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Abstract

The research activity discussed in the following manuscript is based on the implementation,
fabrication and characterization of an integrated magnetic field sensor in PiezoMUMPs
technology, to use in two alternative applicative contexts, such as the mapping of the magnetic
field dispersed in a particle accelerator and “smart cities parking”. The duality of application is
correlated to the typology of the mentioned PhD project which the Ministry of Education,
University and Research (MIUR) has subsidized with the clause to spend a time period abroad,
in a research entity, and a time period in a company. In detail, the two institutions involved in
the project are the European Organization for Nuclear Research (CERN), in Geneva, and
Paradox Engineering company, in Novazzano, respectively for the dispersion of the magnetic
field in an accelerator particle and for “smart cities” application. Therefore, taking into account
that the detection of magnetic fields to be measured is completely unalike in both cases, the aim
to be reached has been the realization of a tunable integrated micromechanical device having a
wide operative range, that is [1 uT —2 T]. As explained later, the operative range has been
selected considering the alteration of the geomagnetic field generated by a car for the lower
extreme, whereas the high magnetic fields (B ~2 T), used in Large Hadron Collider (LHC)
tunnel to deflect bunches of proton particles, for the upper extreme. The challenge has been
correlated to the opportunity of using the same microelectromechanical system (MEMS) to
detect and to measure completely different static or quasi-static magnetic fields. Another
important feature in terms of realization has been connected to the readout strategy; indeed, in
relation to this point, several solutions have been investigated (resistive, capacitive, optic and

piezoelectric output) in order to pursue the goal of a magnetic field sensor having low
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consumption, reduced conditioning circuit and capable of being self-generating. Therefore, the

following manuscript has been split into four chapters:

v"in Chapter I, the magnetometers actuated by Lorentz force have been described in order
to examine the actuation mechanism;

v' in Chapter II, a specific category of Lorentz force magnetometers, U-shaped beam
cantilever, have been analysed, paying attention to several fabrication technologies and
readout strategies (resistive, capacitive, optic and piezoelectric); in details, the
PiezoMUMPs technology has been estimated as the most promising;

v in Chapter III, the research activity has been focused on a new architecture of U-shaped
beam cantilever, Meander MEMS device, that has been examined in terms of static and
dynamic model (through Matlab-Simulink) and FEM analysis to evaluate stress,
displacement and modal analysis (using Comsol Multiphysics); in addition, the
MEMSPro CAD has been used in order to realize the layouts;

v in Chapter IV, the last one, the phases of testing and characterization of the integrated
MEMS device, at first as accelerometer and later as magnetic field sensor, has been
illustrated; preliminary results, coming from measurements implemented at CERN, in
Geneva, have been discussed and the fabrication of a second run of MEMS prototypes
with the realization of a suitable conditioning circuit in order to perform experimental
measurements in Paradox Engineering company, in Novazzano, is presented.
Unfortunately, the pandemic due to COVID-19 virus imposed suddenly to interrupt the

following research activity.
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Chapter 1

Introduction

1.1 Magnetic field sensors

Magnetic field sensors have a great potential for important applications in different sectors, like
magnetic storage, automotive [1], navigation systems [2], non-destructive material testing,
structural stability, military instruments [3], medical sensing [4] and others. For example, in the
automotive these sensors are employed in wheel speed detection of ABS (Antilock Braking
System) [5]; in addition, new cell phones include an electronic compass using field sensors for
their GPS [6]. For all these applications, magnetic field sensors need often such characteristics
as small dimensions, light weight, low power consumption, low cost, high resolution and
sensitivity. It is interesting to note that microelectromechanical systems (MEMS) technology
allowed the integration of magnetic field sensors with electronic components on a single chip
and contained all previous listed characteristics. For these reasons MEMS magnetic field sensors
represent a potential alternative for numerous applications, including the automotive

industry [7,8], military, medical, telecommunications, spatial, environment science and etc.
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1.1.1 Classification

There are different kinds of magnetic field sensors with unique characteristics, therefore a
preliminary classification is believed essential in order to understand the argumentation that
leads to using a magnetic field sensor instead of another. Although all devices measuring
magnetic field are frequently called “Magnetometer”, a rigorous categorization should provide
for the partition of these sensors in two macro-areas, as can be observed in Fig. 1.1, depending
on whether the magnetic flux density (B), to be measured, is higher or lower than 1 mT; in detail,

it is possible to distinguish “Magnetometers” if B < 1 mT and “Gaussmeters” if B > 1 mT.

@eﬁc field se@

1
i—- Hall effect

‘J\ = Magneforesistive

! : i—- Magnetodiode
=-SQUID +- Prolon precession “= Maonetotransistor
F=F luxgate L Optically pumped &
L-Magnetoresistance

Fig. 1.1: Magnetic field sensors classification.

Furthermore, magnetometers can be split in vector or scalar in accordance with the following

feature:
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e Vector magnetometer measures the magnetic flux density value in a specific direction in
3 D space.
e Scalar magnetometer which measures only the magnitude of the vector passing through

the sensor regardless of the direction.

A brief description related to the working principle and the peculiar characteristics of each
magnetic field sensor listed in Fig. 1.1 is considered essential to contextualize the topic presented

in this manuscript.

1.1.2 SQUID

The Superconducting Quantum Interference Device (SQUID) is a vector magnetometer and it is
the most sensitive magnetic field sensor with a resolution on the order of several {T [9,10]. This
sensor is noise sensitive, has a power consumption of numerous watts and its operation is based
on two effects: flux quantization and Josephson effects (observable only in the presence of
superconductivity) [9]. Structurally, it is composed of two Josephson junctions, as shown in
Fig. 1.2 [11], and its working principle is based on the conversion of the magnetic flux (®) or
any physical property that can be transformed into magnetic flux, into a voltage across the device.
Due to the strongly nonlinear, periodic voltage vs flux (V-®) the magnetometer must be operated
in a flux-locked loop. Unfortunately, instruments based upon SQUIDs require cooling down to
liquid helium temperatures (4.2 K) [12] and, as a consequence, their applications are still limited
e.g., in geophysics and in other niche applications, such as the investigation of brain

activity [13,14], because it has a high price and it needs to operate at low temperatures.
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Fig. 1.2: Working principle of the SQUID magnetometer.

In addition, it is interesting to note that since the SQUID is noise sensitive a magnetically
shielded room (MSR) is used in order to reduce the noise; however, this room is expensive and
heavy, and, for this reason, the environments in which it can be used are restricted. In [15]
authors proposed a new SQUID magnetometer system that has combined the direct-feedback
gradiometer method and FQC method (Flux-Quanta Counting) for MCG (magnetocardiogram)
measurement without MSR, obtaining a noise cancellation factor ranged from 10 dB to 20 dB.
Several studies have been found in literature to improve the field resolution of a magnetometer
for use in the Earth’s field: in particular, a multi-turn input coil has been inserted between a
directly-coupled SQUID and a pickup coil in series [16] developing a “hybrid” SQUID with a

field noise as low as 18 fT/Hz"? (white).
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1.1.3 Fluxgate

The Fluxgate magnetometer is a simple, room-temperature sensor used to measure static or
quasi-static magnetic field targets and it has promising performance in terms of resolution
(~ 100 pT) and sensitivity. Various topologies have been found in literature, planar (in
PCB technology) [17,18] or cylindrical, in single or coupled [19] configuration. Although, a
fluxgate magnetometer having an amorphous ribbon core (Metglas 2714A) has been analysed
in [20], determining a noise level at 1 Hz that is comparable or lower than the noise level
(6 pT/Hz'?) of one of the best commercially available fluxgate magnetometers, typically, the
basic architecture is composed of a ferromagnetic core, that has very high permeability (~ 80000)
and a hysteretic input-output characteristic, and two coils wound around the ferromagnetic

core [21] (IEEE copyright line © 2011 IEEE), as illustrated in Fig 1.3 a-b.

Secondary Primary

coil coil

Secondary coil

Ferromagnetic
core

(a) (b)
Fig. 1.3: (a) Fluxgate architecture [21]; (b) Cross section of magnetic sensor [21]

(IEEE copyright line © 2017 IEEE).
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In [21] we have investigated the performance of a totally flexible Fluxgate magnetometer (see
Fig. 1.4) in which primary and secondary coils are directly wound around the ferromagnetic core,
composed of CoFeSiB (80% Co-Fe, 20% Si, B) and having a diameter of 100 um; as a
consequence, the magnetic coupling, compared with previous versions [22], is increased, a
sensitivity of about 7.3x10—2 ps/nT and a noise level (variance) of about 8.0912x10—6 V2 have
been obtained. Its versatility allowed to be used in several applicative contexts that can be
notably different from each other, such as in geophysics [23], in providing non-invasive
solutions for the measurement of very low-frequency currents in electron cyclotron resonance
ion source (ECRIS) beamline [24,25], or still in monitoring brain iron contents in
neurodegenerative diseases [26,27]. Related to the last aspect, we have examined the opportunity
of using a flexible core fluxgate to measure the increase of iron contents in a specific brain area,

basal ganglia, correlated to the development of Parkinson’s and Alzheimer’s disease [26,27].

Fig. 1.4: Flexible Fluxgate magnetometer [21] (IEEE copyright line © 2017 IEEE).
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In addition, it is interesting to note that two different readout strategies can be adopted, that are
the second harmonic and the Residence Times Difference (RTD). In the first case, since the
pick up voltage consists of even-numbered harmonics of the excitation frequency, the second
harmonic, proportional to the external magnetic field, is extracted and rectified; in the second
case, the unknown magnetic field is correlated to a time measurement, coming from the “spike
train response” of the secondary coil output voltage, which is the first derivative of the

magnetization core.

1.1.4 Magnetoresitance or Magnetoresistive

In Magnetoresistance magnetometers (MR) a resistance variation, AR, is obtained in accordance
with the strength of an unknown applied magnetic field and the specific direction. They are
especially indicated for low cost applications because they are simply energized by applying a
constant current and measuring the output voltage that is correlated to the magnetic field [7].
One characteristic in MR is given by AR = R — R, where Ry is the nominal value of the
resistance corresponding to H =0, therefore, the value for MR is usually expressed as the
percentage change in resistance per oersted (Oe). Typically, since AR is small, a bridge circuit
or other methods must be used in order to estimate the DC voltage change and to minimize the
DC offset. Several magnetoresistance sensors, having totally different mechanisms, can be
mentioned, such as AMR (Anisotropic MR), GMR (Giant MR) and TMR (Tunnel MR); in the
AMR devices, materials, known as permalloy, exhibit a resistance which is a function of the
angle between the magnetization of the material and the electrical current direction (as shown in

Fig. 1.5).
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With external magnetic field

Fig. 1.5: Working principle of AMR sensor.

Taking into account that the resistance varies as the element of angle between the current

direction and the field direction, in accordance with the following eq. (1.1) [28]:

R =R,+ ARcos? 8 (1.1)

as a consequence, the resistance change amount (4R), which is shown in Fig. 1.6, becomes
maximum when the current direction is vertical with the filed direction (6 = 90° or 6 = 270°) and

it becomes minimum when the current direction is horizontal with the filed direction (6 = 0° or

0= 180°).
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Fig. 1.6: Resistance variation VS magnetic field direction.

Typical applicative contexts for these magnetometers are automotive [29], industry [30] or
magnetic object localization [31]. In detail, in [31] authors used HMC1001 and HMC1002 MR
sensors, which are extremely sensitive for measuring magnetic field in a sensitive axis direction.
As results, they estimated a spatial resolution of 11.4 nT and when the magnet of surface
magnetic field, generated by a Helmholtz coil, is 0.9 T, the location error is not more than 10%
from 50 cm to 140 cm. Other interesting advantages of AMR sensors to be mentioned are low
power consumption (between 0.1 mW and 0.5 mW), large temperature range (55 °C and 200 °C),
lightness and small dimensions.

As concerns the GMR magnetometers, the giant magnetoresistance effect is a very basic
phenomenon that occurs in magnetic materials ranging from nanoparticles over multi-layered
thin films to permanent magnets and it was discovered by Griinberg and Fert in 1988 [32]. In
thin metallic film systems, they observed that the magnetization of adjacent ferromagnetic films,
separated by a thin non-magnetic conductive layer, as can be Cu [33], spontaneously aligns
parallel or antiparallel, depending on the thickness of the interlayer. The orientation of the

magnetization in the ferromagnetic layers strongly influences the resistance of the system. A
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parallel orientation is characterized by an electrical state of low resistance (Rp), while an

antiparallel orientation is a state of high resistance (Rap) [30], as illustrated in Fig. 1.7.

| - |
=) =)

Fig. 1.7: Schematic representation of GMR effect.

GMR sensors have greater output than conventional anisotropic magnetoresistive (AMR)
sensors or Hall Effect sensors and they are able to operate at fields well above the range of
AMR sensors. Nowadays the spectrum of successful applications of GMR technology is
impressively broad, ranging from applications in the air- and space or automotive industry [34],
non-destructive material testing, biomedical techniques [35] and biosensors [36]. Another
important aspect is correlated to the temperature: since, for instance, a lot of automotive magnetic
sensors are implemented into security-relevant functions, it is essential that the magnetic
behavior of the GMR sensors be stable under the applied conditions [37].

As regards the TMR magnetometers, they are constructed as a magnetic multilayer film material.
TMR magnetic field sensing elements exhibit a greater change in resistivity, as a function of

10
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applied magnetic field induction, than that of the previously developed magnetoresistance
technologies, AMR and GMR. As can be observed in Fig. 1.8, the magnetic structure of a TMR
element is almost the same as that of a GMR element, however, in a TMR element, the current

flows perpendicular to the film surface, while it flows horizontally to the film surface in a GMR

element.
\
GMR element TMR element
Current
Current
Nonmagnetc Barrier ayer.

metal | i (insulator)

| (Spacer layer) |

Fig. 1.8: Schematic of the TMR structure.

Furthermore, a TMR element is a thin-film having a structure in which a barrier layer composed
of a thin insulator of 1 nm to 2 nm is sandwiched between two ferromagnetic layers (free layer
and pin layer) having a thickness in the range [0.1 — 10] nm [38]. Although the magnetization
direction of the pin layer is fixed, the magnetization direction of the free layer changes according
to the external magnetic field direction. The electrical resistance of the TMR element changes
along with this change in the free layer. The electrical resistance becomes the smallest when the
magnetization directions of the pin layer and free layer are parallel, causing a large current to
flow into the barrier layer. When the magnetization directions are antiparallel, the resistance
becomes extremely large, and almost no current flows into the barrier layer (as illustrated in

Fig. 1.9).

11
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Fig. 1.9: Resistance VS magnetic field in TMR magnetometers.

Nevertheless, although the TMR sensor has a higher sensitivity and a wider linear range
compared with the previous two magnetometers, the noise problem limits its sensitivity for ultra-
low magnetic field application. Several studies have been found in literature in order to reduce
the noise disturbance, such as flux concentrator [39], flux chopper [40] and TMR arrays [41]; in
particular, in [42] the authors have reduced the //f noise by a factor of 12 with a shielding type
magnetic flux chopper. At last, the TMR magnetometers are widely used in space
application [43] and biomedical imaging such as magnetocardiography [44]. In conclusion, the

potential of magnetoresistive technology seems to be far from being exhausted.

1.1.5 Proton precession

The proton precession magnetometer (PPM) uses NMR (nuclear magnetic resonance) methods
to measure the geomagnetic field [45] and it can be considered the oldest instrument in the

history of quantum weak magnetic measurement instruments. In quantum physics, since protons

12
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possess electric charge and spin, they have an intrinsic magnetic dipole moment; therefore, if a
particle
with non-zero magnetic dipole moment is placed in an external magnetic field it will start to

precess around the magnetic field in accordance with Larmor equation, eq. (1.2):

gl
I

~<
s 1)

(1.2)

where @ is the angular frequency of precession, y is the gyromagnetic constant that is higher for

electron than proton, and, at last, B is the magnetic induction. The proton precession
magnetometer consists of a proton-rich fluid (commonly hydrogen or kerosene) in a container,
surrounded by a coil (as described in Fig. 1.10). When the current is passed through the coil, a
magnetic field is induced and the protons in the liquid sample align themselves with the magnetic
field, whereas, when the current is turned off, the protons try to align themselves with the Earth’s

magnetic field.

Hearth

Coil R /\ /\ Liquid Sample
| X

| | Hprot

Fig. 1.10: Proton Precession Magnetometer (PPM): working principle.

13
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It is important to highlight that the proton precesses can generate a free induction decay (FID)
signal in the sensing coil, whose frequency is proportional to the magnetic field strength [46].
Hence, the measurement performance of a PPM is mainly determined by the signal-to-noise ratio
(SNR) of the induced FID signal. In order to solve this problem, numerous solutions have been
found in literature, in particular: in [47] an equivalent circuit of ATCN-LCBF (AdjustableTuning
Capacitor Network — LC Band-pass Filter) has been investigated, demonstrating that it cannot
only enhance the strength of the FID signal but also suppress the external noises, improving the
measurement accuracy of the PPM by approximately 2 times; in [48] is a new algorithm based
on the combination of principal component analysis (PCA) and singular value decomposition
(SVD), called C-PCASVD method, has been developed for high-precision tuning of FID signals;
in [49] a novel real-time processing algorithm, called LRC — GDRO, based on a new efficient
framework, dubbed Low-Rank Constraint-based Geomagnetic Data Readout Optimizer has been
implemented, improving the performance of the PPM with a measurement accuracy of + 0.2 nT.
Typically, the proton precession magnetometer has a resolution of 0.1 nT and accuracies of

0.5 nT are achievable in the field.

1.1.6 Optically pumped

Optically pumped magnetometers (OPMs) have been developed since the 1960s and have seen
rapid progress over the last decade in terms of performance and technology development. The
OPMs use an ionizing light beam to manipulate one of several elements from a specific chemical
Group within a sample volume for the purpose of observing their reaction to external magnetic
forces [50] (IEEE copyright line © 2011 IEEE). By manipulating and monitoring the nuclei of
any one of the Periodic Element Table Group 1 or alkali metals (Li, Na, K, Rb, Cs, Fr),
measurements can be made of magnetic forces (see Fig. 1.11). Alkali metals are very reactive to

certain external forces and will easily lose an electron such as when ionizing light energy is

14
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applied. However, magnetic forces have a stabilizing effect on alkali metals that have lost an
electron and tend to force any losing electron back to its stable neutral state, thus counteracting

the ionizing light energy or optically pumped energy.

Magnetic Induction

Alkali Vapor Cell

Photodiode
Lens
Laser i)\l '
AmpMmr

Fig. 1.11: Optically Pumped Magnetometer (OPM): working principle [50] (IEEE copyright line © 2011 IEEE).

An alkali vapor, such as cesium (Cs) or potassium (K), is sealed within a temperature controlled
vacuum chamber where ionizing light is emitted or “pumped” into the chamber through various
optical filters. The ionizing light energizes the molecules in the sample volume and ejects
electrons from the outermost orbit of individual electrons. A photocell at the end of the vacuum
chamber measures the amount of light given off. Greater light intensity means that a strong
magnetic field is quickly forcing electrons back to a normal state within the sample volume.
Weaker magnetic fields will not cause the electrons to return to normal as rapidly, thus producing
less light in the sample volume. Several improvements have been introduced into the basic
structure of an OPM in order to increase the performance: for instance, in [51] authors

implemented a miniaturized cesium cell using the light-narrowing effect and impressing a spin-

15
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exchange relaxation suppression and they have estimated a shot-noise-limited sensitivity of
42 fT/Hz'?. Taking into account the OPMs are highly sensitive at room-temperature without
requiring cryogenic cooling, they are capable of replacing superconducting quantum interference
device (SQUID) in several imaging systems, such as magnetoencephalography (MEG) [52,53],
that measures the magnetic fields from neural currents by placing sensors on the scalp of the
subject. Due to the curvature of the head, rigid helmets do not allow for close proximity of
sensors for every head size. Furthermore, it has been possible to record magneto
cardiograms (MCQG) by placing several sensors over the chest of a healthy subject [54] and also
the fetal MCG with an array of 25 magnetometers and extracting the maternal and fetal heart

signals [55].

1.1.7 Hall Effect

Magnetic sensors using the Hall effect as their principle of transduction are commonly fabricated
on standard Complementary Metal-Oxide Semiconductor (CMOS) technology [56]. Hall effect
sensors have low cost and are used for measuring linear and angular position [57], velocity,
rotational speed and in current sensing applications [58]. They are based on the Hall effect
principle that can be explained as follows and described in Fig. 1.12 a-b [59]: a current (I) is
passed through a thin sheet of semiconducting material (Hall element), whose output connections
are perpendicular to the direction of current. If an external magnetic field is absent the current
distribution will be uniform, and no potential difference will be seen across the output (see
Fig. 1.12 a), whereas, if an external magnetic field is present the Lorentz Force will disturb the
current distribution, resulting in a potential difference across the output (Vu), as shown in

Fig. 1.12 b. It is noteworthy to underline that the Lorentz force can be described by eq. (1.3):

F=q-(E+7xB) (1.3)

16
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in which, the Lorentz force F is perpendicular to both the velocity v of the charge g, E is the

electric field and the magnetic induction B. The output voltage, called Hall voltage and indicated
with Vu, is proportional to the vector cross product of the current (/) and the magnetic

induction (B).

Hall element B

o — N

(a) (b) vYyv

Fig. 1.12: Hall effect principle (a) Without magnetic field; (b) With magnetic field applied [59].

Typically, the Hall voltage is quite small, only a few microvolts even when subjected to strong
magnetic fields so most commercially available Hall effect devices are manufactured with built-
in DC amplifiers and voltage regulators to improve the sensors sensitivity, hysteresis and output
voltage (as illustrated in Fig. 1.13).

In general, Hall sensors are applicable for measuring magnetic field in the range [1 — 100] mT,
have a power consumption between 100 mW and 200 mW, and an offset of several mT. These
sensors can measure either constant or varying magnetic field: the upper frequency limit is about
1 MHz and operate well in the temperature range from —100 °C to +100 °C, although they need
temperature compensation circuits that can include temperature sensor and operational
amplifiers. Regarding the improvement of the performance, several solutions have been found

in literature: in [60] a n-type Hall sensor has been developed in GLOBALFOUNDRIES on
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0.13 pm BCD (bipolar/CMOS/DMOS) technology exhibiting a sensitivity of 418 V/AT and a
small offset voltage ranging in £ 1.05 mV; in [61] authors estimated a sensitivity of 964 V/AT

concerning an horizontal Hall sensor in 0.35 um BCD technology.
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Fig. 1.13: Basic Hall effect sensor.

1.1.8 Magnetodiode

A magnetodiode is conceived as an intrinsic semiconductor slab subject to double injection and
a transverse magnetic field, in other terms it combines Lorentz force and injection effects [62].
The classical magnetodiode is a two-terminal semiconductor device capable of detecting the
magnetic field in the order of mT and whose operation is based on the superposition of high
carriers’ injection by one or two (a p'-n and an n’-n) junctions, magneto concentration and
surface recombination. It operates by the difference in recombination rate between two interfaces
depending on the direction of the magnetic induction. In [63] (IEEE copyright line © 2011 IEEE)
authors developed a dual Schottky magnetodiode, shown in Fig. 1.14, in which the common

anode terminal is aluminum (p-type), whereas the symmetrical separated cathodes are n-type
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substrate with the n* diffusion window for ohmic contact with aluminum (Al). In relation to
Fig. 1.14 it is interesting to specify that =10 um is the gap between cathode terminals,

whereas L = 15 pm is the spacing between anode and cathode terminal.

WAL
4 L x

¥

Fig. 1.14: The top view of the dual Schottky magnetodiode structure [63] (IEEE copyright line © 2012 IEEE).

Eventually, the simulated results demonstrated that the device is able to detect magnetic field in
vertical direction and it relies on the carrier deflection mechanism causing the current difference
between cathode 1 and cathode 2.

In addition, a no-touch flux-meter solution, illustrated in Fig. 1.15, has been found in literature
in order to monitor the flux of a liquid in specific circumstances, for example oil pipes that
contain many combustible gases; it is based on a series connection magneto-diode [64], whose

V-I characteristics as a function of the magnetic induction are described in Fig. 1.16.
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Fig. 1.15: Tachometer Circuit based on Series Magneto-diode [64].
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Fig. 1.16: I-V characteristics of magneto-diode [64].
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1.1.9 Magnetotransistor

The magnetotransistor is a magnetic sensor device, which has the structure similar to a bipolar
transistor. In general, it is composed of three terminals which are emitter, base and collector on
a silicon substrate, and it is a useful sensor for magnetic field applied to vertical direction of the
chip. The main mechanism for magnetic sensitivity of these devices is the deflection and
recombination of minority carriers in the neutral base region by Lorentz force. The carrier
deflection influences the difference between base and collector current (Alzc) which is directly
proportional to magnetic field that is expressed in terms of magnetic induction (B) applied. In
Fig. 1.17 an NPN magnetotransistor fabricated in a standard CMOS technology is
presented [65] (IEEE copyright line © 2011 IEEE), in which a LOCOS oxide (local oxidation of
silicon) has been inserted around emitter area to reduce the leakage current by limit its carrier

injection area.

LOCOS Oxide | | Deflection length (L)

o A

A 4= 10 um

. -—\
P-sup

Ox Op WP

Fig. 1.17: Magnetotransistor structure [65] (IEEE copyright line © 2011 IEEE).
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The best sensitivity has been estimated about 10.75 mV/T in correspondence with emitter
width (W) of 4 um, emitter current of 4 mA and a deflection length (L) of 10 um. In order to
detect magnetic field in perpendicular and lateral directions a magnetotransistor, having one
emitter I, 4 collectors (C1, C2, C3, C4) and 4 bases (B1, B2, B3, B4), has been designed and
fabricated using CMOS technology (see Fig. 1.18) [66] (IEEE copyright line © 2011 IEEE),
and the experimental results showed that, imposing 10 mA of biasing current, the By and Bz
direction sensitivity to magnetic field within the range [0 —400] mT are 0.7 and 1.35 %/T,

respectively.

B,

. B2 2
B,(X

C3 Bl

B3 Cl

C4 B4

Fig. 1.18: Top view of magnetotransistor structure [66] (IEEE copyright line © 2015 IEEE).

For in-plane magnetic field sensing, bipolar npn Lateral MagnetoTransistors (LMTs) are often
used, although they suffer from a large offset; for this reason, in order to implement a
360° angular sensor, in [67] (IEEE copyright line © 2011 IEEE) authors presented a MOS-gate
Bipolar MagnetoTransistor, fabricated in CMOS-SOI technology and having two central
emitters (E1, E2) for smaller offset, and emitter E, base (B), and collector (C) contact definition

by MOS-gate structures (see Fig. 1.19).
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Fig. 1.19: Cross-sections of SOI-LMTs with poly gates on GO1 (top) between E (n™), C (n*) and B (p*)

regions [67] (IEEE copyright line © 2014 IEEE).

1.2 MEMS magnetometer

The miniaturization has allowed the fabrication of numerous elements on the same chip, such as
sensors, actuators, electronics, computation, signal processing and control [68]. The chip can be
developed using the batch production of micro fabrication processes, which can reduce its cost.
The miniaturization is key to produce chips with important characteristics, such as multiple
functions, small size, low-energy consumption and high performance and it has achieved faster
devices with considerable cost/performance advantages and the integration of mechanical and
fluidic parts with electronics. Thus, these devices can increase their functionality, resolution and
sensibility. Microelectromechanical systems (MEMS) have enabled the development of devices
composed of electrical and mechanical components with size in the micrometer-scale, which can
include signal acquisition, signal processing, actuation and control. These devices offer several
advantages such as small size, reduced power consumption, high sensitivity and low-cost batch
fabrication. Recently, several MEMS devices have been fabricated such as micromirrors,
accelerometers [69],  gyroscopes [70], magnetometers, pressure  sensors [71] and

micropumps [72] and they can be employed in biomedical and chemical analyses, automobile
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and military industries, telecommunications, consumer electronic and navigation. Furthermore,
MEMS devices can be classified in three groups: sensors, actuators and micromechanical
structures: the first one, sensors, detect chemical and physical signals, which are converted into
electrical signals; the actuators transform magnetic or electrical input signals to motions, and,
eventually, the micromechanical structures are represented by beams, plates or microchannels.

Taking account into this research activity is founded on the realization, fabrication and testing
of a MEMS magnetometer in a specific technology, PiezoMUMPs, it is believed essential to
mention and describe some procedural aspects, such as fabrication and packaging processes. In
relation to the first point, MEMS devices can be manufactured using surface and bulk
micromachining techniques, which take advantage of both mechanical and electrical properties
of the silicon. Just to mention, silicon mechanical properties have a higher strength than the steel
and a minimum mechanical hysteresis. Surface micromachining is based on patterning layers
deposited on the silicon surface and it allows to integrate MEMS devices with microelectronics
on the same substrate. The thickness of the structural layer is determined by the thickness of the
deposited layer through, typically, the low-pressure chemical vapor deposition (LPCVD)
technique. As concerns bulk micromachining, it selectively removes a silicon substrate to
fabricate three-dimensional microstructures, for example beams, membranes, holes and
microchannels, using etching techniques that eliminate materials in desired areas through
physical (Plasma etching) or chemical (KOH) processes. Related to the second point, the
packaging process is very important to protect the MEMS device from environmental parameters
such as moisture, liquid or gaseous chemicals; during this phase the device die is bonded to a
package (die-attach) and, afterwards, the electrical contacts (pads) of the die surface are
connected to package pads by wire bonds, guaranteeing the electrical connections between the
device and external components. Finally, it is important to underline that MEMS devices require

reliability tests to verify their performance under different environmental and operating
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conditions. These tests can involve operational life, temperature cycling, mechanical shock,

humidity variations, high temperature, and vibrations.

1.3 Lorentz force Magnetometer

MEMS-based Lorentz force magnetometers represent an option for monitoring magnetic field
with important advantages such as small size, light weight, low power consumption, high
sensitivity, good resolution, wide dynamic range, and low cost by using batch fabrication.
However, MEMS magnetometers need more reliability studies to ensure a safe performance
under different environmental conditions. MEMS Lorentz force magnetometers can operate with
silicon-based structures, in which the interaction between an external magnetic field and an
electrical current is exploited to generate a Lorentz force on the structures. This force, which is
expressed in general form in eq. (1.4), is perpendicular to the direction of both magnetic field
and electrical current and it causes a deformation of the magnetometer structure that can be

measured by using a capacitive, piezoresistive, or optical sensing technique.

F= q(§+13x §) (1.4)

Taking into account a resonant structure exhibits an amplified response to an excitation source
applied with a frequency equal to the resonant frequency(ies) of the structure itself, it is
recommended to operate at resonance. For this reason, electrical current is applied with a
frequency equal to the resonant frequency of the magnetometer structure, increasing its
sensitivity up to a parameter equal to its quality factor (Q). As concerns the quality factor, Q, it
is correlated to the damping factor for a second order system in accordance with the eq. (1.5) [73]

and illustrated in Fig. 1.20:

25



Chapter 1

(1.5)

Amplitude in dB

5
>

ﬁ ﬁ Frequency [Hz]

Fig. 1.20: Amplitude in dB of a second order system as a function of the frequency.

In which £, is the natural frequency, Af = f>— f; is the bandwidth at -3 dB and, at last, & is the

damping factor that can be expressed as:

E—L 1.6
~ 2%K'm (1.6)

where d is the dynamic damping of the mass movement and £ and m are the stiffness and the
mass of the structure, respectively. Therefore, the quality factor also describes the accuracy at
the resonance peak: the higher the Q, the narrower the band. The eq. (1.5) and (1.6) suggest the
most common method to measure Q or the damping factor by measuring the frequency of

resonance and bandwidth.
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It is interesting to note that these resonant structures commonly are integrated by clamped-
free/clamped-clamped beams, torsion/flexion plates or an array of them, as discussed below. The
application of external magnetic fields alters the deflections of the resonant structure, which can

be detected through piezoresistive, capacitive and optical sensing techniques.

1.4 Sensing Techniques

Just for completeness, a brief mention related the working principle of several sensing techniques

1s considered essential in order to discuss, afterwards, various MEMS devices.

1.4.1 Piezoresistive transduction

In the piezoresistive sensing approach, a Wheatstone bridge having two active (placed on the
microbeams, Ri and R4) and two passive piezoresistors (deposited on the substrate, R> and R3)
is used (as shown in Fig. 1.21). The active piezoresistors can shift their resistance magnitudes,

whereas, the passive piezoresistors have fixed-value resistances.

|
mllll

Fig. 1.21: Wheatstone bridge.
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Typically, an excitation AC current (/) is supplied with a frequency equal to the resonant
frequency of the microbeams through an aluminium loop. When the structure is exposed to an
external magnetic field the generated Lorentz force determines a longitudinal strain (¢) on the

two active piezoresistors changing their resistance values, as indicated in eq. (1.7):

AR=G*&¢*R (1.7)

where AR is the piezoresistive variation in each piezoresistor, G is the gauge factor and R is the
nominal resistance value. As a consequence, in accordance with eq. (1.8), an output voltage

shift (Vou) 1s produced due to the resistive variation:

AR

Vour = —2—.
out ™ Hp4AR

(1.8)

in which E is the bias voltage of the Wheatstone bridge. The sensor sensitivity () is defined as
the ratio between output voltage variation and the range of the external magnetic field, as

expressed in eq. (1.9):

_ AVout

e (1.9)

It is essential to underline that piezoresistive sensing approach is simple and easy to use in

resonant magnetic field sensors based on MEMS technology.
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1.4.2 Capacitive transduction

Any MEMS sensor with capacitive sensing approach is composed of a mobile part (called
“rotor”) and a fixed part (called “stator”) in its simplest form. The rotor consists of a mobile mass
suspended with respect to the substrate and anchored by a system of springs, in order to allow
the movement on one or more axes. The stator is instead composed of rigid structures, anchored
to the substrate, on which the readout electrodes are created. In general, it is possible to estimate
a current signal which changes in accordance with the position of the rotor respect to the stator

(as shown in Fig. 1.22) [74].

Fig. 1.22: Differential capacitive sensing cell for a MEMS structure [74].

The number, shape and size of the electrodes on the stators, as well as of the moving mass,
depend on the technological possibilities of the production process, the project specifications and
the choices in the implementations. When the MEMS device is actuated by Lorentz force this
force is then used to move an armature of a capacitor, held at a constant voltage, generating a
charge displacement that is subsequently acquired by a front-end circuit. Several front-end
circuits have been found in literature in order to convert the capacitance variation in a useful
signal: in [74] authors used a switched-capacitor (SC) preamplifier in order to induce the
capacitive to voltage (C-V) conversion, and, afterwards, a self-oscillated noise-shaping

integrating dual-slope (DS) converter is used to digitize this magnitude. Another solution is
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described in [75] (IEEE copyright line © 2011 IEEE), where a capacitance-to-voltage converter

and an amplitude detector are used (as shown in Fig. 1.23).

Cx Capacitance-to-Voltage Ve Amplitude Vou I
Converter Detector

Fig. 1.23: Block diagram of the proposed interfacing circuit technique [75] (IEEE copyright line © 2015 IEEE).

In detail, the C-V converter is based on a charge amplifier, in which the sinusoidal voltage Vey is
the excitation signal applied into charge detector, whereas the second block is founded on a

sample-and-hold circuit S/H, two monostable multivibrators MN1 — MN2 and comparator CPy,

as illustrated in Fig. 1.24.
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Fig. 1.24: (a) C-V converter based on charge amplifier; (b) Amplitude detector [75]

(IEEE copyright line © 2015 IEEE).
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Furthermore, typically, in order to redouble the performance, the central plate of a differential
capacitor is moved, with the proof mass moving from the centre towards one of the two external

plates, moving away from the other (see Fig. 1.25).

mll Rotor fingers

Vac

Fig. 1.25: Differential configuration of a capacitive accelerometer © Sinha, Mukhiya, Pant / CC-BY-SA-4.0.

1.4.3 Optical transduction

In the optical sensing approach, an optical fiber [76] or a miniature laser, that can be a laser diode
beam with position sensitive detector [77], are used to detect the deflection on the MEMS device.
It is interesting to underline that magnetometers with optical readout systems exhibit, as
advantage, the opportunity to reduce their electronic circuitries and weights, nevertheless they
require an almost perfect vertical front side of the cantilevers, in order to avoid the interfering
reflected light. In detail, in [76] authors have developed two U-shaped beam -cantilever

magnetometers, that have dimensions 1100 um x 100 um x 10 um, with an optical detection
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system (as can be observed in Fig. 1.26). These magnetometers are appropriate to detect
magnetic field from 10 mT to 50 T in electromagnetically noisy environments. It is essential to
notice that temperature shifts can alter the fundamental resonant frequencies of the cantilevers,

modifying the deflections and output signals of the magnetometers.

Fig. 1.26: SEM image of a magnetometer integrated by a resonant silicon structure with optical sensing [76].

Another solution has been found in [78], where a magnetic field sensor, composed of a shuttle
which is designed to resonate in the lateral direction (first mode of resonance) is described and
showed in Fig. 1.27.

In the presence of an external magnetic field, the Lorentz force actuates the shuttle in the lateral
direction and the differential change in the amplitude of the resonating shuttle is correlated to
the strength of the external magnetic field to be measured. The resonance frequency of the shuttle
is determined to be 8164 Hz experimentally and the quality factor and damping ratio have been
estimated in an open environment 51.34 and 0.00973, respectively. The sensitivity of the sensor

has been estimated 0.034 um/mT when a current of 10 mA is generated into the shuttle, although
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a sensitivity of 1.35 um/mT has been determined at the resonance with a current of 8§ mA.

Finally, the resolution of the sensor has been evaluated 370.37 uT.

EHT = 200V
WD = 34 mm

AwSE2

Mag= 108X Universiti Teknalogi PETRC

(a) (b)

Fig. 1.27: FESEM image of fully released device [78]; (a) Front side view; (b) Back side view.

1.4.4 Piezoelectric transduction

In the piezoelectric sensing approach, the piezoelectric effect is used. Taking account into the
MEMS magnetometer presented in this manuscript exhibits a piezoelectric readout strategy, it is
considered favourable to describe the peculiar aspects of piezoelectric materials.

Piezoelectricity was discovered by two French scientists, Jacques and Pierre Curie, in 1880 and
the term comes from the Greek word piezo which means squeeze or press. The piezoelectric
effect is the ability of certain materials to generate an electric charge in response to applied
mechanical stress and it is reversable process. In other terms, when a mechanical stress is applied
to a piezoelectric material, a shifting of the positive and negative charge centres in the material
takes place, with the consequent generation of an external electrical field (called direct
piezoelectric effect, see Fig. 1.28a). On the contrary, an outer electrical field applied to a
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piezoelectric material introduces stretches or compresses in it (called inverse piezoelectric effect,

see Fig. 1.28b).
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Fig. 1.28: Piezoelectric Effect: (a) Direct; (b) Inverse.

Therefore, piezoelectric materials are materials that can produce electricity due to mechanical
stress, such as compression and they can also deform when voltage (electricity) is applied. Some
examples of piezoelectric materials are PZT (also known as lead zirconate titanate), barium
titanate, lithium niobite, aluminium nitride and piezoelectric fluoropolymer films. Typically,
piezoelectric materials are used in the realization of actuators, sensors and transducers. Just to
mention, in [79] we have presented a movable strategy to measure static or quasi-static magnetic
field by using a RTD-Fluxgate magnetometer and a bimorph artificial whisker used as actuator.
In detail, a piezoelectric bimorph, composed of two piezoelectric fluoropolymer film sheets and
produced by Images SI Inc. [80], has been implemented in parallel mode in order to actuate a
flexible RTD-Fluxgate magnetometer and to test its capability to “sense” the presence of a
magnetic target in different positions during its actuation. In conclusion, the actuation foil has
been characterized in absence of the sensor and in presence of the sensor, obtaining a sensitivity
0f9.12x10-3 °/V and resolution 0f 0.22 ° in the first case, whereas a sensitivity of 7.96x10-3 °/V

and resolution of 0.17 °© are carried out in the second one.
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As concerns the piezoelectric sensing approach in MEMS magnetometers, few studies have been
found in literature; in [81] (IEEE copyright line © 2011 IEEE) Ghosh et al. demonstrated the
sensing of lateral magnetic fields using the piezoelectric effect in a resonant MEMS thin-film
piezoelectric-on-silicon (TpoS) CMOS compatible magnetometer (as illustrated in Fig. 1.29b).
The magnetometer is based on an 800 um wide suspended square plate which works as the
resonator to be mechanically actuated by Lorentz forces resulting from the cross product of a
line current passing along the sides of the plate and a lateral magnetic field. It is important to
highlight that an AC current is applied around the resonance frequency of the MEMS device in
order to maximize its displacement amplitude as determined by the quality (Q) factor. As can be
observed in Fig. 1.29a, an output patch electrode of a piezoelectric transducer stack is placed at
the centre of the square plate, while the input tracks are routed along the perimeter of the square
plate. Authors have experimentally estimated a resonance frequency and a responsivity of

159.35 kHz and of 12156 ppm/T, respectively.

Output electrode  [pput Al track

Al bond pad

structure

BSi (10 pm) WSiO, (1 pm)
M Oxide (0.2 pm) BAIN (0.5 pm)
CCAL(1 pm)

(a) (b)

Fig. 1.29: (a) Schematic of TpoS magnetometer with required biasing configuration; (b) Cross-sectional view [81]

(IEEE copyright line © 2017 IEEE).

35



Chapter 1

1.5 MEMS torsional resonant magnetometers based on

Lorentz force

This section is dedicated to a peculiar sub-class of MEMS resonant magnetometers based on
Lorentz force, that are torsional structures. Although the MEMS architecture analysed in this
manuscript is focused on a U-shaped beam cantilever, that is characterized by a linear deflection,
in order to provide a thorough overview, it is believed necessary to describe briefly some
examples of torsional architectures and their performance. Just to mention, Ren et al. have
developed a MEMS magnetometer actuated by Lorentz force, which is suitable for spacecraft
and it is composed of torsional structures, torsional beams, metal plates, a coil and a glass
substrate (as shown in Fig. 1.30a) [82] (IEEE copyright line © 2011 IEEE); in detail, they have
designed a novel structure of folded torsional beams and a double-layer excitation coil to increase
the sensitivity of the sensor. The Lorentz force, generated by the interaction of a current in the
MEMS coil and an external horizontal magnetic field, determines a displacement of the torsional
structure, which can be detected by two sensing capacitors in accordance with the differential

change.

(a) (b)

Fig. 1.30: MEMS torsional resonant magnetometer [82] (IEEE copyright line © 2013 IEEE): (a) Structure and

principle; (b) Prototype.
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The device has been packaged and bonded (see Fig. 1.30b) with are six gold wires needed for
the connections among the gold poles of the shell package and the MEMS structures. The sensing
technique is capacitive, and the results have demonstrated a resonance frequency of 1100 Hz, a
capacitance variation around 100 fF when an external 50 pT magnetic field is applied and a

resolution of 30 nT has been estimated.

As previously mentioned, MEMS devices find utilization in several contexts, such as compass
applications and not always they work at the resonance; in particular, a MEMS magnetometer,
capable of measuring magnetic fields along an in-plane direction and operating off-resonance,
has been developed in ThELMA technology (from STMicroelectronics) and it is based on four
torsional springs sustaining a 1095 um x 282 um suspended plate [83] (as described in

Fig. 1.31a-b).

torsional springs torsional plate rotation axis

Fi(t) l torsional plate TFz(f)

lw B
C2 L i

_——

e, (0

Fig. 1.31: Working principle [83]: (a) Top view; (b) Cross-section.
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The device is designed in order to have the first mechanical mode at a nominal frequency of
20 kHz (FEM analysis is shown in Fig. 1.32) and the motion is detected by the parallel-plate

capacitors having an area of 7.9 pm X 104 um, suitably designed 1.8 um below the frame.

device dimensions:
282 pm x 1095 pim

Fig. 1.32: FEM analysis of the first resonant mode [83].

As experimental results, the resonance frequency has been estimated at 19953 Hz and, generating
a quasi-static ramp of magnetic fields around + 5 mT, a sensitivity of 0.85 V/mT has been
evaluated. Afterwards, the device is then operated off-resonance by changing the frequency of
the drive signal, and, considering a mismatch of 50 Hz, a sensitivity of 0.068 V/mT is obtained.
Thanks to the much better immunity to small changes of the resonance frequency, which may be
induced by poor stability of the biasing voltages or by temperature changes, off-resonance

operation demonstrates a 100-fold better long-term stability at 100 s observation time.

As last example, another interesting study case is presented in [84] (IEEE copyright line ©
2011 IEEE) where a torsional MEMS magnetometer has been implemented using the
MEMSCAP SOI process and it is composed of beams, combs, rotor and stator (as illustrated in

Fig. 1.33a-b).
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(a) (b)

Fig. 1.33: MEMSCAP SOI magnetometer: (a) 3D model; (b) SEM image [84]

(IEEE copyright line © 2019 IEEE).

The difference in capacitance and displacement are measured through the overlapping motion in
the x direction of the comb fingers at the resonance frequency. During its motion, the gap
between fingers changes, thus impacting the differential capacitance. Regarding geometrical
parameters it is important to mention that the beam width is 20 pm and its spacing from the rotor
plate is 30 um, the fingers are 100 pm long, 5 pm wide and two adjacent fingers have a gap of
2 um. Authors have simulated the MEMS device performance considering several
beam’s lengths in the range [85 — 250] um and several beam’s widths in range [5 — 20] pum at the
same Q value (Q = 100000): as expected, the sensitivity improves if the length increases and
higher displacements are obtained when the width decreases and therefore higher sensitivities.
In order to actuate the magnetometer a current is generated from the application of voltage across
the driving elements of the device (Dr+ and Dr-) and this current, combined with the surrounding

magnetic field, generates the Lorentz force, which produces the displacement of the sensing
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element, Cs+ and Cs- (see Fig. 1.33b).The results show that the proposed device is appropriate

for navigational applications close to the Earth’s surface.

1.6 Summary

In conclusion, in order to contextualize the research activity presented in this thesis a table

summarizing the main characteristics of discussed magnetic field sensors has been implemented

(see Table 1), in which the operative range (T), the accuracy (ppm), benifts (Pros) and

limitations (Cons) are listed.

Magnetic Sensor | Operative | Accuracy Pros Cons
Range (T) | (ppm)
High sensitivity Cryogenic
Magnetically temperature
“clean” High cost
SQUID 10°+ 107 | 8000 Linear with High power
feedback Complexity
Bandwidth
limited by
feedback
Good low field Point
performance measurement
Fluxgate 101+ 10 900 Large physical
size
Limited
bandwidth
Good low field 1/f noise
_ ) ) performance nipolar
Magnetoresistance | 10 + 103 5000 Good bandwidth EOiII;[O
measurement
Sensitive to 1 nT Sensitive to high
Small, rugged and gradients
Proton Precession | 107! + 107 ~5 reliable Low samp]ing

rates
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Lorentz Force

Not sensitive to High power
orientation consumption
High sensitivity Complex Setup
Optically Pumped | 1072+ 105 | 30000 Shom Eﬁgﬁfgure Heating
between the sensor
and the sample
Robustness Require separate
Low Cost magnet for its
Hall Effect > 107 100 = 300 Fast Response operation
Contactless Influence of the
Temperature
Drift, require
compensation
Sensitive to Nonlinear output
Magnetodiode 107 + 10 20 longitudinal and and decrease
transverse field device yield
High sensitivity 1/f noise and shot
Nearly linear noise
response Large offset
Integration of Instability of
Magnetotransistor | 10+ 10> | 30000 sensor element and device surface
circuitry Reduced carrier
Wide calibration mobility in the
range channel
Low cost
small size, low Reliability
power studies
MEMS ) consumption, good Offset and
107+ 1 20000 resolution, low associated Drifts

cost, wide dynamic
range light weight,
high sensitivity.

Sensitivity long
term stability

Table 1: Main characteristics of the magnetic field sensors presented.

After this brief nevertheless fundamental introduction a specific category of MEMS

magnetometers actuated by Lorentz force are on the point of being described, taking into account

the MEMS magnetic field sensor proposed in this manuscript, is a modification of this class,

represented by the U-shaped beam cantilever.
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Chapter 2

U-shaped beam cantilevers

A U-shaped beam cantilever is a beam anchored at two extremes having greater length as
compared to its width and thickness. The main characteristic of a cantilever is related to its
property to respond mechanically when a variation in external parameters, such as temperature,
molecule absorption, magnetic field and so on, is present. As microelectromechanical system the
architecture of a U-shaped beam cantilever is quite simple and it can be realized in numerous
integrated technologies, such as CMOS, MEMSCAP SOI, MEMSCAP PiezoMUMPs, and with
various readout strategies, such as piezoresistive, capacitive, optical and piezoelectric. In this
chapter several prototypes of U-shaped beam cantilever will be examined in terms of

performance, taking into account different technologies and readout approaches.

2.1 Working Principle and Modeling

In order to describe the working principle of a U-shaped beam cantilever a general schematic is
presented in Fig. 2.1. It is interesting to underline that this category of MEMS devices is typically

used as current sensor, magnetic field sensor or accelerometer.
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Fig. 2.1: General schematic of U-shaped beam cantilever.

Acting as current or magnetic field sensor, the U-shaped beam cantilever exploits Lorentz force
exerted by magnetic induction on a charged moving particle, and this behaviour is modeled by

the following equation, as explained in [85]:

F,=q (E+¥xB) 2.1

