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Chapter 1

General introduction

ENSING is the entry point of any perception process. Now more than ever, this
statement needs careful consideration. Indeed, with the ever-expanding amount of
technological devices, perception is gradual shifting towards new paradigms of un-
precedented amount and variety of information. From home to industry via health,

transportation, security or environment, no domain sets apart from technological evolution.
One blatant illustration of this context is the advent of the Internet of Things, which relies on
ultra-low-power high-performance sensors to extract information from their physical environ-
ment in real-time. This evolution inevitably comes along with growing constraints, whether
they be technical such as power consumption, accuracy, agility, reliability, compactness, or
economic, and requires the developing of both new conception strategies and new devices
with genuine breakthrough capabilities. This work addresses the points raised here. More

specifically, this thesis is about high-performance integrated magnetic field sensors.

Integrated technologies probably constitute the most convenient way to co-integrate onto
the same chip a sensitive element, usually called transducer, together with its conditioning
electronics. This close, intrinsically intimate, combination enables the creating of smart sen-
sors. Silicon-based technologies, and above all standard CMOS processes, are particularly well
suited because they are mature, cost effective! , and offer great versatility, enhancing sensors
with advanced signal processing and a large variety of complex functions, turning them into

even smarter microsystems.

As an introduction to this thesis, the next two following sections report on magnetic
sensors and transducers. Section 1.1 proposes a concise survey of representative state-of-the-
art applications of integrated magnetic sensors. Section 1.2 then refocuses on the core element
of any magnetic sensing system, i.e. the transducer that converts magnetic excitation into an
electrical signal. The goal of this section is precisely to identify what principles are actually
suitable for integration, particularly in silicon technology. The presentation of the motivations
and objectives finally completes this general introduction and invites the reader to discover

this work on silicon-based high-performance magnetic sensors.

!To some extent, considering large scale production volume.



CHAPTER 1. GENERAL INTRODUCTION

1.1 Applications of magnetic field sensors

The demand for magnetic field sensor has been growing rapidly over the last decade [1]. Figure
1.1 illustrates the related market trend for north America. It shows that the global market
has been almost linearly growing since 2012 and is dominated by Hall effect sensors. This
trend is expected to consolidate in the next years due to emerging applications in all domains
(consumer electronics, automotive, industry and health care...). In 2014, the magnetic field

sensors market was evaluated of about USD 1.8 billion worldwide [2].

900.0 -
800.0 -
7000 -
600.0 -
5000 -
400.0 4
3000 A
2000 4
1000 -

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
m Hall effect = ANMR = GMR u Others

Figure 1.1 — North America magnetic sensors market by technology, 2012-2022, (USD Million).
Reprinted from [2].

Of course, magnetic field sensors, also called magnetometers, can be used to provide
direct measurement on the magnetic field itself. But most of the time, the magnetic field
is an image or a consequence of other physical quantities such as mechanical displacement,
electrical current... Magnetometers also represent promising approach in many bio-medical

applications (immunoassay procedure [3, 4], micro-invasive surgery [5]).

1.1.1 Electronic compass

Electronic compass is a significant application of magnetic field sensors for consumer elec-
tronics (for example smartphones). It consists of a magnetometer with at least 2D capability
(figure 1.2a), and accurate offset and gain calibration [6] that measures the horizontal com-
ponent of the Earth’s magnetic field in order to indicate the direction of the North pole. This
application requires microtesla sensing capability since the Earth’s horizontal magnetic field

component is in the 20 — 60 uT" range (figure 1.2b).

2
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X axis sensor + Y axis sensor +

- Auto-centered
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Frequency
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20,000 30,000 40,000 50,000 60,000
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Figure 1.2 — (a) 2D electronic compass based on resonant magnetic transducer, reprinted from
[6], (b) Magnetic field at the Earth’s surface, reprinted from [7].

1.1.2 Contactless linear and angular position sensors

Due to their massive use in automotive industry, displacement sensors probably constitute
the largest application of magnetometers (rotary encoders, stirring wheels, active pedals, ...)
[1]. Indeed, linear and angular position sensors consist of a magnetic field sensor combined to
a permanent magnet (figure 1.3a) [8]. For example, the permanent magnet can be attached to
a moving object such as a stirring wheel (figure 1.3b). In most position sensing applications,

the magnetic field is in the micro to millitesla range.

Sensor module Magnetic pulse wheel

Sensor module

flux line
Pt !

moving
permanent

Figure 1.3 — (a) linear position sensor, reprinted from [8] and (b) sensor system for stirring
wheel, reprinted from [9].

1.1.3 Contactless current sensor

Contactless current sensor current sensors are based on the measurement of the magnetic
field generated by an current flowing through a conductor [8]. The easiest way to perform
this measurement is to place a magnetic field sensor close to the conductor [11]. The mag-

netometer can either be used as it is (figure 1.4a), or coupled to a ferromagnetic structure in

3
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Figure 1.4 — (a) Contactless current sensor, reprinted from [10], and (b) Hall device in magnetic
yoke, reprinted from [8].

order to increase the magnetic flux density (figure 1.4b) [8, 11]. Depending on the sensor im-
plementation and the amplitude of the current, this application requires magnetic field sensor

resolution in the micro to millitesla range.

1.1.4 MRI surgical tool tracking

In MRI environment, high static magnetic field is applied together with magnetic gradients
and radio-frequency electromagnetic stimulation in order to perform non-invasive imaging of
living tissues [5]. There is a unique relationship between position within the MRI and the
magnetic field gradients [5, 12, 13]. Attaching a micro-scale magnetometer to a surgical
tool can thus be to assist micro-invasive surgery in MRI environment (figure 1.5). Two
3D magnetometers measure the gradients (i.e. around 20m7'/m) in order to provide high-
accuracy on the tool’s position [12]. This application requires magnetic field sensors able to
achieve micro to millitesla range resolution within high static field (i.e. typically 1.5 or 37T

for current clinical human MRI).

Figure 1.5 — (a) MR-guided minimally-invasive surgery, (b) tracking device prototype.
Reprinted from [5].

1.1.5 Magnetic microbeads detection

The magnetic microbeads detection is a promising approach in immunoassay procedure to

provide low-cost and fast detection, for bio-medical analysis (tumor cells detection [14], DNA

4
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analysis [15]...). Magnetic immunoassay procedure is illustrated in figure 1.6. The mag-
netic microbeads are functionalized with specific antibodies to ensure a biomolecular bonding
with the analyte (antigens) [3, 4]. The substrate of the magnetometer is functionalized with
antibody receptors that capture the analyte-bonded microbeads. Considering the close in-

teraction between a single microbead and the magnetometer, this latter requires microtesla

J\ Magnetic bead
Antigens with Antibody
gl v w

Target

range resolution [16].

Antibodies

Sensor l
Substrate

Low Avidity High Avidity
B

Bond ond

Figure 1.6 — Magnetic immunoassay procedure. Reprinted from [3].

1.2 Magnetic transducers

One should notice that most applications require vector magnetometers, which are able to
measure the magnitude of the magnetic field along a specific axis. Their are many techniques
and technologies to achieve vector magnetometers. There are presented in figure 1.7 and
arranged as a function of the typical detectable magnetic field magnitude. Some of them
can achieve very high accuracy (for example fluxgates and SQUIDs) while others cover wide
range (inductive sensors). Unfortunately not all of them are suitable for integration (SQUIDs,

inductive sensors...). This work addresses integrated magnetometers. Therefore, the following

@ Strongest
ignals, Electro
(Superconducting Quantum Interface Devices) Solar
Reed Switch Flares
Fluxgate Magnetometer
Nuclear Magnetic Resonance,
Giant Magnetoresistor

Inductive Sensors

Magnetoresistor

Hall Effect Sensors

0.000001 0.0001  0.001 0.01 0.1 1 10 100 1000 10000 mT

Figure 1.7 — Application range of the most prevalent magnetic field sensor. Reprinted from
[17].

lines exclusively focus on transducers suitable for integration, i.e. magnetoresistor devices [18],

fluxgates [19], Hall effect transducers, and other transducers based on the Lorentz force [8].

5
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1.2.1 Giant magnetoresistors

In 2007, Albert Fert and Peter Griinberg received the Physics Nobel prize for the discovery of
Giant MagnetoResistor (GMR) [20]. These transducers, also called spin-valves, are typically
based on a four layers structure consisting of two ferromagnetic materials separated by a
conductor, and an antiferromagnetic (AF) material layer (figure 1.8a). Simultaneous and
parallel magnetization of both ferromagnetic layers changes the resistance of the device [1].
These transducers are able measure magnetic fields as low as 10nT and up to 17T (static
to 10 M Hz) [8, 21, 1]. They are suitable with integrated technologies by post-process layer
deposition (figure 1.8b) [22, 23]. Unfortunately, GMR transducers are highly non-linear.
Furthermore, exposure to high magnetic field can lead to irreversible damages of the pinned
ferromagnetic layer [8]. One should also notice that, at lower frequency, GMR transducers
suffer from 1/f noise issue (cf. section 3.3.1.3), which dramatically degrades their resolution
[8, 23].

zero external H field external H field
AF
AF

<+— pinned ferro

< <+— pinned ferro

o free ferro
free ferro
T j mj | GMR

thin conductor thin conductor | P )
a b ' :

external H field strong external H field | :
_ — || : E
AF' AF ~ S e
<+— pinned ferro — pinned ferro | ] .
—» free ferro —» free ferro [
substrate substrate ‘ ‘
thin conductor thin conductor 1|’ TR

c d Ll
(a) (b)

Figure 1.8 — (a) GMR structure with magnetization orientation, reprinted from [1]. (b) GMR
deposition on AMS 0.35 um standard CMOS die, adapted from [23].

1.2.2 Fluxgate transducers

Figure 1.9a presents the typical structure of a fluxgate transducer. It consists of a ferro-
magnetic core surrounded by two coils. The magnetic material is periodically saturated by
means of an excitation current flowing through the first coil. The second coil is used to pick
up the voltage induced by magnetization variation in presence of an external magnetic field.
Fluxgates transducers have been integrated on standard CMOS processes with additional
post-processing steps (figure 1.9b) [1, 21]. They can measure magnetic fields in the nano to
millitesla range. Nevertheless, their bandwidth is limited by the frequency of the excitation
current (i.e. typically around 10kHz) [1]. Moreover, they are liable to saturate at high-

magnetic field because of the ferromagnetic core. Another drawback of fluxgate transducers

6
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feedback SC demodulator

rchis
digital part Imm analog front-end

Figure 1.9 — (a) Basic fluxgate principle. Redrawn from [21]. (b) Picture of an integrated 2-D
fluxgate magnetometer [19].

is the degradation of their performances with core miniaturization. Therefore, their size is
in the millimeter range, which can be an issue for spatial resolution and leads to high power

consumption (high excitation coil current) [19, 21].

1.2.3 Resonant magnetic transducers

Resonant magnetic field transducers exploit the Lorentz force on vibrating mechanical struc-
tures. The magnetic signal amplifies the resonance. The mechanical deflection can be mea-

sured with either piezoresistive (figure 1.10), capacitive or optical techniques [24, 25]. These

Aluminum loop

Passive piezoresistors

B
Magnetic
field

@) (b)

Figure 1.10 — (a) Schematic view of a resonant magnetic field sensor based on two U-shaped
clamped-free microbeams and (b) its associated Wheatstone bridge. Reprinted from [24].

transducers are based on MEMS? technologies, some of which are compatible with CMOS
process. For instance, a micro-beam can be fabricated with bulk micromachining [24]. These
transducers can detect magnetic field up to 17" with a resolution in the nanotesla range [21].

The main issue MEMS-based magnetic transducers is their resonance frequency dependency

2MEMS: Micro-Electro-Mechanical System.
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upon mechanical stress, temperature and pressure... Therefore, they require electronic com-

pensation to ensure effective operation [21].

1.2.4 Hall effect transducers

The principle of Hall effect transducers is presented in section 2.1.1. Hall effect transducers
probably have the lowest intrinsic performances of all integrated magnetic transducers. How-
ever, their performances can be dramatically improved by using dedicated signal processing
techniques and conditioning electronics. One approach, consists in building hybrid Hall sen-
sors, by combining transducers based on high-mobility semiconductors (i.e. In/Sb, In/Sa or
GaAs) with silicon-based conditioning electronics on the same package [26]. It is also possible
to apply post-processing in order to deposit magnetic flux concentrators that further increase
their sensitivity [8, 27]. These hybrid-sensors achieve resolution in the nanotesla range at the
expense of microsystem cost [21]. Another much more interesting solution consists in devel-
oping silicon Hall effect transducers because they can be co-integrated with their dedicated
electronics onto the same substrate without any additional fabrication step, for instance in
standard CMOS process. Silicon Hall effect transducers can detect magnetic fields up to 17T
with microtesla range resolution (static up to 1 M Hz).

Conventional Hall effect transducers sens magnetic fields in one dimension only. MEMS

technology-based solutions have been proposed to implement 3D capability (figure 1.11) [28,

29]. MEMS technologies are yet not the only possibilities to achieve 3D Hall effect transducers
(cf. section 4.1.2).

T
.

a

S SR

A

9 mm HV g WD HFW | det 300 pm
42 mm | 10.0 kK )mm |1.06 mm|ETD CNR NNL

Figure 1.11 — (a) schematic view, (b) micrograph, and (c) close-up of both in-plane and
out-of-plane Hall transducers. Reprinted from [28].
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1.3 Thesis motivation and objectives

Silicon Hall sensors have been extensively studied in the last decades [30, 31, 32, 33]. Current
modern magnetic field smart sensors provide advanced function such as auto calibration [34],
temperature effects compensation [35], offset and low-frequency noise cancellation [32, 36]...
Still, there is still plenty of room for improvement to push their limits and open to new
applications.

In this thesis, we focus on magnetic transducers developed in low-cost low-power standard
CMOS process. The optimizing of such post-processing-free silicon transducers is limited
by the physical properties of the semiconductor itself (band structure, mobility...) and by
the technological characteristics (doping concentration, well depth, design rules, geometry...).
This requires accurate knowledge of the transducer’s physical behavior and appropriate mod-

eling in order to develop perfect match with its dedicated conditioning electronics.

In light of this purpose, the motivation of this thesis work is to explore two transducers
with unexploited potential: the Low-Voltage Vertical Hall Device and a magneto-transistor
called CHOPFET. We aim at pushing their limits in terms of resolution, offset and power

consumption. Three levels of abstraction are considered:

e the transducer, its physics, model and optimization, the conditioning electronics and

the system.
e the conditioning electronics dedicated to achieve optimal transducer operation
e the system consisting of the magnetic front-end and advanced signal processing.

This thesis is structured around three parts. The first part addresses the basics and state of
the art of silicon magnetic sensors from the physics, to the transducer and its conditioning
electronics. The two following parts, presents respectively the investigations dedicated to the
Low-Voltage Vertical Hall Device and to the CHOPFET.
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Silicon magnetic sensors:

Basics and state of the art
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Chapter 2
Galvanomagnetic effect

Magnetic field transducer operation is based on the phenomena called galvanomagnetic effects,
which are physical effects acting on electric current in the presence of a magnetic field. In the
context of integrated magnetic transducers, Hall, current deflection, and magnetoresistance

are the most significant effects. They are presented in the following sections.

2.1 Basic approach

2.1.1 Hall effect

Figure 2.1 — (a) Edwin Herbert Hall 1855-1938. This photograph was taken around 40 years
after the discovery of the Hall effect (reprinted from [37]). (b) Schematic of the very first Hall
plate, the experimental device Mr Hall discovered the effect with. (Reprinted from [?7]).

The Hall effect was discovered by American physicist Edwin Herbert Hall in 1879 (figure
2.1a). He proved that a magnetic field directly affects the current itself and not the wire
bearing it as was first believed according to Maxwell’s theory. Figure 2.1b) shows the original
experiment conducted in 1819 [?]. A gold sheet biased with a fixed current was mounted on
a glass plate and a galvanometer was connected across it at two nearly equipotential points.
Hall highlighted that a transverse voltage appears when a magnetic field perpendicular to

surface of the sheet is applied. This voltage has been known as the Hall voltage ever since.

13



CHAPTER 2. GALVANOMAGNETIC EFFECT

Even though the Hall effect was first brought out on a sheet of metal, it appears on any
conducting material exposed to a magnetic field!. In this study we will exclusively concentrate

on semiconductor materials.

2.1.1.1 Lorentz force

Considering an infinitely long non-degenerated semiconductor plate with uniform doping, in
presence of an electric field Eg, the electric carriers are under the effect of an electrostatic
force given by [38]:

Fe=c¢Ee (2.1.1)

Here, e denotes the charge of a particle: for the electrons e = —qg and for holes e = ¢, where ¢
is the elementary charge equal to 1.6 - 10'? C. This force leads to an electric current with the
same direction as the electric field Ee.
In presence of a magnetic field B a new force called magnetic force or Lorentz force appears
[38]. It is given by:
Fm =e(va x B) (2.1.2)

where vy, is the electron velocity vector. The direction of Fy, is orthogonal to the electron
displacement.
When both electric and magnetic fields are present, the total force, called electromagnetic

force or Laplace force, is given by:
Fr =e¢(Ee + vn X B) (2.1.3)

As illustrated in figure 2.2, the carriers trajectory is affected by the magnetic field, thus the

displacement is no longer parallel to the electric field Ee.

Figure 2.2 — (a) An electric field Ee is applied to a n-type plate. (b) An electric field Ee
is applied concurrently with a magnetic field B to a a n-type plate: appearance of the Hall
effect.

Considering an n-type plate, the expression of the the electron velocity vector vy, is given

by [8]: . .
FL:_q Ee—qi*(VnXB) (214)
m

-
m* m*

Vnp —

Yincluding the human body!

14
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where 7 is the free transit time, i.e. the average time between two electron collisions with
the crystal lattice, m* is the effective electron weight. By solving equation 2.1.4 (cf Appendix
B.1), the velocity vector vy can be expressed according to the electric field Ee and to the

magnetic field B:

— 2T . Ee + (£7)* . Ee x B — (27)° . (E. - B) - B

m 2.1.5
U ()7 B =

Unlike to the free transit time, the charge carrier’s effective mass does not vary significantly
with the energy. Therefore we consider the mean free transit time (7) as a function of the
energy E. This value is also called energy-weighted average free transit time [8] and is given
by:

[g" T (B)-E-g(E)-F (E)dE

[ B-g(E)- F(E)dE (2.1.6)

(r) =

Here, the angular brackets denote the energy-weighted average, 7 (E) is the energy-dependent
free transit time, g (F) is the energy-dependent density of state, F' (E) is the energy-dependent

distribution function. The integration is done over the conduction band.

The energy weighted average velocity vector can be written as

(2.1.7)

The term ¢7/m* is consistent with the electron mobility p,, whose typical value for the n-well,
for example in a standard 0.35 um CMOS process, is 1000 cm?.V ~1.s71 [39]. Thus equation
(2.1.7) can be simplified under the condition: (%)2 - B? <« 1, which corresponds to:

*

m
B«
q-T

=289T (2.1.8)

Equation 2.1.7 then becomes (cf Appendix B.1):

(V) = —% (1) Be + (;{F)Q () BexB - (é)g () (Be-B)-B  (2.1.9)

Note that this simplification makes sens for most silicon-transducer-based applications where
the magnetic field is typically in the 100 mT range. Yet, as will be discussed later (section
2.2.2), equation 2.1.7 should be consider for higher magnetic field operation condition (i.e.
B >289T).

The current density flowing in the plate is thus J, = —n - ¢ - (vy), such as:

Jo= n-q (% {r) e ()" (%) Bex B

+ (%) (%) (Ec - B) - B) (2110

m*

15



CHAPTER 2. GALVANOMAGNETIC EFFECT

where n denotes the electron density. Assuming an n-type semiconductor, the hole current
density Jp can be neglected compared to the electron current density J,. Consequently, the
total current density J is assumed to be equal to J,. By reversing equation (2.1.10), a new

expression of the electric field is obtained [8]:

Ee:i,RH.JxBerH.(J.B).B (2.1.11)
On

which can also be expressed with:

an:n-q-m*-(ﬂ:n-q-uz (2.1.12)
()
Ry = —ﬁq (2.1.13)
* 2 3
Py M () >> 2.1.14
= (G R

Here, oy, is the electric conductivity, ), = 9/m=-(7) is the energy-weighted equivalent mobility,

Ry is the Hall coefficient and Py is the planar Hall coefficient.

The presence of the magnetic field B diverts the current lines, which are no more parallel
to the electric field Eq. On the example of figure 2.2, the electric field F, is along y-axis. This
implies that, except the two faces parallel to the (Oxz) plane, all faces are in high impedance
(Jz = J, = 0). Given these conditions, equation (2.1.11) can be developed along each axis

and leads to following equations:

E,=-Ry-Jy-B.+Pg-Jy By By (2.1.15)
J,
Ey="Y+Py-J, B. (2.1.16)
n
E.=Ry-J, By +Py-J, By B, (2.1.17)

2.1.1.2 Hall voltage

The electric field component E,, Ey, F, leads to an equivalent voltage, which is obtained by

integration over the respective axis:

R P
sz—Ex-w:TH-Iy-BZ—TH-Iy-Bw-By (2.1.18)
Vy=-B, l=——— . [,——2.[,.B 2.1.19

R P
V.=-E, t=—2.1,-B,— -2 .1,.B,-B, (2.1.20)
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Let’s now assume that the magnetic field is oriented along z-axis, which is perpendicular
to plate surface. Therefore, B = B,-e, . In this case, equations (2.1.18), (2.1.19) and (2.1.20)

becomes:
Ry

Vo==1-1,-B. (2.1.21)
AL (2.1.22)

YUooweteo, Y o
V., =0 (2.1.23)

A new voltage, called the Hall voltage, appears along the x-axis. It varies linearly with the

magnetic field B, and the biasing current I:

1, B. (2.1.24)

where the Hall scattering factor rg , is around 1.15 for silicon at room temperature [38].
Note that Vz only appears when the measurement faces are kept to high impedance. A

phenomenological description will help understand this phenomenon.

When a magnetic field is applied along z-axis, the electrons are deflected by the magnetic
force to the rear side (figure 2.2). As a consequence, the electron density is higher on the rear
face compared to the front face on which the hole density is higher. This carrier imbalance
induces a new transverse electric field Eg, called the Hall electric field, which in turn leads
to a new electrostatic force Fy called the Hall force and given by: Fg = e - Eg. This
force is opposite to the magnetic force F, and restores the carrier displacement along y-
axis. Furthermore, since the plate is considered as infinitely long, and when condition 2.1.8
is fulfilled , the magnetoresistance effects can be neglected. As can be noticed, in equation
(2.1.21), the voltage across the plate in the y-axis is thus only described by Ohm’s law. The

voltage along the z-axis is equal to zero.

2.1.1.3 Hall angle

In presence of a magnetic induction, the total electric field E given in equation 2.1.11 is not

collinear with the external electric field E,.

Figure 2.3 — The vector diagrams of electric field and current density.

According to figure 2.3, the Hall angle 0, defined as the angle of inclination of the current

17
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density J with respect to the total electric field F, is given by:

|Ex|

tanfg = 2.1.25
Bl (21:29)

According to the previous equations, the Hall angle can be expressed as:
Oy = arctan (ug - B;) (2.1.26)

The value of the Hall angle only depends on the magnetic induction and the Hall mobility
wir =1 - . With rg is the Hall scattering factor linked to the dispersion of the relaxation

time and p the mobility of the carriers.

2.1.2 Current deflection effect

The second galvanomagnetic manifestation is called current deflection. Rewriting equation

2.1.10 highlights the quantitative relation between the electric field and the current density:

(r?

~—

(r

~—

Jn(B):n'Q',U«n’Ee_n‘Q'/J?L'i'(EeXB)"‘”’Q'NE’L'W'(Ee'B)'B (2.1.27)

(r)”

Figure 2.4 — Short Hall plate, (a) without magnetic induction, (b) with magnetic induction.
The current density lines are sketched in blue lines. The equipotential are sketched in red
lines.

We shall again suppose the magnetic induction is oriented along z-axis (figure 2.2). Thus

equation 2.1.27 can be simplified as:

7_2
Ju(B) =n-q-pn-Eo—n-q-p2 -2 (B, x B)

(2.1.28)
= Jn(0) — K - (Ee x B)

Here, Jp(0) = n - q - puyp - Ee is the drift current density for B = 0, K is given by
K=n-q-pu,-(7)/n)?

Figure 2.4 illustrates the current deflection effect on a very short Hall plate. The dis-
tance between the contacts is much smaller than the plate’s width. In this case, the isolated

boundaries, where the charge could accumulate, are very small. Therefore, the Hall effect that
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counterbalances the charge deflection in a long plate, cannot settle. The Hall field, which is

short-circuited by the large contacts, is thus negligible.

2.1.3 Geometrical magnetoresistance effect

The third galvanomagnetic effect is the geometrical magnetoresistance. This phenomenon
occurs in short Hall plates and is directly linked to the the current deflection. According to
equation 2.1.28, the current density is smaller in presence of a magnetic field. As a conse-
quence, the current density lines are longer and the effective resistivity of the plate increases.
Since this effect is a consequence of the geometrical change of the current lines, it is thus

called the geometrical magnetoresistance effect.

2.2 Secondary effects

This section presents second order phenomena related to the galvanomagnetic effects.

2.2.1 Planar Hall effect

A “new” galvanomagnetic effect was reported by Goldberg and Davis in 1954 [40]. It is called
planar Hall effect and occurs when the magnetic field is not purely along z-axis. It was first
observed by measuring the induced voltage normal to the direction of the current flow but
this effect can actually be observed in any direction. Considering the Hall plate presented in

figure 2.2, equation 2.1.18 can be rewritten as a general expression of the Hall voltage:

i (-2
v,— 1 .1 .B, — () () I,-B,-B
n-q-t Y n-q-t Y Y (2.2.1)

= Vi (B) + Vpi (B, By)

where Vp; denotes the planar Hall voltage.

The planar Hall effect is due to the mean free transit time, which depends on the electron’s
energy. Strictly speaking, equation 2.2.1 is considered as an approximation because of the
anisotropic characteristics of silicon. It has been shown that Vp; is minimal for a n-type Hall
plate on a (100) direction wafer, with current flowing along (100) direction [41].

According to Schott et al. [42], for a standard Hall plate in CMOS process (100 wafer),
at B = 2T the ratio Vri/vy is equal to 8.1 %. The significantly high value of Vp; can have
deleterious impact the magnetic induction measurement. Hopefully, it can be easily removed
by applying appropriate signal processing techniques presented in section 4.2.1.2. Thus it is

generally not considered when designing Hall-plate-based systems.
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Figure 2.5 — Physical magnetoresistance effect on n-type Hall plate.

2.2.2 Physical magnetoresistance effect

The physical magnetoresistance effect also directly results from the carrier’s mean free transit
time depending on their energy. To highlight this phenomenon we shall reconsider equations
2.1.12, 2.1.13 and 2.1.14, i.e. B > 2.897T. At first order, the expressions of the electric

conductivity, the Hall coefficient and the planar Hall coefficient become:

Opn="n-q- - (1 +ur? <<<T:>>4 — 2:?2) : B2> (2.2.2)

e (e ) ) o

(2.2.4)

According to equation 2.2.2, the input resistance R;,, i.e. the resistance between the

biasing contacts is given by:

1 [ 1 l
Rin= ot ™ Cwet
n'Q'N;'<1+M;§2'(<T4 —<T>3)'BQ)

o1 ! o (D () 2.2.5
_n-q-uz'w't<1+ﬂn2'<T>4_<T>3>'BQ> 20

2

here R;,o is the input resistance without magnetic induction. Equation 2.2.5 shows that the

o~
3
[V
I~
»
3
w
I~

—~

input resistance increases with respect to B2. Slow electrons (i.e. with relaxation time lower
than the mean relaxation time (7)) are subject to the Lorentz force F,,, which is not totally
compensated by the transverse Hall force (figure 2.5). Their path is longer compared to the
one of mean-velocity electrons for which F,,, = —Fg. On the opposite, for fast electrons
(i.e. with relaxation time higher than the the mean relaxation time (7)), the Hall force is not

compensated by the Lorentz force, which also leads to an equivalent longer path. Therefore,
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under magnetic induction, the electron path is globally longer, which increases the input
resistance. This phenomenon is linked to the dispersion of the carrier’s mean velocity and is
called physical magnetoresistance. It is worth noting this effect, varying with 12 - B2, is very
low and thus not exploited in silicon transducer. Furthermore, as discussed in section 3.3.1,
a Hall plate should be biased with a constant current. Thus, the Hall voltage measurement

is not affected by the input resistance variation.

2.2.3 Piezo-Hall effect

According to Popovic [8]: ”"The piezo-Hall effect, is the alteration of the Hall voltage upon
the application of a mechanical force. The effect is best characterized by the mechanical
stress dependence of the Hall coefficient Ry. The relative change in the Hall coefficient is

proportional to the stress X.

8 _p.x (2.2.6)

Figure 2.6 — Ellipsoidal constant energy surfaces in the k-space. (Reprinted from [8])

The piezo-Hall, as the piezo-resistive effect stem from the change of the the inter-atomic
distance in a crystal under mechanical stress. In ellipsoidal constant energy surface semi-
conductor (figure 2.6) such as silicon, the mechanical stress affects the valley population [8].
Without stress the six valleys are on average equally populated with carriers [43]. If the crystal
is stressed, the conduction band edge increases at some ellipsoids while it decreases at others.
As a consequence, the lower valleys are more populated than the higher ones. This population

variation affects the Hall coefficient (equation 2.2.6) and finally affects the sensitivity [8].
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Chapter 3

Magnetic transducers study

In chapter 2, we considered the ideal case of either, infinitely long and infinitely short active
zones. This chapter, focuses on the impact of technology and geometry related parameters
on the transducer’s behavior. In order to have a global view of the Hall transducer, we also

have to study the impact of it biasing mode and the physical nature of its output signal.

3.1 Technological parameters

At this point, general allegations shall be replaced by the particular case of transducers fab-
ricated in CMOS technology. This section sheds light on the key CMOS process parameters

that influence the transducer and which may be potentially used to improve its performances.

Above all, we shall consider the physical limit achievable by the power supply. Equation
2.1.24 highlights that the Hall voltage increases with respect to the biasing current. The
transducer’s resistive behavior converts this current into an equivalent input voltage. Due
to the CMOS gate thickness, the maximum input voltage is limited by technology! and thus

limits the absolute sensitivity achievable.

The nature of the transducer’s active zone is the second point to consider. It generally
consists of a n-well region. The n-well profile type and doping concentration depends on the
considered technology. In modern sub-micron technologies, the dose of impurities tends to
increase when the transistor’s minimum length decreases. Fortunately, the increase of the the
doping level comes along with a reduction of the n-well’s depth, which partially compensates
the Hall voltage loss. Considering the n -t ratio, the technology evolution has minor influence
on the Hall transducers sensitivity [11]. In this context, some works focused on the n-well
optimization but this approach requires additional fabrication steps, which increases the final
cost of the micro-system [44]. In this work, we will focus on low-cost standard CMOS process
without any post-processing.

An alternative way to achieve the active zone consist in using the conduction channel of

a n-MOS transistor. In this case, the depth of the active zone and the carrier concentration

3.3 V for AMS (Austria Micro-System) 0.35 pm CMOS process
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is modulated by the gate to source voltage Vigg. A very thin conduction layer is available at
the cost of a loss of carrier conductivity loss. This alternative solution is very interesting for

low power design, as will be discussed in part 11.

3.2 Geometrical parameters

So far, we considered ideal case Hall plates. We shall now analyze realistic devices with
process-limited measurement contacts size (figure 3.1). As it is, geometric parameters, such

for instance the n+ width, are imposed by the technological process.

Figure 3.1 — Rectangular Hall plate with non-point-like measurement contacts. The current
density lines are sketched in blue lines. The equipotential are sketched in red lines.

3.2.1 Geometrical factor of Hall voltage

The geometrical factor Gp describes the diminution of the Hall voltage in a realistic device
compared to that of a corresponding infinity long plate with point-like contacts. The Hall
geometrical factor of Hall voltage is defined by:

Vu

Gy = 1L
" VHoo

(3.2.1)
Here Vi is the Hall voltage of a realistic Hall plate, and Vi, the Hall voltage of a perfect
Hall pate. Thus, the Hall voltage expressed in equation 2.1.24 becomes:

TH
n-q-t

Vi = G -  Tyias - B (3.2.2)

A part of the Hall geometrical factor can be attributed to the presence of the measurement
contacts in the current flow. In integrated CMOS process, contacts are achieved by means
of a high doping region (n+ for a n-type plate), in which the Hall effect is much lower (cf.
section 2.1.1.2). A part of the total current flows through these regions causing a reduction of
the Hall voltage. An other part of the geometrical factor comes from the short-circuit effect
of the biasing contacts. This is due to the fact that the electric field lines are deviated in
vicinity of the ohmic biasing contacts. Finally Gy depends on the transducer’s geometry and
all its dimensions (w, I, t, s).

For a relatively long rectangular Hall plate with small measurement contacts ({/w >
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1.5s/w < 0.18), it was demonstrated through conformal mapping method [8] that:

B 16 T 1 Oy 2 s Oy
GH—P wz'exp< 2'w)‘taneH} (1 w'w'taneJ (3.2.3)

3.2.2 Geometrical factor of magnetoresistance

Similarly, we can also define the geometrical factor of magnetoresistance as:

R(B)

Gr = R (B)

(3.2.4)
where R (B) corresponds to the resistance of an actual device, while Ro (B) denotes the

resistance of an infinitely short device with large contacts.

3.3 Output operation mode

The transducer’s operation mode denotes the physical nature of the output signal. As dis-
cussed below, this output signal can be either a voltage, or a current or even a resistive change.
In case of integrated silicon Hall sensors, the magnetoresistance effect is very low and thus not
worth exploiting [8, 45]. Next section details the characteristics of the voltage and current
output mode of operation. Note that the output mode is independent of the biasing type

which is achieved by constant current or voltage.

3.3.1 The Hall voltage mode of operation

Figure 3.2 — Symbolic representation of a Hall plate with arbitrary shape operated in voltage
mode of operation. The transducer is biased either with a constant current or with a constant
voltage.

The Hall voltage mode of operation is characterized by the use of two non-neighboring contacts
for the biasing (figure 3.2). In this mode, the Hall voltage is considered as the output signal.
The Hall plate may either be biased with a constant current source or constant voltage source.
Concerning the current biasing, the analysis has already been presented in section 2.1.1 (see
equation 2.1.24).

In order to analyze the influence of voltage biasing on the Hall voltage, we shall consider

the input resistance Ry, (B), i.e. the resistance between the biasing contacts as a function of

25



CHAPTER 3. MAGNETIC TRANSDUCERS STUDY

the magnetic field [8]:

l
Rin (B) = p(B) - —— - G (33.1)
with p (B) the magnetoresistivity.
The Hall voltage can be expressed:

GHRH . E : ‘/bias : Bz (332)

Vi = — 272
T Gr-p(B) 1

Here, V3,45 is the biasing voltage. For low magnetic field, this equation can be simplified as:

w
Vir = purg - 7 Ot Viias. B: (3.3.3)

This equation clearly shows the direct relationship between the Hall voltage and the Hall
mobility. Moreover, it also underlines the interest of using high carrier mobility materials for

discrete Hall devices.

As demonstrated above, the Hall voltage depends on the biasing type. Therefore, its de-
pendence upon temperature is also quite different. If the Hall plate is biased by a constant
current, the temperature dependency of Vi appears through Ry (7T) (see section 2.1.24, and
[46, 47]). However, if the Hall plate is biased by a constant voltage, the temperature depen-
dency of Vi appears through pp7(7"). The influence of temperature is much stronger on g (1)
than Ry (7T') [8]. For that reason Hall plates are usually biased with a constant current. From

now one, we will thus only consider current-biased transducers.

3.3.1.1 Sensitivity

The absolute sensitivity of the magnetic sensor is defined by :

oVy
0B,

Sa =

(3.3.4)

C

Here, Vi is the Hall voltage given by equation 3.2.2, B, is the normal component of the
magnetic field, and ¢ denotes a set of operating conditions such as temperature, biasing... Sy
is expressed in volt per tesla (V- T~!). According to equation 3.2.2 and 3.3.4, the Hall plates

absolute sensitivity is equal to:

Sa=Gr — s (3.3.5)

n-q-t
Another typical characteristic of magnetic transducers is their current-related sensitivity

given in volt per ampere per tesla (V - A=1 - T71), called Si and defined by:

1

Ibias

oV
0B,

Sk (3.3.6)

c
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which gives:

Sp=Gp-—1 (3.3.7)
3.3.1.2 Offset

The offset voltage voltage is a parasitic voltage, which adds to the transducer’s output voltage:
Vour = Vi + Vors (3.3.8)

This voltage is considered as constant for a set of environmental parameters such as tem-
perature, mechanical stress, biasing... It is usually not precisely known and limits the static
accuracy of the Hall voltage. The major causes of offset in real Hall transducer stem from
imperfections during the fabrication process such as ohmic contacts misalignment and ma-
terial non-uniformity [8]. Another significant offset cause is the modulation of the effective
thickness of the transducer’s active zone?, which may break the symmetry of the transducer
[48, 49].

Figure 3.3 — Wheatstone bridge model of a Hall plate. Ideally, the four resistance should be
identical but the variation AR leads to bridge asymmetry and hence to offset voltage.

A four ohmic contacts transducer such as the Hall plate can be represented as a Wheatstone
bridge (figure 3.3). The offset voltage is modeled by the asymmetry of the bridge and given

by:
AR

R

Here, V;, is the voltage across the biasing contacts. Due to the magnetoresistance effect, the

Vors = & Vi (3.3.9)

offset also shows small dependence upon the magnetic field. This phenomenon is generally
neglected and the offset is supposed independent of the magnetic field. Moreover, by apply-
ing signal processing techniques (section 4.2.1.2), the transducer’s offset can be dramatically

reduced?.

2For instance, this can be the modulation of a depleted zone as will be seen in section 6.3.2.
3Typically by a factor around 100-1000.
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It is sometimes useful to know the offset-equivalent magnetic field given by:

Vo
Bojf = Sl;f (3.3.10)

3.3.1.3 Noise

The noise voltage limits the dynamic precision of the output voltage (Hall voltage and offset

voltage). A third term modeling the noise voltage Vy (t) is now added to equation 3.3.8:
Vour = Vu + Vopr + Vi (t) (3.3.11)

In CMOS transducers, the dominating noise sources are the 1/f noise (also called flicker noise)
and the thermal noise (also called Johnson noise). The total noise is described by the voltage

noise spectral density [50]:
Svv (f) = Sva (f) + Svr (f) (3.3.12)

Here, Sy and Sy respectively denote the 1/f noise and the thermal noise spectral densities,
f is the frequency. Figure 3.4 represents these different noise signals in time domain and their

corresponding spectral densities.

The 1/f noise is named after its dependency upon frequency, I% - K/f®, where I is the
current, K is a constant and « is close to 1. The 1/f noise thus prevails at low frequencies.
No further details are given here because the 1/f noise strongly depends on the type of device

considered?.

Two competing models have been developed to explain 1/f noise in silicon technologies:

o The McWhorter model proposed in 1955 [53] attributes the 1/f noise to surface effects.
In this theory the 1/f is modeled by fluctuations in the number of carriers (An) due to
charge trapping at the Si/SiO; interface.

o The Hooge model proposed in 1969 [54] attributes the flicker noise to a volume effect

which takes its origin in random mobility fluctuations (Ap).

More recently, different combined models have been proposed to improve the noise level pre-
diction [55, 56, 57]. Concerning Hall transducers, the origin of the 1/f noise depends on the

type of the active region (n-well or MOS transistor conduction channel) [8].

“One can notice that the 1/f noise can be observed in any electronic device but also in mechanical, geolog-
ical, biological processes [51]. 1/f phenomena can also be observed in acoustic systems [51]. No satisfactory
explanation has been given until now but it appears that the origin of the flicker noise is very different depend-
ing on the considered area [52]. The actual origin of the 1/f mechanism comes from the memory of the system
whose time constants are distributed evenly over logarithmic time [51, 52].
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Figure 3.4 — Different noise types are represented in time domain (left column), and frequency
domain (right column). Figures (a-b) , (c-d) and (e-f) respectively represent 1/f noise, thermal
noise and total noise (i.e. including both noise types). In (f), f. is the corner frequency.
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The thermal noise Sy is caused by the thermal agitation (brownian motion) of carriers
in a resistive device. It is generally approximated by a white noise spectrum that extends
to the microsystem’s cut-off frequency. The noise voltage power spectral density across a
resistance R is given by:

Syr=4-kp-T-R (3.3.13)

where kp is is the Boltzmann constant. For a transducer, the resistance R corresponds to the

output resistance, i.e. the resistance across the measurement contacts.

3.3.1.4 Resolution

Resolution is the smallest increment of magnetic field, By, which can be sensed for a given
bandwidth Af = fo — fi. The resolution depends on the absolute sensitivity and on the total

noise power spectral density:
1 f2
Buin = - Snv (f)df (3.3.14)
a\Jf

3.3.2 The current mode of operation

loias/2+1/2

loias/2-11/2

lyias/2+114/2

loias/2-114/2

Figure 3.5 — Symbolic representation of a Hall plate with arbitrary shape operated in current
mode. The transducer is biased either with a constant current or a constant voltage.

When the Hall plate is operated in Hall current mode (figure 3.5), the Hall current, i.e.
the deflection current, can be regarded as the output signal. In this operating mode, infinitely
large contacts are used in order to increase the short-circuit effect at the expense of the Hall
voltage.

To further understand the Hall current we should use the geometrical similarities between
the Hall voltage and Hall current modes of operation. As previously mentioned, the operation
mode (output mode) is independent from the way the transducer is biased (voltage or cur-
rent). Yet, for calculation purpose, in the following examples we will compare a voltage-biased
voltage-mode operated transducer to a current-biased current-mode operated transducer. Fig-
ure 3.6 (a) shows a very long Hall plate with point-like measurement contacts operated in
voltage mode (i.e. the output signal is the Hall voltage). The device is biased by the volt-

age Viias- When no magnetic induction is applied, the equipotential lines are parallel to the
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Figure 3.6 — Analogy between a long Hall device operating in the Hall voltage mode ((a) and
(b)) and its dual device operating in the current mode ((c) and (d)). The broken lines in (a)
and (b) are the equipotential lines; the similarly distributed doted lines in (c¢) and (d) are the
current lines. A magnetic induction produces equal relative disturbances in the equipotential
lines (c) and in the current lines (d). Therefore, Vi/Vyins = 11/11;,.. Adapted from [8].

biasing contacts. Figure 3.6 (c) shows a very short Hall plate with large contacts operated
in current mode. The device is biased by the current Ip;,s. In the absence of any magnetic

induction, the current density lines are perpendicular to the contacts.

When a magnetic induction is applied, the equipotential lines of the voltage-mode oper-
ated transducer rotate by the Hall angle 6y (figure 3.6(b)). Similarly, the current density
lines of the current-mode operated transducer rotate by the same angle but in the opposite
direction (figure 3.6(d)).

By considering the input resistance given in equation 3.3.1, the Hall voltage in figure 3.6(b)

becomes: G R
H-Ivg W
Vi=——"—"" = Vhus- B 3.3.15
H GR p (B) I bias z ( )
According to figure 3.6 and equation 3.3.15, the equivalent transverse Hall current can be
written as: o R
H- Ity w
Igp=———- — Ihus' B 3.3.16
H GR p (B) I bias z ( )

For low magnetic induction, equation 3.3.16 can be approximated by:
w
IH =~ UH - 7 . GHu[bz'as'Bz (3317)
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3.3.2.1 Sensitivity

In current mode of operation, the Hall current is the output signal. For low magnetic induc-

tion, the absolute sensitivity is then given by:

oly
0B,

w
~pg -~ G Tyias (3.3.18)

Sy = = ;

The corresponding unit is ampere per tesla (A-T71).

The current-related sensitivity is thus given by:

1

Ibias

oly

Sk OB,

w

c

The corresponding unit is here ampere per ampere per tesla (A4- A~1-T~1) and is sometimes

expressed in percent per tesla (% - T—1).

3.3.2.2 Offset

Figure 3.7 — Triangular bridge model of a Hall plate in current mode. Ideally, the three
resistors should be equal to R but the variation AR leads to bridge asymmetry and offset
current I, ¢.

In current mode of operation, the transducer is modeled by a three-branch resistor network
in delta configuration. Figure 3.7 shows the network representation in which two adjacent
contacts are shorted to form the biasing contact. Thus, in current mode of operation the
transducer becomes a three contacts device. The corresponding triangular resistive model

with AR variation, is shown in figure 3.7 and leads to an offset current:

1 1
I Vi _ 3.2
o1 = Vhiaseq ((R+AR R—AR)) (8:3.20)

As previously, V;, is the voltage across the to biasing contacts.

This offset current adds as a second component to the output current:

Ioyr = Iy + ILoysy (3.3.21)
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3.3.2.3 Noise

In current mode, the noise current limits the dynamic precision with which we can determine
the output current (Hall current and offset current). A third term, modeling the noise current

Iy (t), is added to the output current:
Tovr = Iy + Loss + IN (t) (3.3.22)

As previously, the total noise current is described by the current noise spectral density:

SN1(f) = Sia (f) + Sir (f) (3.3.23)

Here S;,, and S;r denote respectively the current noise spectral density due to the flicker noise
and to the thermal noise, f is the frequency.
3.3.2.4 Resolution

The resolution is By , for Af = fo — f; bandwidth, is now given by:

1 f2
a\Jf1

According to Popovic [8], for the same transducer, no resolution difference is expected between

current and voltage mode.
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Chapter 4

Integrated magnetic field sensor

A great majority of integrated magnetic field sensors are fabricated in silicon [8]. Despite their
relatively low mobility compared to InSb and GaAs, silicon technologies are a very attractive
because they are versatile, extremely mature and low-cost. Indeed, standard CMOS processes
allow the integrating of both the transducer and its conditioning electronics on a same chip
without any post-processing and can be further extended to advanced functions such as noise
reduction, thermal compensation, analog to digital conversion, digital signal processing... In
this chapter we focus on the association of a silicon transducer with its conditioning electronics.

This set is known as the front-end of integrated magnetic sensors.

4.1 Transducers

4.1.1 Horizontal Hall Device

The Horizontal Hall Device (HHD) is the simplest way to integrate a Hall plate in CMOS
process. This transducer works in voltage mode and is preferably biased with a constant
current source (see section 3.3.1).

The active region of the HHD is a n-type well, which is generally used to fabricate n-well
resistors (figure 4.1). The Hall plates depth is determined by the thickness of the n-well, which
is around 2 pm for 0.35 pm CMOS process [39]. Ohmic contacts for biasing and measurements
are high-doped n+ region. The n-well is surrounded by p+ diffusion connected to the lowest
potential and is used to bias the substrate. The p-substrate/n-well junction acts as a diode
to isolate the transducer from the rest of the chip. As developed in section 2.1.1.2, the HHD
is sensitive to the magnetic field perpendicular to surface of the chip (z-axis). In figure 4.1,
contacts Cp1 and Cpy are dedicated to the biasing, while Cy,1 and C,,2 are used to measure

the output voltage.

The voltage mode resolution, given by equation 3.3.1.4 depends on the ratio between the
total noise power spectral density and the absolute sensitivity. To achieve high resolution,
we need both low spectral density and high absolute sensitivity. According to equation 3.2.2,
Ipiqs should be as high as possible. Other parameters such as the doping level n and the

n-well thickness ¢ are imposed by the process.
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[ p+ guard ring B n+ Ohmic contacts
[ psubstrate 0 n-well

Figure 4.1 — Rectangular Horizontal Hall effect Device.

It is however possible to reduce the n-well depth by placing a gate (SiO2 and metal
layers) upon the n-well. By applying appropriate gate biasing it is thus possible to create
a depleted region, which pushes the current deeper in the n-well [58]. Frick et al. [58]
highlight an increase of the relative sensitivity by 40% (120 V/AT against 80 V/AT for 0.6 pm
CMOS process). Unfortunately, the transducers input resistance increases accordingly, thus
limiting the maximum biasing current. Therefore, adding a gate does not actually improves
the absolute sensitivity, yet it reduces the 1/f noise. As it is, according to Vandamne [55],
the lattice defect density is higher at the n-well/SiO2 interface than in the n-well’s bulk. As

a consequence, the resolution is better for the same biasing current.

Furthermore, as presented in figure 4.2, modern HHD are designed to be symmetrical
by rotation of 90°. This allows, further performance improvements by using specific signal

processing presented in section 4.2.1 [8].

CpP

Figure 4.2 — Cross-shaped Hall device in bulk CMOS technology. (a) General view, CP denotes
a crossing plane. (b) View along CP. Reprinted from [8].
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4.1.2 Vertical Hall Device

The HHD only allows 1D magnetic field measurement (i.e. perpendicular to the surface of the
chip). In some cases, it can be useful to have 2D and 3D measurement capabilities. This can
be done by using two additional orthogonal-mounted HHD chips. ICs positioning yet requires
expensive non-standard post-processing [59]. A more elegant and cost-effective solution is two
integrate one HHD and two Vertical Hall Devices (VHDs) on the same chip. The five contacts
VHD was proposed by Popovic in 1984 [60]. It is called "vertical” because the active region
is perpendicular to the surface of the chip. The VHD is thus sensitive to the magnetic field

perpendicular to the active region and parallel to the surface of the chip.

The VHD structure is obtained by conformal mapping applied on the HHD [8]. Figure
4.3 represents the VHD transformation steps. In figure 4.3 (a), the HHD is represented in
the volume of the chip. The biasing contacts C1/C5 and the measurement contacts C2/C4
are in the substrate volume, thus they are not accessible in a planar CMOS process. In figure
4.3 (b), the conformal mapping is applied to the HHD. Finally, figure 4.3(c) shows the VHD
obtained after conformal mapping. All the contacts are now located on the surface of the

substrate and are thus accessible.

The first fabricated VHDs were discrete components using n-type substrate [32, 61]. This
specific technology with constant doping provides sensitivities up to 400 V//AT [60, 8]. The first
five-contacts VHD (figure 4.3 (c)) suitable for CMOS process was proposed in 2002 [62]. This
transducer is based on a deep high-voltage n-well integrated on p-substrate. The conventional
VHD is actually not consistent with a standard shallow n-well. Due to the gaussian doping
distribution with maximum level near the surface, the current flow is concentrated on the
top of the n-well. Thus, the location of the measurement contacts, i.e. in the current flow,
is responsible for short-circuit effect, which dramatically reduces the sensitivity (cf. section
3.2.1). To minimize this phenomena one has to use the high-voltage option available with
some CMOS process.

The same teams as in [62] proposed to applies offset and noise reduction techniques to the
VHD (cf. section 4.2.1.2), reducing offset form initially 30 m7T" down to 1 — 4mT. To further
reduce the offset, they also proposed a four-contact VHD with lower initial offset leading
to 0.2mT residual offset. Concerning the resolution, this four-contact VHD operated with
noise reduction technique achieves 76 T resolution over 1.6 kHz bandwidth (1.9nT/v/Hz)
[36]. This VHD’s performance are yet poor compared to equivalent resolution achieved by
the HHD [58].

More recently, Sander et all. proposed a new approach suitable with deep n-well, based on
three-contact structure [63]. Four of such VHDs are coupled in series to form a four-contact
transducer. Tt features 0.14 mT offset and 11.6 uT (0.29 uT//+/Hz) resolution over the refer-
ence bandwidth [63]. A second coupling method, combining 16 series and parallel connected
VHDs has been proposed. This configuration yiels 0.04 mT offset and 5.2 uT (0.13 uT'/ /v Hz)

resolution [64].

One reason of the performance gap between the HHD and the VHD has been highlighted
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by Pascal et al. [65]. They demonstrated that a part of the Hall voltage appears at the
bottom side of the chip and is thus lost since it cannot be accessed in planar technologies

Cs

(@

-

" l
© B0 /7 e W
C, C 3 C, Cs

2

[0 pt guardring I n+ Ohmic contacts
[ psubstrate [ n-well

—  Current flow

Figure 4.3 — (a) HHD oriented in the chip surface. (b) Principle of the conformal mapping
(c) VHD structure obtained by conformal mapping applied on the HHD

[ p+ guard ring I nt+ Ohmic contacts
[ psubstrate [ n-well

—  Current flow

Figure 4.4 — (a) HV-VHD with HV option and deep n-well. (b) LV-VHD with shallow n-well.

As a consequence, the Hall voltage is lower for a VHD compared to its equivalent HHD.
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In order to to take this effect into account, a new coefficient GG, is added to equation 3.2.2:

Vig =Gy G- —2 I, B, (4.1.1)
n-q-t

Here, the Hall voltage depends on the magnetic field along x-axis. The coefficient G, models

the intrinsic limitation of the VHD sensitivity. It has been showed by FEM simulations that

the highest value for G, is around 0.75 [65].

In order to further reduce the fabrication costs, Pascal et al. proposed a LV-VHD suitable
with a standard shallow n-well [33] (figure 4.4 (b)). The measurement contacts C'1/C5 are
located outside the current flow. As can be seen in figure 4.5 (a), this change of location
is made to the detriment of the sensitivity. However, since the measurement contacts are
placed in a low-current density region, the 1/f noise (figure 4.5 (b)) as well as the offset are
dramatically reduced. The LV-VHD achieves around 100 n7" resolution without any signal
processing technique [33]. This results is comparable with the resolution achieved by the
HV-VHD with noise and offset reduction technique (cf. 4.2.1.2) [36].
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Figure 4.5 — (a) Measured sensitivity for conventional and LV-VHD. (b) Output noise for con-
ventional and LV-VHD. Both measurements are done on a shallow n-well VHD with 1.12mA
biasing current. Here, the LV-VHD exhibits 79T resolution over 1.6 kH z bandwidth, while
the conventional VHD exhibits only 710 n7" resolution over the same bandwidth. Reprinted
from [33].

4.1.3 MagFET

The MagFET transducer is based on a MOS transistor (either n or p-type) with two or more
drains replacing the conventional single drain (figure 4.6). The transduction principle is based
on the current deflection effect (cf. section 2.1.2). When no magnetic field is applied to the

transducer, considering a device with n identical drains, the current in the drains is given by:

ID1:ID2:...:IDn:IDs/TL (412)
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Here Ipg is the total current flowing between the two-drain and the source. Ip1, Ip2, ..., Ipn
denote the currents flowing respectively between the MagFET’s Source and Drainy, Drains,
..., Drain,.

(b)

Source

z 1 p-well I powell

p+ guard ring I n+ Ohmic contacts Jlll polysilicon gate
p substrate n-well Si/Si02 insulator

Il [nversion channel

Figure 4.6 — 3D view of (a) a conventional NMOS transistor and of (b) a dual-drain MagFET.

In the presence of a magnetic field perpendicular to active region of the MagFET (i.e.
transistor channel), the carriers are deviated along x-axis, leading to a current imbalance
ATl between the drains. In the example of figure 4.6, considering dual-drain MagFET, this

imbalance, AI, can be written:
Al =1Ipy — Ipo (4.1.3)

BO

Figure 4.7 — Schematic view of a dual-drain MagFET device with (a) B, = 0T and (a)
B, > 0T.

The current deflection expressed in equation 3.3.17 here becomes:

L
IH =~ Uch W . GH-IDS-Bz (4.1.4)

uon denotes the Hall mobility of the carriers in the transistors channel. It is important to
notice that W and L are inverted compared to figure 3.6, hence the inversion in equation 4.1.4
compared to equation 3.3.17. Also note that the previous developments are only valid when
the MagFET operates the linear region. In saturation region the expression of Iz cannot be

analytically expressed [8].
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4.2 Conditioning electronics

4.2.1 Offset / Noise reduction techniques

This section presents the offset and 1/f noise reduction techniques mentioned in section 3.3.
By definition, 1/f noise prevails at low-frequencies and can be considered as a slowly-varying
offset. Therefore, under some conditions detailed bellow, the offset cancellation techniques
will also remove the 1/f noise.

The first way to deal with the offset is the Correlated Double Sampling (CDS). This
sampling based technique, is generally used in switched capacitor amplifiers [66] and CMOS
cameras [67]. Unfortunately, it increases the noise floor and is thus rarely applied to in-
tegrated magnetic field transducers [68]. The most common offset and 1/f noise reduction
techniques for integrated magnetic sensors are: the Spinning Current Technique (SCT) for
the transducer and the Chopper Stabilization (CS) for the conditioning electronics (biasing
and amplification).

We now first consider the CS applied to the conditioning electronics associated to the

transducer.

4.2.1.1 Chopper stabilization

The CS technique was proposed about 50 years ago to provide high-precision DC amplifier
with vacuum tubes and mechanical relay choppers [66]. Nowadays, many integrated amplifiers
feature this technique to reduce 1/f noise and offset [69, 70, 71].
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Figure 4.8 — Chopper Stabilized amplifier including signals in frequency and time domain
(reprinted from [30]).

Figure 4.8 shows the structure of a CS amplifier [30]. It consists of modulator switches,

referred to as "chopper”. The chopper structure inverts the signal periodically at the frequency
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fenop- The switching process requires to two opposite clock signals. The CS amplifier also
feature an ideal fully-differential gain stage (with gain A). The offset is represented as a
voltage source at the input of this gain stage. The modulated signal is filtered by means of a
low-pass filter (LPF).

As far as 1/f noise is concerned, the chopping frequency should be two-times higher than
the corner frequency (cf. section 3.3.1.3). In this case, considering an ideal amplifier with
infinite bandwidth, ideal switches and infinite order filter, the CS technique allows to com-

pletely remove the amplifier’s offset and 1/f noise.

Yet, in practice, the limited amplifier’s bandwidth is responsible for glitches, which limits
the CS technique’s efficiency. This effect can be limited with careful amplifier design. Also,
residual offset can occur because of charge injection due to non-ideal switches and clock signals.
These shortcomings can be minimized by applying specific signal processing techniques such
as spike filtering, nested chopper and guard band [72]. For instance, the nested-chopper
instrumentation amplifier developed in [30] achieves 100V residual offset and 27nV/vHz

noise floor.

4.2.1.2 Spinning current technique

The Spinning Current Technique (SCT) was first proposed and patented by Toromow in
1973 [73]. This technique is used to reduce the transducer’s offset and 1/f noise. Basically,
the SCT is dedicated to four-contact magnetic transducers operating in voltage mode. This
technique relies on the offset sign change according to the current direction, while the Hall
voltage remains constant. The principle consists in biasing the transducer alternatively into
two orthogonal modes called phases. Figure 4.9 illustrates the biasing diagram in phase ¢1
and phase ¢2.

Figure 4.9 — Two-phase spinning current method applied on a four-contact magnetic trans-
ducer; (a) phase ¢1 and (b) phase ¢2.

Considering the Hall voltage and the offset, the output voltage in phase ¢1 and ¢2 is given
by:
Vscrgr = Vi (Bz) + Vory

(4.2.1)
Vscre2 = Vi (B.) — Vosy
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The spinning current modulates the transducer’s offset at the spinning frequency. Thereafter,
it can be easily removed by applying adequate low-pass filtering, i.e. with cut-off frequency

lower than spinning frequency. In first approximation, the output voltage becomes:

Vscrer + Vsorg:
2

Vser ~ = Vi (B.) (4.2.2)

To complete this analysis, we should also consider other relevant phenomena such noise

and planar Hall voltage:

Vsorgr = Vi (Bz) + Vi (Be, By) + Vorr + Vin + Viyg

(4.2.3)
Vscre2 = Vi (Bz) — Vpu (Be, By) — Vogp + Vin — Viyy

Here V}; (Bg, By) is the planar Hall voltage depending on the magnetic field along x and y-axis
(cf. section 2.2.1), Vyy, is the thermal noise contribution and V) s is the 1/f noise contribution
(cf. section 3.3.1.3). We notice that the sign of Vj,;, V,;r and V;,; changes according to the
spinning phase. Thus, Vscr becomes:

Vscrer + Vsore2
2

Vsor =~ = Vi (B.) + Vi, (4.2.4)

As shown in equation 4.2.4, the SCT simultaneously removes the offset, the 1/f noise and
planar Hall voltage. Note that to avoid aliasing and thus efficiently remove 1/f, the spinning
frequency should be higher than twice the corner frequency (fscr > 2 feorner)-

Figure 4.10 represents the spinning current carried out by a switch box which alternatively

switches the transducer’s contacts in the corresponding phases.

Current i Low
Soures @ Switch box iﬁgf f Veor

Figure 4.10 — The four-contact magnetic transducer and its associated SCT switch box.

The switch box consists of integrated switches (basically T-gates). There are two ways to

perform the spinning current:

o The first one consists in direct demodulation as presented above. In that case, the sign

of the Hall voltage is kept constant.

e The second mode is presented in figure 4.11. Here, the Hall voltage is modulated while

the offset sign is kept constant. This mode allows to remove the 1/f noise together with
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the amplification stage A prior to demodulation. Here, the SCT is combined with the
chopper stabilization (CS) technique to remove the offset and 1/f noise of the whole

instrumental chain (i.e. sensor).

\ I
Low
Current i
Curren @ Switch box A> ass A Ver
|~ [

Figure 4.11 — Instrumental chain with amplification prior to demodulation.

It was first thought that the SCT is only efficient on 90° symmetric devices, but Cornils
[74] showed in 2008 that two-phase SCT perfectly removes the offset of any arbitrary-shaped
linear device (i.e. respecting J = oE).

In a real device with non negligible second order effects, such as depleted zone effect and
carrier velocity saturation, higher-order (more than two phases!) spinning current is necessary.
With typical CMOS-integrated Hall transducers, two or four-phases SCT is generally used,
which leads to a residual offset around several hundreds of microteslas. The residual offset is

mainly due to clock charge injection by the switching electronics [66].

4.2.2 Thermal drift compensation

Regarding industrial applications, thermal effect is significant in Hall sensors. Temperature
variation will induce electrical parameters fluctuations such as input resistance. In most
applications, it is not possible to implement temperature regulation. Therefore, it is important
to ensure the sensor’s characteristics remain within the acceptable range imposed by the
application’s specifications. In this section we only consider the effect of temperature on
the sensor’s sensitivity. Furthermore, since temperature phenomena are slow, the offset drift
related to it is removed by SCT.

One can address temperature compensation with two strategies. The first strategy is to
apply passive compensation. Its purpose is to bias the transducer and its electronics with
thermal-invariant current source. This approach is illustrated in figure 4.12. A band-gap
current source, based on lateral bipolar transistor is used to control the required current
sources. It also necessary to use cascoded current source (T},; to Ty4) because simple current

source are temperature dependent [76].

! Continuous time SCT is also possible [75].
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Figure 4.12 — Transducer biased with a cascoded current source and band gap current source.

The second approach is active. It is based on the passive approach combined to active
sensitivity compensation. The temperature is real-time monitored and the biasing dynamically
adapted to compensate the sensitivity drift. This technique requires preliminary calibration of
the instrumental chain. Considering the thermal effect on the transducer operated in voltage

mode, the current-related sensitivity is:

rg (T)

Sr(T) =Gy - W (T)-qtus (T)

(4.2.5)

Here, rg (T'), n(T), tefs (T') denotes the thermal dependence of respectively the Hall scatter-
ing factor, the electron density and the effective thickness of the active zone. The thermal

drift of current-related sensitivity is therefore given by:

0SSR _ 0Sg . org OSg . on O0SRr . 8teff

_ on 4.2.6
oT 87’[{ oT on oT 8teff oT ( )
From equation 4.2.5, we obtain:
O5p _ __ G (4.2.7)
org  n-qteps
OSR Sk
—_ - 4.2
on n (4.2.8)
05r _ _ SR (4.2.9)
Oterr  tefy

Thus equation 4.2.6 becomes:

Ok _ g (L. Orm) g, (L.9n)_ L Oty
ar ~°F (rH 8T> Sr (n 8T) Sr (teff oT (4.2.10)

As published by [8, 47, 46], the effective thickness t.ss is considered constant with the tem-
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perature when the substrate voltage is constant. Thus, equation 4.2.10 can be simplified

0SSR _ 1 Oryg 1 0On
o = Sk - (TH . aT) — Sk (n . E)T) (4.2.11)

The temperature coefficient ag,, of the current related sensitivity is defined as follows:

as:

Qas, = Qpyy — O (4.2.12)

Here, a,, and o, are the temperature coefficients of respectively the Hall scattering factor

and the electron density., with the temperature coefficient of a quantity @ defined as:

1 9Q

Q=0 aT (4.2.13)

with Qo the quantity’s value at room temperature [47]. Note that a,, tends to decrease with
temperature due to the freeze-out effect while o, tends to increase [46].

A second-order expansion Taylor series of Sg = Sg (T') around room temperature Ty gives:
Sr(T) ~ Sgr (To) + ar (T —Tv) + pr (T—T0)2 (4.2.14)

with «j the first-order coefficient of the current related sensitivity used for linear compen-
sation, and [; the second-order coefficient of the current related sensitivity used for second-
order compensation. Due to the complexity, higher-order compensation is rarely achieved

with analog-only electronics. Digital implementation is preferred [77].
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Vertical Hall Device
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Chapter 5

Introduction to the LV-VHD

The Vertical Hall Device (VHD), especially the LV-VHD suitable with low-voltage standard
CMOS process, has already been presented in section 4.1.2. This part is dedicated to an
extensive study of the LV-VHD.

In order to further understand the physical background of this transducer, we propose an
a 2D Finite Element Method (FEM) modeling approach in chapter 6. The models eventually
allows to take second order effects into account. Also, one should expect the model to match
real device behavior. Therefore, this chapter also presents comparative study of simulations

versus experimental results.

The LV-VHD performances are dramatically affected by its 1/f noise and its offset. There-
fore, chapter 7 is dedicated to the implementation of the Spinning Current Technique (SCT)
to remove this drawbacks. A new, so called bi-current SCT, is proposed. The bi-current
technique consists in biasing the LV-VHD with maximum current in each phases. Conven-
tional and bi-current SCT performances are compared through analytical development based

on sensitivity and thermal noise analysis.
In order to complete this analysis, chapter 8 is dedicated to conventional and bi-current

SCT validation by FEM simulations and experimental results. A new FEM model’s version,

extended to the 1/f noise, as well as experimental results are proposed.
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Chapter 6

FEM modeling

An accurate analytical analysis of the LV-VHD with second order effects is overly complex
and not suitable for straightforward implementation in CAD simulation tools. Therefore, we
need to use appropriate solving approach such as the Finite Element Method (FEM), which is
a numerical method for solving physical problems based on partial differential equations. In
this chapter we propose to present a self-consistent 2D FEM COMSOL Multiphysics® model.
Solutions to implement the main second order effect such as the junction field effects and the

carrier velocity saturation are also proposed.

6.1 Principle

This section presents LV-VHD model principle. The analytical equations used in FEM model
are first presented. Then, these equations are implemented in COMSOL Multiphysics®.

6.1.1 Electrical model

In a semiconductor device, the electron and hole current densities (respectively J, and Jp)

include the conduction and diffusion mechanisms. They are expressed in equation 6.1.1 [8]:

Jo=—q-n-p, V D, -V
{ an g Vot " (6.1.1)

Jo=—q¢-n-pp -V —q-D,-Vn

where p,, and pi, represent the electrons and holes mobilities respectively, D,, and D, represent
the electrons and holes diffusivities respectively, Vi the electrostatic potential gradient, g
the elementary charge, n and p the electrons and holes intrinsic concentrations respectively
(Vn and Vp) their respective gradients, k the Boltzmann constant, T' the temperature in
Kelvin. Note that, in order to have a full electrical model, we assume p and n obey Maxwell-

Boltzmann’s statistics, and thus the Gauss law gives [8]:

—V(esi-VY)=q-(p—n+N) (6.1.2)
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Besides, we use the convection-diffusion expression to model the continuity equations for

electrons and holes:

{—V-Jn:—q-RSRH (6.13)

-V .Jp=¢q Rsry
In these equations, €g; is the silicon relative permittivity, N the ionized doping donors’ con-
centration, i.e. the doping profile. Rggrp is the Shockley-Read-Hall recombination model
[38].
Furthermore, due to the small size of the VHD, the electric fields within it can be high.
Therefore, it is important to take the carrier velocity saturation into account in the expression
of the mobility, for both the electrons and the holes [78, 79]. According to [78] a power law

mobility function, psq¢ is used to replace the constant mobility /i, /,:

n/p’

:u'n/p
T
<1+ (uvptnvw) )
sa n/p

Vsatn/p is the saturation velocity, i.e. 107 em . s~ ! for electrons and 8.10% cm . 3*1) for holes,

ooty = (6:1.4)

and ( is a fitting parameter, which value has been determined in [78], i.e. 1.30 for electrons
and 1.21 for holes.

6.1.2 COMSOL® implementation

Since the LV-VHD is symmetric along x-axis and almost no current flows in this axis, we
assumed a two dimensional model should allow faithful modeling of the device. Thus, we ne-
glected the lateral junction field effect on the n-well / p-substrate junction, along x-axis. As a
consequence, the effect of the junction modulation will be slightly underestimated. Further-
more, while this assumption does not affects global model accuracy, it also has the positive

impact to dramatically reduces computation time.

Based on the p-n junction application note [80], we used COMSOL multiphysics® capa-
bilities to model the physical equations given in section 6.1.1. Theses equations are combined
through the electrostatic module and the transport of diluted species (i.e. electrons and
the holes) module. The transport of diluted species module is used to describe the conduc-

tion/diffusion mechanism described in section 6.1.1.

According to measurements performed by Dimitripopoulos at al. [39], we chose Gaussian
approximation to model the doping profile. The n-well maximum doping level was initially
set to 5- 100 em ™3 [80]. The n-well depth, i.e. the depth at which the silicon has intrinsic
properties, was set to 2 um [39]. Finally, the n+ junction depth was set to 200 nm [39].

The metallic contact to access the n+ well and the link between Cy and C4 were modeled
as n+ silicon with artificially high mobility. Figure 6.1 (a) represents a view of the model
geometry. All geometrical parameters are fitted to the VHD prototype fabricated with AMS
0.35 pm process [79].
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Figure 6.1 — (a) View of the 2D LV-VHD COMSOL model geometry, and (b) its corresponding
layout.

6.2 Model validation

A LV-VHD prototype, presented in figure 6.1 (b), has been fabricated with AMS 0.35 um

process.

Figure 6.2 shows the IV characteristics across each contacts pairs. The measurements were
preformed with an Agilent® 4156C parameter analyzer. The measured characteristics are not
perfectly superimposed because the distance between C'y — Cy and Cy — Cf is relatively small
(3.2 wm). This is due to fabrication process dispersion and to package stress. The model was

fitted to the corresponding average measurements by reducing the n-well maximum doping to
4.6 1070 cm=3.

—— Mesurements
- - - Average mesurements
O COMSOL simulations

25

=Y
3] N

Current (mA)

-

0.5

Voltage (V)

Figure 6.2 — I/V measurement and COMSOL simulations along each contacts pair combina-
tion. Cyy corresponds to the measurement between contacts x and y. In order of appearance,
ny is respectively 01—02/04—05, 02—03/03—04, 01—03/03—65, 02—04, 01—04/02—05,
Cy —Cs.
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6.3 FEM SCT modeling

6.3.1 Principle

The Spinning Current Technique (SCT) principle to reduce the offset and 1/f noise has already
been presented in section 4.2.1.2. We now apply it to the LV-VHD. Contacts Cy and Cy are
shorted to form a four contacts device compatible with the SCT. The four corresponding

biasing phases are presented in figure 6.3.

— —
‘ lgias l lsias i V-
; I
n-well € C2 c3

(a) Phase ¢1 (b) Phase ¢2

v+ * leias
[
c3 ca 5
n-well /

(c) Phase ¢3 (c) Phase ¢4

Figure 6.3 — Four-phases spinning current technique applied to the LV-VHD: (a) phase ¢1,
(b) phase ¢2, (c) phase ¢3, (d) phase ¢4. The red arrows corresponds to the current flow.
The green annotations denote the Hall voltage terminals. The shape of the voltage dependent
depleted zone is represented in yellow.

In phase ¢1, the current is injected from contact C3 to contacts C2/C4, while the Hall
voltage is picked out between C'1 and C5. This phase corresponds to the conventional biasing
way of the LV-VHD, as applied in [33]. Phase ¢3 is symmetric to phase ¢1, but the current
flow direction and the sign of the Hall voltage is inverted. In phase ¢2, the current is injected
from contact C'1 to C5, while the Hall voltage is picked out on contacts C'3 and C'24. Finally,
phase ¢4 is symmetric to phase ¢2, i.e. the current flow direction and the sign of the Hall

voltage is inverted.

Figure 6.4 shows the simulated electric potential into the device of figure 6.1, with 550 uA
biasing current. The input resistance is not constant between phases ¢1/¢3 and ¢2/¢4 because
of the asymmetrical structure of the LV-VHD. In phases ¢2/¢4, I24 = 550 A corresponds to
the highest achievable biasing current, i.e. the current corresponding to the maximum biasing
voltage applied to the transducer. Here, the maximum voltage corresponds to the difference
between the maximum allowed supply voltage of the AMS 0.35 um process (3.3V) and the
voltage drop across the current source. Here, the maximum biasing voltage is V4 = 3 V.
In phases ¢1/¢3, the maximum biasing current is I13 = 1100 uA. Therefore, considering the
SCT biasing conditions as stated in section 4.2.1.2, the biasing current should be fixed to
the lower value of either I13 or ls4, i.e. I13 = Isy = 550 uA. Yet, as will be discussed later,

alternative operating condition can be proposed.
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Figure 6.4 — Simulation of the electric potential with 550 ;A biasing current.

6.3.2 Offset

Figure 6.5 shows the output voltage Vo, = V4 — V_ extracted from the simulations.

biasing current was swept

i

from 0 to 550 4 A in each biasing phases.

N w » [3,]
L]

Phase ¢1
Phase ¢2
Phase ¢3
=©—Phase ¢4

-
T

Offset voltage (mV)
&
|

Figure 6.5 — LV-VHD simulated offset without misalignment.

100 200 300 400 500
Bias current (1A)

-

The

The results are very similar to the ones proposed for the HV-VHD [48]. Considering

a device with no fabrication imperfection or mechanical stress, there is no offset in phases
¢1/$3. On the contrary, phases ¢2/¢4 exhibit quadratic offset due to the modulation of the

depleted zone.

Figure 6.6 shows the simulated depleted zone density expressed as py = q (N —n + p),

where N is the doping profile, n the electron density, p the hole density.

In phases ¢1/¢3 , the depleted zone modulation is symmetrical with respect to the central

contact C3. Since the output voltage is measured between C'1 and C5, it is not affected by the

depleted zone. In phases ¢2/¢4, the depleted zone modulation is not symmetrical anymore
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Figure 6.6 — Simulation of the depleted zone density in C - m~2 with 550 uA biasing current.

-200

and leads to systematic offset. Because of this non-linearity, the two-phase spinning current!
does not remove efficiently the offset. We recall that, as demonstrated by Cornils and Paul
[74], the offset of linear devices is completely removed by two-phase spinning current. Here,
the LV-VHD is highly non-linear due to the asymmetry induced by the modulation of the
depleted-zone (illustrated in figure 6.3). Figure 6.5 clearly shows that four phases are needed

to remove the quadratic offset component.

In order to make the model more realistic, a random offset component was also added.
Madec et al. [81] showed that the random offset may be modeled as an equivalent contact
misalignment. According to this model, a shift of 100 nm was applied on contact C'3. The

simulated offset is presented in figure 6.7.

5 L) L)
ak Phase ¢1
E Phase ¢2
3t Phase ¢3
—©—Phase ¢4
S 2
E
(]
()]
S
©
>
*g' -1
5.2
-3
4F 4
’ 0 100 200 300 400 500

Bias current (1A)

Figure 6.7 — LV-VHD simulated offset with 100 nm shift applied on contact C3.

It appears that phases ¢1/¢3 exhibit linear offset due to the contact shift. In phases

"Here ¢1/¢2, but it also applies to ¢3/¢4.

o6



CHAPTER 6. FEM MODELING

¢2/¢p4, linear offset is respectively added or subtracted to the quadratic component. The
same trend was observed on HV-VHD by Paul et al. [49]. Here also, four-phase spinning
current is necessary to remove the offset. Therefore, only four-phase spinning current will be

considered in the following chapters.
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Chapter 7

LV-VHD Spinning current

technique

The spinning current technique applied to the HHD has proven efficient to dramatically reduce
its offset and 1/f noise [8, 32]. With the single-current (i.e. "conventional”) SCT, the biasing
current in all phases is kept constant. This technique is sub-optimal for the LV-VHD with
non-constant input resistance. In this chapter we propose an analytical study dedicated to the
single-current and the optimized bi-current SCT. We suppose that SCT completely removes
the 1/f noise and offset (this assumption is discussed in chapter 8.1). Thus, in this chapter
we consider resolution is limited by the sensitivity and thermal noise floor. We compare the

efficiency of both SCT techniques through analytical methods.

7.1 Principle

A simplified LV-VHD linear resistive model is presented in figure 7.1.

C24

c1hlf’| cz'ét’ 3t c4@
[ Ry F—{ R, | [ Ry |

n-well

Figure 7.1 — Resistive model of the LV-VHD

According to this model, we can estimate the maximum biasing current in each phase.
The maximum theoretical biasing currents in phases ¢1/¢3 and phases ¢2/¢4 are respectively

called I13pm42 and Iogmae: - They are expressed by:

Vs .
113 — supply
e R (7.1.1)

Vsuppl
Damaz = ;7.7;1y

Here, Viyppiy is the maximum supply voltage allowed by the technology, R; is the resistance
of contact pairs C1/C2 and C4/C5, and Ry is the resistance or contact pairs C2/C3 and
C3/CA.
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Assuming R; and Ry have close values, Iogmqr =~ T13maz/4, as stated in chapter 6, we must
choose the smallest current, i.e. Iogmaz, in order to apply the conventional four phases single-
current SCT. Since the Hall voltage is proportional to the biasing current (equation 4.1.1),
i.e. Vg = 8; - Isamaz - B, the single-current SCT dramatically limits the LV-VHD sensitivity

and resolution. Therefore, it is not the most appropriate technique for LV-VHD operation.

7.2 Bi-current SCT

In a linear transducer the offset varies linearly with the biasing current and is reversed from
phases ¢1/¢3 to phases ¢2/¢4 [8]. Considering a realistic device with non-linearities, the
depleted zone modulation, represented in figure 6.3, engenders an asymmetry on phases ¢2
and ¢4, which leads to systematic offset. This offset varies quadratically with the biasing
current and is reversed from phases ¢2 to ¢4 [49, 48]. In the analysis below, we will neglect
the depleted zone effect because its related offset is removed with SCT.

In a linear device, the Hall voltage as well as the random offset, coming from fabrication
imperfections, varies linearly with the biasing current [49, 48]. Thus, V,¢s = Rofs-I, with Ryfy
introducing the current-related offset resistance. Furthermore, the 1/f noise may be considered
as a slow-varying random offset. Its magnitude at the sensing contacts is also proportional
to the biasing current [8]. Thus, V;,; = Ry/;-I with Ry, introducing the current-related 1/f

noise resistance.

The bi-current SCT consists of biasing the LV-VHD with the maximum biasing current in
each phases, i.e. [13mq, in phases ¢1/¢3 and Iogpmq, in phases ¢p2/¢4. The LV-VHD output
voltage in phases ¢1/¢3 and ¢2/¢4 is thus:

Vi3 (I13maz) = Visa + Visorr—1/5 + 1/ (Viaw)

: (7.2.1)
= S; - I13maz - B + (Roff “I3maz + Ry - Il:ﬂmar) + v/ (Viaen)

and

Vou (124ma:t) = Voun + Vv24off—1/f + <Vv224th> (7 9 2)
=S - Iodmaz - B — (Roff “M2amaz + Ryjp - I24maz) + 4/ (Viien)

Here, <Vx2yth> denotes the power spectral density of thermal noise in phase z or y, Vyyorr—1/5

denotes the addition of the offset with the flicker noise voltage in phase x or y.

Since the current is different between phases ¢1/¢3 and ¢2/¢p4, the resulting modulated
offset and 1/f noise voltage is no longer symmetric around 0 V. Therefore, in order to restore
balance between all phases, the LV-VHD output voltage in phases ¢2/¢4 has to be amplified
by the current ratio called G4z

Il3maw 4- Rl

Graz = = 7.2.3
124ma:p RQ ( )
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The switched gain amplification restores the symmetry of the offset and 1/f noise voltage
around O0V. Thus, the output voltages in phases ¢1/¢3 and ¢2/¢p4 become:

Vis—pi—scr = Viz (L13maz) (7.2.4)

Vou—vi—scr = Gmaz - Vo4 (124maz)

Hence:

Vos—pi—scr = Si - 13maz - B — (Roff Digmaz + Ry - IlSmaw) + \/<V224thbiSCT> (7.2.5)
with
<V224th—bz’—SCT> = Gruaa <V224th—bz'—SCT> (7.2.6)

The resulting voltage with bi-current SCT, called Vy;_gor is obtained by averaging Vi3_p;_sor
and Voy pi—scr:

v Vi) + \/<V224th—bi—SCT>
2

%i—SCT = Sz : Ileax + (727)

Equation 7.2.7 shows offset and 1/f noise voltage are removed by the bi-current SCT. As
initially stated, one can notice that the resolution is only limited by the sensitivity and the

thermal noise.

7.3 Resolution comparison

As discussed above, both single-current and bi-current SCT efficiently remove the offset and
the 1/f noise voltage on a linear device. The following lines are dedicated to compare the
efficiency of both techniques.

7.3.1 Single-current SCT

When applying SCT, each phase is picked out during one quarter of the spinning period. As
a consequence, the contribution of each phase on the total thermal noise power a quarter of

the thermal noise present on that phase.

On phases ¢1/¢3, the resistance across the measurement contacts is 2- R (see figure 7.1).

Therefore, the mean thermal noise power on phases ¢1/¢3 is:
1
<V123th> =4 W ks T (2 Ri)-BW)=2-kp-T Ri-BW (7.3.1)

Here, BW corresponds to the system bandwidth, i.e. the cut-off frequency f. of the low-pass
filter (cf. section 4.2.1.2) if its order is high enough.

Similarly, the resistance across the measurement contacts, on phases ¢2/¢4 is Rz/2. Thus,
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the corresponding mean thermal noise power is given by:

1 R 1
(Viin—se-scr) = - <4 kg T (22) ~BW> =5 k5T Ry BW (7.3.2)

Here, notation <V224th7 so SCT> denotes the single-current-SCT-related (sc-SCT) thermal noise.

Finally, after low-pass filtering, the mean thermal noise power <Vt%7 s SCT> is obtained

by summing each phase noise contribution:
(V3 _sosor) = kp T+ (4- Ry + Ry) - BW (7.3.3)

Since the biasing current is limited to Io4maz, the resolution (defined in section 3.3.1.4)

yields:

\/kB-T-(ﬁl-Rl—‘ng)‘BW
Osc—SCT —

7.3.4
Si : 124max ( )

7.3.2 Bi-current SCT

Concerning the bi-current SCT, the signal is picked out at the output of a switched gain
amplifier. The gain is unitary on phases ¢1/¢3 and equal to G4, on phases ¢2/¢4. Assuming
the amplifier noise is negligible compared to the transducer’s noise!, the mean thermal noise

power on phases ¢1/¢3 is the same whatever single-current or bi-current technique is used.

However on phases ¢2/¢4, the signal is amplified by the power gain G2,,.:
2 Ry 2 1
<V24th—bi—SCT> =45 |5 kBT -Ry- BW (7.3.5)
Ry 2
As previously stated, the output of the low pass-filter yields:
2 Ri\?
<V;‘/hfbifSCT> =kp-T- |4 B+ (4 5] -Ha| - BW (7.3.6)
2

The resolution of the LV-VHD operated with bi-current SCT thus becomes:

\/kB-T~<4~R1+(4-%)2-R2>~BW

Si : Il3mam

Obi—SCT = (7.3.7)
This equation corresponds to a resolution improvement gained by the use of the bi-current
technique given by:

- R 1
Tbi—SOT _ 2 _ (7.3.8)

Osc—SCT 4-R V Gmaz

The above result shows resolution improvement by a factor /G4 Wwhen applying bi-current

SCT instead of single-current SCT. It is always theoretically possible to increase Gpuqz by
adjusting the Ri/R, ratio. Yet, this increase, should not be performed to the detriment of the

!This is actually possible by using appropriate low-noise amplifier architecture.
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maximum achievable current in phase ¢2/¢4, since this might degrade the effective resolution.
Indeed, for instance, increasing R, too much would lead to dramatically reduce Iogq., and
thus lower the resolution. Notice that equation 7.3.8 is always true, i.e. whatever the value
of the biasing current. Therefore, in order the achieve maximal resolution, the most efficient
procedure consists in defining Rjand Rs so as to maximize logmq: as would be done for
single-current SCT.

At this point of the study it is important to notice that switched gain amplifier with
extremely accurate gain ratio can be achieved with standard CMOS process. In practical
implementation of the bi-current SCT, both biasing currents are delivered by current mirrors
in order to ensure good control of the current ratio. Due to the voltage drop across these
current mirrors, the maximum current as defined in equation 7.1.1 is not achievable. Therefore,

I13maz and Iogma: may be replaced by 13 < I13maz and Iog < Iogmaz:

Vsuppty —Vsat

hi3maz = R

2 (7.3.9)
I _ Vsupplyfvsat
24maxr — W

Where Vi is the lowest achievable voltage drop across the current mirror in order to keep
the transistors in the saturation region.

Therefore, the current ratio becomes:

I
G=21 (7.3.10)
Iy

G could be set higher than G4, for instance with oy < Iogmae and I13 >~ I13m4:- But as
stated above, this would again impact the effective resolution. As a consequence I13 and Iog

should be chosen as high as possible, i.e. close to 134z and Io4maz, to get the best resolution.
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Chapter 8
Concept validation

This chapter is dedicated to the presenting the FEM model and experimental results of the
single and bi-current SCT applied to the LV-VHD. Special attention is given to the offset and

1/f noise.

8.1 FEM concept validation

In the following lines we explain how we used the FEM model proposed in chapter 6 to emulate
the 1/f noise, and thus assess the efficiency of the SCT.

8.1.1 Noise simulation

According to the Hooge model [54] that applies to bulky devices such as the VHD, 1/f noise can
be attributed to a quasi-static random variation of the carrier mobility, which is comparable
to a slow-varying offset. Therefore, 1/f noise can be emulated by substituting the constant
mobility by random mobility maps. From this point forward, a set of thirty linear interpolated
random mobility maps was generated with a 0.1 % standard deviation around the nominal
mobility g, = 1100cm?/(V . s). Figure 8.1 shows one sample of these thirty maps. The
red areas correspond to high mobility, and the blue ones with low mobility. Simulations,
using COMSOL® LiveLink® for MATLAB®, were performed on the same device as the one
presented in section 6.3.1 (i.e. 3 pm width LV-VHD presented in figure 6.1) for each of
the thirty mobility maps in each phase. The voltage across the sensing contacts was then

extracted.
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Figure 8.1 — One sample of the thirty random mobility map with 500 nm step grid (in m? -

V—l.s7h,
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Due to the carrier velocity saturation, the highest achievable current in phases ¢1/¢3 is
around 1100 uA while it is 550 uA in phases ¢2/¢4 (cf. section 6.3.1). In the considered
device, G = 2.

Furthermore, the simulations were performed under different biasing configurations:

1. in single-current biasing mode, with 550 A constant biasing current and 1100 cm?-V 1.
s~ constant mobility. This configuration is necessary in order to assess computation-
accuracy-related residual offset is negligible. The transducer output voltage is amplified

by G to normalize the signal in all simulations.

2. in single-current biasing mode, with 550 uA constant current and random mobility maps,

in order to assess the single-current SCT. The output voltage is also amplified by G.

3. in bi-current biasing mode, with 1100 A biasing current in phases ¢1/¢3, and 550 A
in phases ¢2/¢4, in order to assess the bi-current SCT. The transducer output voltage
on phases ¢2/¢4 is multiplied by G.

8.1.2 Simulations results

From configuration 1, the computation accuracy was estimated to 5.53nV. This value is
related to the COMSOL® convergence criteria, which had been set to 10791, This is three

decades below the device’s actual residual noise extracted from configurations 2 and 3.

The simulated transducer output voltage is shown without amplification (figure 8.2a), and
with amplification by gain G on each phase (figure 8.2b).

Considering these results, the noise level is the same on all phases. It appears also that on
phases ¢2/¢4, the 1/f noise is superimposed with the systematic offset due to the modulation
of the depleted zone (cf. section 6.3.2). We can also notice the symmetry of the 1/f noise
between phases ¢1/¢2 and ¢3/¢p4. Therefore, two-phase SCT could be used to reduce the
1/f noise but the offset still remains relatively high. These observations apply for both the
transducer’s output and after amplification because the gain is the same on all phases.
