulator. The grounds are also
kept separate as illustrated on the schematics in order to avoid
any crosstalk or feedthrough between the different sections of
the circuit.

A photograph of the printed circuit boards used in the
testing is shown in Fig. 12, illustrating the different functional
sections. The measured magnetic field response of the device
is presented in Fig. 13. The sensor exhibits a magnetic field
sensitivity of 1.57 pF/T under static operation at a 10 mA
current. The measured response shows a non-linearity of less
than 6 % for the whole £3 mT measurement range, where the
non-linear error is calculated using

%Error_ :\measured.resultflmear f't‘xloo.
: \ linear fit \

The measured non-linear error is a bit higher than the
simulation results due to the non-linearity of the readout
circuitry.

(16)

C. Acceleration Response

The inertial response of the fabricated devices is
characterized by the same test circuitry used for magnetic field
response, but with the current source circuit switched off. A
picture of the test setup used is shown in Fig. 14. An Aerotech

USB interface board

,,,,,,,,,,,,,,,,,

Packaged device

PIC Capacitance Current source
microcontroller readout circuit circuit

Fig. 12. Photograph of the printed circuit boards used in the testing.
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L od L =

wod
Fig. 13. Measured device response to magnetic field (Byy), shown along with a
linear fit.



JMEMS-2014-0171

LY S R NIRRT ‘.a".
Fig. 14. Picture of the test setup used for acceleration response
characterization.

ARMS-200 rate table [16] is used for the test, where the
packaged device is placed, along with the capacitive readout
circuit, vertically using a right angle mount on the mounting
arm at a distance r from the rate table center. The centrifugal
acceleration generated by rate table rotation is utilized to
measure the rate response of the device. The rate table angular
speed, w, is varied to generate the different acceleration steps
for the test using (17) [17]. The centrifugal acceleration, A, is

given by
A =mro’, 17

where m is the proof mass. The digital capacitance data is then
transmitted to the interface microcontroller circuit through the
I2C interface via a 15 pin D-SUB cable and the rate table slip

7
£
¥ Measured Result o)
y-3-
—Linear Fit 5
x

2
I .

"‘{:{g}

- 3 . -1 | 1 2 3 4
1A
o

x Sensitivity: 1.02 {F'g

3 4

-4 A
Fig. 15. Measured device response to out-of-plane acceleration (A;), shown
along with a linear fit.

rings, which maintain the electrical connectivity throughout
rotation.

The measured acceleration response of the device is
shown in Fig. 15. The sensor exhibits an acceleration
sensitivity of 1.02 fF/g for static operation, with a non-linear
error less than 10% in the range of £2g.

The current test setup is limited to one axis being tested at
a time. As such, different axis measurements can currently be
achieved only by interfacing the test setup manually to the
different pads of the device. The test setup could be
augmented with an automated switching mechanism to allow
for sequential testing of both axes without intervention.

VII. DISCUSSION

Table 11 compares the proposed device to state-of-the-art.
The different units used to report the sensitivities are a result
of the different readout schemes utilized. Piezoresistive
readout is used in [1-2], while insufficient information is
provided in [4-5] to extract the capacitance change.

TABLE Il
COMPARISON BETWEEN THE COMBINED MAGNETOMETER/ ACCELEROMETER PROPOSED IN THIS WORK AND THE STATE-OF-THE-ART
Linearity .
AXis Sensitivity Dymanic Non- Resg{;mce Cl(Jr;e)nt FEOV\Xf)r (ﬁ';re% Features
range linearity : ”

z 164 mV/T

[1] xly 182 VT N/A N/A N/A N/A 10 N/A - Uses permanent magnets
10,000- - Utilizes Nickel
2] 0.15VIT N/A N/A N/A 50,000 N/A NIA - High temperature steps (e.g. 800 “C)
[4] z 12.98 VIT  Results up to| 1% 5900 400 460 02x1 - Chip level vacuum seal (~1 mBar)
xly 0.78 VIT 0.44 mT 200 120 MEMS - SOl technology

X 0.13VIT 227% - TSMC 0.35 pm technology
[5] y 0.14VIT Resluét;u_lp_) 10 3.27% N/A ~4000 N/A MlEIEi/IzlJrSIC - 3D measurement achieved using two

z 151 VIT ' 224% perpendicular structures

Simulation Simulation Static operation
+50 mT 10 %
82 pF/IT +5mT 1% 10,000 2,000
~ Buy Measurement Measurement Resonant operation - LO.W tempera@ure surface
= 20 micromachining _
= 157 pF/T +3mT 6 % (metallic 330* 1* 1x1 - Above—IC_compatlbIe ) )
2 path) MEMS - Atmosperic pressure operation with
[ Simulation Simulation vacuum operation capability
- Can measure out-of-plane acceleration
A 121 fFlg 349 | 10% - - P
Measurement Measurement
1.02 fFlg 29 | 10%

*Values estimated based on static operation measurements, while maintaining the same sensitivity.
**No average current or power is consumed by the device for accelerometer operation, due to the capacitive detection scheme utilized.
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In this work, the measurement results for sensitivity are
lower than the simulated results mainly due to the bowing of
the structure, as clear from the SEM micrograph in Fig. 1.
This bowing causes an increase of the effective gap between
the electrodes of the capacitor by a factor of ~10 and
consequently reduces the capacitance variation and sensitivity
by a factor of ~100. The bowing could be reduced by
optimizing the device and suspension dimensions, and further
tuning the stress profile of the material stack. Another cause
for the sensitivity reduction lies in interconnect parasitics
between the device and the readout circuitry, as discrete
components were used for measurements. Fabricating the
sensor directly above a full-fledged CMOS ASIC, as made
possible by the fabrication process, is expected to allow for
significant sensitivity improvements. Alternatively, wire
bonding the device and the interface circuit within the same
package could be used to reduce noise and parasitics (e.g., as
demonstrated in [18] for a capacitive accelerometer). The
metallic track below the structure leads to a low resistive path
for the current (~20 Q), which results in power dissipation and
electrical noise reduction. Measurements were performed at a
10 mA current, which corresponds to 2 mW power dissipation.
These values can be lowered, while maintaining good
sensitivity, by reducing the bowing, and parasitics, as
discussed earlier. They can also be significantly improved by
using resonant operation. Based on the static operation
measurements and a resonant mode with Q-factor of 30
(measured), the current required to keep the same sensitivity
level will be reduced to ~330 pA, and the power consumption
of the device is expected to be ~1 pW.

VIIl. CONCLUSION

This work introduced a combined magnetometer /
accelerometer design based on the Lorentz force, where an
electrical current is switched between two orthogonal
directions on the device structure to achieve a 2D in-plane
magnetic field measurement. The device can concurrently
serve as a 1D accelerometer for out-of-plane acceleration,
when the current is switched off. The design is therefore
capable of separating the magnetic and inertial force
measurements, achieving higher accuracy with a single
compact device. The proposed sensor supports static operation
at atmospheric pressure, precluding the need for costly
vacuum packaging. It can alternatively operate at resonance
under vacuum for enhanced sensitivity. The device is
fabricated using a low temperature SiC surface
micromachining technology, which is fully adapted for above-
IC integration on standard CMOS substrates. Measurement
results from the fabricated device, using a discrete electronics
interface, show a magnetic field sensitivity of 1.57 pF/T and
an acceleration sensitivity of 1.02 fF/g for static operation.

The device could be further enhanced by adding lateral
electrodes around the proof mass to allow for more axes of
operation.
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