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ABSTRACT

A novel frequency modulated MEMS magnetometer
is presented. The new device is inspired by the magnetic
force microscopy technique, it combines standard MEMS
technology with magnetic elements to obtain a
magnetometer with potential for low power consumption
and high performance. The analytical model and the
characterization of the first proof-concept device are
presented.
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INTRODUCTION

Commercial integrated magnetometers rely on
Magneto Resistive technology (AMR, GMR, TMR). These
devices are combined with MEMS accelerometers and
gyroscope in the same package to form Inertial
Measurement Units (IMU). The possibility of integrating
magnetometers on the same silicon die of the inertial
sensors is one of the reasons that pushed the development
of MEMS magnetometers in the last years. Several types
of MEMS magnetic sensors were proposed in the past [1]—
[9] and they can mainly be divided in two groups: (i)
devices which incorporate magnetic materials in order to
produce a field-dependent mechanical effect [1]-[6] (ii)
and Lorentz force magnetometers [7]-[9]. The latter do not
need magnetic material and are usually compatible with
existing MEMS processes, therefore having an advantage
over the first group of sensors. On the other hand, Lorentz
force magnetometers suffer from a tradeoff between length
of the current path (device size), current consumption and
sensitivity.

In this work we propose a novel type of MEMS
magnetometer combining permanent magnets and
magnetic field concentrators (MFCs). As shown in the
following sections, this type of magnetometers can
potentially achieve noise level in the nT/ VHz while having
current consumption of a MEMS resonator which is now in
the order of few pA [10] .

THE DEVICE
Magnetic force microscopy

The MEMS magnetometer proposed in this work is
inspired by the concept underlying magnetic force
microscopy (MFM) (Fig.1).
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Figure 1 - Schematic representation of the MFM working
principle.

MFM is a technique used to map the magnetic stray
field produced by a magnetized sample. Such mapping is a
useful tool to reconstruct the magnetization of the sample
down to single magnetic domains.

As shown in Fig.l, the MFM technique uses a
scanning probe with a magnetized tip, kept in oscillation
close to the substrate. A tip magnetized along x interacts
with the stray field according to the following equation:

0B
Fs = mxa—sx (1)

Where F; is the s-component of the force acting on the
magnetized element, m, is the magnetic dipole moment of
the tip, B, is the x-component of the stray magnetic field
and s is the displacement direction of the cantilever.

The non-uniformity of the stray field makes the force
position-dependent, thus leading to an equivalent magnetic
stiffness (Kmag):

oF 2B,
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The cantilever is affected by the equivalent stiffness
and changes its resonance frequency according to:

wg 0%B,
A(UR =~ mxﬁ 952 (3)

where Awy, is the resonance frequency shift, wy is the
resonance frequency expressed in rad/s and k the elastic
constant of the structure, assumed to be much greater than
kinag-

The frequency shift is used to determine the direction
of the field gradient and eventually its amplitude.
Depending on the relative orientation between m, and the
stray magnetic field, this phenomenon can lead to both
softening and hardening of the device stiffness, this enables
to discern between positive and negative field gradients.
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Figure 2 - Top schematic view of the device. Permanent
magnets are patterned on top of a MEMS resonator. A field
gradient is produced close to the device by a pair of MFCs.

MEMS magnetometer

The same concept is exploited in the proposed sensor
(Fig.2), a MEMS resonator is functionalized with a
magnetic material patterned on top of the moving element
in order to sense the magnetic field gradient. As standard
magnetometers must sense fields, not gradients, a
conversion of an external field into an appropriate gradient
with high second derivative is needed.

For this purpose, the magnetic materials on top of the
resonator is placed in the gap between two magnetic flux
concentrators [11]. The MFCs amplify the incoming
magnetic field and produce a non-uniform field in the
constriction, whose second derivative is directly related to
the external field.

Device sensitivity and resolution

To estimate the sensitivity and resolution of the device,
the second derivative of the field between the MFCs is
needed.

Referring to Fig.2, let us consider an external field B,
applied along x, i.e. along the edge of rectangular MFCs
made of thin films; the magnetization of the MFC along x
is given by [12]:
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where p, is the vacuum permeability, y, is the relative
permeability of the magnetic material and N, is its
demagnetizing factor [13].

Once defined the magnetization of the MFCs, it is
possible to analytically obtain the approximated value of
the magnetic field second derivative at the center of the gap
[14]:

0’B, 8 u—1 tB - )
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where t is the thickness of the two rectangular MFCs

and g is the gap between them. The relation between the
2

applied field and the second derivative 63:2"

the coefficient y which depends on the magnetic and

geometric properties of the MFCs.

The field sensitivity of the device is given by:

is linear via

Aw w
— =My oy (6)
a
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Equivalently, the sensitivity can be expressed in terms
of phase shift per unit field [15]:
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where Q is the quality factor of the resonator.

The expected field equivalent noise of the device can
now be evaluated by taking the ratio between the phase
noise and the sensitivity:

N,
¢
Ng =—.
5=, ()
If the noise introduced by the detection system is
neglected, Ny is given only by the thermomechanical noise
of the resonator. For a noise bandwidth much smaller than
Q;—R, the phase equivalent noise can be approximated with

[15]:
4kgT Q
X%k wg

~
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where kg is the Boltzmann constant, T is the absolute
temperature and X is the average displacement of the
resonator.

Finally, the estimated field equivalent noise is:

Ny _J4ksTh 1
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where b is the damping coefficient.

Fabrication

The fabrication of first prototypes of the magnetic
sensor was carried out at PoliFAB, the cleanroom of
Politecnico di Milano.

The devices are fabricated starting from a silicon on
insulator substrate with Sum of doped single crystal silicon
deposited on top of the 1um of sacrificial oxide (1).

Three layers are subsequently deposited and patterned
using lift-off technique: the metal layer for the electric
contacts, the hard-magnetic material for the permanent
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Figure 3 — Schematic view of the main fabrication steps.
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Figure 4 (Left) Optical top view of a device, (right) Image
of the magnetic elements using a scanning electrons
microscope.

magnet (Cobalt) and the soft-magnetic material for the
MECs (permalloy NigoFexo) (2).

The substrate is etched using Reactive lon Etching to
define the MEMS structure (3).

Finally, the sensor is released in buffered oxide etch
solution (4).

CHARACTERIZATION
Setup

The preliminary tests on the device have been
performed at ambient pressure using a manual probe
station while applying an external magnetic field through
an electromagnet. The device has three electrical
connection: two to the fixed electrode on both sides of the
resonator and one to the moving mass (Fig.1).

The device is actuated at its resonance frequency and
the phase is monitored as a function of the applied field.

The actuation is performed by applying a sinusoidal
voltage on one of the fixed electrodes at half of the device
resonance frequency (wyc = wg/2 ) while the other fixed
electrode is polarized with a DC voltage. The signal
produced by the displacement of the device at wg , due to
the change of the capacitance between fixed and movable
parts, is collected by a transimpedance amplifier (Zurich
Instrument HF2TA) connected to the moving mass
electrode. The power supply of the electromagnet is driven
with a low frequency sinusoidal signal (0.25Hz), thus
sweeping the applied filed between negative and positive
values.

AC signal generation and demodulation is performed
with the Lock-in amplifier Zurich Instrument HF2LI, while
the DC voltage is generated with an external power supply.

Preliminary measurement

Fig.5a shows the reference applied field and phase
shift versus time. As a field is applied the device resonance
frequency changes leading to a phase shift.

Fig.5b shows the phase shift versus applied field for
different amplitudes of magnetic excitation. The graph is
obtained by averaging over several cycles and bandpass
filtering the frequency of interest. From this graph two
aspects are visible: (i) the incoming field is shaped by the
MFC transfer function leading to a hysteresis in the
demagnetizing field i.e. phase shift; (ii) the magnetization
of the permanent magnets increases or decreases with the
applied field, leading to an increase or decrease of phase
shift for large fields.

The obtained phase shift per unit of field is computed
by linearly fitting the central part of the hysteresis cycle.
The sensitivity measured on this specific device is Sg,, =

0.51 £+ 0.03 °/mT. The theoretical sensitivity is calculated
using equation (5)(7) and the values reported in Tab.1:
Spp =019 °/mT. The measured and theoretical
sensitivity are in the same order of magnitude. Two aspects
should be pointed out: (i) the analytical model
overestimated the second derivative assuming a uniform
magnetization of the material, which is not realistic; (ii) the
DC-voltage used to sense the device induces a position
offset moving the suspended mass closer to one of the MFC
and increasing the value of the magnetic force. Both these
aspects lead to an increase of the theoretical and measured
sensitivity respectively. Nevertheless, the analytical model
presented in this work offers a useful tool to predict the
ultimate device sensitivity and resolution.

The latter is not experimentally investigated in this
work as the device should be tested in vacuum condition.
However, a theoretical estimated can be given based on the
preliminary measurement and on equation (10), assuming
typical values of quality factor (Q=10000) and
displacement (X = 1 um) of this type of MEMS resonator
[8]. The expected noise floor for this type of sensor is equal
to N =13 nT/NHz. This value could be largely
improved for instance by increasing the thickness of the
magnetic material deposited on top of the device, which is
now only 100nm.

Finally, (not shown in the graphs) it was observed that
by switching the magnetization the phase shift for a given
field is reversed. This is in line with the theoretical
prediction, as the force depends on the orientation between
the magnetic dipole moment and the field gradient.
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Figure 5 - (a) Plot of device phase shift and reference
actuation voltage versus time, (b) Phase shift versus
applied field for different amplitude of sinusoidal
excitation. The black dashed line represents the average
slope of the linear part of the hysteresis curves.



Table 1- Measured and designed values of the
characterized MEMS magnetometer

Uy 500

N, 2.6-1073
t 100 nm
g 20 ym

y 6.9 - 10° m*
m, 5.34-10711 Am?
Wg 12.4 kHz

k 1.1 N/m
Q 9.8
CONCLUSIONS

A novel MEMS magnetometer was presented. The
new sensor is inspired to MFM, a technique where the
frequency of a magnetized scanning probe is changed by
the magnetic interaction with an external field. By
integrating magnetic elements such as MFCs and
permanent magnets into a basic MEMS process we
fabricated the first proof of concept device. The analytical
model of the sensor was given together with the first
experimental results. The device showed a response to the
magnetic field in line with theoretical predictions and it is

expected to reach noise floor in the order of few nT/ VHz.
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