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Giant Magnetoresistance (GMR) Sensors

Editorial

The spintronics concept was stated during the eighties in order to describe charge trans-
port mechanisms in which the spin of the electrons play an important rule. The Giant
Magnetoresistance effect, reported at the end of this decade, was the definitive step in
pushing this concept towards technological applications. Initially, read heads in hard
disk drives were benefited of this emerging technology. The bits magnetically saved
onto the surface of the disk are read by the binary changing of the resistance of GMR
devices. With the time, and taking advantage of the gained knowledge from this re-
search, new multilayered structures were engineered in order to make use of the linear
capabilities of these devices. Their inherent properties regarding high sensitivity, large
scale of integration and compatibility with standard CMOS circuitry have proved def-
inite advantages and have placed GMR devices as the preferable magnetic sensors in
most of the current applications.

This manuscript is dedicated to draw the scope of the state of the art of current mag-
netic sensing applications based on GMR sensors. From the definition of the concepts
to the analysis of several selected cases of success, the different topics related to this
novel technology are described.

In the first chapter, the theoretical fundamentals are introduced. The concepts of
GMR, spin valve and tunneling magnetoresistance are presented. The descriptions of
the physical mechanisms are analyzed, including the sensors based linear regime.

The second chapter is dedicated to the involved microfabrication processes. Being
multilayered micro-structures, the design and realization of GMR devices share some
techniques with standard CMOS processes. Lithography, pattern transfer by lift-off or
etching, ... steps are commonly applied. Other processes such as magnetic layers
deposition are specific to GMR technology and their compatibility with standard CMOS
processes is a matter of concern.

The range of detectivity of the GMR sensors is basically limited by the signal to
noise ratio (SNR) instead of the signal level. A detailed description of the noise mech-
anisms in GMR sensors is presented in the third chapter. The analysis is particularized
to spin valves and magnetic tunnel junctions. The experimental setup for performing
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noise measurements is provided. Biasing strategies for minimizing noise effects are
also proposed.

A GMR sensor can be basically understood as a magnetic resistive sensor. In this
sense, the traditional approaches developed for typical resistive sensors can be directly
considered. For example, Wheatstone bridges are commonly used in GMR based sen-
sors applications. Novel approaches such as current based biasing or resistive array
read-out interfaces need to be specifically described. Chapter four analyses the state of
the art of resistive sensors interfaces, focusing on GMR particularities and ranging from
realization with discrete components to microelectronic designs.

Microelectronics in general and the measurement of electric current at the integrated
circuit (IC) level is one of the fields in which GMR sensors are applied. After the pre-
sentation of the concept (to measure the electric current by means of the associated
magnetic field) some cases of success are revised. Particular issues such as bandwidth
limitations or self-heating effect are analyzed. Some applications are proposed. The
compatibility with non-dedicated CMOS processes is also studied.

The automotive world has also incorporated GMR sensors to its portfolio. In this
chapter some developments regarding the use of GMR sensors in automobiles at In-
fineon are presented. Such sensors can be used in steering angle measurement, rotor
position measurement, wheel speed measurement and crank shaft speed. Data acquisi-
tion and processing in these systems is also analyzed.

Being magnetic sensors and due to their inherent advantages related to miniaturiza-
tion, GMR sensors are also applied in compass magnetometers as those included in
portable navigation devices such as global positioning systems (GPS) and other mobile
gadgets, mainly smartphones. The compass indicates the static orientation of the user
which, with the addition of gyroscopic information along with GPS data can give pre-
cise location and orientation to the users. In this chapter, the fundamental concepts and
the current trends of GMR based compass magnetometers are described.

To give an idea of its maturity, GMR sensors have already left the earth and have been
included as part of the instrumentation in experimental satellites. In this chapter, the use
of commercial off-the-shelf GMR based 3D magnetic sensors on board a picosatellite
is described. After a comparison of currently available alternative, the design of the
considered system is presented. The system passed all the qualification processes.

Highly promising results are being obtained when using GMR sensors in non-
destructive evaluation (NDE) processes. Two complimentary chapters are dedicated to
this topic. In the first one, the inspection of failures in printed circuit boards (PCBs)
is approached. The explanation of the underlying physics (eddy-current testing, ECT),
the description of the GMR based scanning probe as well as the associated electronic
interface and the analysis of the results, also including finite element modeling (FEM)
are treated. In the other chapter, an example of GMR sensors used in biomedicine is
described. A needle probe, including GMR sensors is presented. An experimental setup
and procedure with agar injected with magnetic fluid to simulate actual clinical process
was developed.

For improving the performance of NDE processes based on GMR sensors, the use
of arrays can be considered. In the last chapter, this approach is analyzed; comparing
figures of merit with previously stated systems such as SQUIDs, Hall effect or giant
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magnetoimpedance (GMI) based ones. Then the use of magnetoresistive sensors in
imaging and scanning microscopy is particularly demonstrated for die level fault
isolation.

From all described work we can conclude that we can definitively change our ap-
preciation on GMR sensors. In few years they have moved from being ‘potential’
to become the first option in much of the applications requiring the sensing of low
magnetic fields.

Candid Reig
Susana Cardoso de Freitas
Subhas Chandra Mukhopadhyay
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Spintronic Phenomena: Giant
Magnetoresistance, Tunnel Magnetoresistance
and Spin Transfer Torque

C. Baraduc, M. Chshiev, and B. Dieny

SPINTEC UMRS8191, CEA-CNRS-UJF-INPG, 17 rue des martyrs, Grenoble, France

{claire .baraduc,mair.chshiev,bernard. dieny}@cea. fr

Abstract. This introduction to spintronic phenomena deals with the
three major physical effects of this research field: giant magnetoresistance,
tunnel magnetoresistance and spin transfer torque. This presentation aims
at describing the concepts in the simplest way by recalling their historical
development. The correlated technical improvements mostly concerning
material issues are also described showing their evolution with time.

In recent decades, progress in fabrication and characterization of systems with
reduced dimensionality has stimulated fundamental research on a wide range
of quantum phenomena and has enabled development of nanomaterials with
new functionalities related to new information technologies. The most remark-
able event, in this context, is the discovery of giant magnetoresistance (GMR)
in magnetic multilayered structures in 1988 by the groups of A. Fert [I] and
P. Griinberg [2]. They observed a significant change in the resistance of multi-
layers when the magnetizations of adjacent ferromagnetic layers separated by a
nonmagnetic spacer were brought into alignment by an applied magnetic field.
In other words, they showed that the electron flow through the structure is con-
troled by the relative orientation of magnetizations in adjacent layers similarly
to a polarizer/analyzer optical experiment (Fig. [l). The discovery of this spin
filtering effect opened new ways of exploring magnetic properties of materials by
means of spin-dependent transport and generated a new field of research called
spin electronics or spintronics [34L5L[6], which combines two traditional fields of
physics: magnetism and electronics. In other words, it is not only the electron
charge but also the electron spin that is used to operate a device. Spin is the
intrinsic angular momentum of a particle which, in the case of the electron, is
characterized by a quantum number equal to 1/2 with two possible states called
“spin-up” and “spin-down” (or “majority” and “minority”). In ferromagnetic
materials, the Coulomb interaction and Pauli exclusion principle cause a long-
range ordering of the unpaired up (or down) spins leading to the finite magnetic
moment y per unit volume (magnetization M) resulting from the difference of
majority and minority density of states (DOS). Furthermore, such inequality of
the DOS for two spin states at the Fermi surface leads to significantly different
conductivities for the spin up and the spin down electrons as was demonstrated
by A. Fert and I. Campbell in the late 1960s [7,[8]. Along with the existence

C. Reig et al.: Giant Magnetoresistance (GMR) Sensors, SSMI 6, pp. 1-B0]
DOI: 10.1007/978-3-642-37172-1 1  (© Springer-Verlag Berlin Heidelberg 2013



2 C. Baraduc, M. Chshiev, and B. Dieny

of the long range interlayer coupling between two ferromagnets separated by a
nonmagnetic spacer [9], these observations were the key steps in the discovery of
GMR suggesting that the transport in ferromagnetic materials is spin-dependent
and can be considered within the two current model [I0]. Giant magnetoresis-
tance became the supreme manifestation of spin-dependent transport and was
recognized by the award of the Nobel Prize 2007 to A. Fert and P. Griinberg.
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Fig. 1. In the parallel magnetic configuration, one spin species easily flows through the
device, leading to a low electrical resistance. By contrast, in the antiparallel magnetic

configuration, resistance is high: this case is similar to extinction in a optical polarizer-
analyzer set-up.
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The advent of GMR has renewed the interest in spin dependent tunneling [11]
across semiconductors and insulators and led to demonstrations of high tun-
nel magnetoresistance ratios (TMR) at room temperature [12,[I3] in magnetic
tunnel junctions (MTJs). MTJs consist of two semi-infinite ferromagnetic elec-
trodes separated by an insulating barrier and have been objects of great interest
from both fundamental and applied perspectives. High sensitivity to magnetic
fields makes these structures good candidates for hard drive magnetoresistive
read heads, logic devices and magnetic random access memories [14,[15,[16,[17].
Various aspects have been addressed, both theoretically and experimentally, re-
garding spin dependent properties in MTJs such as the role of disorder and
impurities at the interfaces between ferromagnetic and oxide layers, the impact
of the junction composition on TMR ratio, temperature dependence of the lat-
ter, etc [I8[19,20,21T] 22| 23,2416l 25, 26}, 27, 28, 29,[30]. A major breakthrough
in the area of spin-dependent tunneling was the prediction of extremely high
tunnel magnetoresistance ratios for certain epitaxially grown magnetic tunnel
junctions [311[32,33,34]. This prediction was based on a spin filtering effect
that may arise from the symmetry of the wave functions [35]. Recent exper-
iments [36,37,[38,839] largely confirmed predictions made by W. H. Butler et
al. [32] and J. Mathon et al. [33] for MgO based tunnel junctions. This discovery
also has a large impact on the technologies of MRAM and of read sensors for
hard drives.

Another major phenomenon which plays a crucial role in spintronics was
proposed by J. Slonczewski [40] and L. Berger [41] who predicted that a
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spin-polarized current can induce magnetic switching and dynamic excitations
in ferromagnetic thin films. This spin transfer torque effect can be viewed as
the reciprocal effect of spin filtering which is responsible for GMR and TMR.
It turns out that the relative magnetic configuration can be controlled by the
spin-polarized currents themselves. These predictions inspired a great deal of
work aimed at understanding the interactions between spin-polarized currents
and ferromagnetic nanostructures [42,[43][44]45]. Experiments later confirmed
that this effect can lead to current-controlled hysteretic switching in magnetic
nanostructures in moderate (or even zero) applied magnetic field [46]47, 48|49,
5,60, 51,6263, 54). This behavior is not only of scientific interest but also finds
potential applications in spintronic devices such as current controlled switching
of magnetic random access memories (MRAM) elements and has implications
for the signal-to-noise ratio of magnetic hard-disk read heads [55].

This chapter is divided into three parts. The first one is devoted to trans-
port in GMR: it briefly presents the historical development of GMR and the
related materials issue as well as the question of spin dependent transport in
ferromagnets, then it addresses transport properties of GMR in the two geo-
metrical configurations (CIP and CPP) and the spin accumulation effect. The
second section is devoted to TMR: it presents the evolution of the understanding
of the spin dependent transport in magnetic tunnel junction and the specificity
of MgO-based tunnel junctions linked to symmetry filtering. Finally, the third
section addresses transport properties in non-collinear magnetizations configu-
ration and spin transfer torque in both systems, GMR and TMR.

1 Giant Magnetoresistance

1.1 Short History of GMR

After the discovery of GMR by A. Fert [I] and P. Griinberg [2], this mag-
netoresistive effect has been observed in many multilayered structures of the
form (F/NM), where F is a transition metal magnetic layer (Fe, Co, Ni or
their alloys) and NM is a non-ferromagnetic transition metal or a noble metal
(V,Cr,Nb, Mo, Ru, Re, Os, Ir,Cu, Ag, Au). In such magnetic multilayers, the
thickness of each individual layer is typically in the nanometer range and the
thickness of the normal metal layer is chosen in order to get spontaneous antipar-
allel alignment of magnetizations in successive ferromagnetic layers. So the zero-
field resistance is high and significantly decreases when a large applied magnetic
field aligns magnetizations of all layers. The measured magnetoresistance is much
larger than the anisotropic magnetoresistance and was therefore called “giant”. It
ranges from a tenth of a percent in V' or Mo based multilayers to more than 100%
in Fe/Cr [56] or Co/Cu multilayers [57,58]. The GMR effect was also observed
in multilayers with double coercivity such as (NiggFeao/Cu/Co/Cu), [59]: at
high field magnetizations in successive magnetic layers are parallel, whereas they
are in antiparallel alignment when the applied field is comprised between the two
coercive fields. These systems also exhibit a large magnetoresistive ratio (MR):
16% variation in resistance was observed between 0 Oe and 50 Oe at 300 K in
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NiFeCo/Cu/Co/Cu multilayers [60]. Nevertheless both structures, either the
antiferromagnetically coupled multilayers or the double coercivity ones, present
some technical drawbacks for magnetic sensors application. The first ones are
usually only sensitive to very high field (of the order of kOe), necessary to over-
come the antiferromagnetic coupling, and the latter are sensitive to the mag-
netic history of the structure: when the soft layer switches, the resistance either
increases or decreases depending on the direction of the hard layer magneti-
zation. All these drawbacks were overcome with the invention of a third type
of structure called spin-valve [6I]. It essentially consists of two magnetic lay-
ers separated by a non-magnetic spacer layer. The magnetization of one of the
layer is pinned by exchange interaction with an adjacent antiferromagnetic layer,
whereas the magnetization of the other layer is free to rotate in an applied field.
Since the two layers are very weakly coupled, the change from parallel to an-
tiparallel magnetic configurations can occur in small fields giving these systems
a large sensitivity. Since their discovery in 1990, the magnetic and transport
properties of spin-valves have been considerably improved especially in terms
of magnetic stability of the pinned layer and MR amplitude. The overall struc-
tural quality of the stack has been highly enhanced by using appropriate buffer
layer such as NiFeCr alloys. The pinning strength of the antiferromagnetic layer
has been improved thanks to the use of Mn based alloys, in particular ordered
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Fig. 2. Left: structure of a spin-valve where the pinned layer is a synthetic antiferro-
magnet. Right: first result on the GMR effect in spin-valves [61]; (a) room-temperature
hysteresis loop ; (b) magnetoresistance ;(c) MR response when the free layer switches
between the parallel and antiparallel configuration.
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alloys such as PtsoMnsg, which provide a large bias field with a high blocking
temperature.

Moreover the magnetic stability of the pinned layer has also been enhanced
by the introduction of so-called synthetic antiferromagnetic pinned layer (Fig. 2])
composed of two 1.5 nm — 3 nm thick ferromagnetic layers (typically CoFe
alloys) antiferromagnetically coupled through a thin Ru layer [62]. The strong
antiparallel coupling between the two ferromagnetic layers is due to RKKY in-
teraction when the Ru layer thickness is about 0.5 — 1.0 nm. The antiparallel
alignment of the magnetizations of the two ferromagnetic layers result in a re-
duced net moment compared to a single pinned layer. Therefore the torque ex-
erted by the applied field on the synthetic antiferromagnet is reduced compared
to a single pinned layer thus improving its magnetic stability. Another advan-
tage of using synthetic antiferromagnetic pinned layers is that, in a microscopic
device, the antiparallel alignment of the magnetization in the synthetic antiferro-
magnet reduces the magnetostatic stray field created by the pinned layer on the
sensing layer [63]. The GMR amplitude has also been significantly enhanced (up
to 20%) by improving the overall structural quality of the stack and by adding
Co-rich interfacial layers. Starting from NiFe/Cu/NiFe/FeMn spin-valves, it
was observed that introducing very thin Co or Co-rich CoFe alloys at the in-
terfaces between NiF'e and Cu can lead to a doubling of the MR amplitude at
room temperature [64]. This result is explained by the fact that C'o is much less
miscible in copper than Ni. Intermixing at the NiFe/Cu interfaces reduces the
exchange stiffness leading to magnetic excitations around the interfaces that are
responsible for spin-flip scattering of the conduction electrons. This spin mem-
ory loss has a detrimental impact on the MR amplitude. In contrast, when Co is
introduced at the interface between NiFe and Cu, it constitutes a good barrier
against diffusion between NiFe and Cu. Furthermore Co has a much higher
Curie temperature than NiFe (T, c, = 1400 K, T, nire = 800 K). Therefore,
the Co insertion leads to interfacial magnetic stiffening thereby reducing the
amount of magnetic fluctuations along the interfaces.

1.2 Spin Dependent Transport in Ferromagnetic Transition Metals

Let us now discuss the physical origin of the GMR effect. In fact, all spintronic
phenomena (GMR, TMR and spin transfer torque) are related to the fact that
electronic transport is spin dependent. In 1971, it was experimentally demon-
strated using superconductor / ferromagnetic tunnel junctions that conduction
electrons in ferromagnetic transition metals are spin polarized [65]. This exper-
iment was then theoretically explained by considering that itinerant s-electrons
are hybridized with the spin-polarized localized d-electrons [66]. More precisely,
band structure calculations show exchange splitting between spin-up and spin-
down electron bands with a very complex pattern: depending on the k-vector,
a given band may have an itinerant character for some k values with a nearly
parabolic shape and a localized character (nearly flat band) for other k val-
ues. However dealing with the real band structure is quite cumbersome and
simple models are widely used by the spintronic community since they capture
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most of the physics of GMR and TMR. These models state that the spin polar-
ized current observed in ferromagnetic transition metals is due to spin polarized
free electrons. By convention and regardless of the minus sign, spin and spin
momentum are considered equivalent: spin-up (resp. spin-down) electrons have
their momentum in the same (resp. opposite) direction as the local magnetiza-
tion and are called majority (resp. minority) electrons. These two species are
considered to carry current in parallel. This two currents model proposed by
Mott [I0] is justified because the spin-orbit coupling is weak in these relatively
light elements and because magnon scattering is negligible at temperatures much
below the Curie temperature. Two descriptions are mainly used (see Fig.[B]). The
first one is the Stoner model where the free electrons bands present exchange
splitting. In that case, the spin polarized current is due to the fact that the
density of state and the electron velocity at Fermi level are different for spin-
up and spin-down electrons. This description is usually used to explain tunnel
magnetoresistance. The second model consider that the spin dependent current
is mostly due to the fact that scattering rates are different for spin-up and spin-
down electrons. In most cases, scattering toward d-states is most frequent for
minority electrons since the number of available states is much larger. Within
this description, generally used for GMR, the density of state and the velocity
of conduction electrons are the same for spin-up and spin-down electrons and
the current polarization is only ascribed to a strong difference in the diffusion
constant [67].

a) N b) E
E, l
VT VT Vl
kT 1

Fig. 3. Two simple models used in spintronics: a) Stoner model: exchange splitting of
the free electron bands; b) large difference in the s-d scattering rate between spin-up
and spin-down electrons

1.3 Current in Plane GMR

Historically GMR were electrically connected at the top surface, thus allowing
the current to flow along the layers of the structure (see Fig. @). In this current
in plane (CIP) geometry, current flows in each layer in parallel, which could
a priori not lead to magnetoresistance. In fact, the spacer between adjacent
ferromagnetic layers is so thin that electrons successively travel in both layers
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CPP CIP

Fig. 4. Schematic representation of the difference between CPP and CIP transport
geometries. In the CPP geometry, the multilayered structure is sandwiched between
bottom and top electrodes.

thus alternatively probing the two ferromagnets. Magnetoresistance is therefore
a second order effect that appears because of finite size effect. It can be modeled
in a semi-classical approach using the Blotzmann equation in thin film, taking
into account the probability p of specular reflection at the interfaces (Fuchs-
Sondheimer theory). This theory is extended to the two currents model in-
cluding spin dependent reflection and transmission coefficients at the interfaces.
The total conductance of the structure is then calculated as the conductance of
all layers in parallel corrected by a term that contains the interfaces effect. It is
this last term that is responsible for the magnetoresistance. At this stage, it is
worth noting that the conductance variation AG = Gp — G4p between the par-
allel and the antiparallel state is the macroscopic quantity most directly related
to the CIP-GMR of spin-valve structures. Other quantities, such as AR/R that
is proportional to the signal to noise ratio, are subjected to extrinsic effects: for
example, shunting of the current by outer layers affect the overall conductance
without changing AG. A significant magnetoresistance signal can only be ob-
tained if electrons travel easily from one ferromagnetic layer to the other which
means that the non-magnetic layer must be thin, smaller than the elastic mean
free path. However, at low spacer layer thickness, the parallel coupling between
ferromagnetic layers increases, so that a compromise must be found between a
large GMR amplitude and a coupling that is too large. This compromise is usu-
ally obtained for spacer layer thickness between 1.8 and 2.2nm of Cu. Moreover,
the magnetoresistance can be optimized by a judicious choice of the ferromag-
netic layers thickness. Let us first suppose that there is no specular reflection at
the interfaces (rough interfaces, p = 0). In that case, for a very thin ferromag-
netic layer, scattering will be mostly due to the interfaces whatever the electron
spin, thus reducing the scattering contrast between the two electron species.
When the ferromagnetic thickness is of the order of the majority electron mean
free path, only minority electrons are mostly scattered within the ferromagnetic
layer. This condition ensures an optimum scattering contrast, whereas a thicker
ferromagnetic layer would be responsible for current shunting. The situation is
different for smooth interfaces leading to specular reflection (p = 1). In that
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case, the outer interface plays the role of a mirror and the structure is equivalent
to (F/NM),, multilayer with an infinite number of repeats. Then the optimum
magnetoresistance is obtained when majority electrons can fully cross one ferro-
magnetic layer without being scattered whereas minority electrons are scattered.
Therefore the optimum thickness of the ferromagnetic layer is now of the order
of the mean free path of minority electrons.

1.4 Current Perpendicular to Plane GMR

Simple Resistor Network

Let us now consider the CPP geometry where the current flows perpendicular
to the plane of the layers as illustrated in Fig. [l In the simplest approximation,
the various layers can be considered as carrying the current in series. In the
absence of spin-flip mechanism, the transport properties can be described in a
very simple two-channel resistor model. It is interesting to note that this simplest
approximation can already explain the CPP-GMR, which was not the case for
the CIP-GMR. Whereas consideration of finite size effects and in particular,
of elastic electron mean free paths, are required for CIP-GMR, these physical
lengths are no longer characteristic lengths in CPP transport. They play an
indirect role through the spin-dependent resistivities but do not determine how
the CPP-GMR varies as a function of the thickness of the various layers.

(a) Parallel magnetic configuration :

ﬁ P:—fF HARFT/NMH Pautau H AR;/NMH p;tp W
“ ,Dj—t,: HAR:“/NMH Pt H AR:"/NMH Pr%tp F

(b) Antiparallel magnetic configuration :

ﬁ p;tF H AR; MH pNM[NMH ARi NMH pitp W
| :

p;tF H Ath/NMH Pt m H AR;/NMH p;t[-“

Fig. 5. Two channel resistance network which can be used to model the CPP-GMR in
F(tr)/NM(tna)/F(tr) sandwiches. (a) Parallel magnetic configuration; (b) antipar-
allel magnetic configuration.

The serial resistance network sketched in Fig. [Bl has been successfully used to
interpret a number of experimental results obtained primarily at low temperature
[68,[69,[70L 7T 721,73, 74, [75,[76]. This simple model considers the spin-dependent

resistivities in the ferromagnetic layers (p'™)) and the spin-dependent interfacial

resistances, per unit area, at the F//N M interfaces (AR;(/% )

ph =205 1 — (+)] (1)
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oY =20y (2)
ARG = 2AR 0, [1— (+)1] (3)

Parameters 5 and 7, with values between -1 and 1, characterize the scattering
asymmetry in the bulk and at the interface between the successive layers, re-
spectively. The measurable resistivity of the ferromagnetic metal pr and of the
non-magnetic metal py and the measurable F/NM interfacial resistances are
related to these parameters by the following relations:

pr = pi(l —57) (4)
PN = PN ()
ARp/nn = ARy (1—77) (6)

The resistor model explained a large number of results, especially at low tem-
perature, in C'o based multilayers with relatively thin layers. However, strong
deviations from this model were observed in NiFe based systems. Similarly,
the resistor model could not explain the different magnetoresistive properties
obtained in multilayers in which the ordering of the layers was changed, for ex-
ample interleaved Co 1nm/Cu 2nm/Co 6nm/Cu 2nm)s multilayers compared
to separated (Co 1nm/Co 20nm)s/(Co 6nm/Cu 20nm)s multilayers [77]. The
main difference between these two situations appears in the antiparallel mag-
netic configuration: every other Co layer has a down magnetization in the in-
terleaved multilayers whereas in the separated multilayers, one half of the stack
has magnetization up and the other half has magnetization down. The origin of
the deviations from the simple resistor network were ascribed to spin relaxation
and spin accumulation effects, which are presented below since they play a very
important role in CPP transport [67].

Spin Accumulation

Interfacial spin accumulation can be easily understood by considering an F'/N M
interface such as the one depicted in Fig. [Gla. In a ferromagnet, the two spin
channels do not carry the same amount of current due to the strong difference
in scattering rates: the spin-up current density Jy = g(l + B;) is larger than
the spin-down current density J| = ‘2] (1 — ;). By contrast, in the non-magnetic
layer, the two spin currents are equal. Let us now consider a fictitious box around
the F/NM interface: a large spin-up current enters this box whereas a medium
spin-up current leaves this box, thus leading to accumulation of spin-up electrons
within the box. These extra spin-up electrons will fill empty states above the
Fermi level, so that their chemical potential p4 is larger than the Fermi level.
Similarly by considering incoming and outgoing spin-down electrons, we observe
a net loss of spin-down electrons, thus leading to a chemical potential of spin-
down electrons below the Fermi level (see Fig. [Blb). This excess (resp. defect)
of spin-up (resp. spin-down) electrons would continuously increase with time if
there were no spin-flip. In fact, a stationary state is reached that corresponds to a
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F N
Jy | =D —>
— m—)

Fig. 6. Spin accumulation: (a) schematics of the current at the F/NM interface; (b)
chemical potential of the two spin species due to spin accumulation; (c) evolution
in space of the chemical potential (the global slope due to the voltage bias is not
represented)

balance between the accumulation, which rate depends on the current value, and
the spin-flip process which rate is linked to the spin-flip time 757. The amount
of excess spin-up electrons is therefore equal to the number of spin-up electrons
accumulated during the first time interval 7.

JA
Nace = o BiTss (7)

where A is the area of the multilayer structures. These accumulated spins at the
interface will diffuse from the interface until they finally flip. The equilibrium will
be recovered at a certain distance from the interface equal to the spin diffusion
length I,y = \/D7sp where D is the mean diffusion constant 1/D = 1/Dy+1/D,.
The spin diffusion length [,; is usually longer in non-magnetic metals than in
ferromagnets. The difference in the chemical potentials is then directly related
to the amount of spin accumulation in the box of volume A(lff + lé\}):

1 ﬁjJTsf
v 26(15} + lé\})

®)

Ap=pp — p =

where vg is the density of states at the Fermi level.

Taking into account spin accumulation gives a satisfactory description of
transport in CPP-GMR much beyond the inaccurate model of simple resistor
network. (Let us note that an accurate description must also include the inter-
facial spin memory loss). Calculations are performed using the two equations
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proposed by the Valet-Fert theory where ¢ is the spin, and z the direction of the
current flow:

AN ey T
2ep P sz 9)
1 ou®
17 = 10
ep® 0z (10)

The first equation is the continuity equation and the second one the Ohm law.
The characteristic length of the CPP transport is therefore the spin diffusion
length. When the interfacial spin dependent scattering does not play a domi-
nant role, the maximum magnetoresistance is obtained for ferromagnetic layer
thickness of the order of the spin diffusion length. The spacer thickness must
also be smaller than the spin diffusion length of the non magnetic metal, which
is always the case for nanometric layers.

In concluding this section, the above discussion has shown the intrinsic differ-
ences between CIP and CPP transport. The CIP GMR cannot be modeled by
a simple parallel resistor network. The lowest order of approximation requires
inclusion of finite size effects for which the characteristic lengths are the spin-
dependent elastic mean free paths. In contrast, CPP transport can be described
at the lowest order of approximation by a two channel serial resistance network.
Nevertheless, finite size effects play also an important role in CPP transport
because in most practical situations, the thickness of the layers (particularly
with NiFe) is of the order of the spin-diffusion length and interfacial spin-flip is
significant.

2 Tunnel Magnetoresistance

2.1 Amorphous Magnetic Tunnel Junctions

The phenomenon of tunnel magnetoresistance takes its origin from pioneering
experiments on spin dependent tunneling by Meservey and Tedrow [65]78][1T]
and was first reported at low temperatures by Julliere [79] in magnetic tunnel
junctions comprising C'o and F'e layers separated by Ge spacer. The resistance
of this structure was increasing about ~14 % when relative configuration of ad-
jacent ferromagnetic layers changed from parallel to antiparallel. The discovery
of GMR inspired a significant breakthrough in TMR observations two decades
later after Julliere’s work when large room temperature TMR values were re-
ported in amorphous Al;O3-based magnetic tunnel junctions simultaneously by
J. Moodera et al [I2] and T. Miyazaki et al [I3]. First descriptions of TMR
were usually based on Julliere’s model which is based on two current model [10]
with assumption that the tunneling conductance is proportional to the density

of states of two ferromagnetic electrodes at the Fermi energy denoted as Vz((g)

for spin up(down) electrons in the left(right) electrode, respectively (see Fig. ).
In this case, the conductance for the parallel and antiparallel magnetization
configuration can be written respectively as:
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< > = >
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Fig. 7. Transport in the antiparallel state of a magnetic tunnel junction considering
the Fermi golden rule. The conductance is proportional to the product of the densities
of initial and final states.

Gp x I/EV]T%+I/£V}% (11)
Gap x 1/21/}% + 1/]%1/}2. (12)

If we now introduce a spin polarization in terms of spin polarized DOS for the
left(right) electrode as
T 4
Vi) ~—ViL(r
v + v
L(R) " "L(R)
the TMR can be expressed directly in terms of spin polarization according to
the following expression:
2Pr, Pr
1— PLPg’
However, this expression is not satisfactory since the spin polarization of the
tunneling conductance measured with Meservey-Tedrow technique was found
positive for transition metals and their alloys implying that 1/1( R) > yi( R This

TMR = (14)

is not true at least for transition metals and their alloys on the face centered cubic
(fce) side of the Slater-Pauling curve representing dependence of transition metal
magnetic moment as a function of electron-to-atom ratio. Indeed, for fcc Ni,Co
and Fe as well as for permalloy the majority d-band is filled yielding thereby
higher DOS at the Fermi level for minority electrons, i.e. I/z( R < l/i( R) leading
to negative spin polarization defined according to Eq. (I3]). The contradiction
was resolved by M. B. Stearns [66] who suggested that the tunneling current is
due to parabolic bands of the conduction electrons of these ferromagnets and
depends on wave vector k which becomes spin dependent as a consequence of
exchange splitting between spin-up and spin-down bands (cf [[L2]). The definition
of the polarization becomes:

KLir) = Frm)

- 15)
T 4+ (
krry + FLir

Pr(gr)
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which is equivalent to the former definition in the case of parabolic electron
bands.

This simple model could not explain, however, experimental observations
where the sign of the TMR ratio depends not only on the electrode properties but
also on the insulator suggesting that the spin polarization is not an intrinsic prop-
erty of the ferromagnet alone but depends on the entire junction’s composition
comprising the insulator and the ferromagnet/insulator interfaces [23/[2412T1[80].
It was therefore necessary to generalize the definition of spin polarization and it
was redefined in the framework of free electron model as [811[82}[83]:

T 1 2 T +
kL(R) - kL(R) e kL(R)kL(R)

16)
1 V T (
kpry +kLry 96+ ELmykia)

Prr) =

L(R)) and ¢o = \/(Qm/hz)(U—EF) where U
(resp. VF(py)) is the barrier height (resp. spin dependent electron potential in

with kg = \/(2m/n*)(Br - V7,

electrodes). According to Eq. (I6) the spin polarization of the tunneling current is
not anymore uniquely defined by the wave vector of the ferromagnetic electrodes
and contains a factor which depends on the barrier height. Let us note that for
very large barrier, i.e. when gg >> kZ( R)» ONe recovers the polarization defined
by Eq. (&) which in its turn reduces back to Eq. (I3) if one considers the DOS
is proportional to the wave vector at the Fermi energy.

One can generalize the definition of the spin polarization to the case of mag-
netic tunnel junctions under a finite applied bias V. In this case the wave

vectors become k7 = \/(Qm/h2) {Ef LRy~ (+)6V/2} — k:ﬁ and qrr) =

\/(Qm/hQ) [U—-E+ (—)eV/2]+ k‘ﬁ where k|| indicates transverse to the trans-
port direction wave vector and the evanescent wave vector ¢(z) depends on
position z inside the barrier of thickness a. The tunnel current density for re-
spectively parallel and antiparallel magnetization configurations is then defined
as jp = j1T + 5% and jap = j™ + j47 where:

e

joo = 27rh/dE [f(E)ff(E+eV)]/T”l(E>V>kll)kHdkH (17)

with transmission probabilities given by (we omit the arguments for conve-
nience):
ool _ 8qrqrkikp
(a2 +k77] [ak + k%] cosh (2[5 a(2)dz) + 4ararkihf — [af — kE*] [ak — k7"]

This expression becomes considerably simplified in case of thick/high barrier,
i.e. when the positive exponent within cosh function becomes large compared to
its negative counterpart, yielding:

797 = TgT}‘%I exp <2/ q(z)dz) (18)
0
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where we conveniently introduced so called spin dependent interfacial transmis-

sion probabilities at the left(right) interfaces defined as:

Ti(r) = i
o 2

Qi) T ki)

and we get finally spin polarization at the left(right) interface for a tunnel junc-
tion under a finite bias:

1 !
ﬂm_ﬂm_ﬂm
= ot T
Trry T 10 (R

2.2 TMR in Crystalline Tunnel Junctions

Magnetic tunnel junctions attracted an even growing interest when huge tunnel
magnetoresistive effects which can reach thousands of percents were obtained
in crystalline magnetic tunnel junctions comprising body centered cubic (bcc)
ferromagnetic electrodes (layers) separated by rocksalt MgO insulating barri-
ers. The nature of spin dependent transport in these systems goes beyond the
free electron model and is directly related to electronic structure properties of
crystalline materials involved which can be calculated using first principles cal-
culations. For reviews on this topic one can see, for example, Refs. [35,[84]85].
The spin filtering effect arises from the symmetry of the Bloch states in the bulk
ferromagnetic electrodes and the complex band structure of the insulator [3186].
The electrons carrying the current are described by Bloch wave functions classi-
fied with respect to their symmetry. The symmetry of the Bloch states depends
on the crystal atomic structure and can be described by the allowed combi-
nation of the s,p, and d orbital characters contributing to the corresponding
wave function. In this picture, electrons tunnel through the barrier as evanes-
cent Bloch states which match the symmetry of the incident Bloch states in
the electrode. In coherent tunneling picture, an independent transport channel
may be associated to each symmetry of the Bloch functions characterized with
a specific attenuation in the insulator barrier. Thus, a multi-channel description
of transport may be proposed where each channel is described by its spin po-
larization, symmetry and attenuation within the barrier. The total conductivity
is then the sum of the conductivities of all available channels. This description
requires that the wave function symmetry is conserved as the electron traverses
the interface, which in its turn is possible only if lateral two-dimensional (2-
D) periodicity is preserved. In other words, it is necessary that the insulating
barrier fits epitaxially to the electrodes and that 2-D order parallel to the in-
terfaces between the barrier and the electrodes is maintained. Finally, if among
Bloch states of the ferromagnetic electrodes the highly symmetric one at the
Fermi energy is available only for one of two spin states, a huge conductance
will appear when magnetizations of adjacent FM layers are in parallel state. At
the same, due to unavailability of high symmetry Bloch state in opposite spin
channel, the antiparallel conductance will be very low yielding very high TMR
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Fig. 8. (Left panel) The bce cell and its 1st Brillouin zone with high symmetry k-
points. (Middle panel) Band structure of bce Fe along the (001) direction. The ma-
jority (minority) Fermi energy is denoted ET.({). (Right panel) The Fe(001)/MgO(001)
supercell and dependence of the Bloch state character with different symmetries within
the supercell along (001) direction.

ratio. Indeed, Fig. B shows the bcc unit cell, the 1st Brillouin zone with high
symmetry k-points (left panel) and the band structure for Fe-bce in the (001)
direction (middle panel) where one can see that at the Fermi energy there are
Bloch states with symmetries Ay, As and A), for the majority and Az, As and
Al for the minority electrons. One can see that only the A; majority-spin state
(formed by s, p. and d,z) possesses s-character at the Fermi energy. By contrast,
the minority-spin states tend to have mainly p and d-character only. And this
property holds for bee Co(001) and FeCo(001) as well. It turns out that the Aq
wave function which is present in both the valence and the conduction bands
of certain insulators (MgO, GaAs, ZnSe etc.) continues through the gap as an
evanescent state with a relatively small decay rate [31,/863233187,88[89]. This is
demonstrated in the right panel of Fig. 8 where one can see that there is indeed
a huge difference in the way Bloch states that live primarily on the Fe decay
into the MgO. While the A; state decays relatively slowly, the other Bloch func-
tions experience a strong decay rate within the insulator and will thus provide
a small contribution to the conductance. As a result, the tunneling conductance
is huge for the parallel alignment of the magnetizations since it is governed
by the majority A; states, while in the antiparallel configuration this channel
is almost closed since there are no available A; minority states [32,[33]. This
theoretical description is largely confirmed in recent experiments [36]37,[38,[39]
for CoFe(001)|MgO(001) crystalline tunnel junctions. Nevertheless, despite of
a good qualitative agreement, the TMRs ratio measured in single crystal MTJs
are lower than the theoretical expectations. The early results were obtained with
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MBE grown tunnel junctions but higher values of TMR have been experimen-
tally reported for systems elaborated by sputtering. In MBE grown samples,
the TMR of 67% at room temperature was reported in 2002 [90]. The reduced
TMR was attributed to the structural quality since it was altered by the plastic
relaxation induced by strain. In sputtered samples, the plastic relaxation disap-
pears. The MgO barrier is grown on initially amorphous electrodes subsequently
re-crystallized by annealing, the ferromagnetic electrodes adopting the struc-
ture of the insulator during annealing. By using different stoichiometries for the
CoFeB amorphous electrodes re-crystallized by subsequent annealing steps, the
filtering efficiency reflected by the TMR ratio has been continuously enhanced.
In 2004, the groups of S.S. Parkin et al in IBM Almaden and S. Yuasa et al in
Japan reported simultaneously a 220% TMR for both sputtered and epitaxially
grown CoFe/MgO MTJs [36,37]. Further enhancement of the TMR ratio in
epitaxially grown systems is possible by increasing the spin polarization of in-
jected electrons using “alternative” bee ferromagnetic systems. In 2006, a 410%
TMR ratio has been reported in becc — Co/MgO/Fe MTJ by Yuasa [91] and the
current room temperature TMR record was reported by Ikeda et al [39]. The
structural quality of the MTJ stacks as a factor impacting TMR ratios in MgO-
based tunnel junctions have been widely discussed. In particular, the presence
of oxygen vacancies or oxygen interstitial atoms at the ferromagnetic/insulator
interface may have significant impact on the transport properties and their role
has been discussed as potential interfacial resonant states [92].

3 Angular Dependence of Transport and Spin Transfer
Torque

3.1 Transport for Non-collinear Magnetizations Configuration

Up to now, we only considered the case of parallel or antiparallel magnetization
configuration. The case of non-collinear magnetization is more complex since the
ferromagnetic layers have different quantization axis leading to spin channels
mixing. When the tunnel barrier is thick/large enough, the angular conductance
simply depends linearly on the cosine of the magnetizations angle:

G G(0) + G(m) L G(0) — G(m) 050 (19)

2 2

Deviations from this formula only occurs for thin tunnel barrier: in that case a
sin? @ term appears in the denominator. For current-in-plane GMR, the angular
dependence of transport can approximatively be described as a cosé variation
of the resistance:
R(0) — R(0) 1 —cos(f)
R(m) — R(0) 2

In the case of CIP-GMR, experiments are consistent with this simple formula
(see Fig. @) that can be theoretically demonstrated provided there is no poten-
tial step at the interfaces. Otherwise the angular dependence is expected to be

(20)
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Fig. 9. Experimental demonstration that CIP GMR varies as the cosine of the angle
between magnetizations in free and fixed layer [96]. This result implies that GMR
sensors have a linear response around 6 = /2.

more complex [94]. However the correction is proportional to (’,:::j)z which

is so small that this deviation was not experimentally observed [95]. By con-
trast, a deviation from the simple formula Eq. (20) was experimentally observed
in CPP-GMR [97]. It was theoretically ascribed to the particular angular
variation of spin-accumulation effects taking place in magnetic metallic multi-
layers, and described by a resistance network by Slonczewski [I03]. For symmet-
ric CPP-GMR, experimentalists usually apply the simple formula proposed by
Slonczewski [103]:
_ 1—cos*(0/2)
"Tag x cos?(0/2)
where x is a fitting parameter.

(21)

3.2 Spin Transfer Torque

In such non-collinear magnetizations configuration, the question of spin accu-
mulation must be reconsidered. Let us remember that in the collinear case, the
current flow is responsible for an excess (or default) of one spin species leading
to the appearance of a small magnetization in the paramagnetic metal [99] and
a negligible modification of the magnetization amplitude in the ferromagnetic
layer. The situation is quite different in the non-collinear configuration. In 1996
J. Slonczewski [40] and L. Berger [41] independently predicted that the current
flowing perpendicular to the plane in a metallic multilayer can generate a spin
transfer torque strong enough to reorient the magnetization in one of the layers
due to a transfer of angular momentum between the propagating electrons and
the background magnetization of that layer. This spin transfer torque could ei-
ther induce steady state precession or reversal of the magnetization. In addition
to its intrinsic scientific interest, this phenomenon may lead to several possible
applications since it offers the possibility to monitor magnetization directly with



18 C. Baraduc, M. Chshiev, and B. Dieny

an electrical current and not with an applied field. This effect can be easily un-
derstood by considering a GMR where the two ferromagnetic layers F} and Fj
have their magnetizations misaligned by an angle 0 (see Fig. [[0la). Let us con-
sider the fictitious box that include both ferromagnetic/spacer interfaces. The
electrons flowing from F to F» enter the fictitious box with a spin polarization
along the direction of the magnetization M; and leave the box with a spin polar-
ization along Ma. Since the incoming (p1) and outgoing (p2) magnetic moment
is not the same, some magnetic moment is transferred to the system.

a)

Electron flow /l;[1 x M2 Electron
flow

Fig.10. Spin transfer torque: (a) schematics of a F/NM interface in non-collinear
magnetic configuration; (b) in-coming (p1) and out-going (p2) magnetic moment due
to electron flow and total momentum (T = Ty + T%) left within the fictitious box

However magnetization cannot significantly increase, so any temporal varia-
tion of M has to be perpendicular to M:
d|/ M |? dM
=M =0 (22)
Consequently only the component perpendicular to M of the electrons magnetic
moment can be transferred to the bulk magnetization. The total transferred
moment per time unit 7" is then decomposed in two parts Ty and T> (Fig. [I0b).
One part acts on M7 and the other on Ms. The magnetic moment transferred
to M is then a vector perpendicular to M7 which lies in the plane defined by
(M4, M2). Since the unit vector normal to this plane is M x Mg, Ty and T,
are necessarily written as:

Ti2=TioM o x (M x M) (23)

By analogy to magnetization dynamics, where the time derivative of the magne-
tization is equal to the torque exerted by the magnetic field, this transferred mo-
ment per time unit was originally called “pseudo-torque” by Slonczewski [I00]. It
is now universally called spin transfer torque. Nevertheless we must keep in mind
that this term is not exactly a torque but stems directly from transverse spin
accumulation. In a typical spin-valve setup, one of the magnetic layers is pinned
by exchange bias [101L[102,103] to an antiferromagnet while another is allowed
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Fig.11. Spin transfer torque under current reversal: (a) the anti-parallel configura-
tion is favored when electrons flow from the free to the fixed layer; (b) the parallel
configuration is favored when the current flow is reversed

to switch. In the case being considered, pinning the magnetization Mz favors
anti-parallel (AP) alignment of magnetization of the “free” layer M7. When the
current direction is reversed, the spin transfer torque will now align M7 and M
in parallel (P) configuration (see Fig. [[I]). In a magnetic tunnel junction, spin
transfer torque depends on sin # as expected from Eq.(23]). However in metallic
multilayer, the angular dependence of the torque is more complex since the an-
gular dependence of the current is also asymmetric (c¢f B). Therefore, in the
most general case, the spin torque on the free-layer magnetization is written:

a; R
T//:’YO]\;MX(MXP) (24)
s

where 7y is the gyromagnetic ratio, M is the saturation magnetization, p the
magnetic polarization of the fixed layer and the subscript // recalls that the
torque is parallel to the plane that contains the two magnetization vectors. In
the case of a metallic multilayer, the prefactor a; is angle dependent [98]:

wpl

eM,V (25)

Yoa; = g(0)
where [ is the DC applied current, V is the ferromagnetic layer volume and
9(0) = q+/(Bo+ By cost) + q—/(By — By cos ). The angular dependence of the
torque is represented in Fig. However, in some specific cases where the GMR,
is asymmetric, one may observe a much complex angular dependence [104]. In
this so-called ”wavy-structures” containing two different ferromagnetic layers
such as NiFe/Cu/Co, one layer is smaller than the spin diffusion length and
one is larger. The specific angular dependence observed in these systems may be
explained with a simple geometrical argument [I05] as shown in Fig.

Most of the existing theories of spin transfer torque in metallic spin-valves use
semiclassical approaches [106]50,[107,T08,T09,1T0] based on a generalization of
the Valet-Fert theory for CPP-GMR [67] to the case of noncollinear magnetiza-
tions since the transport in such structures is usually considered to be diffusive
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Fig. 12. Spin transfer torque: (a) angular dependence of the torque in the case of
magnetic tunnel junction, giant magnetoresistance and wavy-structures; (b) simple
geometrical argument explaining the origin of the specific angular dependence of the
torque in wavy-structures (adapted from [105])

and quantum coherent effects are not important. To account for the influence
of quantum coherence effects on spin transfer torque in the ballistic transport
regime, several groups used approaches based on non-equilibrium Green func-
tions or scattering formalism [42][1T11L[1T2,[IT3]. The majority of these theories
including the original ones by J. Slonczewski [40] and L. Berger [41] considered
only the in-plane component of spin transfer torque discussed above assuming
that the electron spin remains in the plane formed by M; and Ms. However,
there exists another ” out-of-plane” term [44\45|[TTT] of spin transfer torque which
acts perpendicularly to the plane of the magnetizations M7 and Mz which is
variously called ” perpendicular” or ”field-like” and written as T M x Ms. Con-
trary to the in-plane torque, this term also exists in the absence of current flow.
It can be viewed as a magnetic coupling between the two ferromagnets similarly
to the RKKY coupling observed in the collinear magnetizations configuration
in Fy/N/F; structures. In the RKKY case, the magnetic coupling between the
two ferromagnets is mediated by the conduction electrons that ”feel” both in-
terfaces [IT4,1T5]. A similar origin may explain the magnetic coupling in the
non-collinear configuration. At first sight, it may seem strange to consider mag-
netic coupling as a torque. In fact, it is formally the same. From the coupling
energy E., = JM; - M3, one may extract the magnetic field applied on layer i:
h; = 0E.;/OM; o< Mj (i # j). And this field exerts a torque on the magneti-
zation M;, in each ferromagnetic layer i = 1,2:

T;, = —vM;x h; o< —M; x M; (i#7J) (26)

Here the subscript L emphasizes the fact that this torque is transverse to the
plane that contains Mj; and My, contrary to the longitudinal spin transfer
torque. Let us also notice that the torques on both magnetizations are equal and
opposite: Ty, | = —T'5 | since no net out-of-plane moment is deposited by the
current flow. The appearance of a perpendicular moment on each interface is due
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Fig. 13. The out-of-plane torque is equal and opposite on the two interfaces. It stays
the same under current reversal in the case of symmetric structures [116].

to the spin precession of the electron that enters the ferromagnet as a vanishing
wave before being reflected [I17]. Since the reflected electron gained some mag-
netic moment in the perpendicular direction, electrons indefinitely reflected by
the two interfaces contribute to a transverse torque on both ferromagnets. How-
ever this term is usually small in the case of metallic spin valves [44L[T18], of the
order of a few percents of the longitudinal torque. By contrast, the out-of-plane
torque plays a particularly important role in the case of magnetic tunnel junc-
tions under finite applied voltages [TT9120,1T0,12T122[123[124], and can reach
20% of the longitudinal torque. It is often called interlayer exchange coupling or
conservative exchange coupling [81]. The difference in the out-of-plane torque
amplitude between GMR and TMR is related to the fact that in magnetic tunnel
junctions, only the directions of incidence close to the perpendicular are selected,
since the effective barrier thickness is much larger for grazing incidence. In that
case, there is less classical dephasing between precessing electrons, thus allow-
ing a significant out-of-plane moment to build up at the interfaces. By contrast
to longitudinal torque, the out-of-plane torque does not change sign by current
reversal. This property can be easily understood by considering Fig. For a
symmetric structure, current reversal can be imagined by rotating the picture:
the current now flows in the opposite direction and the out-of-plane torques still
point outwards [116]. This was theoretically demonstrated (see Fig. [[4]), showing
that the transverse torque is an even function of the applied voltage [120]:

T .(V)=Ty +ThV? (27)

In asymmetric junctions however, a linear term in V' appears in the expression
of the transverse torque. This theoretical expression was recently confirmed by
experimental data [125].

The effect of spin transfer torque on magnetization dynamics can be described
by adding both STT terms to the Landau-Lifshitz-Gilbert(LLG) equation [45]:

dM
— oM x Heg + z\j M x ™ gelrs

dt ] dt Bt (28)



22 C. Baraduc, M. Chshiev, and B. Dieny

0.0F  m—w——g_ 4
././- ;7 ﬂ\‘\-\_.\.
— .//./ \.\\. T
%\ _
a8 04r ]
o
~
[
/>\ -0.8} B
<,
] / \
v -06 -04 -0.2 0.0 0.2 04 06 v
A2p . . ias (V) . ]
-06 -04 -02 0.0 0.2 0.4 0.6
Bias (V)

Fig. 14. Bias dependence of the current-induced perpendicular component of the net
spin torque per unit area, for § = w/2, and for various values of the on-site energy for
spin down [120]

where ) . . . .
T=T\Mx (MxM')+T MxM (29)

and 7 is the gyromagnetic ratio, g. and a represent the electron g-factor and
the Gilbert damping, respectively, and Heg is the effective field which includes
the anisotropy field, the demagnetizing field and the external applied field. From
Egs. 29) and ([28)), the out-of-plane torque acts as an effective field while the
in-plane torque acts as an effective (anti-)damping. As a function of its sign,
T| may excite or damp the magnetization M, whereas T only affects the
energy surface of the ferromagnetic layer. Different magnetic behavior may be
observed: magnetization switching from a stable state to another, stabilization
of magnetic states at low energy minima, or coherent and incoherent preces-
sions [126,[127,[128,[129.[130]. In particular, at low field when the energy cost
to reverse magnetization is not too high, spin transfer torque may overcome the
damping and produce magnetization switching. This effect is thoroughly studied
for MRAM writing as an alternative writing scheme which would be downsize
scalable. At larger field, steady-state precessions of the magnetization may pave
the way towards tunable RF-oscillators in the GHz frequency range. A consider-
able scientific activity in this field is devoted to improving the output power and
the quality factor of such oscillators. For the magnetic sensors application how-
ever, the existence of spin transfer torque is less favourable: if the bias current
overcomes the critical value, spin transfer torque induces magnetic excitations
that are responsible for supplementary noise. In this area, a significant effort is
devoted to develop materials with a larger Gilbert damping.

4 Conclusion

These last few examples show the interaction between fundamental research
and applicative development that is so characteristic of spintronics. Less than
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25 years have elapsed since the first discovery of GMR, and many applications
of spintronics already exist, from the first GMR read-heads for hard-disk drive
now replaced by TMR, to the more recent MRAMs already launched into the
market. Spintronics is also a very active research field that has shown a rapid
evolution, with many decisive steps : the discovery of GMR, the development
of TMR, the experimental evidence of the spin transfer torque in nanometric
structures and the variety of effects it causes. This rapid evolution seems not to
dim: new effects are currently investigated such as Rashba effect, spin-dependent
thermoelectric effects or anisotropy controled by electric field; new materials are
being studied like magnetic semiconductors, organic GMR or graphene based
GMR; and finally new applications are foreseen such as racetrack memories or
RF-oscillators. Spintronics still offers many promising routes to explore.
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Abstract. GMR sensors are fabricated by following a sort of techniques in
a similar fashion to those related to standard CMOS processes. Deposition,
patterning and encapsulation steps are found in both parts. However,
characteristics related to the specific materials involved in the GMR technology
recommend the use of some particular techniques. In this chapter, we focus on
these specific methods, while keeping in mind the interest in merging standard
CMOS with GMR technologies.

1 Introduction

The fabrication of giant magnetoresistance (GMR) sensors involves deposition,
patterning and encapsulation steps different than those typically used for
semiconductor industry. In contrast to semiconductor processing, GMR device
fabrication is based on low temperature techniques; therefore doping related processes
such as diffusion or implantation are usually not required.

Nevertheless, there are additional differences between the procedure for the
fabrication of a GMR device and a commercial process for producing integrated
circuits (IC) such as those offered by foundries consortia (e.g. Europractice [1] or
MOSIS [2]). These differences are mainly related to the mass production concept. In
the case of GMR sensors (except for hard disk magnetic read heads), several options
exist for costume-made sensors, where the material properties, geometry, sensor
layout can be easily modified upon request. In this scenario, single-wafer processes
are often considered, and several groups worldwide have easy and fast access to GMR
sensors. In contrast, a typical Bi-CMOS fabrication process can involve the use of 20
lithographic masks, which strongly limits the number of suppliers worldwide. The
complexity in process motivated a global effort on developing technological solutions
for high yield production in large wafers (12 inch diameter), therefore less flexibility
in design modification. In the case of GMR sensors, typically less than 5 lithographic
levels are required in order to get functional devices [3], and can be integrated into
pre-paterned wafers based on other technologies.

Materials associated to the fabrication of GMR sensors and devices slightly differ
from those used in standard Bi-CMOS processes [4]. Regarding the devices holder,
GMR can be deposited on silicon wafers but glass, sapphire or flexible substrates can
also be used. On Bi-CMOS processes, silicon, silicon oxide and aluminum are the
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basis materials, as well as the dopants (Boron, Phosphorus, Arsenic, Antimony and
related compounds). In the case of GMR devices, the fabrication of magnetic layers
requires the use of additional magnetic materials (Iron, Cobalt, Niquel, Manganese,
and their alloys), different metals (e.g. Copper, Ruthenium) and additional oxides
(AL,O3, MgO ...), not usually found in conventional semiconductor facilities. Each of
these materials has particular requirements in terms of deposition technology and
conditions or system contamination that need to be specifically considered and
optimized. As a highlighting example we mention the deposition of layers with
preferentially aligned magnetic moment which requires the use of a polarizing magnet
placed inside the deposition system, therefore not easily compatible with hot
deposition tools.

This chapter provides an overall description of several microfabrication
techniques, emphasizing those particularly interesting for the fabrication of GMR
based devices.

2 Deposition Techniques

GMR structures are composed by multilayered engineered structures [5] based on
nanometric to sub-nanometric thick layers of ferromagnetic materials (eg: Co, CoFe,
NiFe) separated by a non-magnetic spacer (Cu). Figure 1 shows a typical structure of
GMR sensor. These materials have been studied theoretically and experimentally for
many years, with large impact for the device application [6]. Such small size
structures led to new physical effects, which are the basis of the GMR technology [7,
8, 9]. Therefore, adequate deposition techniques namely those using ultra-high
vacuum systems and providing a thorough control of the thickness of the deposited
layers are essential for the proper functionality of so obtained devices. In this section,
we will briefly describe some of the techniques commonly used for depositing GMR
structures.

Ta [2]
Mnlr [8]
CoFe [2.5]
Cu [2.1]
CoFe [2]
NiFe [3]
Ta [1.5]

ALO, [50]
Si

Fig. 1. Typical structure of a GMR stack
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2.1  Physical Vapor Deposition

Sputtering

One of the more common technique used for depositing thin films onto substrates is
cathodic sputtering [10]. The sputtering process occurs when an accelerated ion
collides with a solid target material. When the ion kinetic energy is sufficient ejection
of an atom from the matrix takes place due to the momentum transfer. Figure 2
displays a sketch of sputtering’s basic principle.

The thin film deposition requires pumping the reaction chamber to a low enough
pressure (usually lower than 1077 Torr), so that the water and oxygen adsorbed at the
chamber walls is reduced. The deposition requires inert gas (Argon or Xenon) in
order to produce the plasma, typically at few mTorr. A high voltage is then applied to
the target holder producing an electrical discharge that allows the ionization of the gas
and hence leads to the plasma. The produced ions are then attracted toward the
cathode hitting the target.

The ions with energy above the threshold can extract atoms from the target
material. These atoms are deposited onto the substrate, usually facing the target, and
thus forming a layer of material. During the collision process, some secondary
electrons are also produced, promoting a sustainable plasma at lower pressures.
Furthermore, a magnetron can also be placed near the target to increase the ionization
yield (magnetron sputtering). In particular cases, the ionization process can also be
assisted by means of thermo emitted electrons from a filament.

Overall, sputtering is a very efficient process since the incident ions and sputtered
atoms are able to retain most of their energy and directionality due to their high mean
free paths inside the chamber. The latter is achieved by the use of low base pressure
(<107 Torr) and working pressures (10°~10 Torr). Also, the incident ions require
energies of ~ hundreds of eV, which allied to their atomic dimension (mass) enables a
good sputter yield [11]. The excess thermal energy is used by the deposited atom to
diffuse to a more stable position on the substrate or, at later stage, on the growing
film, being the remainder (heat generated in successive collisions) dissipated into the
substrate, which is usually cooled. Cooling of the substrate holder provides a good
control on the temperature of the deposition process.

One advantage of this method when compared with conventional evaporation is the
possibility to deposit from a target composed of different materials (alloy or mosaic
target) [11]. Due to this, sputtering is one of the preferred techniques to deposit
metallic and magnetic layers in GMR devices. It is also commonly used for the
deposition of metallic nonmagnetic contacts and also insulating oxides.

lon Beam Sputter Deposition

Although not as widely used as magnetron sputtering, the lon Beam Deposition (IBD)
system provides a good film thickness uniformity and higher deposition control due to
the low deposition rates employed, enabling also epitaxial growth under particular
conditions [12, 13] and higher deposition textures [14, 15].
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vacuum chamber

AC

\ sputtered
X .
material

[

Fig. 2. Basic schematics of a magnetron sputtering process

Fig. 3 shows an example of a basic IBD schematics in ’Z’ configuration [16].
Although the physical principle is similar to sputtering, in this case, the plasma is
created and confined in an ion gun being then accelerated towards the target through
voltage applied into a grid set (graphite or tungsten). RF or DC Kauffman ion sources
are usually used, where the ionization process is confined (Ar or Xe), allowing also
reactive depositions and in-situ reactions (Nitrogen or Oxygen). The size of
commercial sources typically varies from 2.5 to 30 cm and the ion energy is about a
few to several hundreds of eV [17]. Furthermore, the basic configuration of a typical
IBD system normally includes an assist gun, used either for assisted deposition or ion-
milling etching [18, 19]. An automatically interchangeable target holder (4-8 targets)
can be used in GMR multilayer deposition without vacuum break, with deposition
rates below 1 nm/s.

vacuum chamber sample
Tl shutter holder
o RE
assist - 1 &
rp| U Vv
target deposition
i holder Vv’ gun

Fig. 3. Ion Beam Deposition basic schematics

One important advantage of this technique resides on the deposition parameters
(ion flux, energy and sputtered species, as well as the angle of incidence) which
can be more independently controlled and optimized than in other sputtering
systems [20-22]. Notice that the angle between substrate/target can be altered
according to preferences, as deposition with an angle is known to induce texture
during growth [23-25].
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Obtaining a good GMR sensor relies on first optimizing the material stack in
terms of magnetic properties (e.g: setting a reference layer and a soft, low coercivity
free layer) and thermal stability, and secondly, optimize the sensor response under
external magnetic fields. Here, the microfabrication process has strong impact on the
final sensor properties, as shape and dimensions of the patterned GMR films will
determine the sensor sensitivity. Figure 4 shows an example of a sensor transfer curve
obtaining upon microfabrication of a GMR film deposited by Ion Beam deposition.
The linear response and high sensitivity to detect small magnetic fields at room
temperature motivates the use of these type of sensors to many applications
nowadays.

Ta2nm
==y Mnlr8nm
\' CoFe2.4 nm
=7 \. Cu2.2nm
\ CoFe2nm
NiFe3nm
Ta2nm

Magneto Resistance (%)

-150 -100 -50 0 50 100 150

Magnetic Field (Oe)

Fig. 4. GMR (spin valve) stack optimized by Ion Beam Deposition and output curve measured
with a microfabricated (active area 2.5 x 40 pmz) sensor

2.2 Chemical Vapor Deposition (CVD)

The deposition of thin films by means of Chemical Vapor Deposition (CVD) is based
on the decomposition and/or reaction of different gaseous compounds. With this
technique, the considered material is directly deposited onto the substrate surface
from a gas phase [26]. High fusion temperature materials such as poly-silicon, silicon
oxide or even heavy metals can be deposited by CVD, with excellent stoichiometry,
when compared with other deposition techniques.

Regarding GMR sensors fabrication, CVD is mainly used in the deposition of
insulating layers (silicon oxide or silicon nitride) leading to good quality layers with
moderate cost equipment. This method can be shared with semiconductor processing.
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A schematic of a basic CVD system is depicted in Fig. 5. It is composed by a
heating system and a reactor. The reactor includes the substrates holders and the
required gas inlets, depending of the particular material to be deposited. A gas
extraction outlet, together with a vacuum pump, is also included.

Deposition usually occurs at high temperatures (> 300°C), therefore not compatible
with magnetic multilayers. However, since the deposition rates can be very large
(therefore fast deposition) and it is a conformal deposition (thus, excellent step
coverage), this method is suitable for final GMR device passivation with SiO, or
SizN, deposition.

heater
subsltrate
’ |_I;__1 A
gases inlet SiH; — SiH; +H;
3 SiH; — SiH; +H C—
/1 SIH+SIH, + SiH; pumps
SiH, PH, NH, \pPlasma | ————— W,
U u chamber
flow controllers RF power
source

Fig. 5. Chemical Vapor Deposition basic reactor

2.3  Electrodeposition

Electrodeposition usually refers to deposition of a metal or an alloy from an
electrolyte by passing a charge between the two electrodes located in the electrolyte
[27-29]. This is a widely implemented method, either in industry or research, and
enables a control of the length of the nanostructure by the duration of the
electrochemical process. Besides, this technique is also not expensive, versatile and
does not require vacuum equipment.

Several parameters influence the kinetics of the electrodeposition reaction, namely:
(i) electrolyte temperature affects the ions diffusion velocity and the diffusion of
already reduced atoms on the substrate surface; (ii) stirring favors the electron
diffusion, enables the removal of H, gas which can inhibit the process, keeping the
electrolyte concentration and the electrolyte/substrate interface pH constant; (iii) the
electrodeposition potential determines the species and the corresponding quantity that
will be deposited onto the substrate; (iv) finally the electrolyte composition. Usually,
for metallic and magnetic single element nanostructures a standard Watts bath can be
used [27], however, for multilayers deposition from a single bath, all species need to
be present in the electrolyte.
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The properties of the deposits such as hardness, stress or resistivity among others,
depend on the solution’s characteristics and temperature of deposition process [27].
Notice that, the adsorption of H, and other species formed at the cathode will
influence the microstructural features of the deposits. In general, electrodeposited
films present an extremely rough surface, unless additives are used [27].

Moreover, the possibility of depositing GMR was demonstrated early [30-32]. To
deposit a multilayer stack using an electrodeposition technique, one starts from a
single salt bath containing the metal ions of the elements/alloys to be deposited. A
simple scheme of an electrodeposition cell is depicted in Fig. 6. Then a multilayer is
formed by periodically varying either the deposition voltage (potentiostatic control) or
deposition current (galvanostatic control) between two suitable values [31, 32].
However, GMR multilayer deposition form a single bath can lead to cross
contamination between layers, which can become significant for the Cu spacer.
Nevertheless, Co/Cu multilayers exhibiting GMR ~ 15 % [31, 32] at 300 K
and NiFe/Cu stacks values of GMR~70 % [33, 34] were reported. In addition,
NiFe/Cu/Co/Cu pseudo-spin-valves structures with GMR ranging from 0.5 to 1.7 %,
depending on Cu thickness [35] have also been prepared. Finally, MnFe-pinned spin-
valves with GMR~ 4 - 7 % and a constant pinning field of 650 Oe were demonstrated

[36, 37].
@ Potentiostat

control

]
J

electrolyt P

electrode
reference

electrode
secondary

electrode

working / ‘

Fig. 6. A basic scheme of a simple potentiostatic electrodeposition cell

3 Patterning

The silicon based semiconductor industry nowadays relies mainly in ultraviolet
lithography of hard or software-designed masks, combined with physical/chemical
etching processes. Usually one single Si wafer for a complex circuit presents several
levels of lithography with intricate patterns. Nonetheless, the planar process allows
several wafers or devices to be fabricated in parallel with high reliability and
yield, strongly reducing its cost and production time. Current optical lithography
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methods [38] are the most widely implemented techniques for exposure, meeting the
requirements of large number, low-cost and high reliability, to define features down
to ~1 pum size. These particularities are still not met by other alternatives methods
such as nano imprint, electron-beam and ion-beam lithography, x-ray, nano-
indentation or interference lithography methods.

The patterning process of a GMR sensor consists of sequential steps of pattern
design and transfer as illustrated in Figure 7 and detailed described in the following.
In summary, the standard procedure to define the sensor element implies a
lithographic step in order to imprint the photosensitive polymer (resist) with a certain
pattern (mask) and a following step where the pattern is transferred to the GMR thin
films.

Ar* ion beam milling Photoresist

\ mask

Oxide \ )\
(~6onm) _ ey GMR thin

[ — film stack
Si

Sensor
Metal contacts
AISiCu (~300nm)
Sensor
Passivation layer SiO, Contact via

or Al,Oz (~200nm)

Fig. 7. Basic steps for GMR sensor microfabrication

3.1  Photolithography

The photolithography process (Figure 8) involves three major steps: (i) coating of the
sample with a radiation sensitive polymer solution, called photoresist; (ii) exposure of
the resist, patterning a certain design (mask), previously prepared; (iii) development
of the transferred pattern.
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Exposing radiation

L]

Polymer resist

Thin film
Substrate
Positive Developing Negative
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Fig. 8. Pattern definition by lithography: positive —tone (left figure) or negative-tone (right
figure) resist can originate complementary features — holes or pillars

Coating

The resist is spun coated on the surface of the sample, where particular conditions
such as coating speed, time and resist quantity are optimized for the desired thickness
of the sensitive layer [39]. The latter is a crucial parameter which influences
the lithography resolution [40]. Prior to coating a surface pre-treatment is usually
required to promote the resist adhesion: a monolayer of hexamethyldisilazane
(HMDS) is typically used. After being coated, the resist is soft-baked (typical
temperature range of 80°C-100°C) to remove solvents and stress while improving
adherence.

Lithography

The most widely employed standard photolithography systems use a focused laser
beam (direct writing systems) or lamps (hard mask aligners) of UV radiation with
wavelength typically ranging from 0.5-0.1 pm and resolutions below 1 pm are
obtained this way [41].

Using hard masks, lithography can be done with the mask as close as possible to
the sample (contact lithography) or through an optical system (projection
lithography). In this case hard masks (usually made out of Cr films patterned on
quartz) are used with pre-designed pattern which is then transferred to the sample.

In direct writing systems the mask is previously elaborated with the aid of CAD
tools and then transferred to the wafer using a collimated beam (usually an UV laser).
The information from the pattern is in this case codified to an X-Y displacement
system, together with an optical turn on/off mechanism. The spot of the light beam
moves through the surface in those zones that need to be illuminated, so directly
drawing the pattern. This is a much slower system (full exposure of 150mm wafer
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area can take 8-16 hours), but still provides a relatively low-cost way for developing
prototypes at low scale production, as no hard masks are needed.

On the other hand, if higher resolutions (< 500nm) are required, X-ray, electron or
ion beams systems can be used to transfer the pattern to the resist layer. Electron
beam lithography is also particularly used for hard mask design. A good overview of
the lithography processes can be found in [42].

Development

After lithography, the exposed patterned is developed: first the sample undergoes a
post-bake (typically 80-110°C) to stop uncompleted resist reactions and remove
stress. Then resist developer is sprayed or poured over the substrate. If the resist is
positive, exposed regions are rendered soluble and will therefore be removed during
development (see Figure 8). In contrast, if the resist is negative, exposed regions will
harden and remain after developing. In either case, upon developing, the sample is
washed to stop the development process and dried, and the pattern is finally printed
into the resist layer.

3.2  Pattern Transfer Techniques

After designing the pattern into the resist, one has to transfer it into the underlying
film, using either additive techniques such as lift-off, or subtractive methods as
etching. Figure 9 compares side-by-side the steps involved for both methods.

Patterning Using Lift-off

Being an additive step, the liftoff process starts by defining the resist mask on a
substrate and only then depositing the thin film on top (Figure 9, right). Afterwards,
the sample is placed in a resist stripping solution that will remove the resist layer and
all the material placed on top of it, leaving the patterned material in the areas
previously unoccupied by the mask. This step is widely used for electrical contacts
metallization (Figure 10).

Lift-off patterning has the advantage of being independent of the material
underneath the photoresist (contrary to etching, where over etch and/or surface
oxidation and corrosion can occur), so preventing the substrate from unexpected
corrosion. However, it is not possible to lift-off thick films (usually, films with more
than half the thickness of the resist layer), nor films deposited with good step
coverage (e.g: deposition by CVD).

Etching

Etching concerns a process capable of selective removal of undesired portions of a
deposited layer. The selective characteristic is provided by the patterned resist mask
and also by the properties of the involved layers. The starting point is usually the film
to be patterned deposited on a substrate with the desired pattern defined in the top
resist mask.
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Fig. 9. Basic steps in two typical pattern transfer techniques: (Left) Using etching for film
removing and (right) using liftoff

Substrate (Al,04)

Substrate (Al,Q,)
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Al contact leads

Fig. 10. Top metal contacts to a GMR sensor defined by a liftoff process: first the photoresist
mask is defined to cover all areas except on the contact leads (left) and then the metal film is
deposited over the surface. Upon photoresist removal (resist strip, acetone), the metal film
remains on the contact leads areas (right).

Physical dry etching is usually achieved by a controlled removal of material using
plasma etching (reactive etching or an ion beam system). In particular Ion Beam
etching (ion milling) offers slow (typically below 0.2nm/s), but very controlled and
stable etching ratios and is commonly used for the patterning of GMR devices [16].



42 D.C. Leitdo et al.

Ion-milling etching is an anisotropic process with an etch rate depending on the
material type. Moreover, the etched feature profile depends on the angle between the
beam and sample, which can be used to control the magnetic properties of patterned
materials in sensors or magnetic flux guides [43]. Figure 11 illustrates the impact of
the ion beam incidence angle on the patterned element vertical profile.

Wet etching concerns a process taking advantage of the corrosive properties of
some substances, usually acids. Because inorganic materials such as polymer based
resists are resistant to the inorganic acids action, the wet etching can be performed.
The used chemical strongly depends on the material of the layer to be etched
(chemically selective), being easily found in the literature with detailed specifications
of etchers, time/temperature, according to each material. Due to its aggressive nature
and highly isotropic nature, wet etching is not very popular for patterning GMR thin
film structures with dimensions ranging below 100 pm.

e

| — & O
250 nw - _— Ar* beam
o - \\ \\ A \
3 N Photoresist
v 45 °\
-
——-’

\ film

250 nm

Magnetic
multilayer

Photoresist

film \

Fig. 11. Top: Sidewall profile at ~50°, resulting of an ion beam etching with an Argon beam
incidence angle of 45° from the CoZrNb film surface. Bottom: vertical profile ~90°, promoted
by pattering with a beam incidence angle of 70° from the magnetic film surface.

However, combining physical and chemical etching (Reactive Ion etching RIE)
is a very good option for thick film patterning, when micrometric dimensions
are involved. RIE can be used, for example, to etch silicon substrates, using
only conventional microfabrication techniques compatible with CMOS fabrication.
Figure 12 shows a successful example of silicon microneedle arrays defined after
GMR sensor microfabrication, to be used in neurological applications. [44].



Microfabrication Techniques 43

\ A A B _ Contacts

SV Sensor

Fig. 12. (left) SEM image of Si needle array fabricated using C,Fs, SF¢ and O, —based RIE;
(right) SEM image of the tip of the needle with a GMR sensor

4 Conclusions

This chapter provides a general overview of the microfabrication techniques used for
a basic GMR sensor fabrication. Magnetic thin film deposition of GMR stacks are
generally done by magnetron sputtering and ion beam tools, and in some cases by
electrodeposition. Integration of thin film stacks in a sensor element requires at least 3
processing levels, each one requiring a lithography step: one for sensor area
definition, a second for metal contacts definition and finally via opening through an
insulating oxide layer. After each lithography, the patterned feature can be transferred
using either additive techniques such as lift-off, or subtractive methods as etching. Ion
Beam etching is widely used for thin film and small dimensions (below 100 um,
down to nm areas) patterning, while reactive ion etching or wet etch are often
preferred for thick films (and micrometric areas) patterning. Finally, arrays of Si
needles incorporating GMR sensors are shown, to illustrate how several
microfabrication techniques can be used for an integrated device.
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Abstract. Giant Magnetoresistances (GMR) and Tunnel Magnetoresistances
(TMR) take an increasing part in many applications like current sensing,
magnetometry or position sensing, thanks to their high magnetoresistance at
room temperature, which leads to a large output signal variation. But the real
performances of such sensors can only be estimated with respect to the sources
of noise. In this chapter, we give first some bases on noise theory and data
treatment. Fluctuations, ergodicity and volume considerations will be discussed.
A second part will detail noise measurement techniques and data analysis of
typical noise power spectra. Sources of noise will be discussed in a third part. In
the end of the chapter, specific cases of GMR and TMR magnetic noise and non
magnetic noise will be discussed with their physical origin and their analytical
or phenomenological expression. We will then present ways to design GMR
and TMR sensors for noise reduction, depending on the applications targeted.

Introduction

Any macroscopic quantity in a system such as voltage, current, resistance is subject to
fluctuations around its mean value. These fluctuations are created by the random
contributions to the transport or by internal displacements of atoms. The first point of
view is to consider that these fluctuations are strongly related to the properties of the
material and their study gives a new approach to understand processes in condensed
matter. A second point of view more related to applications is to call these
fluctuations noise which is related to the quality of the material investigated.
Reduction of this noise becomes a target for magnetic sensor applications.

1 Noise Formalism

In this part we give some bases necessary for the analysis of noise measurements in
GMRs with a highlight on some common traps in noise treatment. We will not
address here extensively the quantum approach of fluctuations as magnetoresistive
sensors have size and working temperature which can be handled with a classical
treatment.
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1.1  Fluctuations, Average and Distribution

We consider a fluctuating quantity V'(¢). The voltage V is the most common quantity
measured in magnetic sensors but the following treatment can be applied to any
relevant quantity like the current, the resistance or the charge. In an experiment, V(1)

is often measured at discrete times ti,...t, by some acquisition system but it can also
be treated in an analog way with some integration, derivation, analog multiplication
or other mathematical operation. Any non linear operation has to be carefully handled
in order to avoid spurious deformation of the signals.

Then a number of new quantities can be derived from that measurement. The first
one is the average

1Y
V=;;V(ti) M

A formal definition of the average, easier to manipulate is:

_ 1 (T

V= }an}of ) V(t)dt 2)
where T is the duration of the measurement. In the following, we will use the second
formalism.

It should be noticed that this average is also a fluctuating quantity on a time scale T
corresponding to the total acquisition time. In common systems, if T is long enough
this average is representative of V but in some cases like in presence of slow magnetic
relaxation, V can be very dependent of the history of the system.

The second quantity is the variance of V. It is defined as

1 .
0? = 1YL (V(t) — V) or

Lo i 3)
2 _ i T _T\2
g ‘}‘EEOTJ; V©®) - vyt

It measures the exploration in amplitude of V. ¢ is an easy comparison of different
signals but sometimes a spurious frequency may appear in the signal like the line
frequency (50 or 60 Hz) which dominates and sets the value of 0.

For large systems, the knowledge of o and V is sufficient to know the distribution
function p of V. This is due to a very useful theorem, the central limit theorem, which
demonstrates that a sum of n random identical quantities tends very rapidly to a
normal (or Gaussian) distribution law when n grows.

_ -vy
V)= sexp= 55 “

For example, the voltage across a magnetoresistance with a fixed sensing current can
be divided in smaller identical magnetoresistances which individually fluctuates and
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hence one can easily demonstrate that the distribution of the voltage follows a normal
distribution. We will see later that in small systems or in presence of an individual
strong defect, this law is modified.

Another very common fluctuation is the random jump between two discrete levels.
This type of fluctuation is for example the Random Telegraph Noise (RTN) described
later. The jumps are arising from a level 1 to a level 2 with a w; probability to stay at
level 1 and w, probability to stay at level 2. The mean period of these jumps is 1. The
distribution is then showing peaks centered on the values of the levels with a width
related to the additional noise. Hence, analysis of the distribution may help to
distinguish the presence of discrete levels.

voltage(uV)

time(s)

1.5
S
o 1
(5]
c
o
§ 0.5
o

0 T T T T
-1 -0.5 0 0.5 1 1.5 2
Value (pv)

Fig. 1. Example of a two level noise with nearly equal probabilities in states up and down.
Time domain (up) and associated distribution function (bottom).

1.2  Correlations

In time domain, correlations are very important because they give a measure of the
similarities between two functions (cross-correlations) or for the same function but at
two different times (auto-correlation). The auto-correlation is a measure of the
memory of the system.

The general form of the correlation of two functions X and Y is defined as the
average of the functions at a time difference of .
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11 (7 .
Coy(@) = Th—%fﬂfo XY (t —1)dt (5)
The auto-correlation function is then
= li 11 TX X d (6)
() = Jim 7 [ XX (e~ vyt

The auto-correlation at =0 is simply the mean square value of the fluctuations.

For example, a thermal noise has an auto-correlation function which is zero except
for 1=0. This is the signature of a totally random process. However, if you measure a
thermal noise through a filter, you may find a non zero auto-correlation due to the
memory injected by the filtering.

It should be noticed that the experimental correlations are depending on the initial
time chosen for the acquisition. Hence, there is a strong hypothesis behind, usually
fulfilled by GMR and TMR systems, the stationarity of the system which assumes
that the system is at equilibrium and these quantities are independent on the initial
measurement time. In the following parts, we will consider that this hypothesis is
fulfilled.

1.3  Frequency Space and Spectral Density

Amplitude and amplitude distribution of fluctuations are analyzed by the tools
described previously but spectral analysis gives the frequency dependence of the
noise which is essential for separating and understanding the noise sources. The way
to switch from time domain to frequency domain is the Fourier transform.

V(w) = % f V(t)elwtdt 7

We introduce also a more experimental Fourier transform which considers that V(t) is
zero outside of the measuring time.

Vr(w) = iITV(t)ei‘"tdt (3)
’ 2m ),

This well-known form of Fourier transform is however source of lot of errors in
experiments. Firstly, if the total acquisition time is T, the lowest achievable frequency
is 2m/T and the highest is given by 2m/t,.q Where 7, is the acquisition time interval.
Secondly, if signals are present in the fluctuations at higher frequencies they will
appear by folding in the frequency range. This is the reason why low pass filtering is
necessary for noise measurements. Thirdly, Fast Fourier Transform (FFT) algorithms
are generally used due to the gain in time of data treatment. As the data are finite in
time, a window function is applied on the data. The simplest one is just a rectangular
window. The data are then considered as O outside the window and multiplied by 1 in
the window. However, the jump at the edges created spurious oscillations in the
Fourier transform. More sophisticated windows are hence used. The most common
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are Hann, Hamming and Gaussian windows. In ref [1], you can find a large number of
examples. The Hann function consists of multiplying the data by a cosine function
which vanishes for the first and last points. So the quantity calculated becomes:

1 ! iwt nt
Virann (@) = 5 fo V(D)ewt(1 - |cos (7)|)dt ©)
Or in the case of Gaussian window,
1 (7 ey
VGauss(w) = ﬂf V(t)em)te Z(UT/Z)Z)dt (10)
0

On rather flat signals like noise, the windowing has no impact but in case of a strong
line signal, it allows suppressing artefacts.
The total energy of the signal is given by

T
E =J. [V (®)|*dt (11)
0
which can be expressed through the Parseval theorem by
E = 27rf [V (w)|*dw (12)
Hence the average power associated to the fluctuations can be defined by:
1 T © 1V (w 2
p= }L@o?ﬁ V(©)I*de = lim ZHI_w%dw (13)

This allows us to define the power spectral density (PSD) as:

V 2
Sy(@) = Jim 2,{% (14)

The PSD is given for voltage fluctuations in V?/ Hz.
A very important point is the relation between the power spectral density and the
auto-correlation function which is the Wiener-Khintchine theorem:

Sy(w) =2 fooog(‘r) cos(wt)dr. (15)

A major example is an exponentially decreasing auto-correlation function. It is the
case for a relaxation process but also for the current in a simple R-L circuit. The
autocorrelation decreases with a characteristic time 1. and is written as:

T
g(@) = g(0) exp(~ ;) (16)
The corresponding PSD is

Sy(w) = 49(0) a7)

TC
1+ 1202
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This spectrum called Debye-Lorentzian spectrum presents a flat response at low
frequencies and a 1/f2 decrease at high frequencies with a corner at 1/t.. This
exponential decrease of the autocorrelation function is also valid for RTN noise and
hence the RTN signature in the PSD is this Debye-Lorentzian spectrum. Another
important remark is related to very slow decrease of the DC level in noise
measurements determining the formal spectral density from a noise mechanism. Very
often noise measurements setups present a very low frequency high pass filter (0.1Hz
or lower) to avoid amplifier saturation by DC offsets. If there is an external
perturbation like a short pulse on the DC line or a jump in the DC signal this induces
a decrease of the output signal with a very long characteristic time and hence a
Debye-Lorentzian spectrum with a corner frequency below the measurement range.
For that reason, in case of measurement of a 1/f* decrease at very low frequencies,
investigation of the DC level fluctuations should be done.

1.4  Sensitivity, Signal to Noise Ratio and Detectivity

Noise PSD is given in V*/Hz but it is usually more convenient to compare a signal
given in V to the square root of the PSD which is in V/sqrt(Hz).

In order to evaluate a signal-to-noise ratio, a reference signal at a known frequency
generated by a coil is often used. If a signal Vjcos (wt) is seen in the acquisition
system, its PSD is the power associated to this signal taken on a bandwidth of 1Hz so
1s and it corresponds to VZ /2. This allows direct calibration of a sensor.

The sensitivity for a magnetoresistive signal, B, is usually given in V/V/T. Typical
values for GMR sensors are 20-40V/V/T or 2-4%/mT.

The output voltage of a magnetoresistive sensor can be written as:

Vour = (Ro + SR(H))I (18)

If the sensor is linearized and well centered, the output can be written as:

6R
Vout = (RO +E.H+"')I (19)
where the terms with higher H power are small. We will use that notation in this

SR . . .
chapter. 5 is givenin Ohms/Tesla.
e SR
The sensitivity is given by n /Ro.-
In order to compare different sensors, it is very convenient to use the field
equivalent noise power spectral density called sometimes detectivity. It corresponds
to the PSD divided by the sensitivity.

For example if a sensor exhibits a thermal noise of 1nV/sqrt(Hz) and a sensitivity
of 20V/V/T, the corresponding detectivity will be 50pT for 1V of bias voltage.
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2 The Different Sources of Noise

In this part, we will describe the various sources of noise existing in magnetoresistive
sensors. Some, like shot noise, are very specific of tunnel junctions but nearly all are
common to all kind of magnetoresistive sensors.

2.1  Separation of Magnetic and Non Magnetic Noise

It should be noticed that noise in magnetic sensors can be or not magnetic-field
dependent. A magnetic field dependent noise appears or disappears with the
application of an external field. This is for example the case of a part of the 1/f noise
in magnetoresistive junctions. One way to separate it is to measure the noise of the
sensors in the whole range of operation.

2.2 Frequency Independent Noise (Thermal or Johnson-Nyquist Noise),
Shot Noise

Thermal Noise
Frequency independent noise is called white noise and corresponds to processes
without any auto-correlation except at zero time. It should be noticed that noise
appears flat in the range of measurement because its correlation characteristic time is
faster that the minimal sampling time.

The most important noise is the thermal noise which is directly related to the
resistance of the sensor. The first observation of this noise has been done by Johnson
[2] and interpreted by Nyquist[3]. The associated PSD is written as:

Sy (w) = 4RksT (20)

where kz = 1.3806 10723]. K™ is the Boltzmann constant. There are several ways to
demonstrate this relation but the base is just to say that the energy available for a
dipole of resistance R is kzT /2. This formula is valid for frequencies much lower

than kzT /h where 7 is the Planck constant. This thermal noise cannot be eliminated

or reduced except by changing the resistance or the temperature but it has the
advantage to be independent on the voltage applied on the sensor.

It should also be noticed that the impact of this noise on the signal-to-noise ratio is
directly related to the working bandwidth. The integrated noise will increase as the
square root of the bandwidth.

Shot Noise

This noise is due to the fact that the electrical current is not continuous due to the
discrete nature of the electrons. This noise is detectable only if there is a barrier to
cross where the quantum nature of electrons is revealed. In metals, the electrons
inelastic scattering length is very small, typically a few nm at room temperature and a
metallic sensor could be described as a very large number of individual elements of
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Table 1. Some values of integrated thermal noise for various resistances and temperatures

Resistance Temperature Bandwidth 1

f SZ (w)dw
50 Ohms 300K 1Hz 0.9nV
50 Ohms 300K 1kHz 29nV
1kOhms 300K 1Hz 4nV
1kOhms 300K 1kHz 129nV
1kOhms 4K 1kHz 15nV

few nm in series and hence the shot noise is divided by the square root of this number
[4]. For that reason, shot noise is not present in GMR sensors.

In magnetic tunnel junctions a number of theoretical and experimental works have
been recently published. We will describe them later. The electrons are following a
Poisson law when they pass through a barrier (without quantum or correlation
corrections) and hence it is possible to calculate the PSD of the shot noise. At T=0, it
is simply given by

Si(w) = 2el 21

In mesoscopic systems, deviations of the Poisson statistics are observed and modify
eq (21). A review of noise in mesoscopic systems can be found in ref [5]. In particular
it has been shown that the statistics can be slightly different from a pure Poisson
statistics inducing an enhancement or a reduction of the shot noise [6,7]. This
enhancement or reduction is characterised by the Fano factor F.

Crossover between Shot Noise and Thermal Noise
When the temperature is increasing, the shot noise expression must take into account
thermal fluctuations. A more general formula should be applied [4]:

S = 2el th( id )R2 22
(@) = 2elcoth (5 22)
In the two temperature limits (T >>0 and T — 0) we find the expression of noise
given in (20) and (21) respectively.

If a modified Poisson distribution is involved, eq. 22 becomes

eV
Sy(w) =4(1 — F).kgRT + 2Fe1coth< )RZ (23)
2kgT

2.3  Low Frequency Noise

1/f Noise
1/f noise is a general term referring to a frequency decreasing noise with a power law

frequency fiﬁ where [} is an exponent typically of the order of 1. This noise is observed
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in nearly all fluctuating systems including for example biological and geological
fluctuations. In GMR and TMRs this low frequency noise is dominant and is often a
drawback in performances of magnetoresistive sensors.

The origin of the 1/f noise is resistance fluctuations and not voltage fluctuations
like the thermal noise. Hence, these fluctuations can only be revealed by applying
a current in the sensor. Voss and Clarke have demonstrated in 1976 [8] that the
variance of Johnson noise exhibits a 1/f power spectrum demonstrating the resistance
fluctuation nature of the 1/f noise.

This resistance fluctuations behavior implies that the PSD is varying as V2 or I2
This is very important because this allows us discriminating between white noise and
low 1/f noise. This general law can be however modified if the current induces itself
modifications of the resistance or local heating. We have observed in particular in
small GMR devices an increase of 1/f noise much faster than 2.

GMR sensors have an isotropic dependence of the resistance unlike AMR where
the signal is depending on the angle between field and current or Hall sensors where
the voltage appears in a direction perpendicular to the current. Hence it is impossible
to play on current direction to separate resistance variation and external field
variation. This is a major issue with GMRs where spinning techniques used in Hall
sensors or flipping of the current used in AMR sensors cannot be applied.

The second important point is the size effect on 1/f noise. Typically PSD of the 1/f
noise is decreasing as the volume of the sensor increases. This can be understood
easily by an averaging effect. If we suppose that 1/f fluctuations are coming from
small individual sources, you can consider that a resistance is the sum of N small
resistances r so the total resistance R = N.r but the fluctuations of R are /N larger
than the individual r fluctuations. Hence for a given R, the fluctuations are decreasing
as VN , ie. as the square root of the volume. This has been observed in several
systems for large enough sizes. At very small sizes an individual fluctuator may
dominates and this rule is broken.

There is a general phenomenological formula proposed by Hooge [9] which allows
us comparing various sensors

YuV? _ YuV?

S =2 =
V(w) T NC(IJ chlg

(24)

where yy is a dimensionless constant. This formula is well adapted to semiconductors
where the averaging is more on the number of carriers N, than on the effective
volume. For TMRs, the formula becomes:
5,(0) = 2 aV?  al? 25)
w)=2M— = ——
v Aw — Af
where A is the active surface of the device and o is then a parameter with the
dimension of a surface. This last formula describes rather correctly the evolution of
the noise with the size of the sensors.
We note that 1/f noise can exhibit a non magnetic and a magnetic component with
sometimes different slopes.
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The evolution of the noise as function of magnetic field can help to separate the
two contributions. Often, the noise recorded under a strong field which saturates the
different layers of a magnetic sensor is mainly non magnetic and an additional noise
due to magnetic fluctuations in the layers appears in the sensitive regions. As
described later, the shape of the sensors has a strong impact on the magnetic 1/f noise.

In case of TMRs, the 1/f noise depends also whether the junction is in the parallel
or antiparallel state. In the parallel state, the number of channels opened through the
barrier is larger than in the antiparallel state and hence the noise is smaller. This is a
direct consequence of the reduction of the effective size of a junction.

Random Telegraph Noise

Random Telegraph Noise (RTN) or “popcorn” noise is the noise arising from the
fluctuations of a specific source between two different levels. For magnetoresistive
sensors, this noise generally appears in devices with a size small enough to let
individual defects becoming dominant. However, it can be sometimes observed in
reasonably large GMRs at high currents levels.

RTN is, as explained before, a fluctuation between two levels with comparable
energies and a barrier height able to give a typical characteristic time in the
measurement range. Hence, RTN is very dependent on the temperature, field and
applied bias current. Figure 2 gives an example of RTN noise in a micron size TMR
sensor as function of temperature.
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Fig. 2. Example of RTN noise in a TMR sensor as function of temperature. We can see
different individual fluctuators with different characteristic times [10].

RTN is difficult to handle and a sensor with RTN noise is in general very difficult
to use even if it is theoretically possible to suppress partially this noise by data
treatment. That suppression requires a RTN with a low fluctuation frequency and two
states well separated. The treatment is then based on the recognition of each transition
level from low state to high state and suppression of the step.
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2.4  High Frequency Noise and Ferromagnetic Resonance

At high frequencies, the noise is usually dominated by thermal or shot noise.
However, noise peaks can be detected in magnetoresistive sensors due to the
fluctuations of magnetic layers. In the GHz regime, thin magnetic films present
ferromagnetic resonances with frequencies dependent on the material and on the
shape of the sensors. In small elements, quantization of the spin waves induces a large
number of resonances. The noise detected is coming from two different sources. The
first one is due to the GMR effect. The free layer is fluctuating with more important
amplitude at resonance and if a DC current is sent in the device, a voltage at the
resonance frequency appears. The second one is due to thermal and shot noises. This
noise is amplified by the quality factor of the resonance and hence this appears as an
extra noise even in absence of bias current. The amplitude of this ferromagnetic
resonance enhanced noise might depend on the probing DC current due to spin
transfer torque which affects the quality factor [11].

2.5 External Noise

With magnetic sensors and in particular very sensitive magnetic sensors it is essential
to take care of the magnetic external noise. Inside a laboratory, there are three types of
external perturbations which lead to magnetic noise. First a number of discrete
frequencies, including the power supply line (50/60Hz) and its harmonics but also
higher frequencies typically up to MHz coming from power supplies, low
consumption lights etc. All these lines correspond to real AC magnetic fields and
hence are proportional to the bias current in the magnetoresistive sensor. The second
source is a 1/f magnetic noise which exists everywhere. In a laboratory, this noise has
an intensity of about 100nT at 1Hz and decreases slightly faster than 1/f. In a good
magnetic shielded room with passive and active shielding, the noise level at 1Hz can
be of the order of 100fT.

The third type of noise is less intuitive. It is created by the vibration of the
magnetoresistive sensor in an existing DC field. This noise can only be detected with
very sensitive sensors, typically mounted with flux concentrators. The vibration
induces a flux the variation in a flux concentrator and hence an additional signal. This
noise can be easily recognized because it appears usually as bursts at fixed very low
frequencies and their amplitude varies strongly when artificial vibrations are created.

3 Electronics and Noise Measurements

Noise is often difficult to measure quantitatively and there are several approaches to
reliably estimate this quantity. Combining field and temperature variation can even
complicate the measurement. In this part, we will focus on a “standard” setup with
some alternatives and with an emphasis on common errors.
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3.1  Electronics Design

The electronics for a noise measurement or for interfacing magnetic sensors in an
application can be separated roughly in five parts.

- The sensor system which may contain one or several different sensors
- A biasing source (voltage or current)

- A front end electronics which contains a first preamplifier stage

- An amplification, filtering and shaping stage

- An acquisition system.

For noise measurements, the two last parts may be replaced by a spectrum analyzer.
Fig. 3 gives an overview of the electronics.

filter r—
1 X[ Amplification
Current or M preamp and analog == Acquisition
Vo]tage R filtering
source

Fig. 3. Schematics of electronics for typical noise measurements

GMR and TMR Configuration

Noise is typically few orders of magnitude smaller than the main voltage applied. For
that reason, differential measurements have to be performed. There are several ways
for doing that.

e Full Bridge Configuration

This configuration is the most usual in applications and very efficient for noise
measurements but it requires at least 4 matched elements. For noise measurements,
this bridge has to be supplied by a very well stabilized voltage source. Typically, a
battery is used with proper filtering.

Depending on the application, magnetoresistances R, and Ry can be identical and
hence the bridge becomes insensitive to applied homogeneous fields but may be
sensitive to local fields as generated by current lines for example in current sensors
[12] (Fig. 4-right) or may have opposite responses in order to be sensitive to external
fields (Fig. 4-left) (magnetometers applications).

For estimating the noise we will consider here the case of four identical
magnetoresistances, each one having its own noise. The resistance seen between V;
and V, is R=R,=Ry and associated noise either due to resistance fluctuations or
thermal noise is the average noise of R. If there is some noise in the voltage supply,
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Fig. 4. Full bridge configuration. Left: for local field or current measurements. Right: for
external field measurements.

the differential measurement (V;-V,) suppresses it at a first order but it should be
noticed that in case of application of a field (or current) the bridge is no more
balanced and a noise proportional to this non equilibrium may appear.

e Half Bridge Configuration

Sometimes, it is difficult to have four matched magnetoresistances or the analysis of a
single element is desired. In that case, at least half of the bridge is replaced by
external resistors. If a full bridge design is taken and the remaining resistors are
replaced the noise of the single element is divided by four and the signal given by this
element is also divided by four. For that reason, people often use a half bridge
configuration which consists on feeding the one or two elements by a current like
source. The schematic is given in figure 5.

[

Fig. 5. Half bridge configuration. Left: gives the classical configuration, Right: is an alternative
configuration where the noise of feeding resistance (Rg.q) is suppressed.
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In case of Fig. 5-left configuration, the resistances R4 are usually chosen so that
Re.q>>R4 and R, and Ry chosen so R, = Rg. The voltages V| and V, are given by

— R4 and v, =v—2=28

V,=V —_—
1 (RfeedtRa) (RfeedtRB)

(26)
This requires a rather large supply voltage but all the variations of R, and Rg are
transferred to V. The noise induced by the resistances can be calculated from the
above formulas. If the voltage V is fixed and well filtered, the noise fluctuations on
the output voltages is given by

Vi 6Ry (8Rfeca + 6Ry)

= 27)
4 R, (Rfeea + Ra)

So the measured noise is the sum of the noise induced by Ryeeq and Ra. If Rgeeq is 10
times larger than Ry, the thermal noise induced by the feeding resistance is only 1/9™
of the tested resistance thermal resistance but if the tested magnetoresistance is at low
temperature, say 4K, then the feeding resistance noise dominates.

For that reason, we prefer the configuration of Fig. 5-left. In that configuration, the
noise is exactly the noise of a full bridge but with 2 non noisy resistances because the
other branch is shortcut to the supply.

e Single Element Configuration for AC Measurements

In case of AC measurements, i.e when signal and noise of interest are in a specific
frequency range, AC coupling of the element solves easily the problem of DC bias. It
is also possible to work in such configuration for noise measurements but a specific
care has to be taken due to low frequency noise induced by large capacitances. The
noise determination is very similar to the previous configuration (Fig. 5-left) but, as
only V, is measured, the noise measured is a factor V2 less than the half bridge
configuration. The R4 is advantageously replaced by a self (Fig 6) for additional
rejection of source noise.

Y v,

[ S

Fig. 6. AC coupling of a single element. The GMR element is fed through a filter and the signal
V, is AC coupled to the preamplifier.
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Biasing

Biasing with a current or a voltage source is often discussed. For the full bridge
configuration, voltage biasing is clearly preferable as the working point (V/2) does
not change with temperature. For half bridge configuration (Fig. 5-left), the two large
resistors make a conversion from voltage-source to current-source so as their variation
with temperature will be very different than the magnetoresistances variation, voltage
or current source does not change the working point. In the configuration of Fig.5b,
voltage biasing is a better option than current biasing.

Front End Electronics

The first stage of the front end electronics is always a very low noise preamplifier.
Several options are possible and new low noise preamplifiers are regularly proposed
on the market. The choice of the preamplifier has to be driven by the following
considerations. Each preamplifier has an input referred voltage noise and a current
referred input noise. For a resistance connected to the input, the noise will be given by

Sp/* = \J4kRT + e2 + R%i2 (28)

Where e, is the voltage noise of the preamplifier and i, the current noise of the
preamplifier. Figure 7 gives the noise spectral densities for an INA103KP that can be
used for low resistance (<1kOhm) noise measurements.
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Fig. 7. Current and voltage noise spectral densities as function of frequency for an INA103KP
amplifier [13]

For high resistance noise measurements, FET preamplifiers can be preferred since,
despite their higher voltage noise, they exhibit a much lower current noise.

After the preamplifier, a typical chain will contain an offset correction, a second
amplifying chain, so that the total gain is about 10* to 105, and a filtering.

A low pass efficient filtering to avoid spectral aliasing is essential for proper noise
measurements. Its characteristics are strongly related to the acquisition frequency.
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Acquisition and Filtering

The acquisition may be performed either with an acquisition card connected to a
computer or with a spectrum analyzer. For noise measurements, it is better to have a
16 bits acquisition for accepting a high dynamic range and a high acquisition
frequency even if the spectral range of interest is low. Typically for MR sensors, the
range of interest for noise is below 100kHz for low frequency determination or above
1GHz for resonant noise measurements (see Part 2.4). The latter requires a GHz
spectrum analyzer and will not be discussed here. For low frequency measurements,
we are using typical acquisition rates larger than 1 MHz and an anti-aliasing filter at
200kHz with 8 to 12 poles. Then the 0-100kHz range is really free of contamination
of higher frequencies.

3.2 Additional Remarks and Alternatives

Modulation and Demodulation

In all the previous configurations, we have always considered a DC bias source. It is
however very interesting to use an AC source (current or voltage) and to perform a
demodulation of the signal at the end either digitally after acquisition (the simplest),
or through a commercial lock-in. The interest is firstly to suppress the 1/f noise of the
preamplifier and secondly to suppress the line contamination in the measured
spectrum.

Connections Noise

In noise investigation as for the development of very sensitive magnetic sensors, it is
necessary to take care of the connection quality. Often connections are made with
wire bounding in Al or Au with an effective small surface contact. Even if the total
resistance contact is small, a low frequency noise can appear. Additionally, connector
noise along a measurement chain can also be a source of noise which might be not
negligible in the total noise if the sensor’s noise is low.

Correlation for Preamplification Noise Suppression

When the signal of interest is small and dominated by the preamplification noise, it is
difficult to measure it. A possible approach consists of using two preamplifiers which
are measuring the same signal. If a cross-correlation as given in Eq.5 is performed, we
obtain the spectral density of the signal of interest plus three terms which are not
correlated; the cross correlation of the signal and each amplifier noise and the
correlation between the noise of the two preamplifiers. By averaging, these 3 terms
are reduced as the square root of the averaging number, but the spectral density is not
reduced. Hence with 100 averages the preamplification noise is reduced by 10. This
can be applied for noise studies but not for applications.
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4 Noise in Magnetoresistive Sensors

4.1 Noise in GMR Devices

GMR devices are usually micro-fabricated in shapes that can range from simple
rectangles with two contact pads at the edges, to more sophisticated ones like
meanders or yoke with four or more contacts, depending on the application. The noise
of the device is strongly linked to its shape and size.

The main components of noise in a GMR device are the thermal noise, the 1/f
noise and the magnetic noise.

A typical power spectral density spectrum for a 500 Ohms GMR is given on Fig. 8.
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Fig. 8. Noise power spectral density calculated for a 500 Ohms GMR element of two different
volumes (500um? and 5000um?)

The thermal noise depends on the resistance of the element, which is related to its
geometrical dimensions and size. One can design the sensor to target a precise
resistance, for instance adapted to the reading electronics. The lowest the resistance
the lower the thermal noise is. However, it should be noted that the practical relevant
limit is often given by the preamplifier white noise.

The 1/f noise scales as the square root of the volume of the device. For large size
devices, the 1/f noise will be smaller, and as a consequence, the 1/f noise knee, which
is the crossover between the 1/f noise and the thermal noise, will be displaced to
lower frequencies. However, the GMR element size cannot always be increased, for
surface occupation reasons on the chip.

Yy (Hooge parameter) is ranging from 10~ to 107 for typical GMR spin valves
grown on silicon. The number of carriers is always difficult to precisely estimate. In
our GMRs, we take 4.10%/um” which corresponds to the sum of carriers given by each
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Fig. 9. Noise (square root of the PSD) of a GMR element with a 4umx150pm yoke shape for
various feeding current. The cutoff frequency between 1/f noise and thermal noise varies with
the current and is equal to 10kHz for 1mA.

layer. The device given on figure 9 has then a Hooge parameter of 3.107 which is a
rather good value for GMR spin valves.

Another type of noise, specific to magnetoresistive thin films devices, can appear
in the spectrum: this is the magnetic noise. This noise is usually due to magnetic
domain formation and motion in the soft layer, which can be observed in the V(H)
response as small steps in the non-saturated parts of the curve. When the magnetic
environment changes, the domain distribution can change, and the domain motion
induces large noise.

This specific noise can even be observed as RTN in nanostructures where a small
number of magnetic fluctuators are present [14]. In the saturated regime, for instance
under a strong applied field, this noise disappears from the spectrum. This is the way
to separate magnetic from non-magnetic noise in GMR devices.

This type of noise can dominate strongly the other sources of noise at low
frequency, therefore it is important for sensing application to try to reduce or suppress
it. As the domain formation depends on the geometry of the device, some specific
shapes are more favorable to domain formation than other. Indeed, in a square or
rectangular magnetic soft layer, when the applied field is rotated within the plane of
the film, the lowest energy configuration leads to formation of opposite domains,
which may be displaced during the field change. A strong magnetic noise will then
appear in the structure [15].

To avoid this effect, one may use shape where the domain formation is mastered in
specific areas outside of the measured part. Two particular configurations can follow
this principle. In a meander structure, the domain formation will occur at the corners
of the meander. To avoid introducing magnetic noise in this type of device, it is
necessary to short cut the edge by a thin metallic layer (like the one used for the
contact pads) on the corners of the meander. The current will then flow through this
metallic layer instead of the GMR stack at the corners, where the magnetic domain
may fluctuate (Fig. 10).
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Y V-

Fig. 10. Example of short-cut meander shape for GMR sensors with low magnetic noise. The
short-cut part length should be at least 2 times the width of the GMR element.

Another particularly interesting shape for magnetic noise suppression is the yoke
shape. In this case also, the magnetic domains are confined to the edges, and a
measurement free of magnetic noise can be performed in four point configuration by
injecting the current on the outer contacts while measuring the resultant voltage in the
central part, where the magnetization rotation is homogeneous, free of domains

(Fig. 11).
V+ ] V-
I+ j: I-

Fig. 11. Example of yoke shape. Left: micromagnetic simulation giving the domain
configuration after a magnetic cycle, Right: typical 4 points measurement configuration.

The best design in terms of noise for a GMR-based sensor will therefore depends
on several parameters:

e the frequency range targeted: if the sensor operates at frequencies higher than the
1/f knee corner, the most important parameter will be the resistance choice and the
available power. If the sensor operates at low frequency, it might be important to
increase the size of the sensor to reduce the 1/f noise contribution

e the available size: if surface use is not a limitation, it is interesting to use meander
shape and/or large size devices. In case of small dies or multi-element systems, the
constraints are higher and often designs like yokes are a better choice.

e the available power. The resistance choice will determine the voltage output
depending on the available feeding current and overall power.

The latter plays an important role when detection is done in the thermal noise regime.
An increase of the current (or the voltage on the bridge) gives an increase of the
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signal but does not add noise. In the 1/f regime, an increase of current induces an
increase of the signal and of the noise in a same way. A good comparison of
performances between sensors and magnetometers is the detectivity or the field
equivalent noise which is the field corresponding to a signal-to-noise ratio equal to 1.
Figure 12 gives the field equivalent noise for the sensor shown in figure 9.
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Fig. 12. Field equivalent noise of a GMR element with a 4umx150um yoke shape for two
values of the feeding current. The increase of current has a strong impact on the field
detectivity at high frequencies but no effect in the 1/f regime.

4.2  Noise in Metallic Magnetic Tunnel Junctions

Metallic tunnel junctions (which are made of thin metallic magnetic layers separated
by a thin insulating barrier) also exhibit common noise features with GMR elements,
which are the thermal noise, magnetic noise and 1/f noise. Additionally, junctions also
exhibit shot noise, which may dominate the thermal noise regime. If for GMR
sensors, 1/f noise is mainly related to the quality of materials, in MTJs, 1/f noise is
large and related to the barrier itself. A recent review [16] done by Z.Q. Lei and co-
authors gives a good overview on noise in tunnel magnetic junctions based of Al or
MgO barriers.

Thermal Noise and Shot Noise

The white noise in MTlJs, is well described by the formula (23). In good quality
junctions, the Fano factor is about 1 but if impurities are present in the junction, a
Fano factor lower than 1 can be found [6]. It should be noticed that at room
temperature, the shot noise is small compared to the thermal noise. Due to the large
low frequency noise, accurate measurement of the shot noise is difficult and can only
be performed at rather high frequencies.



Noise in GMR and TMR Sensors 67

Low Frequency Noise
The 1/f noise in MTJ is very large compared to GMR sensors. It can be separated in
magnetic 1/f noise and electronic 1/f noise.
The electronic noise is the noise measured in a strongly saturated state of the
junction. It is well described by the modified Hooge formula
av? aV?

SV((D) = Zﬂm = F (29)
It decreases when the polarization is increasing, which is the signature of a better
barrier and more controlled interfaces, and it decreases when the barrier becomes
thinner. This variation with the resistance by surface unit (RA) may be related to the
roughness of thick barrier. Below a RA of 100kOhms/um?, the o parameter becomes
stable. As a reference, good MgO based MTIJs exhibit a a parameter of about
10"%m? (fig. 13).
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Fig. 13. Hooge parameter for different junctions as function of the resistance square of the
tunnel junction. Black squares [17], blue pentagons [18] green circles [19], red stars [20].

When the MTJs is saturated in the antiparallel state, the o parameter is typically
increased by a factor 2 or more. This effect can be understood by the fact that a
number of conducting channels are closed compared to the parallel state, which is
equivalent to a reduction of the effective surface of the junction.

The magnetic 1/f noise is, like for GMRs, mainly due to domains fluctuations. This
noise can be reduced by shaping the free layer in a configuration that reduces or
eliminates the domain walls. This is however more difficult to realize than on GMR
element, due to the specific lithographic process needed to design differently the top
and bottom electrode of the barrier. A yoke shape free layer electrode with a
rectangular hard layer top electrode MTJs can have a magnetic noise decreased by
more than one order of magnitude compared to classical rectangular MTJs.
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A way to reduce the 1/f noise is like for GMRs to increase the total surface. This
can be done by using a large number of junctions mounted in series and in parallel
[21]. A number of junctions in series have the advantage to accept a much larger
voltage without a decrease of the TMR factor. This is very important for practical
applications where output and bias voltages are in the range of the volt.

4.3  Noise in Oxide Tunnel Junctions

Due to their high spin polarization, magnanite perovskites have been investigated for
TMR junction realization. TMR as high as 2000% at low temperature in these devices
has been measured [22, 23]. Recent noise studies have been performed on such
junction, in order to compare with metallic MTJs. In this study [20], the low
frequency noise is one order of magnitude higher than in MTJs with comparable RA
product. This is not due to the manganite thin film noise, which has been measured to
be two to three orders of magnitude lower than those of the junction, but more
probably linked to the noise in the SrTiO; barrier, where defects like oxygen
vacancies or structural transitions can contribute to this noise increase. Studies on
other type of barrier in oxide MTJ would be very valuable to identify the noise
sources and reduce them in these systems.

5 Conclusion and Perspectives

GMR and MTJ based magnetic sensors are very sensitive and are more and more
incorporated in various applications. If the noise impact at high frequencies can be
reduced by increasing the power on the sensor, the low frequency noise is still the
main limitation of the performances of these devices. By playing on the GMR and
MT]J design and increasing the power it is however possible to reduce this noise.
Table 2 below gives a summary of what is achievable in terms of noise for GMRs and
TMRs sensors at room temperature including the preamplifier noise and without flux
concentrators. For TMR, we have considered a free layer shaped in order to eliminate
the domain magnetic low frequency noise. In a rectangular element, noise two or
three order of magnitude larger can arise.

Table 2. Field equivalent noise for GMR and TMR of various surfaces

Surface Noise at 1Hz White noise | Power
consumption

Small (150x4pm) 10nT 50pT SmW
GMR
Large Imm? 100pT 20pT 100mW
GMR
TMR (4x20um) 4nT 10pT S50uW
single
TMR in Surface 40pT 1pT SmW
arrays Imm’
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Alternatives presently investigated to reach the pico-Tesla to femto-Tesla range
with spin electronics devices are double. The first one consists of amplifying the
sensed field by flux concentrators. These flux concentrators can be either
superconducting [24] with enhancement of gain of more than 1000 allowing sub-
picotesla detection at 1Hz or femtoTesla detection at high frequencies but at lower
temperature, either with soft materials [25] with gain up to 100 at room temperature.
A more sophisticated approach consists of using a modulated flux concentrator so that
the field seen by the sensor is no more at low frequencies but displaced to higher
frequencies where the sensors are in the thermal regime. This can be done for
example by combining a MEMS oscillator with a flux concentrator [26, 27].

References

(1]
(2]

(3]
(4]
(5]

(6]

(7]
(8]
(9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

http://en.wikipedia.org/wiki/Window_function

Johnson, J.B.: Thermal Agitation of Electricity in Conductors. Nature 119 119, 50 (1927);
Phys. Rev. 29, 367 (1927)

Nyquist, H.: Thermal Agitation of Electric Charge in Conductors. Phys. Rev. 32, 110
(1928)

Steinbach, A.H., Martinis, J.M., Devoret, M.H.: Observation of Hot-Electron Shot Noise
in a Metallic Resistor. Phys. Rev. Lett. 76, 3806-3809 (1996)

Blanter, Y.M., Biittiker, M.: Shot noise in mesoscopic conductors. Physics Reports 336(1-
2), 1-166 (2000)

Guerrero, R., Aliev, F.G., Tserkovnyak, Y., Santos, T.S., Moodera, J.S.: Shot Noise in
Magnetic Tunnel Junctions: Evidence for Sequential Tunneling. Phys. Rev. Lett. 97,
266602 (2006)

Garzon, S., Chen, Y., Webb, R.A.: Enhanced spin-dependent shot noise in magnetic
tunnel barriers. Physica E 40, 133-140 (2007)

Voss, R.F., Clarke, J.: Flicker (1/f) noise: Equilibrium temperature and resistance
fluctuations. Phys. Rev. B 13, 556-573 (1976)

Hooge, F.N., Hoppenbrouwers, A.: 1/f noise in continuous thin gold films. Physica 45,
386-392 (1969); Hooge, F.N.: 1/f noise. Physica B 83, 14-23 (1976)

Scola, J., Polovy, H., Fermon, C., Pannetier-Lecceur, M., Feng, G., Fahy, K., Coey,
J.M.D.: Noise in MgO barrier magnetic tunnel junctions with CoFeB electrodes: Influence
of annealing temperature. Appl. Phys. Lett. 90, 252501 (2007)

Foros, J., Brataas, A., Bauer, G., Tserkovnyak, Y.. Noise and dissipation in
magnetoelectronic nanostructures. Phys. Rev. B 79, 214407 (2009)

Pannetier-Lecceur, M., Fermon, C., de Vismes, A., Kerr, E., Vieux-Rochazet, L.: Low
noise magnetoresistive sensors for current measurement and compasses. J. Magn. Magn.
Mat. 316, E246-E248 (2007)
http://www.ti.com/1lit/ds/symlink/inal03.pdf

Raquet, B., Viret, M., Costes, M., Baibich, M., Pannetier, M., Blanco-Mantecon, M.,
Rakoto, H., Maignan, A., Lambert, S., Fermon, C.: Electronic noise in magnetic low-
dimensional materials and nanostructures. J. Magn. Magn. Mat. 258, 119-124 (2003)
Schaefer, R., Desimone, A.: Hysteresis in soft ferromagnetic films. IEEE Trans. Mag. 38,
2391-2393 (2002)

Lei, Z.Q., Li, G.J., Egelhoff Jr., W.F., Lai, P.T., Pong, P.W.T.: Review of Noise Sources
in Magnetic Tunnel Junction Sensors. IEEE Trans. Mag. 47, 602-612 (2011)



70

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

C. Fermon and M. Pannetier-Lecoeur

Polovy, H., Guerrero, R., Scolab, J., Pannetier-Lecceur, M., Fermon, C., Feng, G., Fahy,
K., Cardoso, S., Almeida, J., Freitas, P.P.: Noise of MgO-based magnetic tunnel
junctions. J. Magn. Magn. Mat. 322, 1624-1627 (2010)

Gokce, A., Nowak, E.R., Yang, S.H., Parkin, S.S.P.: 1/f noise in magnetic tunnel
junctions with MgO tunnel barriers. J. Appl. Phys. 99, 08A906 (2006)

Aliev, F.G., Guerrero, R., Herranz, D., Villar, R., Greullet, F., Tiusan, C., Hehn, M.: Very
low 1/f noise at room temperature in fully epitaxial Fe/MgO/Fe magnetic tunnel junctions.
Appl. Phys. Lett. 91, 232504 (2007)

Guerrero, R., Solignac, A., Fermon, C., Pannetier-Lecceur, M., Lecoeur, P., Fernandez-
Pacheco, R.: Low frequency noise in Lay,Sry3MnO; based magnetic tunnel junctions.
Appl. Phys. Lett. 100, 142402 (2012)

Guerrero, R., Pannetier-Lecceur, M., Fermon, C., Cardoso, S., Ferreira, R., Freitas, P.P.:
Low frequency noise in arrays of magnetic tunnel junctions connected in series and
parallel. J. Appl. Phys. 105(11), 113922 (2009)

Bowen, M., Maurice, J.-L., Barthelemy, A., Bibes, M., Imhoff, D., Bellini, V., Bertacco,
R., Wortmann, D., Seneor, P., Jacquet, E., Vaures, A., Humbert, J., Contour, J.-P.,
Colliex, C., Bliigel, S., Dederichs, P.H.: J. Phys.: Using half-metallic manganite interfaces
to reveal insights into spintronics. Condens. Matter. 19, 315208 (2007)

Werner, R., Petrov, A.Y., Alvarez, L., Kleiner, M.R., Koelle, D., Davidson, B.A.:
Improved tunneling magnetoresistance at low temperature in manganite junctions grown
by molecular beam epitaxy. Appl. Phys. Lett. 98, 162505 (2011)

Pannetier-Lecceur, M., Parkkonen, L., Sergeeva-Chollet, N., Polovy, H., Fermon, C.,
Fowley, C.: Magnetocardiography with sensors based on giant magnetoresistance. Appl.
Phys. Lett. 98, 153705 (2011)

Marinho, Z., Cardoso, S., Chaves, R., Ferreira, R., Melo, L.V., Freitas, P.P.: Improving
Magnetic Flux Guide Concentrators for MR Sensors. J. Appl. Phys. 109, 07E521 (2011)
Patil, S.B., Guedes, A., Freitas, P.P., Cardoso, S., Chu, V., Conde, J.P.: On-chip
magnetoresistive detection of resonance in microcantilevers. Appl. Phys. Lett. 95, 023502
(2009)

Egelhoff, W.F., Pong, P.W.T., Unguris, J., McMichael, R.D., Nowak, E.R., Edelstein,
A.S., Burnette, J.E., Fischer, G.A.: Critical challenges for picoTesla magnetic-tunnel-
junction sensors. Sens. and Act. A-Physical 155, 217-225 (2009)



1

Resistive Sensor Interfacing

Andrea De Marecellis, Giuseppe Ferri, and Paolo Mantenuto

University of L’ Aquila
Department of Industrial and Information Engineering and Economics
via G. Gronchi 18, 67100 — L’ Aquila, Italy
andrea.demarcellis@univaqg.it

Abstract. This chapter has the aim to give a complete overview on the first ana-
log front-ends, describing some circuit and system solutions for the design of
electronic interfaces suitable for resistive sensors showing different variation
ranges: small, as in dedicated-application GMR sensors; wide, especially re-
ferred to GMR sensing devices whose baseline is unknown. After a description
of the main interface parameters, the authors present several solutions, most of
which do not require any calibration. These solutions are different according to
the entity of resistive sensor variations, can utilize either AC or DC excitation
voltages for the employed sensor and are developed in Voltage-Mode (VM,
which considers the use of either the Operational Amplifier (OA) or the Opera-
tional Transconductance Amplifier (OTA) as main active block) as well as in
Current-Mode (CM) approach (being in this case the Second Generation Current
Conveyor (CCII) the active device). The described interfaces can be easily
fabricated both as prototype boards, for a fast characterization, and as integrated
circuits, also using modern microelectronics design techniques, in a standard
CMOS technology with Low Voltage (LV) and Low Power (LP) characteristics,
especially when designed for portable applications and instrumentation.
Moreover, thanks to their reduced sizes in terms of chip area, the proposed
solutions are suitable for being used for sensor arrays applications, where a num-
ber of sensors is employed, as in portable systems, to detect different
environmental parameters.

Sensors and Electronics

Introduction on Signal Conditioning

A measurement sensor system is typically formed by a number of active and/or pas-
sive blocks, as shown in Figure 1, able to reveal and quantify physical/chemical phe-
nomenon variations by means of a sensing element named sensor. In particular, the
latter has to be processed by a suitable analog signal conditioning circuit, named in-
terface, which allows to readout of the information coming from the sensor so provid-
ing a suitable output signal easy to display or to elaborate through an analog-to-digital
converter (ADC) processing element. On the other hand, through an electronic inter-
face, it is possible to detect any measurand variation as an electrical quantity which
can be furtherly processed by means of a Personal Computer (PC), a microcontroller

(nC), a microprocessor (LP), and so on.
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Fig. 1. Block scheme of a measurement system composed by sensor, signal conditioning and
processing circuits

The need of novel sensors and related electronic interfaces showing small dimen-
sions and the capability of working with reduced both supply voltages (Low-Voltage,
LV) and power consumption (Low-Power, LP), especially in portable applications, is
in a continuous growth. In particular, when both sensor and electronic circuitry for its
interfacing, which have to be developed in a suitable integrated technology (e.g., a
standard CMOS), can be also combined into only one chip, it is possible to implement
the so-called “Smart Sensor” [1-4].

Clearly, as stated above, sensors and electronic interfaces are a sub-set of meas-
urement systems and, therefore, their performance should be expressed through suit-
able parameters, which will be listed and detailed in the next Paragraph. In this sense,
the design or the use of an electronic interface is strictly related to the problem of the
detection and quantification of the physical/chemical measurand. More in general, the
measurement corresponds to a comparison of the measurand with a reference quantity
(which, ideally, is a constant value coming from theoretical calculations).

The measurement equipment must be as “ideal” as possible, so to avoid the intro-
duction of errors. This means that the perturbation introduced by the measurement
action should be negligible for the desired level of accuracy (otherwise impedance
loading effects must always be taken into account and properly evaluated). Therefore,
in practice, some preliminary simulations are necessary for a more detailed analysis of
the circuit behaviour.

Another important concept is the linear time-invariance of the sensor system, re-
lated to its transfer function. The latter, in practical cases, may be only approximately
constant within a determined range of frequencies, called bandwidth. All the non-
ideal systems have a limited speed and, therefore, have a finite bandwidth. Since that
non-ideal systems are slowly time-variant, typically the time-invariance hypothesis is
possible.

Let us now give more details about the interfacing of resistive sensors. Generally,
sensors that behave as pure resistors as well as those sensing elements which do not
bear an alternating voltage (i.e., an AC excitation signal), since they give bad re-
sponses and lower lifetimes, can be biased through a constant voltage value (i.e., a
DC excitation signal), especially when, for several specific applications, it is also
possible to neglect the effect of their parasitic components (e.g., parasitic capaci-
tance). On the contrary, in some application fields, these parasitics have to be known
so to have a more complete information about the sensor [3-7].

Nevertheless, when the sensor can be modelled through a resistance, whose base-
line is known and/or can be estimate, and that, in particular, varies into a reduced
range (generally few percent but, however, not more than two-three decades, see next
Paragraphs and Sections) and/or its baseline is known (e.g., previously evaluated), the
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Resistance-to-Voltage (R-V) conversion can be utilized for the resistive sensing inter-
facing [7-14]. Typically, this technique applies a constant voltage as sensor excitation
so to measure the change of conductivity of the resistive sensing element. In this case,
the simpler electronic interfaces, which perform the R-V conversion, are both the
voltage divider and its “fully differential” version, known as Wheatstone bridge.
Drawbacks of this approach are the very reduced signal level (typically comparable to
the noise level) and the limitations due to the saturation (limited by supply voltage) of
employed devices [7,10,15-18].

Therefore, if larger variations of sensor resistive values occur (see next Paragraphs
and Sections) and/or, more in particular, the sensing element baseline is unknown
and/or unpredictable, it is preferable to perform the Resistance-to-Time (R-T) conver-
sion, where the “time” is often the period of a repetitive (i.e., periodic) waveform [7-
18]. In this sense, more in detail, considering the state of the art of the manufacturing,
the sensor resistance value may vary also across several decades, being normally the
combination of three variable components: the nominal baseline, the deviation from
this nominal baseline (due to ageing, working temperature, operating condition, etc.)
and the resistive sensing element variation due to the physical/chemical phenomenon
to be revealed. Since each contribution can be in the order of one-two decades, wide
range sensors have to be considered (e.g., in GMR sensors the starting values can be
very different, varying from few € up to hundreds of kQ). Typically, an R-T approach
is based on an oscillator architecture which exploits the sensor as resistive element to
be excited by a switched voltage (i.e., the AC excitation voltage). In this case, the
simpler electronic interface which operates an R-T conversion is formed by a basic
square wave generator, whose output voltage period T is directly dependent on the
sensor resistance value.

This kind of solution allows both to avoid the use of high-resolution pico-
ammeters, scaling factors, switches, etc., and to employ the same output periodic
waveform to provide the AC-excitation to the sensor.

Moreover, since this type of wide range sensor signal conditioners covers several
magnitude decades, it does not require any calibration procedure and/or manual set-
tings (i.e., the so-called “uncalibrated” system) and its frequency output (i.e., “digital-
ized” output signal) offers a number of benefits compared to voltage output circuits,
such as improved noise immunity (e.g., offsets, frequency disturbs, etc.), easiness in
multiplexing, insulation, signal processing, and so on. Unfortunately, sometimes these
interfaces can show higher errors in sensor resistance estimation, when compared to
R-V (e.g., bridge-based) solutions; therefore, active elements must be accurately de-
signed with good performances, especially in terms of time responses (e.g., high
Slew-Rate, SR, values) and low voltage and current offsets.

However, in the literature, different solutions for wide range resistive sensor inter-
faces which perform R-V conversion are also available. Some of them utilize amplifi-
ers with scaling factors, but their drawbacks are related to the need of high-resolution
ADCs and the difficult calibration procedures which are required when the sensor
baseline is unknown. On the contrary, new recent approaches, considering “uncali-
brated” interfaces always operating the R-V conversion, have been proposed in the
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literature so that, especially when the resistive sensor baseline or its variation changes
for different decades (also up to 5-6 or more), better estimation characteristics are
ensured.

Active Blocks Main Basic Concepts: OA and CCII

The name of the “Operational Amplifier” was originally adopted for a series of high
performance DC amplifiers used in analog computers. These amplifiers were used to
perform mathematical operations applicable to analog computation such as summa-
tion, scaling, subtraction, integration, etc. [19-21].

In practice, an OA is a DC-coupled high-gained electronic voltage amplifier show-
ing a differential input and a single-ended output. It produces an output voltage that
represents the difference between the two input terminals, multiplied by the gain A.
Since this active block has been designed for use in a feedback loop, ideally it shows
the following characteristics: an infinite input impedance (i.e., no current flows into
the input terminals); a zero output impedance (i.e., it can drive any load impedance to
any voltage); an infinite open-loop voltage gain A; no bandwidth limitations; a zero
output voltage for a null input voltage difference (i.e., zero voltage offset). As a con-
sequence, without any negative feedback, the OA would act like a comparator of its
inputs.

The OA can be internally implemented by different cascaded stages, such as a dif-
ferential input to single output amplifier, a high gain stage with Miller capacitive
compensation, a voltage buffer providing a high output current and a low output im-
pedance.

Nowadays, the applications of OAs have become very widely diversified, in both
linear and non-linear applications, such as: single-input single-ended voltage ampli-
fier, differential voltage instrumentation amplifier, integrator, differentiator, compara-
tor, voltage follower, ADC, DAC, etc.

Nevertheless, interfacing a sensor system with a voltage amplifier, based on OA,
requires the matching between the sensor/signal conditioning output with the amplifi-
er input. In general, sensors can provide either a single-ended or differential output. In
the first case, all the inputs are referenced to system ground. Differential signals
provide a positive and a negative signal with the positive output referenced to the
negative one. In addition, it is important to consider also that a common-mode signal
refers to a common voltage, with the same magnitude and phase that appears on both
differential inputs of an amplifier. On the contrary, the Common-Mode Rejection
Ratio (CMRR), generally defined as the ratio between the differential voltage gain
versus the common-mode voltage gain, is specified for fully-differential inputs and
describes the amplifier capability to reject a common-mode signal.

Starting from these considerations, it is possible to introduce the following three
common input structures related to single-ended or differential output sensors: single-
ended, pseudo-differential or fully-differential voltage amplifiers. Obviously, there
are trade-offs with each structure that should be considered. In addition, consider that
if the analog signal-conditioning circuitry is used between the sensor and next digital
processing sub-system (e.g., an ADC), this circuitry can affect, for example, the digi-
tal block input structure choice.
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Anyway, the simplest method to be considered is to use a single-ended amplifier
when measuring single-ended signals. In this case, all the signals are referenced to a
common ground and each channel is connected to a specific input pin. It must be
highlighted that the analog ground pin is shared between all inputs. Because of its
behavior, the single-ended amplifier suffers DC offset and noise in the signal paths;
those effects can decrease the dynamic range of the input signal, unless using suitable
conditioning circuits, so single-ended input structures are best employed when the
signal source and amplifier are close one each other (e.g., on the same PCB/chip, so
that signal traces can be kept as short as possible).

Differential input amplifiers can offer a performance improvement because meas-
ure the difference between the “positive” and “negative” terminals of a sensor. Ob-
viously, it is still possible to use the differential amplifier to measure single-ended
signals by connecting one input terminal to analog ground (e.g., typically the invert-
ing one is preferred so to do not affect signal phase). Fully-differential inputs offer the
best performance in rejecting DC and dynamic common-mode voltages. Moreover,
another advantage in the use of differential signals is the capability to extend the am-
plifier dynamic range. In fact, because the two differential inputs can be also 180°
phase shifted, differential inputs amplifier have two times the full-scale input voltage
level, so they have a superior DC and AC common-mode rejection and a higher
Signal-to-Noise Ratio (SNR). As drawback, in noisy environments, it is possible that
coupled-noise could cause the differential inputs to exceed the amplifier allowable
input voltage range (in this cases it is sufficient to reduce the input signal range to
avoid the amplifier input stage saturation). However, it is important to select a fully-
differential input amplifier when dynamic time-varying signals occur and dynamic
common-mode rejection is mandatory.

In a floating differential system, ideally and supposing that the sensor and the next
amplifier stage are isolated one each other, common-mode voltages beyond electrical
supplies can exist, provided that the differential voltage does not exceed the amplifier
maximum input range. One way to do it is to employ separate voltage supplies with
galvanically isolated grounds. As long as isolation between the grounds exists, the
amplifier block only detects the differential voltage between its differential inputs and
the sensor can be regarded as floating. Thus, pseudo-differential inputs are similar to
fully-differential inputs since they separate signal ground from the amplifier ground,
allowing the reduction of only the DC common-mode voltages. However, unlike ful-
ly-differential inputs, they have a little effect on dynamic common-mode noise (they
do not provide AC common-mode rejection). Pseudo-differential inputs are applied
when biased (to an arbitrary DC level) sensors are employed.

Concerning integrated applications, the Current-Mode (CM) approach can be also
considered as a possible alternative to traditional Voltage-Mode (VM) circuits to ob-
tain high performance architectures, especially for LV LP applications, because the
designer deals with current levels for circuit operation instead of voltage signals. In
this manner, as well known, CM circuits, which are able to overcome the limitation of
the constant Gain-Bandwidth (GBW) product and the trade-off between speed and
bandwidth, typical of OA, provide others possible suitable choices. In particular, CM
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topologies improve integrated circuit performances in terms of SR and Bandwidth
(BW), through the development and the use of a suitable “Second Generation Current
Conveyors” (CCII), which represent the main basic building active blocks in the CM
design [22,23]. Typically, CCII-based circuit topologies have a low operating supply
voltage, related to the drain-source (saturation) voltage required by the biasing tran-
sistors, which has to be minimised so to reduce the circuit total supply voltage. How-
ever, a basic well-known CM circuit is the Current-Feedback Operational Amplifier
(CFOA). This circuit, if compared to the traditional voltage active block OA, shows a
constant bandwidth with respect to the closed-loop gain. This makes it of primary
importance in the design of modern ICs; in addition, the first stage of CFOA is ex-
actly a Current Conveyor. The only commercially available CCII is the AD844 by
Analog Devices which, even if it is a CFOA with very a high slew-rate and a wide
bandwidth, is heavily utilized in discrete component prototype PCB implementations
of CClII-based circuits, among which also sensor interface topologies. On the con-
trary, several CCII solutions presented in the literature are based on a differential pair
followed by a class-AB output stage. This alternative approach can be also considered
particularly useful to different GMR sensor-based applications which employ a cur-
rent biasing instead of that, more traditionally, based on a voltage [7,9,11-14].

More in particular, the CCII is a three terminal active block that operates, simulta-
neously, as both voltage and current buffer between its terminals. Moreover, it has a
low impedance (ideally zero) current input (X node, which is, at the same time, also
a voltage output). On the contrary, the other voltage input terminal (¥ node) shows a
high impedance (ideally infinite), while the last terminal (Z node) shows also a high
impedance level (ideally infinite) resulting an output current node. In this way, cur-
rents flowing at X and Z nodes are always equal in magnitude (the current flowing at
X node is “conveyed” to the current output Z node), while if a voltage is applied to Y
node, the same voltage will appear at X node. In particular, for what concerns the
current direction, when the current at Z node goes in the same direction of that flow-
ing in X node, we can refer to the CCII+; otherwise, in case of opposite current flow
directions, one has to speak about the CCII-. Obviously, also for this active block,
parasitic impedances are the main drawback that affects the CCII ideal behavior and,
sometimes, its utilization in typical analog applications. Their kind and value mainly
depend on the CCII internal topology, developed at transistor level. In fact, due to
non-ideal behavior of CCII, the X node voltage not exactly equal that at ¥ node as
well as the current flowing into Z terminal can be slightly different from that of the X
node. Therefore, the two CCII parameters which represent the ideally-unitary voltage
and current gains are a and S, respectively.

2 The Main Parameters of Sensor Electronic Interfaces

In the analysis and characterization of circuits and systems for signal conditioning
coming from sensors, it is opportune to evaluate the performances given by the sensor
and the interface also under different operating conditions [2-7].
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In this sense, the following main parameters, typically referred to a sensor, have to

be considered for evaluating performances and characteristics of a more complete
front-end:

Sensitivity: It is the variation of output electrical parameter with respect to the
sensor variation, corresponding to a measurand variation. It represents the relation-
ship (i.e., the transfer function) between the output electrical signal and the sensing
element. An interface shows a high sensitivity when, for the same sensor variation,
to be revealed, corresponds a larger variation of the generated electrical signal.
Generally, sensitivity value depends on the operating point and on the electronic
system setting.

Resolution: Mathematically given by the ratio of the output noise level with re-
spect to the interface sensitivity value, it is the minimum detectable measurand
value that can be determined under the condition of unitary SNR, that is smallest
variation of the sensor appreciable by the interface which provides a detectable
output variation. Resolution is definitively the most important characteristic in sen-
sor applications; numerically speaking, it must be minimized. A system with a very
low resolution value is typically mentioned as a “high-resolution system”. Sensitiv-
ity and resolution must be evaluated in the typical variation range of the sensor pa-
rameter where, possibly, have to be constant or linear; in this case their value does
not depend on the operating point.

Moreover, other important interface parameters are the following:

Linearity: Proportionality between input and output signals, concerning the inter-
face response curve, which correlates the generated output signal with respect to the
sensor parameter variations. For small sensor variation, linearity is always ensured.
Repeatability: Capability to provide the same performances after repeated utiliza-
tions, when applied consecutively and under the same conditions.

Accuracy: Agreement of the output values with a standard reference (e.g., ideal char-
acteristic, theoretical calculation, etc.). Accuracy is closely related to precision, also
called reproducibility. As a consequence, accuracy is related typically to percentage
relative error between ideal (or expected) and generated values, as shown in Figure 2.
Precision: Capability to give output signals with similar values, for different and
repeated measurements, when the same sensor value is applied (i.e., repeatability
in the same measurement conditions).

Reproducibility: Repeatability obtained under different measurement conditions
(e.g., in different times and/or places).

Stability: Capability of a system to provide the same characteristics over a rela-
tively long period of time (time-invariability).

Drift: Slow and statistically unpredictable temporal variation of interface charac-
teristics, related to electronic circuits, due to aging, operating temperature and/or
other effects.

Hysteresis: Difference among the output signal values, generated by the interface
in correspondence of the same sensor variation range, achieved a first time for in-
creasing values and a second time for decreasing values of the sensor parameter.
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Fig. 2. Accuracy and precision definitions and their relationship

Furthermore, output signals coming from sensors, typically, have the following char-
acteristics: low-level values, relatively slow sensing parameter variations and the need
of initial calibration for long-term drift (it means they generally can be considered
time-variant) and temperature dependence. For these reasons, in order reduce measur-
ing errors, the design and the use of suitable low-noise low-offset analog electronic
interfaces with low parasitic transistors and impedances, and compensation tech-
niques (offset and I/f noise reduction by auto-zero circuits, chopper circuits and dy-
namic element matching) are essential [19-21,24,25]. In this sense, another important
feature to be considered is the electrical impedance of the sensor, which determines
also the frequency measurement range.

In the following we will present a review of the main resistive sensor analog inter-
faces, suitable both for the integration on chip in a standard CMOS technology, also
with LV LP electronic characteristics, and, in particular, for GMR sensor applications.
We have chosen to classify them according to the amount of resistive variations
and/or values, and then, considering the kind of sensor excitation (DC, AC), describ-
ing both Voltage-Mode and Current-Mode solutions [3].

3 Small Range Resistive Sensor Interfaces

DC Excited Sensor Interface Solutions

Voltage Divider and Wheatstone Bridges: When the resistive sensing element var-
ies into a reduced range (about one-two decades, or less), a simple resistive voltage
divider circuit, operating an R-V conversion, can be utilized as first and simple analog
interface [3,19]. More in detail, considering Figure 3 and, as an example, if a DC
supply voltage V,y is applied to drive the sensing element Rggys and utilizing a refer-
ence load resistance Rggr, the output voltage V7 can be revealed and processed in-
stantaneously, so to determine the sensor resistance value.

As a consequence, from the voltage divider, changes of the sensor resistance Rggys
can be evaluated, once Rygrand Vjy are known, by measuring the circuit output volt-
age Vour, as follows:

R
Vour = [RSENS]VIN , 0

rer + Rsens
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Fig. 3. The voltage divider as resistive sensor interface circuit (V;y = circuit excitation voltage;
Rrer = reference load resistance; Vyr= circuit output voltage; Rggys = sensing element)

from which:

Vv
Rgens = Rrer [V fL‘]; j 2)
w ~VYour

The fully differential version of the voltage divider (for what concerns the output
voltage) is the well-known Wheatstone bridge, whose schematic circuit is shown in
Figure 4, which still operates an R-V conversion, better rejecting the common-mode
signal. In particular, it can be used for converting low sensor resistance variations into
a differential voltage signal Vypr. It is composed by four resistances and, usually, a
resistive sensor is placed into one of the four branches of the bridge whose resistive
sensing element varies when an external physical or chemical phenomenon occurs.

Referring to Figure 4, the bridge is balanced when the ratio of resistances of a
bridge branch is equal to that of the other: R;/R,=R3/Rgzys. As a particular case, the
bridge is balanced when all the four resistances are the same value: R;=R,=R;=Rggys.
In this case, the generated differential output voltage V7 is equal to zero.

Fig. 4. The Wheatstone bridge as a resistive sensor interface: the R-V conversion
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On the contrary, starting from equilibrium condition (balanced bridge), when Rggys
varies its resistance, a non-zero differential voltage Voyr is provided at the output of
the bridge, whose value is proportional to the sensor resistance variation (but only
when these variations are small, in particular, referring to Figure 4, if x<</, supposing
Rgens=Rso(1+x), being R, the baseline sensor value). More in general, the output
voltage can be expressed as follows:

R. R - R,R
Vour :{ 11%sENs P } - 3)
(R, +R,)(R; + Rens )
from which:
+ Vour (Rl + RzJ
R _RR, Vin R, @
SENS = -
R, 1— Vour [Rl + sz
Vin R,

Unfortunately, this kind of resistive sensor interface shows a low and unsettable sensi-
tivity value; in particular, it can be expressed as:

— aVOUT =V R3

Rspns —TIN 2
OReys (R3 + Rgens )

&)

If R;=R,=R;=Rjsgys, in the basic Wheatstone bridge, the sensitivity is constant and
equal to Vj/4 considering a small variation of only one bridge resistance (Rsgys).
This value of the sensitivity is exactly the same of the simple voltage divider (see
Figure 3). In fact, in the both cases, if the relative variation of the sensor resistance
(x=Rgsens/Ry) is reasonably small (e.g., lower than 5% with respect to the sensor resis-
tance baseline R)), a quasi-linear relation between the differential output voltage Vour
and the relative variation x exists, as follows:

_x
Na40x

n

VIN (6)

X

VOUT 4 .
Alternatively, referring to Figure 5, through a suitable null detector (e.g., a simple
multimeter or voltmeter), which reveals the balanced condition of the bridge (that is,
the output voltage equal to zero), by changing the value of a variable resistor Ry,z
(one of the resistors in the branch), it is possible to determine the unknown resistance
value provided by the resistive sensor Rggys, that changes as a function of an external
(physical or chemical) phenomenon to be detected and measured.
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Fig. 5. The null detector in a resistive Wheatstone bridge

The use of a differential input OA-based voltage amplifier, as reported in Figure 6,
allows to enhance the front-end circuit sensitivity. This VM circuit, performing also
the single-ended conversion, can be placed at the output nodes of the bridge.

VOU'[

Fig. 6. Differential-to-single ended Wheatstone bridge output by using a voltage differential
amplifier

In this case, an instrumentation differential amplifier is the best circuit topology
since shows a very high input impedance and, through its internal feedback configura-
tion, gives a well-defined and controlled amplification factor. Another fundamental
characteristic of this amplifier must be its low input voltage offset. If A is the OA gain
and supposing R;=R,=R;=Rggys, we can write, for low-resistive variations (x):

Vour = A[VIN zj @)
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Current-Biased Solution: A basic interface for resistive sensor, utilizing a current
biasing, is shown in Figure 7 [3]. This solution is based on a Resistance-to-Current
(R-I) conversion, allows to generate an output current I,;r dependent on the sensor
resistance value Rgzys.

o Ve

Ré_ MII:‘ M;
': M. i[mn

Ry é
g Rsens

GND

Fig. 7. Resistance-to-Current converter as a resistive sensor interface

Through a simple analysis it is possible to evaluate ideally the generated current, as
follows:

R 1
I our = Vcc —— ’ ®)
Rl + RZ RSENS
assuming that M; and M; are matched and equal p-MOS transistors. Obviously, the
output current lpyr, if required, can be also further converted into a voltage output
signal through an additional Current-to-Voltage (I-V) conversion.

Current-Mode Resistive Sensor Interface: Figure 8 shows a CCII-based analog
interface suitable for DC-excited resistive sensor applications. The advantage of this
CM circuit in the sensor interfacing is its capability to perform the offset compensa-
tion, in this way the output voltage is linearly proportional to the resistive variation
[26]. The only feature to be considered is the design of CCIIs having negligible para-
sitic impedances (see a quasi-ideal configuration reported in Figure 23). In particular,
also in this case, it is assumed that the sensor is modelled by the resistance
Rsens=Ro(1+x), being R, the resistance value referred to the sensor baseline value and
x the relative sensor variation.
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Fig. 8. CClI-based electronic interface for resistive sensors

A straightforward analysis gives the following expression of Vyyr:

Vo = [R4R()VIN Jx+[R4RoV1N _RVorr ] 9)
R\R, R|R, R,

The first term is linearly proportional to the relative variation x of the sensor resis-
tance, while the second one can be set to zero by a suitable choice of Vi, Vorr, R, R,
R; and R,, so cancelling the voltage offset without reducing the speed of the interface,
even if, in this way, time-varying errors, such as drift and 1/f noise, might not be
compensated.

AC Excited Sensor Interface Solutions

Current-Mode Uncalibrated Solution for High-Valued Resistive Sensors: A CM
interface for AC-excited high-valued resistive sensors, performing a current differen-
tiation rather than a voltage integration as in typical oscillators, is shown in Figure 9
[27]. In particular, this solution, based on an oscillating circuit (R-T conversion), al-
lows to neglect the Z and Y nodes saturation effects in the square waveform genera-
tion. Moreover, it is possible to easily set the interface working range through several
passive components which allow also to set the desired sensitivity of the readout cir-
cuit. As a consequence, this circuit configuration, which can be employed as a suit-
able solution for small-range resistive sensor analog front-ends, allows to reveal, with
a good accuracy, variations of grounded resistive sensors typically ranging in
[MQ+GQ], even if the same circuit is also suitable for wide-range floating capacitive
sensors [pF+uF].
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Fig. 9. Block scheme of a CCII-based AC-excited interface

Through a straightforward analysis, considering an ideal CCII behaviour, it is pos-
sible to determine the expression for the period T of the generated output square wave
signal, revealed at V7 node, as a function of the sensor resistance (e.g., R, or R;), as
follows:

2R,R,Rs —R,R, (R, +R;)
R,R,(R, +Ry3) ‘

(10)

T =2C(R, +R;) h{

OA-Based Uncalibrated Solution: In Figure 10 we present a square-wave oscillator,
based on OA, performing an R-T conversion, also in this case based on a voltage dif-
ferentiation, so ensuring a good immunity to low-frequency disturbs [28].

In the circuit, OA; serves as a voltage differentiator, while OA; is a hysteresis volt-
age comparator. Thanks to a suitable closed loop, which avoids any system calibra-
tion, resistive sensors can be excited by an AC signal. The block scheme of the circuit
shows also the voltage signals at the main circuit nodes, from which the differentiat-
ing effect on V can be seen.

Through a straightforward circuit analysis, considering ideal OAs, it is possible to
achieve the following expression for the period T of the generated square waveform,
revealed at V7 node:

R R R _ R,
R\ R,+R, R +R,) ~R,+R,

(11
R R R
R\ R,+R, R +R,

T =2CR;In
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From eq.(11) it is evident the direct proportionality between the output period
and capacitance C (useful for capacitance estimation and/or for the sensitivity setting)
but, under particular conditions about the resistance values, it is possible to consider
Rs as a resistive sensor achieving a good linear response for a reduced variation
range.

V(]UT

Fig. 10. Block scheme of the proposed capacitive/resistive sensor interface

4 Wide Range Resistive Sensor Interfaces

DC Excited Sensor Interface Solutions

Automatic Uncalibrated Wheatstone Bridges: The Wheatstone bridge configura-
tion can be made “automatic” (so that the circuit does not need initial calibration)
through the development of the topology shown in Figure 11 which employs a tune-
able resistor implemented through a voltage controlled resistance, based on a novel
use of an analog four quadrant multiplier [29], whose variations follow those of the
resistive sensor, and a suitable feedback loop.

More in detail, the circuit reported in Figure 11 represents the configuration suit-
able for a grounded resistive sensor placed in the lower position of the left branch of
the bridge. The differential bridge output is connected to an OA-based differential
amplifier with a voltage gain A; then, the single-ended output is sent to a voltage in-
verting integrator whose aim is both to create the stable negative feedback loop and to
provide the correct control voltage value (Vrg,) for the tuneable resistor Rycg.
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Fig. 11. Block schemes of the proposed bridge-based interfaces (according to the position of
the two right branch elements, it is possible to study the “Grounded” and “Floating” sensor
configuration)

If a measurand variation occurs into a determined range, the unbalanced output
voltage is amplified and the integrator produces a ramp that tunes the active element
Rycr until a new equilibrium condition is reached (i.e., the automatic range). The
complete expressions for the estimation of the sensor resistance Rgzys, as a function of
the other three bridge resistances (R4, Rp and Rycz), the supply voltage V¢ and the
bridge differential output voltage AV=V,—Vjp, is given by:

AV R, + Ry
— RVCR RB . VCC RVCR

1+ AV R, + R,
Vee R,

12)

SENSGrounpED R
A

Similar results can be obtained with another configuration of the automatic bridge,
obtained by swapping the two dashed elements in Figure 11, achieving a solution
suitable for a floating resistive sensor. In this case, the resistive sensor estimation can
be performed through the following equation:

+ AV R, +Ryc
R _R,Ry ) Vee R,
SENSproativg — R R i
Rycg | |_ AV R+ Ryer

13)

VC C RVCR

This modification maintains the same working principle, but the effect of the variable
floating sensor implies an opposite trend, with respect to the first configuration, of the
control voltage signal Vczz;, as depicted in Figure 12 where the behaviours of Vg
and AV voltages, for both the configurations, vs. Rgzys, have been reported. Due to the
electrical limits of the considered analog multiplier inputs, the circuit is not able to
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follow any bridge unbalancing out of the automatic range, where the control voltage
Verre reaches the saturation level. However, since the differential output A4V is not
zero and, through eq.s (12) and (13), it is possible to estimate resistive sensor values
for more than 5 decades (in a settable range) in a very fast way by only reading the
two voltages Verg, and AV.
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Fig. 12. 4V and Vggy vs. sample resistance for “grounded” (left) and “floating” (right)
configurations

Voltage-Mode Uncalibrated Solution: In Figure 13 an OA-based interface, perform-
ing an R-T conversion, is presented. This circuit, based on an oscillator topology and
exciting the sensor with a DC voltage Vixc, is able to reveal more than 4 decades of
high resistance variations (e.g., IMQ+10GQ) [30]. It employs three OAs and four
switches in order to properly control the voltage signal V; generated by the first stage,
dependent on the sensor resistance value Rggys, while OA, operates both as an invert-
ing integrator and as a non-inverting one, through the suitable use of the four
switches.

Considering an ideal behaviour for the OAs, through a straightforward analysis, it
is possible to evaluate the relationship between the sensor resistance Rggys and the
period T of the output square wave signal, as follows:

R \% -V
T — 2R2C1 ( 4 SAT + SAT — ]RSENS _1 , (14)
R; + R, R\Vixce

being Va7, and Vgar_the OA saturation voltages.

Since the voltage integrator has a double operating function, the presence of the
capacitance C; involves a charge effect, which influences instantaneously the ramp
signal when there is the operating function commutation (from inverting to non-
inverting and vice versa), through a vertical edge on V,, as also depicted in Figure 13,
whose value depends on the V; level, thus on Rggys (low values of sensor resistance
provide a high voltage gap).
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Fig. 13. The proposed OA-based interface with a DC resistive sensor excitation voltage

Current-Mode Uncalibrated Solution: In Figure 14, a similar solution, developed
with the CM approach, based on an oscillating circuit, always suitable for resistive
sensing elements which do not tolerate an AC excitation voltage, is reported. This
interface does not require any preliminary calibration and operates, once again, an
R-T conversion [31].

Vour

Fig. 14. Scheme of the proposed CCII-based front-end

Through a straightforward analysis, considering ideal CCIls and switch behav-
iours, it is possible to determine the expression for the period T of the generated out-
put square wave signal as a function of the sensor resistance Rgzys as follows:
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k(VSAT+ _VSAT— )} (15)

T =2Rgns C {
A'VEXC

where k = (R—Rs)/(R;+R;), A is the voltage gain of instrumentation amplifier

(A=2R/R;), Vixc is the DC sensor excitation voltage, while Vg7, and Va7 are the

positive and negative saturation voltages at output terminal V7.

AC Excited Sensor Interface Solutions

OA-Based Astable Multivibrator: Generally, when large variations of sensor resis-
tive values occur, the most used strategy is related to an AC-excitation voltage for a
(floating) resistive sensor, operating the R-T conversion.

The simpler electronic interface which converts a pure resistive variation into a pe-
riod (or a frequency) can be implemented by an OA in astable multivibrator configu-
ration, as shown in Figure 15 [3,19]. This circuit solution implements a square wave
generator, whose output voltage signal period is linearly dependent on the
sensor resistance value. Obviously, the same topology is certainly suitable also as a
capacitive sensor interface.

S OA
""""" Vour
o

Fig. 15. OA-based astable multivibrator circuit as resistive sensor interface

Through a straightforward circuit analysis, it is possible to evaluate the output pe-
riod T of the generated square waveform Vyyr, dependent on Rggys, according to the
following equation:

1+4
T =2R Cln| ——|, 16
SENS [l—ﬂJ (16)
being:

R,

ﬂ_R1+R2'

A7)
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Eq. (16) is valid only for an ideal OA and, more in detail, if we consider R;=R,, it
simply becomes T =~ 2.2RzysC. However, considering ideal conditions, the circuit has
no limitations for high period values (except for the fact that a long measurement time
occurs), so it is able to operate, for an example, at least for 6 decades of resistance
variations, which correspond to a period span of the same number of decades. The
sensitivity, for this kind of resistive sensor interface, is relatively low and, conse-
quently, the main problem related to this front-end concerns the detection of small
resistance values or variations. In addition, it is also important to employ accurate
values of R; and R, resistances and non-linear effects (among which the temperature)
have to be taken into account and verified so to be eventually considered both in the
period measurement and, consequently, in the sensor resistance estimation.

CCII-Based Astable Multivibrator: A CM version of the astable multivibrator,
implemented with a single CCII, performing a square wave generation, is reported in
Figure 16 [32]. This solution can be used in resistive sensor interfacing, showing a
linear relation, between sensor and oscillation period, in an operating frequency range
up to about SOMHz.

Fig. 16. CCII-based astable multivibrator

The output square-wave signal period is ideally given by:

T:RSENSCIH(VTH_VXJr .VTH+_VXJ (18)
VTH+ _Vx+ VTH— _VX—
being:
R, —R R, —R
v — 1 SENS DV = 1 SENS Vv » 19
TH+ —Rl R, SAT+ TH R +R, SAT (19)
R, R
= Vs Vo = — V.. 2
X R +R, SAT X R +R, SAT (20)
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where V7, and Vg7 are the saturation voltages that the CCII is able to reach at its
output. Therefore, the period T can be varied by changing Rgzys; in this sense, the
CClI internal series parasitic resistance at X node must be carefully considered.

CCII-Based Uncalibrated Solution: A CM interface circuit, for AC-excited sensors
showing a wide resistive variation is reported in Figure 17 [33]. It is composed by: a
voltage integrator (CCII;), a voltage buffer (CCII,) and a CM hysteresis comparator
(CClII;). Through a straightforward analysis, considering ideal CCII behaviour, it is
possible to determine the expression for the period T of generated output square wave
signal, revealed at Vyyrnode, as a function of the sensor resistance Rggys, as follows:

T =4Rgys CG, 2y
being:
R, - R,
= 22
R, + R4 @2)

From eq.s (21) and (22), the circuit sensitivity can be opportunely set by choosing C,
R;, R, and R; values.

Fig. 17. Block scheme of the proposed uncalibrated CCII-based interface

OA-Based Uncalibrated Solution: Starting from the OA-based astable multivibrator
circuit, Figure 18 shows the block scheme and related main node voltage behaviours
of an improved VM wide range resistive sensor interface, always based on an oscilla-
tor topology, formed by: an inverting amplifier (AMP), a voltage comparator (COMP)
and an inverting integrator (INT). This circuit, able to reveal about over 6 decades of
sensor resistance variations (e.g., kQ+GQ) without any initial calibration, performs an
R-T conversion, where the oscillation period T of the generated output square wave
signal V7 is directly proportional to sensor resistance value Rggys [34].
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Fig. 18. Block scheme of the resistive sensor interface based on an R-T conversion and voltage
behaviours at its main nodes

In this case, the ideal relationship between the period 7 and the sensor resistance
Rggys is the following:

T =4GC Ry, (23)

being G the ratio between R, and R;, typically lower than 1. From eq. (23), it comes
that the proposed interface shows two degrees of freedom, in particular C; and G (i.e.,
R; and R,), that helps to choose its sensitivity and so the oscillation frequency range.

OA-Based Time-Controlled Oscillating Uncalibrated Solution: Possible evolu-
tions of previous schemes go towards a main direction: the development of solutions
showing a reduced measurement time for high resistive sensor values; some of the
latter will be shown in the following.

A suitable interface circuit, capable to overcome the main limit of the solutions
based on the R-T conversion (i.e., the long measuring time occurring in the evaluation
of high-value sensor resistances), is reported in Figure 19. This solution, always per-
forming an R-T conversion, is based on a particular oscillating circuit architecture
which operates a suitable “compression” of the higher part of the resistive wide range,
thus limiting the measuring time, by means of an “ad-hoc” oscillator architecture
utilizing suitable feedbacks [35]. This solution provides always an AC excitation
voltage for the sensor and results capable to estimate its resistance over a wide range
(about 5 decades, e.g., 100kQ+10G€2) with a maximum measuring time lower than
hundreds of ms (settable values).

More in detail, referring to Figures 19 and 20, INT; is an inverting integrator
which generates the sensor ramp Vg, INT, is a non-inverting integrator providing the
ramp threshold V;, COMP is a hysteresis comparator; this last block detects the
intersections between the ramp threshold V; and the sensor ramp Vi, generating a
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square-wave signals Vy. Moreover, Vy is the main signal which is also employed both
to close the circuit loop and to provide the AC sensor excitation voltage (i.e., =V¢(),
so performing the oscillating behaviour. Therefore, the output period 7, calculated as
T;+T,, depends on both V; (independent from Rggys) and Vy (related to Vi and there-
fore to Rggys). On the other hands, the measuring time T of the sensor interface is
properly regulated by means of both the ramp threshold slope (i.e., the “fixed” time
constant of the non-inverting integrator) and the sensor ramp slope (i.e., the “variable”
time constant of the inverting integrator depending on sensor resistance value).

Thus, if Rggys is very high, Vi and Vy are almost constant, but the oscillator output
period is limited by the presence of the threshold voltage V; that, since it is a ramp
signal having an opposite slope with respect to both Vi and Vy, “moves” towards the
sensor ramp Vi. As a consequence, for very high Rggys values, the output period
maximum value is always limited by the ramp threshold V;to a finite value, through
the implemented “time-compression”. On the contrary, for low Rggys values, Vi and
Vx show very fast ramps (i.e., having a high slope) when compared to the threshold
voltage V; which is, in this case, “approximately” constant, since it is a ramp signal
with reduced slope.

RSENS

|\

Fig. 20. Typical timing diagram of the voltage signals revealed at the main terminals of the
interface solution shown in Figure 19
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In this way, the Rggys estimation is performed by measuring the period T of the
output Vy of the comparator COMP, according to the following ideal relationship:

4B
T e T ———
a-B) 2 (24)
RSENSCI RCZ

being B = R,/(R+R,). Moreover, in this case, the oscillating circuit sensitivity, ex-
pressed as 0T/0Rsgys, shows a quasi-constant value for small resistances, while for
high resistor values it decreases for the effect of the “time-compression” of T with
respect to Rggys, as shown in Figure 21.
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Fig. 21. Example of the time controlled sensitivity response vs. sensor resistance value

5 Integrated Microsystems

Introduction and Basic Main Concepts
The recent evolution in the Very Large Scale Integration (VLSI) industry contributing
to the rapid technology changes and leading to an improved interest in analog circuit
design (especially for what concerns ICs), the tremendous competition among ven-
dors and the demand in the market for ICs, represent all together the factors which
have led to consider the time-to-market factor with utmost importance. Regarding the
electronic/sensor systems, with maximum performance and least turnaround time, an
ASIC seems to be the best option to meet the ever growing demands for quality chips.
In particular, a huge design effort has been put toward the placement of a larger
number of elements and devices on a single chip, together with supply voltage and
power dissipation reductions, as much as possible. The suitable analog integrated
circuit design, widely utilized in portable single-cell battery operated applications
(e.g., biomedicals, cellular phones, etc.), has led to implement new design microelec-
tronic strategies, to be developed in low cost standard CMOS integrated technologies,
even if analog blocks, as voltage/current amplifiers, must be carefully designed in
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integrated sensors interface applications since these processes show transistors with
high input offset voltages and a not negligible low-frequency noise levels.

In this sense, as regard integrated microelectronics, the continuous reduction of the
threshold voltage in standard CMOS has definitively directed LV design towards
CMOS itself, which is also typically characterized by a very low quiescent power
consumption. Reducing the supply voltage, CMOS transistor is often biased to work
in weak inversion region. In addition, a suitable interfacing of the sensitive element
with a proper ICs is fundamental, especially when they are fabricated on the same
chip. In this sense, CMOS technology is widely used, because it allows to match the
reduction of costs of the silicon with the possibility of designing new LV LP interface
circuits to be easily dedicated to the portable sensor applications market [21-23,36].

Moreover, referring particularly to the AMS 0.35um standard CMOS technology,
also the passive components have to be taken into account and properly designed. In
this sense, in fact, note that there are several problems, especially related to the re-
quired silicon area. Therefore, sometimes, analog electronic designers have to evalu-
ate the limitations related to resistors and capacitors integrations. Detailing, an R-poly
resistance requires 7€/[] (i.e., square resistance) and a Poly-Sub Plate capacitance
needs 0.12fF/um?; on the contrary, typical areas requested by an active block, such as
OTA and CCIL, are lower than 0.1mm’ (e.g., see next Sections).

However, concerning the analog circuit design, the reduction of the supply voltage
does not necessarily correspond to a decrease of related power consumption. There-
fore, in order to reduce the power dissipation, analog circuits have to be designed as
much simple as possible. Moreover, it is important to consider that a trivial decrease
of biasing currents, which can reduce circuit dissipation, degrades the circuit perform-
ance, first of all bandwidth and dynamic range. As a consequence, chip area cannot be
drastically reduced with the lowered feature dimensions. As a result, LP design is
characterised by an efficient use of the supply current (e.g., through the utilisation of
class-AB output stages) and an efficient frequency compensation strategy.

Finally, for example, referring to GMR sensor integrated technologies, it is impor-
tant to consider that high density arrays have been integrated and fabricated on a sin-
gle chip, in a standard CMOS process and with a very small silicon area (e.g., lower
than 1mm?), for different applications, especially in biomedical fields (e.g., DNA
hybridization detection) [8,9,15,16]. In fact, integrating GMR resistive sensor arrays
and signal conditioning electronics on a single silicon-based chip, fabricated in stan-
dard CMOS technologies, yield low-cost complete microsystems (System-on-Chip,
SoC) that constitutes a promising tool for the future of portable applications.
This kind of GMR-based CMOS integrated solutions, compared for example to com-
plex and expensive optical detection approaches or imaging systems, measures elec-
trical signal directly from the sensor and makes a low-cost, highly portable device
feasible, especially for applications such as fuel cells monitoring, current sensing in
power electronic modules, /Cs current monitoring and power measurements, etc.
[7,10-14,17,37-39].
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OTA and CCII CMOS Transistor-Level Solutions

Generally, in microelectronic systems, the active block used as OA is implemented by
a suitable OTA. A possible OTA internal topology, designed at transistor level in a
standard CMOS technology, is reported in Figure 22 [3,34].
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Fig. 22. OTA schematic at transistor level

More in detail, the OTA shown in Figure 22 is composed by two stages: the input
stage (formed by transistors M;,—M,), which is a symmetrical OTA, and the output
stage (formed by transistors M;,—M,;), that is an AB-class inverter amplifier, based on
a push—pull configuration (M;;,M;,), that allows to obtain a full dynamic output range,
with a source degeneration (M;y,M,;;). In particular, transistors M;, and M;; allow a
better control of the current flowing in the output branch, even if, through the source
degeneration, this same current has been done slightly dependent on supply voltage
variations. Moreover, this second stage allows to get a high open loop voltage gain, so
to make the amplifier more ideal. Frequency stability has been obtained by an R-C
series Miller compensation (i.e., Ry, and Cj, components, Figure 22). The choice of a
symmetrical configuration as OTA input stage and a careful layout implementation
have allowed to reduce both the systematic and the random input offset voltages.
Furthermore, two p-MOS matched transistors, M, and M;, have been utilized as input
differential pairs so to have a low input equivalent noise.

This schematic has been developed so to obtain better performances, in terms of
very high SR and very low input voltage offset, and to operate at reduced supply volt-
age with low power consumption, as detailed in Table 1. In this sense, it can be em-
ployed so to develop suitable integrated versions of previous described VM sensor
interface solutions. Moreover, in this way, especially referring to those solutions
based on oscillating circuits, the relative error between ideal/theoretical and measured
oscillation periods becomes negligible.
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Table 1. Main characteristics of the implemented OTA, designed in AMS 0.35um standard
CMOS technology

OTA parameter Post-layout simulated value
Voltage supply 33V

Power dissipation 992 uW

GBW 65.8 MHz

Output dynamic range Full

Open Loop DC Voltage Gain 66 dB

Slew-Rate 40 V/us

Input voltage offset 100 uv

Input equivalent noise 169 nV/AN(Hz) @ 1 kHz
Silicon area 0.05mm’

At least, in this paragraph, we will show also a possible transistor level integrated
solution of a CCII [26], developed in AMS 0.35um standard CMOS technology. It
can be employed so to develop suitable integrated versions of previous described CM
sensor interface solutions [3]. This CCII internal topology, reported in Figure 23,
shows negligible parasitic impedances and unitary voltage and current gains for a
very large bandwidth (quasi-ideal characteristics), as detailed in Table 2.

More in detail, the circuit shown in Figure 23 is formed by a differential input
stage (M;—-M7; R;), an AB-class output stage (Mg—M;;; R;,Ry; M;s—M;;) and a LV
cascode Wilson current mirror (M;;—M;s; M;3—M,;). The AB-class output stage al-
lows to decrease the X parasitic impedance, whereas the cascode current mirror in-
creases the Z impedance.
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Fig. 23. Quasi-ideal CCII schematic at transistor level
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Table 2. Main characteristics of the implemented quasi-ideal CCII

CCII parameter

Post-layout simulated value

Supply voltage

Power consumption

3dB Bandwidth

Biasing Currents

Voltage Gain (o)

Current Gain (B)

X Parasitic Resistance Rx
X Parasitic Inductance Lx
X Parasitic Capacitance Cx
Z Parasitic Resistance Ry
Z Parasitic Capacitance Cz
Y Parasitic Capacitance Cy

Silicon area

+0.75V
118uW
10.5MHz
6uUA

1.00

1.00 (Ripaq_x=Rioad_z=10k€2)
13Q
0.4uH
0.1pF
2.6MQ
0.03pF
0.1pF
0.09mm’

Sensor Arrays Management

As stated before, the modern advances in CMOS and VLSI technologies have
enlarged the ever-increasing demand of high resolution sensors by integrating a large
number of identical microsensors (i.e., arrays) on a single chip [8,18,40-44]. The mul-
tiple resistive sensing elements, typically having identical behaviours, when com-
bined, usually in two-dimensional, NxM, array configurations, generate patterns.
Obviously, the quality or the resolution of this information is enhanced by increasing
the array size. Unfortunately, accessing all the elements for information collection and
signal processing puts limitations on the array size [45].

Moreover, these sensors are interfaced using a suitable integrated readout circuit.
In this way, the ultimate performance of the sensor arrays, employing the proper
front-end electronics, depends not only on the sensor chip, but also on the same inter-
face and its matching with the sensors. Typically, the development of a matched read-
out circuit itself requires a careful evaluation of sensors before its design, resulting in
the iterative improvement process and making the implementation of the high resolu-
tion multi-sensor arrays complicated, costly and time consuming. Therefore, in gen-
eral, the sensor array technology development needs the initial fabrication of
small/moderate sized arrays as test structures that do not require the use of a particular
electronic interface.

Starting from these considerations, one of the main keynodes in integrated system
is the interconnection complexity of sensor arrays. In general, the access of all
individual sensors requires two physical connections from each sensor resulting in
a total of 2[NxM] connections. This number becomes large for even a small sized
array, considering the required on-chip interconnecting metal lines and the number of
bonding/probing pads.
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In order to solve this problem, different scheme solutions, having reduced inter-
connections for the readout of all the sensors in a NxM resistive sensor array, have
been proposed in the literature. One of them is reported in Figure 24 where, by means
of a suitable control switching circuit, the internal connections related to the matrix
rows and columns have been reduced and simplified. Moreover, Figure 24 shows also
the basic signal conditioning circuit, considered to the readout of the array elements,
based on the simple inverting voltage amplifier [46,47].
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Fig. 24. A solution with reduced interconnections for a sensor array (left) and its simplified
equivalent connection scheme at the conditioning circuit (right)

However, in some solutions, it is important to consider also a further significant
matter resulting in the undesired information, spreading in the array, due to the inter-
connect overloading and the crosstalk among the sensor elements. This effect has to
be necessarily avoided or reduced in integrated microsystems [44-47].

Finally, it is important to mention that in array-based sensor microsystems, com-
posed by several sensors sensing various measurands with different sensitivities and
selectivities, feature extraction techniques can be used to pull out information also
from the transient sensor response [48].
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Abstract. The Giant MagnetoResistance (GMR) effect is a magnetic
coupling mechanism that can be obtained in multilayer structures of few
nanometers thick. In these devices, and at room temperature, the re-
sistance is a function of the external magnetic field, at optimal levels
for being used as sensors. Since the GMR effect was reported, scientists
and engineers have dedicated their effort to this topic. This way, after
two decades, a a very good knowledge of the GMR underlying physics
together with notable designs of GMR based devices are nowadays avail-
able. They were initially used in the read heads of hard drives, but the
constant evolution that this technology has experienced has open new
fields of application, mainly related to the measurement of small mag-
netic fields using miniaturized devices, such as biotechnology and micro-
electronics.

Regarding the microelectronics case, these sensors can be potentially
used in those scenarios that require a detection or measurement of non-
intrusive power by the indirect measurement of the magnetic field.

In this chapter, an overview to the current research regarding the ap-
plication of GMR sensors in the measurement of electrical currents at the
integrated circuit (IC) level is drawn. In this particular case is important
to take account of particular parameters of the GMR devices such as
the sensing structures, the geometric arrangement and implementation
of the sensors, the considered linear range, undesired couplings, biasing,
hysteresis, temperature drifts, ... We have also described some cases of
success describin particular applications of these devices. Finally, some
aspects related to the monolithic integration of GMR devices onto stan-
dard CMOS engineered chips are also considered in this chapter.

1 Introduction

Being a very well established concept, the measurement of the electrical current
is still a matter of concern [I[2,[3,[4]. Because of that, limitations of classical
current measuring techniques are well known. Shunt resistances are cheap and
easy to use but they produce insertion losses, display bandwidth and thermal
limitations, and do not offer galvanic isolation. On the other hand, ‘transformer
principle’ based techniques display good isolation, but they have hard frequency
limitations at DC regime and they usually involve big devices. Theoretically,
by using solid state magnetic sensors for indirectly sensing electrical current
by means of the measurement of the generated magnetic field, the most of these
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handicaps are overcome. This general scheme can be applied to the measurement
of a current driven by a wire or by a conductive strap in a printed circuit board
or an integrated circuit. AC/DC currents can be measured in this way with
small, cheap and contact-less systems.

Among all the magnetic field solid state sensors, GMR based ones have demon-
strated to own intrinsic characteristics overcoming the performance displayed by
Hall or AMR based devices. GMR based sensors can display sensitivities up to
more than ten times those given by Hall and AMR devices. So high sensitivity
are necessary when electric currents at the IC level need to be measured. If this
sensitivity needs to be accomplished by additional amplifiers, the useful band-
width is hardly reduced. Moreover, these technologies become in devices with
active sensing areas of about 10 pum?, so allowing a very high level of integra-
tion. This advantage is very useful in our particular case or during the design
of sensor arrays for magnetic mapping purposes, as in eddy current measure-
ments [5]. Finally, and as will be explained later, GMR structures are able to do
measurement of in-plane fields which, in our case, is fundamental. In fact, GMR
sensors have been successfully applied in the current measurement in industrial
applications, by using different sensors of solid-state magnetic field mounted in
different configurations [6L12].

It is important to remember that all the aforementioned devices are usually
developed directly on substrates (semiconductors such as silicon, insulators such
as glass, alumina, or technologies Silicon-On-Insulator, SOI), following conven-
tional micro fabrication techniques (UV lithography, sputtering, physical and
chemical etching, ...). The electronics needed for the proper functionality of
these devices must be added later, either with hybrid integration technology,
using wafer-bonding techniques (Sistem-on-Chip, SoC and similar) or more clas-
sical approaches (use of Printed Circuit Boards, PCB’s, and traditional wiring).
The advantages of the generalizability of the processes necessary to monolithi-
cally integrate GMR and CMOS technologies, would give the ultimate accolade
to current applications, and the emergence of many more.

The measurement of electrical current at the IC level is, then, a matter of
concern. Built-in current sensing mechanisms for Ippq and Alppg have been
proposed for long [7[§]. Such approaches imply the break of a current line in order
to include transistor-based in-line circuits performing the current measurement.
With the increasing demand on hybrid monolithic designs and different sorts of
system-on-chip, the interest in off-line current measurement at the IC level has
also been increased. In this scenario, the use of GMR based devices is imperative.

In this chapter, the basis associated to this proposal are firstly revised, in-
cluding basic structures, sensing mechanism and sensor configurations. The par-
ticular issues related to the measurement of low currents by means of GMR
sensors are then analyzed. Some successful applications are also described. Fi-
nally, the current trends and challenges related to the monolithic integration of
GMR devices onto standard CMOS chips are also commented.
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2 Fundamentals

The sensors considered for these applications need to fulfill a series of specifica-
tions regarding particular capabilities such as linearity, sensitivity, size, thermal
behavior, technological requirements, ...

2.1 Sensing Structures

The GMR was firstly described on Fe/Cr thin multilayers [O[I0], and they at-
tributed this effect to the scattering of the electrons flowing through the conduc-
tive media with the surrounding magnetic interfaces. These interfaces are also
found in granular alloys [I1]. These later structures also have been successfully
used in sensing applications [12].

Basis

For our specific application, among the various GMR structures described in the
literature, two present a picture of very attractive properties for use as sensors
in applications: the spin-valves (SV) and magnetic tunnel junctions (MTJ) [13].

Spin Valves (SV)

The SV are multilayer devices composed of two ferromagnetic layers separated
by a nonmagnetic layer, usually copper. One layer of ferromagnetic material
(pinned) has a fixed magnetic moment (usually through an additional antifer-
romagnetic coupling layer) and the other, the moment is free to rotate. The
relative orientation between magnetic moments, caused by the scattering of the
spin of these electrons, produces a variation of the resistance of these devices as
a function of external magnetic field. For linear applications, and by applying a
magnetic field during deposition, these magnetic moments usually are deposited
at an angle of 90° (crossed axis), which significantly reduces its hysteresis. A
graphical explanation of these concepts is included in Fig.[Ii(a), left. As observed,
in these structures, a current-in-plane (CIP) scheme is followed (see Fig. Iib),
left). For this structure, the sensor output voltage is given by [13]:

1A i
= RRD w cos (Of — Op) (1)

AV =
V?R h

where AR/ R is the maximum MR level (5-20%), Rg is the sensor sheet resistance
(15-20 2/0), W is its width, h is the thickness, i is the sensor current, and
O¢ and O, are the angle of the magnetization angle of free and pinned layers,
respectively. Assuming uniform magnetization for the free and pinned layers, for
a linearized output, ©, = 7/2 and Of = 0.

Magnetic Tunnel Junctions (MTJ)
The MTJ’s is distinguished from SV due to the separation layer is insulating
(see Fig. [[[(a), right), so in this case the current is perpendicular to the planes
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SPIN VALVE MAGNETIC TUNNEL JUNCTION

‘ (a) multilayer structure ‘
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(b) geometrical realization

Fig. 1. Linear spin valve and magnetic tunnel junction structures

(CPP) of the layers through the insulating layer by tunneling ((see Fig. di(b),
right)). Each of these devices has the specific characteristics listed below [3].

1 R-A
AV = 5 -TMR - I Wh cos (O — Op) (2)

where TMR is the maximum magnetoresistance level, R - A is the resistance by
area factor, I is the bias current, &y and 6, are the angle of the magnetiza-
tion angle of free and pinned layers, respectively, and W, h are the geometrical
parameters.

Both family of structures have slightly different figures, that are summarized
in Tab. [

Table 1. Typical features of the SV and MTJ

Level height  saturation lineal device
(MR) (thickness)  field range  (area)

SV 100 2-50k2 4-20% < 50nm 1-200e  1-10 Oe 50-500 ym? ~150°C
MTJ 10 £2-10k§2 10-500% < 50 nm 1-100e  1-50e 20-50 um?® ~300°C

Ro

Deposition

The deposition of these structures can be done with low temperature processes
and then patterned by selective physical etching, so avoiding damages in the
substrate. In this sense, the deposition of these structures can be accomplished
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by ion beam deposition (IBD) or by sputtering. In any case, the substrate tem-
perature does not exceed 120°C. Thus, both processes can be directly masked
with photoresist without damaging the substrate. In some cases, it is required
a final heat treatment between 200°C and 300°C in order to increase the MR
ratio [14].

Spin Valves (SV)

A typical SV structure is composed by: NiFe/CoFe/Cu/CoFe/Mnlr, with lay-
ers’ thickness in the order of few nm. Additional layers are commonly used for
enhancing conductivity or improving the lithography. For SV, only one litho-
graphic step is required for patterning the structures, and then another to de-
sign the contacts, at the ends of the SV strip, as shown in Fig. [2 left. Devices
of 200 pym x 3 pm give nominal resistances in the order of 1k.

Magnetic Tunnel Junctions (MTJ)

Typical MTJ devices are based in structures like: NiFe/CoFe/MgO/CoFe/Mnlr.
For MTJ, due to their current-perpendicular-to-plane nature, two masks are
required for defining an elemental devices. In a first step (see Fig. [2 right), a
mesa structure is defined. Then, a second mask is applied in order to define
the pillars comprising the active region. Usually, a conductive bottom layer is
included in the multilayered structure in order to connect devices in pairs, and
then facilitating the electrical contacts on the top of the structures.

2.2 Sensing Mechanism

As well known, the magnetic field induced by an electrical current, I, flowing
through an infinite cylindrical conductor can be described by the Ampere Law:

%H~d1:I

where H is the magnetic field intensity, I is the electrical current intensity and
dl is an infinitesimal section of the integral loop. When the integral is solved for
a given distance, r > a, vectors H and dl are parallels, so obtaining:

By considering the magnetic field induced by a perfectly conducting metallic
strip (Fig. Bl), then we have to write:

1 Jr') xR
H(r) = An /S 2 dr’

where

R=r-1r;R=|R|
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| FABRICATION PROCESS OF THE ELEMENTAL DEVICES |

spin valves (sv) magnetic tunnel junctions (MTJ)

I
s Y —

Hé —

|:| silicon
B silicon oxide
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spin valve multilayered structure

magnetic tunnel junction multilayered structure

Fig. 2. Fabrication process details

Fig. 3. Fundamentals concept and physics of the considered devices
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being r the position vector where the field is calculated and r’ the ‘local’
integration vectorial variable.

This way, we got a relationship between the electrical current density, de-
pending on the specific driving shape, and the generated magnetic field at any
point in the space. This relationship is hugely useful. From an intuitive point of
view, being the distance in the denominator, the magnetic field decreases with
the distance. From a mathematical point of view, we have a very powerful tool
for modeling purposes.

From an electrical point of view, each of every basic magnetoresistive elements
can be understood as a current-dependent-resistance quadripole, as illustrated
in Fig. B

Out of our experience, in most cases, the function (f (I)) linking the driven
current (I) with the resistance (R) can be accurately expressed as a polynomial,
as given below:

n
R=Ry+» MR; T’ (3)
i=1
where I is the driven current applied between the input terminals (1) and (1°),
R is the output resistance between terminals (2) and (2°), Ry is the quiescent
resistance (resistance when I = 0) and MR, are the parameters describing the
function. This general form can take into account moderate second order effects
such as hysteresis, thermal drifts or unidentified nonlinearities. Even if high
order polynomial can be discretionally used, when the range of application is
limited, a relatively low order polynomial (3, for example) is often sufficient [15].
In addition, the most of these undesired effects are modulated by the linearizing
properties of the Wheatstone bridge.

2.3 Sensing Configurations

Given a resistance based sensing element, a Wheatstone bridge setup is always
a good recommendation as the starting step in the conditioning process (See
Fig.[). This case, we will get a differential output as a function of the resistance
variation. Depending on the considered case or the particular requirements, we
can make use of several bridge configurations.

One active element
As shown in Fig. l(a), we have a four resistances bridge of identical nominal
value, being only one of them active, i.g., Ro = R3 = R4 = R; R1 = R+ AR.
This case, the output voltage is given by:

AR

(2 1) “

As easily observed, the relationship is not linear and this configuration is
only used in particular cases where small variations of AR occur.

Vout = Vee



110 C. Reig and M.D. Cubells-Beltran

fVec

Fig. 4. Different resistive bridge configurations

Two active elements — Half bridge
This case, two opposite resistances in the bridge are forced to be sensitive:
Ry = Ry = R;R1 = R3 = R+ AR (See Fig. @(b)). The output voltage is

now:

AR

Vout = VCC RAR (5)
24

R

The output signal is again non-linear, but twice the previous value. For small
resistance variations (AR/R << 1), we have the following linear approxi-
mation:

AR
Vout = Vee 12% (6)

Four active elements — Full bridge
When paired resistances are made active, we can get a full bridge configura-
tion (Ry = R3 = R+ AR; Re = R4 = R F AR)(See Fig. (c)). The output
voltage for this case is fully linear and given by:

AR
Vo =Vee R (7)

This later arrangement is preferable when possible due to this linearity and
the higher output signal.

Physical Realization
The election of any of the above mentioned configurations is linked to the specific
application and the degree of freedom associated to the design.

If the path driving the current to be measured has been previously designed
and it can not modified (for example, in pre-defined current strips in an in-
tegrated circuit), we can use a single element sensing scheme or a half bridge
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configuration as shown in Fig. Bl(a). This approach can be improved with a two
step definition of the sensing elements, making them oppositely sensitive in pairs,
as described for medium current sensing in [16]. Because two deposition (and
patterning) steps are required, so obtained resistors can present mismatches.

If we have access to the current paths design, geometrical arrangements like
those presented in Fig.[[] (b) and (c¢) can be considered. In both, current flow from
left to right below resistances R; and R3 and from right to left below resistances
Ry and Ry, so giving the full Wheatstone bridge behavior. Such arrangements
have been successfully used in medium [6] and low [I7] current measurement.

We should note that current strips can be considered to both onto the sensing
structures or below them.

A selection of successful realizations are shown in Fig.[Bl In Fig.[0l(a), a single
SV with contact at its ends can be observed under a 100 pm wide current strip.
In Fig.[6(b), numerous MTJ elements are connected in series in order to increase
the overall resistance of the device. A bridge structure is shown in Fig. Bl(c). In
Fig. [6l(d), contacted SV’s are fabricated onto a standard CMOS chip.

3 Particular Issues in IC Current Monitoring

When used in real applications, being conceptually simple devices (they are de-
pendent on magnetic field intensity) it has been shown that by using certain
biasing, acquisition and conditioning circuits, the response of these sensors can
be significantly improved. In this sense, it is recommended to feed these devices
with current [I8]. To improve the voltage offset and hysteresis, AC polarizations
have also been proposed [19]. For the particular case of MTJ devices, the bias
voltage must be below certain values [20]. Whether is a problem, we can use
associations of elements in series and in parallel that, as an added value, in-
crease the impedance of the same and reduce partially the noise [2I]. Noise in
GMR devices limits the detectivity and should also being considered. Although
in high-frequency applications (hard disk read heads) only the thermal noise and
shot noise (shot noise, in the case of the MTJ) are significant, in applications
with sensors, the type of noise is predominantly 1/f [13]. This noise can be re-
duced partly by AC polarization [19] or by placing a diode in series with the
GMR element [20]. The correction of thermal drift can be achieved by includ-
ing a temperature-sensitive element in the compensation circuit [22]. Low-noise
differential amplifiers are usually used for reading the output voltage. To mini-
mize the noise in these devices we can also make use of new acquisition schemes,
such as converting resistance to frequency, which can be implemented for both
resistive elements [23] and bridges [24].

3.1 Low Signal Level Detection

IC level electric currents generate low magnetic field to be measured. The
sensitivity of the sensors is conditioned by several parameters that must be
considered.
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Fig. 5. Different current sensing configurations: (a) single current line, (b) S-type con-

figuration, (c¢) P-type configuration

Intrinsic Sensitivity of GMR Structures

Initial GMR structures displayed MR ratios of about 4-8% [25,[26,27]. Then,
Al, O3 isolation based MTJ were developed with TMR levels around 100% [13].
More recently, MgO isolation based MTJ have been reported with TMR levels

up to 500% [28].

For specific IC level current measurement, spin valves [29,80,17] and AlyOs-
MTJ [31182,[33] have been successfully used. MgO-MTJ devices are currently

under development.
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Geometric Arrangement

As described in Sec.[2] the magnetic field at any point of the space is given by the
integral of the current, depending on the distance. When possible, the current
path should be placed very close to the sensing elements. In addition, the current
strips width must be as narrow as the Joule heating allows, in order to increase
the magnetic field density. In [I7] a systematic study of low current sensors
performance as a function of the current strips width and their geometrical
arrangement can be found.

When dealing with standard CMOS devices, the currents to be measured
are recommendable to flow through higher metals current strips, in order to
enhance the magnetic field density. Finite element method (FEM) simulations
can be made in order to analyze different configurations [34].

The use of magnetic field flux guide concentrators has also been proposed in
the literature for GMR sensitivity enhancement [I3]. For IC current applications
this approach is not recommendable.

Noise

In addition to the inherent thermal noise, GMR structures also display 1/ f noise
and shot noise (only MTJ). Although the TMR in MTJs is much higher than
the MR in SVs, the intrinsic noise of a MTJ is also higher than the one of an
SV. This way, the signal to noise ratio (SNR) is the key parameter that has to
be considered.
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For typical configurations of SVs and MTJs, it can be demonstrated ( [13])
that:

>~ (.29 (8)

this way, a MTJ will display better performance that a SV one only if his mag-
netoresistance level is, at least, more than three times higher.

3.2 Bandwidth

There are not intrinsic frequency limitations for GMR, structures, so achieving
theoretical bandwidths in the order of 1 GHz [25]. For typical linear applications,
such a response is not restrictive. In real systems, frequency limitations arise from
parasitic effects associated to the involved circuitry.

Regarding interconnections, due to the inductive character of the coupling, a
‘zero’ behavior in the transfer function has been reported for medium current
sensors [6]. In integrated circuits, due to the closeness between the current straps
and the contacting strips, a capacitive coupling (a ‘pole’ in the transfer function)
is often found. For example, in Fig. [, the frequency behavior of bridge based
IC current sensors is shown. Nomenclature states ‘N’ for narrow current straps
(10 pm) and ‘W’ for wide current straps. ‘S’ is for series and ‘P’ for parallel
configurations, as defined in Fig. Bl As observed wider overlapping due to wider
current straps produce major frequency limitations. These effects should can be
modeled by means of FEM (or similar) based codes and can be included in a
more complete SPICE model, by means of parasitic inductors or capacitors in
series or in parallel with the intrinsic sensor resistances.

On the other hand, and regarding an electrical current sensor, a current strap
drives the current flow close to the sensor. When high frequencies are involved,

0,0 — .
_ -50f ]
m
Z
= 00F PN ]
------- PW
—— SN
-150F T SW .
1kHz 10kHz 100kHz 1MHz

frequency

Fig. 7. Frequency limitations of different sensing configurations
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Fig. 8. Electrical current frequency dependence modeling: ‘skin effect’

the current flow redistributes toward the more external edges of the strip, so
modifying the magnetic field distribution and, in consequence, the magnetic
field at the point where the magnetic sensor is placed. A frequency dependence
response appears, and further studies must to be considered. In Fig. [ a FEM
modeling of the magnetic field in the cross section of a typical strap driven
current is shown. At about 1 MHz, the current flow concentrates on the edges
and the magnetic field at the hypothetical sensor position decreases [35].

3.3 Joule Heating

When integrated circuitry is involved, even low currents can produce Joule heat-
ing due to the small cross section of the current strips. GMR structures, lying
near these current strips are also affected by so produced thermal drifts.

GMR sensors resistance, being common resistances, is a function of the tem-
perature. For GMR, based devices, and in the usual range of utilization, this
dependence can be considered as linear, and can be defined by a temperature
coefficient (TEMPCO) as following:

1 AR

TCR(%) = 100 x Ropy AT

9)
An analogue relationship can be defined for the thermal dependence of sensitiv-
ity, as:

1 AS
St, AT

When a full bridge configuration is considered, this thermal dependence is par-
tially compensated and is expected to be low. Due to the inherent voltage offset
of sensors configured as bridges, the temperature drift of the offset voltage must
be specified:

TCS (%) = 100 x (10)
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AV,

TCV,5(%) = 100 x VAT (11)
off , Ty

Moreover, the output voltage has also a thermal dependence, defined as:

1 VO,Ti - VO’TO
AT Vo, (12)
VO,T{, - Vout,Ti - V0ﬁ7Ti

TCOV,(%) = 100 x

The TEMPCOs have been reported for SV based full Wheatstone bridge sen-
sors [T7], and the values are summarized in Tab. 2

Table 2. Temperature coefficients for SV current sensors [17]

TCR(%/°C) TCS(%/°C) TCVost(1V/°C)
+0.11 +0.01 —0.14 4+ 0.02 +54+2

As stated, even though several heat sources can be found in a electronic sys-
tem, self heating is the most common one in ICs. In this case, their basis is
to detect the magnetic field produced by a close current strap. The closer the
strap is, the higher is the sensitivity ... and the heating produced by the Joule
effect on the strap. An example of it is shown in Fig. [@ ( [I7]). By considering
a Wheatstone bridge SV based current sensor with current straps of 10 um and
100 pum width, a 50mA step DC-current was set at a given time and switched
off some time later, so avoiding an excessive overheating. Two kinds of results
are shown: the input resistance and the output voltage.

It should be mentioned that the self-heating on GMR, current sensing de-
vices has been recently analyzed and the related effects have been included in a
behavioral compact electrical model [36].

When necessary, various methods of temperature compensation have been
reported in the literature addressed to reduce the thermal drift output of Wheat-
stone bridge type sensors. These methods can be differentiated as noninva-
sive [37] and invasive [22]. As noninvasive we mean technique consisting of the
addition of different circuit elements in series or parallel to the bridge in order
to change the bridge supply voltage due to the temperature variation, which
produces a valid compensation. On the other hand, a Wheatstone bridge can
also be temperature compensate by means of the modification of its original
configuration. In this case, we should ensure that the terminals of the bridge are
externally accessible, not always possible in IC schemes.
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Fig. 9. Thermal drift due to moderate currents [17]

4 Current Measurement at the IC Level

The electrical current has been traditionally measured by means of shunt resis-
tances, coils and solid state sensors. We will focus on the third option, where
the magnetic field generated by a current flow is detected by a solid state GMR
magnetic sensor. This general scheme can be applied to the measurement of a
current driven by a wire or by a conductive strap in a printed circuit board
or an integrated circuit. Both AC/DC currents can be measured in this way
with small, cheap and contact-less systems. When dealing with GMR sensors,
excellent sensitivities are achieved.

Regarding microelectronics, traditionally, currents flowing in integrated cir-
cuits (for example, Ippg) have been measured by the use of built-in current
sensors (BICS) [7], with different sensing components: a resistor, a current mir-
ror, a switched capacitor, ... Due to the inherent in-line characteristics of these
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approaches, some drawbacks appear such as the drop of the voltage or the in-
crease of the silicon area. In this case, the GMR technology is expected to play
a very important role.

4.1 Background on Medium Current Applications

GMR sensors have successfully applied to the measurement of electric current
in different applications. For example, a specific spin valve sensor for industrial
applications is described in [38]. The sensor is soldered onto a PCB current
track and encapsulated chip-on-board. A full bridge (active in pairs, two-steps
deposition) with crossed axis configuration was utilized. The sensor displayed a
linear range up to 10 A. Then, a novel design principle is presented in [6]. The
principle of operation is similar as this described in Fig.[Blin this chapter.

In addition, GMR sensors have also used for the measurement of differential
currents, as presented in [39]. In this case, a commercial GMR sensor (AC004-
01, from NVE) is placed into two Helmholtz coils, carrying the currents to be
compared. When both currents are identical, the magnetic field in the middle
point of the coils is zero, and so the output voltage of the sensor. The system
was tested in a house-hold application, demonstrating to be useful for detecting
differential currents below 30 mA.

Other applications such as the use of GMR based electrical sensors in switch-
ing regulators [I6] or for monitoring the charging/discharging process in batter-
ies [40] can also found in the literature.

The use of GMR, based electric current sensors for the measurement of the elec-
tric power is particularly interesting. By using of an appropriate analog electronic
multiplier, two signals proportional to the voltage and current, respectively, can
be multiplied in real-time, as suggested in Fig. [0(a). Thus, the output of such
a transducer is the instantaneous power of the signal defined as:

P(t) = i(t) - v(t) (13)

In this sense, GMR based electric sensors can be used as basic multipliers. The
basic idea of using a MR element as an analog multiplier is very simple: the
Wheatstone bridge of the MR sensor is supplied by a signal, which is proportional
to the voltage of the measured signal. At the same time, current proportional to
the current of the measured signal is led through a coil, generating magnetic field
which is the Wheatstone bridge exposed to. The output (diagonal) voltage of
the bridge is (linearly) dependent on the acting magnetic field, and at the same
time, it is linearly dependent on the supplying voltage. As a direct consequence
of these two facts, the output is dependent on the multiple of the two signals.
A graphical scheme is presented in Fig. [0(b). The idea has been succesfully
applied by using a KMZ51 AMR based commercial sensor [41].

4.2 Electric Current Monitoring at the IC Level

From the experience previously described, GMR based sensors have been applied
to the measurement of electrical currents at the IC level.



GMR Based Sensors for IC Current Monitoring 119

voltage, current, power

R (opt.)

feed

Sensor

v‘ N RLOA\D
©
+ V it -V(»m

(b)

Fig. 10. Instantaneous power measurement by means of the GMR multiplying prop-
erty: (a) concept and definitions, (b) practical realization for IC power monitoring
purposes

The applicability of spin-valve structures to the measurement of low electric
currents was firstly demonstrated in [29]. In this works, the concept was intro-
duced and some fabrication parameters were established. The work of Pannetier-
Lecouer and co-workers, also focused on this idea [30]. In parallel, Le Phan and
colleagues [31182] and then C. Reig and co-workers [33], demonstrated de possi-
bility of using MTJ sensors for this purpose

In [I7], the potentiality of SV based full Wheatstone bridges for low current
monitoring at the IC level was demonstrated. A number of prototypes were
specifically designed, fabricated and tested. The current lines were incorporated
in the chip during the microfabrication process which reduces the separation to
the sensing elements, leading to improved sensitivity. The characteristics and
geometry of these current paths were considered as basic design parameters.
Current ranges from 10puA to 100mA were covered with these sensors with
excellent linearity and sensitivities above 1mV/(VmA). Second order effects
were also analyzed.
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4.3 Power Consumption in ICs

By following the technological scheme exposed in a previous paragraph, we can
translate the multiplier characteristic of GMR devices introduced previously in
order to implement micro wattmeters suitable to be integrated jointly with the
CMOS circuitry. As the power source (AC or DC), any active portion of the IC
can be considered. As the load, any fed portion of the IC can be theoretically
considered (R-L-C).

With the previous equations, the mathematical analysis of the circuit can be
made. As a drawback, a not galvanically isolated approach needs to be con-
sidered. As an advantage, there is no need of an additional transformer. Then,
the functionality of the proposal can be extended from DC to the bandwidth
of the device. Nevertheless, a series resistance need to be added for matching
impedances and limiting the sensor power consumption.

In Fig. [0(b), Vs is considered a power supply, but can be substituted by
any active branch of the IC being Vg its equivalent Thévenin voltage without
losing generality. Ry, is an arbitrary resistive load that also can be substituted
by any passive branch of the IC, being R;, its equivalent impedance. Ry is used
for biasing the Wheatstone bridge and controlling the bias current.

If we consider an offset free full Wheatstone bridge we can write:

V,=AR-i, = MR- Iy, - iy (14)

where Iy, is the load or driven current, equal to the current undergoing through
the sensor.

If we considere Ry, as the sensor input impedance (from nodes a and b), we
can assume:

= V8
b Ry + Ry
and then R
Vi=_"" v
L RL + Ts §
We can, then, rewrite Eq. 14 as:
MR Ry, + s
V, = Vi1 15
° RLRf+Rb(L 2 (15)

As assumed, P, =V, - I,
By accepting ry < Ry, we get a linear relationship between the power in the
load and the output voltage of the sensor:

dv;, MR

= 1
dPy, Rf—l-Rb ( 6)

so finally demonstrating the multiplying capability of the scheme and its property
of giving an output voltage that is proportional to the power delivered to the
load. A more detailed analysis, also considering the power delivered at the sensor
and other second order effects can be found in [42].
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Fig.11. Power measurement experimental results. DEV-A is a narrow-current-path
(10 pm) full-Wheatstone-bridge spin-valve based sensor. DEV-B is a wide-current-path
(100 pm) full-Wheatstone-bridge spin-valve based sensor.

Finally, in order to demonstrate the potentiality of the circuit for DC power
measurement at the IC level, the voltage output (offset corrected) versus the
power at the load (Ry) is plotted in Fig. [l

In Fig. Il DEV-A is a narrow-current-path full-Wheatstone-bridge, as pre-
viously described, and DEV-B is wide-current-path one. Due to its higher sensi-
tivity, a higher output signal come from DEV-A. A power range from 100 W to
1 W can be covered by combining both types of devices. Within this range, the
device response is close to linearity. Deviations from linearity at higher powers
are due to the effect of 5. In any case, the driven currents are maintained within
the ranges where self-heating effects are unappreciated. Slow deviations at low
powers are due to the effect of the small voltage offset.

4.4 Analogue Isolators

Signal isolator devices are widely used in many electronics systems. The more
commonly used isolators are optical isolators (optocouplers) and capacitive or
inductive couplers (purely transformers). Some common disadvantages of these
devices are that they are often limited in linearity and frequency performance;
they need a notable power consumption and they display a considerable size
and usually require hybrid packaging, a real handicap for integrated circuit
fabrication.

In order to overcome these difficulties, the possibility of using GMR based full
bridges in order to design analog magnetically coupled isolators was analyzed
in [33]. To demonstrate the capability of GMR devices for acting as analogue
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Fig. 12. Analogue isolation capability of GMR devices with different input current sig-
nals (current in orange, output voltage in green): (a) low frequency, (b) high frequency,
(c) square wave, (d) triangular wave

isolators, different electrical signals were applied through the input terminals of
specifically full bridge designed compact prototypes, with the help of a signal
generator. Selected results are shown in Fig.

4.5 Current-to-Time (I-to-t) Converters

Analogue voltage is the common magnitude for obtaining the output signal in a
system with sensors in general and GMR devices in particular, as it is extracted
from the bibliography. Nevertheless, when a digital interfacing is required, the
conversion of the output voltage to a time dependent signal is, in some appli-
cations, highly recommended. Some people call them quasi-digital sensors. The
resistance can be converted to time dependent signals by following different ap-
proaches. They are detailed in a specific chapter within this book.

Focusing on GMR based electric current sensors, they can be understood as
current-dependent-resistances. This way, reported R-to-t converters can be easily
transformed in I-to-t converters. In the next paragraphs, successfully designed
I-to-t converter are described and analyzed.
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I-to-t Converters for Single Resistances

Such converters are based on traditional oscillators, where the resistance of the
RC' constant is substituted by a current dependent sensing variable resistor.
A typical implementation, based on the circuit presented in [43], is detailed in

Fig. I3l

Ru

Vo

%

Fig. 13. I-to-f converter based on the R-to-f converter as described in [43)]

The oscillator comprises a bridge amplifier and a comparator. Ry, Re and R,
and the pair R3-C' are the arms of the bridge. If we consider ideal operational
amplifiers, it can be theoretically demonstrated that oscillation period of the
circuit is given by:

(14 p)?(Ry- Ry — Ry - Rs) C
Ry

T = (17)
where p = Vo/V7, being V3 and V4 the maximum and minimum output voltages,
given by the breakdown voltage of the Zener diodes. For proper functionality,
R, must be grater than (R;R3)/R2. It can also being demonstrated that:

1+ p)® RyCOR,

(
0T =
Ry

(18)
Last equation gives the sensitivity as a function of the resistance. In order to
have it as a function of the current, the specific dependence of the considered
R, against the driven current should also being taken into account. By following
eq. I8 the sensitivity can be adjusted with R; and Ry, and the period with R3.

This scheme has been tested with real single spin-valve current sensors, and
the results are displayed in Fig.[I4] for three different values of the driven current.

In this Fig. [4 the channel #1 in the oscilloscope is displaying the signal V,
and the channel #2 is displaying the signal V,, as defined in Fig. Specific
values for the considered components were: Ry = 1k, Ry = 22k, R3 = 12k(2,
R; =1.1kQ (for I= 0mA), Ry = 6802 and C' = 0.33 uF. For this value, it can
being obtained that the sensitivity is 40 us/mA or 0.25%/mA in period.
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Fig. 14. Voltage waveforms for the I-to-t converter described in Fig. [[3] for different
driven current values

I-to-t Converters for Resistive Bridges
Similar schemes can be also implemented for bridge configurations, often found
in this kind of applications. A typical circuit is shown in Fig. I8 introduced

in [44].



GMR Based Sensors for IC Current Monitoring 125

Rs

RS
Vuut

Fig.15. V-to-f converter based in the circuit proposed in [44]

In this case, a differential amplifier (D.A.) is required for taking the out-
put voltage from the bridge. With this configuration, it can be demonstrated
that [44]:

1 R R R R
f= B{1+( ‘- )G 0] (19)
4RyCo Ry Ri+Ri Rs+ R Rg
being G the gain of the D.A. The development of quasi-digital interfaces for IC
current sensing based in this scheme is currently under evaluation.

5 Monolithic Integration: Trends and Challenges

The monolithic integration compatibility with standard CMOS processes is a
capital issue in order to definitively consider GMR devices as useful design el-
ements in real applications. In this sense, NonVolatile Electronics (NVE, [I8])
has already demonstrated this fact on chips based on a 1.5 microns BiCMOS,
in a semi dedicated process in which chips taken at an intermediate step of the
process [45]. More recently, it has been proposed the more convenient option of
using chips from generic CMOS processes. Thus, S. Han et al. [46] used chips
made by 0.25 microns NSC BiCMOS technology, on applying a post process that
uses reactive ion etching for the attack of the passivation. In Tab. Bl we show
a selection of available technologies from Europractice [47] and others, that can
be be considered for these purposes.

Table 3. Comparison of characteristics of different CMOS technologies available

CNM25 CO7TM-A C035U-A C35B4C3
Foundry CNM On Semi On Semi AMS
Thecnology 25um 0.7um 0.35um 0.35 um
Core-1/0O voltages 5V 5V 33V 5V
Metalics layers 2 2 4 5
Cost: /mm? 12 TBD 360 670 580



126 C. Reig and M.D. Cubells-Beltran

As suggested, the compatibility of post-process actions on un-packaged diced
electronics is the key point for the success of the device. Major problems in this
process can be grouped in this way:

Temperature of post-process steps:
Microelectronics processes (oxidation, dopant diffusion, implantation, metal
deposition, ...) are carried out at given temperatures, usually quite high
(up to more than 1000°C, [48]). Post processes have to be selected in order
to keep the temperature below some limits in order to not damage previ-
ously done processes. Fortunately, post-processes are typically depositions,
etchings and lithography, operated at low temperatures. When annealing
processes for enhancing GMR properties are required [I4], the temperature
must to be taken into account.

Samples handling
Usually, post-processes are not carried out at the sam facilities where the
dices have been fabricated. When we are considering a dedicated run, so
obtained wafers can be, with minor problems, directly used. If we deal with
individual dies, these must be mounted in specifically fabricated holders,
in cavities grooved with a precision milling machine. This allows the chip
manipulation and loading in most of the processing machines.

Mask alignment
Because of the different machinery for the pre- and post-processes, it’s possi-
ble to have some problems to solve regarding the masks alignment. Software
can be different, the resolution of the masks aligners, ... So, additional align-
ment marks and references are commonly used.

In the next paragraphs we report on cases of success of GMR based devices fab-
ricated onto previously processed dice, by highlighting on their inherent draw-
backs, and demonstrating their potentiality.

5.1 CMOS 0.35 pm

In this case we worked on a processed unpackaged standard 0.35 pm dice from
Europractice (AMS 0.35 pym 2P3M, Austria MicroSystems). The consortium
Europractice [47] offers different CMOS technologies to develop fundamental
and applied research, at European level, and associated countries. The die was
mounted on a specifically hole arranged on a standard wafer in order to facilitate
the postprocess.

Then, spin-valve structures were directly deposited and patterned (see
Fig. [I6(a)). In this figure, the underlaying electronics and the additional align-
ment marks (crosses) can be observed. A spin-valve with the associated metallic
contacts are highlighted for clarity.

For checking the functionality of so deposited devices, the resistance against
the external magnetic field was measured with the help of an automated system.
The results are shown in Fig. [[7l As observed, a linear response is displayed.
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Fig. 16. Fabricated GMR devices on (a) 0.35 um CMOS and (b) 2.5 um CMOS. Con-
tacts and spin-valve structures are highlighted.
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Fig. 17. Experimental results demonstrating the performance: (a) versus magnetic
field, (b) versus driven current

5.2 CMOS 2.5 pm

CNM25 is a 2.5 um technology developed at the Institut de Microelectronica de
Barcelona within the Centre Nacional de Microelectronica (CNM-IMB), with 2P
and 2M layers onto 100 mm wafers of (110) epi-P-silicon. This is not a commercial
process, so some variations can be accepted [49].

We have used a processed wafer in which some test structures (including cur-
rent lines) were included. SV devices were then microfabricated (see Fig. [I6[b)),
by using the process previously described, on top of this current lines, for a local
measurement of the current.

Then, the resistance against the driving current was measured. The results
are shown in Fig. [Tl As observed, a good sensing behavior is displayed.
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6 Conclusions

GMR based sensors have been proven to be a real alternative for monitoring elec-
tric current at the IC level. This capability has been demonstrated through the
realization of useful devices including single resistors and Wheatstone bridges,
based on SV and MTJ technologies. The level of sensitivity, linearity, low hys-
teresis and bandwidth allow the consideration of multiple applications, behind
the direct current measurement.

From a practical point of view, a straightforward application is their use
as analogue isolators. As an interesting proposal, the instantaneous consumed
power of integrated devices can also be measured by using the product feature
of GMR devices. Delivered power below 1 mW can be measured in this way. In
addition, quasi-digital interfaces can be designed based on standard resistance-
to-time converters.

Finally, their compatibility with standard CMOS technology, both with ded-
icated processes and with general purposes technologies allocate GMR. devices
in an excellent position as basic tools for near future micro and nanoelectronics.
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Abstract. In this chapter, the various automotive applications for GMR based
sensors are presented. The different applications have different requirements
which are reflected in the individual sensor concept and features. The advantage
of GMR based magnetic sensors over conventional silicon based Hall sensors is
shown.

1 Introduction

Although GMR based sensors are relatively new, they have already entered various
automotive applications. Due to the magnetic measurement principle, the high sensi-
tivity and low noise, they are very well suited for a wide range of different automotive
applications in the field of speed sensing as well as angle sensing. GMR sensing ele-
ments can be integrated with a standard CMOS silicon circuit and therefore a mono-
lithic sensor solution is possible which benefits from all the advantages known from
other silicon based sensors (e.g. Hall sensors). GMR based sensors offer the highest
sensitivity compared to Hall and AMR devices and the lowest noise and jitter. Mass
production combined with high reliability even in harsh environment meets all the
automotive quality requirements and provides a cost effective solution with high
performance.
Among the target applications in an automotive environment are:

e Steering angle measurement.

® Rotor position measurement for motor commutation in a brushless-DC motor (e.g.
EPS motor).

e Speed sensing for wheel speed measurement (ABS Sensor).

e Crank shaft speed and position sensing with direction information.

To address above applications, two different configurations of GMR sensors are
needed: speed sensors and angle sensors. They use the same measurement principle
but whereas a speed sensor works in the linear range of the GMR characteristics, an
angle sensor is in the saturated region (Fig. 1).

For the automotive GMR sensors a spin-valve (SV) stack type is used basically
consisting of two ferromagnetic layers, where one’s layer magnetization is fixed by
special measures into a defined direction and the other’s magnetization is free to be
rotated within an external in-plane magnetic field. The real SV stack consists of about
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nine different layers with materials like CoFe, NiFe as ferromagnetic composition,
Cu, Ru and Ta as non-magnetic material as well as PtMn as a natural anti-
ferromagnetic material. The thickness of each layer is in the range between <1 nm and
a few 10 nm. In order to deposit those thin films with a high homogeneity over the
wafer a magnetron sputter technique is applied to grow the films. The Cu and the Mn
in the PtMn are known to be mobile at elevated temperatures. As a consequence, all
temperatures following the deposition of the GMR thin film stack have to be lower
than ~350°C in order to avoid stack degradation. Furthermore, due to the small thick-
ness of most of the single layers also the surface roughness plays an important role for
the GMR properties and must be well controlled for a successful and reliably integra-
tion concept [1, 2].
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Fig. 1. Characteristics of a GMR resistor with linear and saturated region

The following chapters show more details of the different applications and sensing
concepts.

2 GMR Angle Sensing Applications

A GMR angle sensor consists of GMR resistors connected to a bridge circuit with one
bridge for each orthogonal magnetic direction and each bridge consisting of four
GMR resistors. These resistors contain an anti-ferro magnet made up of platinum and
form the pinned magnetic direction, which is 180° opposite to the GMR reference
direction. This magnet must be generated in the production process where the magnet-
ic orientation can be programmed in any desired direction. The resistors layout
has meander shapes to increase the total resistance in the range of 2kQ for
power-consumption reasons (Fig. 2).
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Fig. 2. Bridge layout of a GMR angle sensor consisting of two bridges with four resistors each

The angle sensor needs a certain magnetic field strength to drive the GMR charac-
teristics into the saturated region. In this case, the resistivity of the GMR element and
thus the bridge output voltage depends only on the direction of the external magnetic
field in respect to the internal reference magnetization. This provides a sine and a
cosine signal which can be used for calculation of the absolute angle of the magnetic
field vector. Due to this measurement principle, only the field direction, not the field
magnitude is relevant. The use of the GMR principle allows a measurement of angles
in the full range of 360° in contrast to AMR based sensors which cover only 180°.

The sensor concept of an integrated angle sensor converts the raw signals of the
GMR bridges into the digital domain as early as possible to perform there all signal
processing and error compensation. Additional features can be implemented as for
example an auto-calibration routine to increase the angle accuracy over temperature
and lifetime (see chapter 2.3). Flexible interfaces (eg. SPI, PWM, Incremental) can be
configured and several settings (update rate, internal filters, ...) are also accessible by
the user to adjust the device according to the application requirements. Some of the
automotive angle sensing applications are safety relevant (for example steering angle
measurement or motor commutation of the BLDC motor for the electric power steer-
ing (EPS) system). To support such applications, additional features can be imple-
mented to account for the requirements of the 1SO26262 covering functional safety
aspects [3].
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2.1 BLDC Rotor Position Measurement

Due to the hybridization and change of hydraulic systems into electrical systems, the
number of electric commutated motors in vehicles is increasing. This trend towards
brushless motors reflects their advantage of having no wearing parts (brushes), low
acoustic noise and very low torque ripple. In order to ensure exact commutation of
electric motors the position of the rotor has to be measured very accurate over a wide
speed range. The position is transferred to the control unit, which generates the neces-
sary commutation sequence for the motor (Fig. 3). For optimized efficiency and
lowest torque ripple, a field oriented control algorithm is used which needs a very
accurate information of the rotor position.

Power Management
_
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AC/DC Supply

— N

Power

User Interface
&
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. Sense & <
AF Discretes — :
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Fig. 3. Principle of a motor control system with a rotor position sensor

Central Control

GMR angle sensors can be used for various motor topologies with different num-
bers of pole pairs. Figure 4 depicts the setup with the GMR angle sensor and a diame-
trically magnetized magnet.

Pinion Gear EC-Motor Magnet EC-Motor Pinion Gear Magnet
Sensor Sensor

Fig. 4. End of shaft configuration of magnet and GMR angle sensor

As GMR angle sensors have a measurement range of 360°, even and odd numbers
of pole-pair motors can be used. AMR based sensors in contrast, due to their limited
measurement range of 180°, can only be used for even pole-pair motors. Compared
to classical resolvers the GMR based systems have the advantage of a small volume
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and weight and can offer a very cost-effective solution. Monolithic integration of the
GMR sensor element with standard CMOS technology opens up further possibilities
of advanced signal processing, error compensation algorithm and flexible, customer
programmable interfaces on the chip.

There are several possibilities of the sensor concept especially whether the raw da-
ta or the calculated angle is transmitted to the microcontroller. Which option is pre-
ferred depends on the complete system architecture. In case the raw data, i.e. sine and
cosine values, are transmitted, the angle calculation has to be done in the microcon-
troller. This can be performed by the use of the CORDIC algorithm (COordinate
Rotation DIgital Computer), which calculates the arctan of the ratio of the sine and
cosine value and thus obtains the absolute angle. Another possibility avoiding the
CORDIC algorithm is a tracking loop which minimizes the angle error calculated out
of the measurement data (sine and cosine) and an estimated angle value. Details of
this approach can be found in the literature [4].

Even if only the raw values are used, it is of advantage to have some signal condi-
tioning on the GMR sensor. A voltage regulator to maintain a constant bridge supply
voltage, an amplifier to adjust the bridge output signal to the input range of a micro-
controller ADC and a temperature compensation to minimize temperature effects and
increase the angle accuracy.

In Fig. 5 the block diagram of the Infineon GMR angle sensor TLE5009 is shown.
It contains two Wheatstone bridges (X-GMR, Y-GMR) consisting of four GMR resis-
tors each, an amplifier for each bridge, a power management unit (PMU) and a tem-
perature compensation to eliminate the GMR temperature effects.

VDD
DC-Offset & COS_P
Fuses COS_N

Amplifier

Fig. 5. Block diagram of Infineon TLE5009 GMR angle sensor
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The sensor provides sine and cosine output signals which can be used either single
ended or in a differential configuration. An additional pin Vg is available which pro-
vides the chip temperature in case additional temperature compensation needs to be
done in the microcontroller. Furthermore, this pin has also a diagnostic function, in case
of internal failure e.g. of the supply voltage, the signal is pulled down below 0.39V.

Such a device can be used for rotational speed up to 30.000rpm with an angle
accuracy of < 0.6° (typ. value) and a short signal delay of only 9us. To enhance angle
accuracy, a calibration algorithm can be implemented in the microcontroller to elimi-
nate temperature and lifetime drifts and increase overall angle accuracy. Details for
this procedure are described in chapter 2.3.

As the GMR technology allows integration with standard CMOS circuitry, further
features and functionalities can be monolithically implemented in the sensor. The
calculation of the absolute angle value can be done directly on the chip using the
CORDIC algorithm, no need to do this in a microcontroller. Depending on the appli-
cation, different interfaces for transmission of the angle value might be required. Ana-
log or various digital protocols as e.g. PWM or incremental interface are in use. A
communication interface with the sensor to select the different options and to confi-
gure the device according to the application requirements is also helpful.

Such a sophisticated, flexible device is Infineons TLES012B GMR angle sensor
which can provide the sine and cosine raw data as well as the calculated absolute
angle value with different interface options and a SPI chip communication. Due to
internal temperature compensation, an accuracy below 1.6° in the full temperature
range can be obtained. The block diagram of this sensor is shown in figure 6.

TLES5012B

Digital
Signal
Processing I SSC Interface
Unit

Fuses

CCcu
: Incremental IF
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Fig. 6. Block diagram of Infineon TLE5012B integrated GMR angle sensor
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The raw signals from the bridges are digitalized with a Sigma-Delta ADC and all
further signal conditioning is done in the digital world. As also the chip temperature is
measured, compensation of the signals is performed to increase accuracy. Two paral-
lel interfaces are available: SSC (synchronous serial interface, compatible to standard
SPI interface) for communication and configuration of the chip as well as for digital
read-out of the calculated angle value with a 15bit word. Parallel to the SSC there are
also other interface options available as PWM or incremental interface. They provide
either the calculated angle (PWM coded) or increments similar to an encoder interface
with phase shifted A and B signals and an index signal Z for absolute position (once
per revolution) (Fig. 7). The resolution (number of increments per revolution) can be
configured via SSC from 9bit to 12bit.

90° el. Phase shift

Vy
Incremental Phase A v,

Interface
(A/B Mode)  Phase B :';H
L

Fig. 7. Output signal in the incremental mode: Two phase shifted channels A /B

A special feature is the HSM mode (Hall switch mode). This mode can be used for
block commutated motors (6-step commutation) and substitutes three Hall switches.
The three output signals (Fig. 8) can be directly used as an input for the microcontrol-
ler. To account for different motors, the number of pole pairs of the motor can be
configured in the angle sensor.
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Fig. 8. Output signals in the Hall switch mode for 6-step commutation (block commutation)



140 K. Kapser et al.

Further improvement yields the implemented auto-calibration routine. This algo-
rithm is based on the calibration algorithm described in chapter 2.3 and reduces the
overall angle error in the temperature range up to 150°C and within the complete
lifetime to a value below 0.6° (typ. value). This feature can be enabled via an SPI
command and needs a continuously rotating application over the full angle range of
360°. The rotor position measurement for a BLDC motor is an ideal application for
this feature.

This auto-calibration continuously determines the amplitude and offset of the raw
signals during operation and compensates drifts and temperature variation when cal-
culating the new absolute angle value. Figure 9 shows the angle error over tempera-
ture for different external magnetic fields. Activating the auto-calibration feature
significantly reduces the angle error to approx 0.2° independent of temperature.
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Fig. 9. Total angle error over temperature with and without enabled auto-calibration for differ-
ent magnetic field strength

For angle sensors used in motor commutation applications, one important parame-
ter is the signal delay, the time between the measurement of the angle value and the
availability of this value at the interface. This delay time is equivalent to a dynamic
angle error and especially for motors with fast rotation speed this cannot be neglected.
Compensation in the microcontroller is possible in principle but requires the know-
ledge of the delay time as well as the motor speed. To avoid this external compensa-
tion, the TLE5012B is equipped with a special “prediction” mode where the angle
value is corrected for the internal delay taking into account the actual motor speed.
This linear prediction extrapolates the expected angle value at the time (t+1) from the
angle values at t and (t-1) (Eq. 1).
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a(t+1) =2a(t)— a(t—1) (1

In figure 10 the mechanical angle and calculated angle for a direction change is
shown. Without prediction the sensor will follow the mechanical rotation slowly. The
advantage of the prediction can be seen. With activated prediction the sensor will
follow the mechanical angle much better than without prediction.
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Fig. 10. Calculated angle vs. real angle (mech. angle) with and without prediction enabled
(update rate 42us)

2.2 Steering Angle Application

The Steering Angle Measurement is one of the most important criteria for controlling
vehicle dynamics. It is the only driver information used by the Electronic Stability
Control (ESC) to detect the desired vehicle driving direction. The steering angle is,
therefore, a safety relevant information and must be generated in a safe and redundant
way. This requires adding backup logic and circuits to this system and measuring the
same value under different conditions to ensure feasible results. This information is
also used for advanced front lighting, lane departure warning and active suspension.
Typically a steering wheel can be turned for +2 revolutions, which increases the effort
required to measure the absolute steering angle. One method for measuring steering
angle is to use gears to transfer the +2 revolutions to <1 revolution. Systems using
potentiometric angle measurement are often not reliable enough for today’s functional
safety requirements.
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Basically, two different places in a car are used to detect the steering angle:

e Passenger Compartment: Sensor is located behind the steering wheel; reduced
requirements on temperatures (T < 85°C), vibration and dust

e Engine Compartment: Sensor is mounted on the steering shaft near the engine;
high robustness against temperature (T, > 125°C), vibration and dust required

To meet the safety requirements and multi-turn capability of the system, different
implementations can be used. It is quite common to transmit the raw signals of the
GMR sensor bridges X, Y and not the calculated angle. This can be done either with
the TLE5012B using the SPI interface or a dedicated sensor which consists only of
two bridges with some compensation electronics but no digital signal conditioning
(TLES009 of Infineon, Fig. 5). In this way, a correlation of the raw signals X and Y
can be done in the microcontroller. For example, the vector length S has to be con-
stant and independent of the angle.

S=X%2+Y? @

This gives a control value which enables the detection of a malfunction of the sensor
or data transmission.

Usually two sensors are used in a steering angle measurement due to the safety
level of the application and the need to have a multi-turn capability of measuring
absolute angles exceeding 360°. This can be done for example using two gears with
different ratio each carrying the magnet for the corresponding sensor. One gear can
have a ratio in that way that it transfers the steering angle 1:1 on the sensor thus giv-
ing absolute angle position. To get the multi-turn capability the second gear has a

Measuring gear
wheel with n, teeth
reepresenting the angle

Hub gear wheel
representing the
steering wheel angle @

Measuring gear
wheel with n, teeth
representing the angle Y

Magnet

Gear wheel angle W and 6 [“]§
1

360 720 1080 1420
Absolute measuring range ¢ [°]

Fig. 11. Steering angle measurement with the Nonius principle
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ration 1:4 so that +2 turns (= £720°) are mapped to a 0° ... 360° magnetic input sig-
nal. In this way, the absolute angle information in the full range of +720° can be cal-
culated. Furthermore, the two sensor signals can be used for a plausibilization and
redundancy of the measured data.

Another way of implementation is the so call Nonius principle. This uses two gears
with slightly different ratio (= number of teeth, n; and n,). By evaluating the two sen-
sor signals and their phase difference, the absolute angle in a range >360° can be
determined (Fig. 11)

2.3  Angle Error Calibration

To achieve the best performance of a GMR angle sensor, a calibration of the device is
necessary. The following chapter shows how to calibrate a GMR angle sensor.

Due to process tolerances, temperature and packaging effects, the raw signals com-
ing out of the Wheatstone bridges are not ideal. They exhibit an offset, the amplitudes
of the X and Y signals might not be identical and also an orthogonality error can exist
in the way that the X and Y signals are not perfectly shifted by 90°.

In general, the raw signals X and Y can be written as follows (Eq. 3):

X = Ax - cos(a) + Ox

(3)
Y = Ay -sin(a + @) + Oy

With:
Ax: amplitude of X (cos) signal
Ay: amplitude of Y (sin) signal
Ox: offset of X (cos) signal
Oy: offset of Y (sin) signal

o: orthogonality error

The three parameters amplitude, offset and phase will affect the angle calculation and
yield an angle error when calculating the angle o out of Eq. 4:

a = arctan (;) (4)

By drawing the X and Y signal in the X-Y plane for a complete rotation of 360°
yields in general an elliptical shape which is shifted and tilted and not a circle
centered at 0/0. (Fig. 12). This shape reflects the error in offset, amplitude and
orthogonality.
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Fig. 12. X and Y signals with offset, amplitude and orthogonality error

The ideal shape would be a circle centered at 0/0. This corresponds to an X and Y
signal with no offset, identical amplitude and 90° phase shift to each other. The task
for the calibration now is to find correction values for the X and Y data to transform
the elliptical shape to the circle shown in Fig. 13.

Y4

v

Fig. 13. X and Y signals without offset, amplitude and orthogonality error (after calibration)

The basic idea for the calibration algorithm is to measure the elliptical shape,
determine the values for offset, amplitude and phase error and calculate corrected
signals Xc and Yc.

To achieve this, a full rotation of 360° is required. The signal has to be sampled
and the minima and maxima of X and Y respectively, have to be determined (Fig. 14).
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Fig. 14. Determination of the minimum and maximum values of the X and Y signal for one full
rotation

The amplitude Ax, Ay and offset Ox, Oy of the X and Y signals can now be
calculated according to Eq. 5

Ay = Xmax — Xmin (5)
2
Ymax — Ymin
Ay = ————
2
Xmax + Xmin
Ox = ———
2
Ymax + Ymin
Oy =———7"—"—

2

To determine the orthogonality error ¢, two angle values which are 90° shifted must
be used, e.g. 45° and 135°. The values for X and Y are measured at this position and
the orthogonality error are calculated according to Eq. 6

Mys = / (X4s5)? + (Yys)? (6)
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Myss = /(X135)% + (Yy35)?

My35-M,s )

@ =2-arctan (—
M35+ Mys

To account for possible errors due to hysteresis effect, the determination of offset,
amplitude and orthogonality should be done twice, for clock-wise (cw) and counter-
clock-wise (ccw) rotation. The effective value for amplitude and offset for the respec-
tive X and Y signal is the mean value of the cw and ccw values. These values must be
used for further signal correction.

Now the offset and amplitude error can be compensated and corrected values Xc
and Yc can be obtained (Eq.7)

¥ _X—Ox @)
€= Ax

Y—-0
Yc = 4

Ay

The orthogonality error is compensated in the Yc signal as follows (Eq. 8)

_ Yc—Xc-sin(—g) (8)

Y !
¢ cos (—¢)

The corrected angle value o, can now be determined with the arctan function using
Xc and Yc¢’ (Eq. 9)

Yc'
a. = arctan e )

When using a GMR angle sensor, this calibration routine should be performed to
optimize the performance of the device. The determined calibration parameters can be
stored in the microcontroller and used for a corrected angle calculation.

The TLES5012B angle sensor of Infineon is delivered already with stored calibra-
tion values for offset, amplitude and orthogonality to achieve high angle accuracy.
The temperature dependency of offset and amplitude can be measured and tempera-
ture depending compensation can be performed implementing a specific algorithm in
the microcontroller.

For applications which have a continuously rotating magnetic input signal, as for
example rotor position measurement in a BLDC motor, this calibration algorithm for
offset, amplitude and orthogonality can be implemented in a way that the parameters
are ongoing updated (e.g. once per revolution) during operation and all temperature
and lifetime effects are almost perfectly compensated. In such a case the achievable
angle accuracy is well below 1° over the full temperature range also including life-
time drift effects. This algorithm is implemented as “auto-calibration” feature in the
TLES012B.
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3 GMR Speed Sensing Applications

The main advantage of GMR based sensors in a speed application is the high sensitiv-
ity and a high S/N ratio. This gives on the one hand a large air gap capability which
cannot be realized with a silicon based Hall sensor. On the other hand, the GMR sens-
ing principle has a low noise which gives a very good jitter performance in the
application. This provides superior performance for a crankshaft sensor in engine
management. In this application, not only the speed is measured but also a precise
knowledge of the crankshaft position is required. With the low jitter of a GMR sensor,
crankshaft position repeatability of 0.015° is possible. Also for wheel speed sensors
used for the ABS and ESC system, a low jitter is of advantage [5]. With the wheel
speed information available for different applications in the car (not only ABS/ESC),
for example an indirect tire pressure monitoring system can use this data for tire pres-
sure calculation. Due to the system requirements, a low noise wheel speed signal is
necessary.

3.1 Crankshaft Speed and Position Measurement

Active magnetic sensors in advanced engine management systems provide a digital
switching signal, which maps the mechanical teeth profiles or the magnetic domains
of a passing pole wheel. Subsequent processing in the microprocessor determines the
current speed or angle position of the target wheel from this switching signal. This
data is further processed for accurate ignition control and misfire detection.

The sensor needs to provide a phase accurate output signal for magnetic input fre-
quencies from O to 10 kHz and over an amplitude range of approximately 1 to 100.
The required temperature range is from -40°C to 150°C with an air gap range of 0 to
2.5 mm.

Optimization of engine management systems shall improve CO, emissions. Target
is minus 30% for gasoline and minus 10% for diesel engines. In order to meet this
challenging goal the sensing system has to provide more accurate information and
provide additional features for start-stop, hybrid and electric vehicles. The task of the
sensor is therefore to provide the switching edge with good reproducibility and high
angle accuracy relative to the target wheel. Nevertheless the mounting tolerance of the
sensor should be relatively large to keep the system costs low.

The goal of future crankshaft sensors is delivering even more accurate digital sig-
nals with respect to phase jitter and phase accuracy. The challenging target is
< = 0.015 [°crank] phase jitter (repeatability) and < + 0.3 [°crank] absolute phase
accuracy.

Compared to other technologies the GMR effect has a higher sensitivity and a su-
perior signal to noise ratio. Due to these characteristics the new active Infineon mono-
lithic integrated GMR sensor can cope with these upcoming ambitious demands.
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Fig. 15. Phase jitter (repeatability) comparison of Hall and GMR based sensors for different air
gap and temperature

3.1.1 Chip Concept

The characteristic of a GMR resistor is shown in Fig. 1. It exhibits a linear region
ranging from typically Hy = -5mT to +5mT and a saturation of the resistivity for mag-
netic values exceeding that field. The change of resistivity can be as much as 10% and
is therefore considerably higher than that of an AMR based device. The spatial dis-
tance of the bridge resistors on the chip is 2.5mm. With this Wheatstone bridge
configuration only differential magnetic fields are measured, magnetic offsets are

Pole Wheel —

|\ S N S

, 2.5mm |
N L

Fig. 16. Wheatstone bridge with four GMR resistors integrated monolithically on the signal
conditioning ASIC
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suppressed. The pitch of the pole wheel has therefore to be adjusted to the distance of
the GMR elements with an optimum matching at Smm pole wheel pitch. In this case
the maximum bridge voltage is generated. Each side of the bridge experiences the
maximum magnetic field but with opposite direction and is thus in the low resistivity
or high resistivity region, respectively (Fig. 16).

The resulting bridge voltage is amplified and digitalized with AD converter. All
further signal conditioning as offset correction and calculation of switching thresholds
is done in the digital domain. The block diagram of the GMR speed sensor is shown

in Figure 17.

switching
threshold

ADC *
digital
comparator

Fig. 17. GMR based crank sensor block diagram (Infineon TLE5028)

3.1.2 Start-Up Behavior and Fast Calibration
With respect to optimized engine control a faster initial calibration of the system at
start-up is an important factor. The engine management system can earlier determine
the exact position of the pistons. As a consequence the combustion cycle can precise-
ly be controlled from earlier phase on. This will lower both (CO,-) emissions and fuel
consumption.

The main advantage of the GMR sensor is that the initial calibration phase is short-
er compared to other sensing technologies. Prior to issuing the second output pulse
the sensor calibration phase was finished. Therefore the second pulse delivers high
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accurate phase information to the engine management system. Compared to this a
Hall based sensor needs (maximum) 6 edges for calibration.

The rotational direction information is transferred via a pulse width modulated
(PWM) sensor output protocol. An advantage of the GMR sensor is that from the first
output pulse onwards the correct rotational direction information will be transferred
(at first start-up per default).

Because of the specific GMR characteristic the electrical input signal can perfectly
be adapted to the analog-to-digital converter input range. Any kind of gain control or
PGA (programmable gain amplifier) as it is needed for Hall sensors is not required.
The consequence out of that is that the sensor calibrated mode can be entered at the
third edge of the differential input signal By 4. (Fig. 18)
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Fig. 18. Sensor start-up at magnetic rising edge

In order to calculate the calibrated mode switching threshold the input signal has to
be tracked and the extreme values have to be determined. After an initial calibration
time t,, the magnetic signal is tracked by an ADC and monitored within the digital
circuit. For detection the signal needs to exceed an internal threshold (digital noise
constant d;;,). After power on, when the signal slope is identified as a rising edge and
the signal change exceeds d;,, the first pulse is issued at the output. The first output
pulse includes the correct direction information. As soon as the second extrema is
detected, the switching threshold can be calculated. All following output switching
are done at zero crossing of the signal on the magnetic rising edge. The sensor is in
calibrated mode from that point. From 2" output pulse on the advanced GMR sensor
provides accurate position information of the crankshaft.
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In case the start-up of the sensor occurs at the falling magnetic edge, the first out-
put pulse will be issued on the first rising magnetic edge. A “virtual zero” switching
point has to be calculated as only one extreme value is determined so far. Depending
on start-up position this switching point is close to the calibrated switching point.
(Fig. 19).
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Fig. 19. Sensor start-up at magnetic falling edge

3.1.3 Hybrid and Start/Stop Engine Requirements

Hybrid vehicles and start/stop engines significantly reduce CO, emissions compared
to normal combustion engines. The worldwide trend towards start/stop engines is
ongoing. Start/stop engine implies that the combustion engine is stopped at vehicle
stand still. The engine is re-started when the driver intends to continue driving. This
concept is considered to be most efficient in city traffic (“stop and go mode”) for
emission reduction and fuel consumption saving. A start/stop engine can reduce CO,
emissions up to -10 %. Depending on the version hybrid vehicles can lower CO,
emissions even more up to -30 %.

These two concepts require besides higher accurate sensing systems a crankshaft
sensor with rotational direction detection feature. During engine stop mode it hap-
pens, that the crankshaft rotates backwards because of mass moment of inertia. With
this new feature the sensor detects a backward rotation of the crankshaft and the en-
gine management system does not lose the exact position of the pistons. After
standstill of the target wheel (no differential magnetic input signal), there is no timer
present which resets the sensor. As soon as the target wheel moves again (a differen-
tial signal appears) the output pulses are triggered by the last calculated threshold
(zero crossing calculated with last detected offset). At re-start of the engine the engine
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management system is still in calibrated operation mode, wrong injections can be
avoided.

For rotational direction determination Infineon uses an additional sensing element.
This sensor in the center of the IC is used to provide a typically 90 ° phase shifted
signal (Fig. 17). Depending upon the rotation direction of the target wheel, the signal
of the center probe anticipates or lags behind for 90 °. This phase relationship can be
evaluated and converted into rotation direction information by sampling the signal of
the center probe in the proximity of the zero crossing of the "speed" bridge signal.
The evaluation of the rotation direction is interesting only at low rotation speed, since
a direction of rotation reversal can take place only there. Hence at low rotation the
already existing ADC can be used in time multiplexing to convert also the “direction”
signal of the center probe without losses of phase accuracy in the output signal. After
a change of the rotational direction a 90us output pulse is being issued at the magnetic
falling edge. In this way the reference to the mechanical edge of the gear tooth is still
consistent.

3.2  Wheel Speed Measurement for ABS and ESC Systems

Speed sensors are widely used in modern cars especially for safety applications as
ABS (antilocking system) and ESC (electronic stability control) to monitor the speed
of each wheel. These systems control actively the wheel speed and avoid a blocking
of the wheel or instable driving conditions by braking individual wheels to stabilize
the car and reduce braking distance. The wheel speed information, however, is used
for a large variety of further systems as for example parking assistant or hill holder.
An upcoming application is the tire pressure monitoring, which is already mandatory
in several countries. In contrast to the widely used direct measurement systems which
are implemented in or close to the tire, the systems based on wheel speed sensors
don’t need additional hardware. They use the available wheel speed information to
calculate tire pressure by pure software algorithm. These methods are usually based
on tire resonance frequency measurement and their dependency on tire pressure. For
this purpose, a speed signal is required which has very low jitter to be able to extract
the desired information. GMR based speed sensor can meet this requirements with
their superior signal to noise ration whereas the use of Hall based sensors has much
more limitations in this application.

The GMR based wheel speed sensor is very similar to the GMR based crank sensor
described in chapter 3.1. Main difference is that speed sensors use a 2-wire interface
as output signal. As wheel speed sensors are mounted directly at each wheel remote
from the ECU, this interface can save cost for wiring. The speed signal is transmitted
by a modulated supply current which is detected in the ECU. For sensors without the
requirement of providing a direction signal, the current switches between 7mA and
14mA. The frequency of the output pulses corresponds directly to the north/south pole
transition of the pole wheel and thus to the wheel speed.

Similar sensors exist which can also determine the rotation of direction of the
wheel. In this case the communication to the ECU is done with a PWM coded signal
using different duty cycles for the rotation direction. Beside this also some diagnosis
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information can be transmitted. A newly agreed standard between Europe OEMs uses
a Manchester coded 2-wire protocol for transmitting the wheel speed as well as rota-
tion direction and additional status information.

3.3  Magnetic Back Bias of GMR Sensors

As shown, magnetic speed sensors are widely used in various automotive applica-
tions. Two different basic configurations are possible (Fig. 20):

e To generate the measurement signal a magnetic pole wheel with alternating south
and north pole magnetization can be used. The sensor is mounted in close proximi-
ty to this pole wheel and the rotational speed can directly be measured by monitor-
ing the output frequency of the sensor.

e In a second approach, a ferromagnetic target wheel is used. In such a configuration
an additional magnet is necessary for generating the magnetic field. The field is
then modulated by the teeth and notches of the rotating target wheel and the field
changes are measured with the sensor. As this external magnet is usually attached
to the backside of the sensing element, this configuration is referred to as “back bi-
as” configuration. The magnet is called a “back bias magnet”. For Hall based sen-
sors this approach is well known and widely in use. For a GMR based magnetic
sensor this back bias configuration is more difficult to implement.
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Fig. 20. Application of Hall and GMR based sensors with ferromagnetic target wheel and mag-
netized pole wheel

In general, sensors with a differential measurement principle are used. This means
that there are two sensing elements on the chip with a certain distance to each other
(e.g. 2.5mm). The measurement signal is the difference of the signal of these two
individual elements. Due to the different physical principle of Hall based and GMR
based sensors, the back bias application for GMR sensors has different requirements
on dimension, geometry and assembly accuracy of the magnet.

The magnet produces a field which points mainly in the z-direction (Fig. 21)
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Fig. 21. Magnetic field of a homogeneous in z-direction magnetized magnet

A Hall sensor has a sensitivity axis perpendicular to the surface of the IC, i.e. z-
axis. Due to the differential measurement principle and an implemented offset calibra-
tion algorithm, this offset field is canceled. X-field components, which may exist due
to the position of the Hall elements being not in the center of the magnet, do not have
any effect as they are not detected by the Hall effect. Variation in the z-component of
the magnetic field from left to right sensing element caused by field modulation of the
target wheel gives the measurement signal, which is then further internally processed.

In contrast, a GMR based sensor has a sensitivity axis in the x-direction, i.e.
parallel to the chip surface. The back bias field, generated by the external magnet, is
perpendicular to the sensitivity axis and hence “invisible” for the sensor.
The approaching tooth of the target wheel gives rise to a field-bending and an
x-component of the magnetic field is generated, which can then be detected.

Another main difference, beside the orientation of the sensitive axis, is the sensing
element characteristics. The Hall effect is a linear effect and the internally generated
Hall voltage is directly proportional to the applied external magnetic field (in
z-direction). No saturation effect occurs. In contrast, the GMR sensor exhibits a satu-
ration effect where the output signal (resistivity) remains constant independent of
applied external magnetic field.

A further difference is the much larger sensitivity of the GMR element compared
to the Hall sensor which is expressed in the larger slope of the linear region in the
sensor characteristic.

As seen in Figure 21 a perfect back bias field only would have only a z-field com-
ponent in the center of the magnet. However, as the sensing elements are spaced with
2.5mm distance to each other, they are located in a region of the magnet where al-
ready an in-plane field component occurs. These x-components of the magnetic field
can easily be in the range of several mT and therefore will shift the working point of
the sensor. In worst case the working point can be close to or even within the satu-
rated region of the sensor characteristic and completely disturb the sensor behavior.

As a Hall sensor has a linear characteristic without any saturation effect, such a
shift of the working point is not critical and completely compensated by the differen-
tial principle and offset calibration algorithm.
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For the GMR based sensors this compensation is not possible due to the non-linear
sensor characteristic.

A back bias configuration with a GMR sensor therefore has the essential require-
ment to reduce any in-plane field component (x-field component in the direction of
the sensitive axis) as much as possible to minimize the shift of the working point and
keep the symmetric behavior of the sensor characteristic. This is not possible with the
standard approach using a conventional magnet attached to the backside of the sensor.

This problem is solved by a modified magnet design which shapes the magnetic
flux line in a way that there are no in-plane field components which could shift the
working point of the sensor (Figure 22).

Sensor:r //(

/// | ‘\\ N
\

Fig. 22. Special magnet shape to avoid in-plane field components for a back bias application
with a GMR speed sensor

Infineon offers GMR based sensors which have already this magnet integrated in
the package. Thus, no alignment inaccuracy has to be taken into account and the sen-
sor can be directly used with a ferromagnetic target wheel. In the manufacturing
process a magnetic mould compound is used to mold the magnet together with the
package thus providing very low assembly tolerances and high precision (Fig. 23).

el

Fig. 23. GMR based speed sensors with integrated back bias magnet and additional capacitors
on the leads to enhance EMC performance
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4 Summary

GMR based magnetic sensor are rather new but already widely used in various auto-
motive applications. The advantage of monolithic integration with a signal condition-
ing ASIC together with the high sensitivity and low noise are an ideal combination to
realize cost-effective and high performance sensing solutions. Angle and speed mea-
surements in different applications can be performed with dedicated products target-
ing the individual requirements. Millions of GMR sensors in the field have already
proven the high reliability of this technology which is mandatory for automotive ap-
plications. Continuous development efforts to optimize performance and reduce sys-
tem costs are being done which will lead to a further increase of market share for this
kind of GMR based sensors.
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Abstract. The use of giant magnetoresistors, or GMR, for compass magneto-
meters is a recent trend in Earth field sensing. Thin film compass devices are
often used in applications in global positioning systems (GPS) to aid in naviga-
tion. A GPS system can only tell a user about the direction of travel as long as
the user is in motion. A compass indicates static orientation of the user which,
with the addition of gyroscopic information along with GPS data can give pre-
cise location and orientation to users. Modern digital devices often incorporate
compass devices with location applications to better aid consumers in locating
services.

1 Introduction

Thin-film magnetoresistive compass magnetometers have been in existence since the
1980's. Prior to the thin-film devices, magnetometers were large and relatively bulky.
Early magnetometers were often used to detect the presence of submarines and sur-
face ships for military applications. Large iron objects, such as a ship or a submarine,
will distort the Earth's magnetic field thereby making magnetometry a valuable me-
thod of remote sensing. These systems, flux-gate and proton magnetometers, were
sensitive enough to help change our perceptions on the natural world [1,2]. In the late
1940's, geologists used Naval ships to map the ocean floor using magnetometers.
Starting in the 1950's, magnetometry made the jump into orbit - the United States and
the Soviet Union both launched magnetometers into space. These space based devices
taught us about how the Earth's magnetosphere is configured. The earliest forms of
these solid state devices were used in military applications during the cold war. These
devices were made from an anisotropic magnetoresistor (AMR) material called per-
malloy. Permalloy, generally made from eighty percent nickel and twenty percent
iron, was originally used as a transformer core material in the 1930's due to the per-
malloy's high permeability. These thin film devices have been combined with global
positioning to make systems that accurately locate hikers in the back areas. Recently,
due to the demands of the smart-phone industry, novel magnetometers using giant
magnetoresistive (GMR) materials have been introduced into the market.

C. Reig et al.: Giant Magnetoresistance (GMR) Sensors, SSMI 6, pp. 157-180]
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The work by S. Tumanski [3] published in 2001 discusses in detail using anisotrop-
ic magnetoresistive barber-pole magnetometers to sense the Earth's magnetic field. In
it, Tumanski details both how an anistropic magnetoresistor operates and how to sam-
ple and amplify the signal produced. A critical step in designing a magnetometer is to
realize that the magnetometer is a vector sensor. A vector sensor must give an output
that can look at the magnetic environment in three dimensions. By knowing all three
dimensions we eliminate the need for a consistent level surface. This is important
since hand held devices are rarely held level. The electronic compass must be able to
translate this information into a usable form. This three axis compass needs to be
connected to the relative direction of the observer's device, whether the device is a
cell phone, an automobile or a global positioning system. Another important piece of
information needed to understand the difficulty of the application is that the Earth's
magnetic field is non-uniform globally. To take advantage of the sensors, users must
include magnetic zone information in their software. Users would also like to be able
to tilt their phones and still get directional information. Most suppliers of magnetome-
ters for compass applications also supply algorithms for their customers to use in their
devices. The algorithms use “flattening equations” which relate yaw, pitch and roll
tensors (rotations around the three different axis) into a two dimensional direction
vector which are connected to the compass rose.

The layout of the sensors has to take advantage of the odd-function behavior of
certain configurations of thin-film sensors to be able to discern the orientation of the
user to any degree of accuracy. The description of the odd-function is that the sensor
has a different behavior in the right-half plane than in the left-half plane. Figure 1 [4]
shows the basic types of GMR structures. Standard multilayer GMR sensors, such as
a copper-cobalt multi-layer, are even function devices with transfer functions which
have left-half plane and right-half plane behaviors that are identical (except for a
small hysteresis). Devices made with AMR films can be configured as an odd-
function device by geometry, where GMR type films use the interaction of layers of
magnetic and non-magnetic thin films. The types of GMR films that have an odd-
function response are the spin-valve (SV) and the magnetic tunnel junctions (MTJ).
These sensing films rely on their directionality i.e. the odd function behavior on the
pinned layer. The concept of the magnetic tunnel junction is quite interesting. The
MT] is constructed with two magnetic layers separated by a very thin non-conductor.
When the two magnetization vectors of the magnetic layers are aligned in the anti-
ferromagnetic orientation, the current through the alumina is at a minima and when
they are aligned in a ferromagnetic orientation the current is at a maxima. A common
non-conductor used in this type of design is thin film deposited alumina. To create the
odd-function response, one of the films must have its orientation pinned to a reference
orientation. If this orientation ever becomes unpinned, the sensor will lose its sense of
direction.
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Fig. 1. Basic GMR structures from C. Reig , M.-D. Cubells-Beltrdn and D. R. Miinoz [4]

This loss of sense of direction is not exclusive to GMR sensors since AMR sensors
have a similar issue. A survey of high sensitivity magnetometers by Robbes [5] com-
pares the superconducting quantum interference devices or SQUID with GMR and
anisotropic magnetoresistance devices or AMR. The author's conclusion is that the
GMR devices are promising as a highly sensitive magnetometer. Marchesi [6] sum-
marizes the different technologies used in compass applications, though the goal of
his work is to develop a planer fluxgate magnetometer.

Commercial entities have introduced new and innovative thin film magnetometers
for compass applications. The market for compass devices now includes magnetic
tunnel junctions (MTJs) and spin-valve devices along with pole piece devices. Com-
panies that are supplying magnetometers for Hall compass applications are Aichi
Steel, Honeywell, Philips, AK, MEMSIC, Yamaha, Freescale and others. A quick
survey of commercially available compass devices is shown in Table 1. These com-
pass devices are specifically designed to minimize the space required to fit inside of
cellular devices. Most of the devices are surface mounts. The performance standard
for these devices is the Honeywell HMC series which is based on the barber-pole
permalloy devices. All the other devices are measured against this sensor. The most
comprehensive of these devices are packaged with analog to digital conversion cir-
cuits. The chip manufacturers also supply algorithmic information to aid in the use of
these devices since this information, as stated earlier, relates a three dimensional vec-
tor onto a two dimensional plain.
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Table 1. Commercially available thin film AMR and GMR compass products

, &
. % -
‘IIIIIIIIIIII
GMI GMI AMR GMR
Aichi Steel Aichi Steel MEMSIC Honeywell Yamaha
AMI306 AM603 MMC314XMS HMC5883L YAS529
= SN I
TMR TMR TMR AMR
Yamaha Yamaha Freescale | Multidimension#|  Baolabs SENSITEC
MMC3031 BLBC3-D/
YAS530 YAS532 Mag3110 (target) BLB3B AFF756

# photo not available.

2 The Earth's Magnetic Field

Any discussion of compass applications requires an understanding of the Earth's mag-
netic field. The Earth's magnetic structure has a definite effect on how much sensitivi-
ty required in a compass device and how to interpret the information. The Earth's
composition simply is a large ball of liquid rock and metal with a very hot solid iron
core and a thin cool skin. Significant research on the structure and shape of the Earth's
magnetic environment performed by Glatzmaier and Roberts [7,8,9] has been per-
formed in the last twenty years. Song [10] describes the structure of the Earth and the
differential rotation of the core and mantle with respect to each other. Figure 2 [11]
shows a cross-section of the Earth describing the differential rotation. This rotation
was analyzed by seismic studies and determined to be as much as 1.1° per year of
eastward rotation about the rotational axis. The Earth has gone through periods of
time in which the magnetic poles reverse their direction. It is notable also that the
core spins at a slightly faster rate than the rest of the planet which causes shear forces
in the surrounding molten iron layer. The research shown in Figure 3 [11] was driven
by the measurable variances in the location and direction of the local north and south
poles and the magnetic reversals measured in the rocks of the Atlantic seabed. Ac-
cording to Glatzmaier and Roberts, this interaction between the central iron core and
the molten iron core drives these field reversals. This interaction also drives the local
variations in magnetic field. Their model treats the Earth's core like a dynamo i.e. an
electric motor. In their model, the outer molten core acts like a stator and the core acts
like the rotor. In a geologic time frame, the instability of the system results in a pole
reversal every 100,000 years but only is a minor problem for compass applications in
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Fig. 2. Cross-section of the Earth [11] showing the direction of the solid cores rotation and the
precession of the rotational axis of the core from 1900 to 1996

betweenreversals during areversal

Fig. 3. Magnetic field models [11] representing a period like we are presently in and how it
would look like during a reversal. This image represents 9000 years of simulation; a) represents
the initial magnetic state, b) represents the midpoint. The images are from results of modeling
from Glatzmaier and Roberts [9].

the short term. This has one notable exception; there are regions in the planet where
compasses do not behave as expected.

The map of the Earth's present field conditions shows the difficulty in developing a
compass device. The Earth's magnetic field does not always allow compasses to point
north worldwide. This makes developing an application, which can take advantage of
the high sensitivity of the magnetometer device, difficult at best. To improve the un-
derstanding of compass magnetometry, the United States Geological Survey (USGS)
has an education page and field declination map available [12] that is only useful for
the continental United States. Figure 4 [13] shows the lines of declination from the
USGS. There has been, for centuries, an acknowledgment that a compass has to have
augmented information for accuracy. Prior to the electronic age, the compass informa-
tion was augmented by using the stars and clocks were used by mariners to navigate.
After the advent of global positioning, navigation can be performed by the use of
hand held GPS units. Many digital compasses use built in zone maps to correct for
these magnetic variations.
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Fig. 4. Magnetic field map of the northern hemisphere as viewed from the Pacific ocean from
the USGS [12]. It is obvious from this image that the Earth's magnetic field is not a simple
north south reference.

3 Compass Concepts

Compass devices have been produced in two different modes. The first is the 2-D
compass which relies on a consistent z-axis orientation and the other type is the 3-D
magnetic sensor, which does not depend on a consistent z-axis. For the 3-D device, it
is important to project the three dimensional magnetic field vector ‘B onto a two
dimensional plane to be able to ascertain user orientation. The components of the field
can be broken into the three Cartesian directions as shown in Figure 5. By convention,
the magnetic field normal to the Earth's surface is designated as the z - direction. A
compass, (spinning magnet type) is generally set flat on a surface and the with the z
direction normal to the plane of orientation. On a boat or an aircraft the compass is
usually gimbal mounted to keep the compass level. This makes the measurement a
pure two dimensional problem and can be handled by a two dimensional axis rotation
matrix. The problem can then be solved by finding the angle in which the y direction
is maximized and the x direction is zero. At that point the y direction is south and a
reference direction is set. It then becomes relatively simple to orient the user to a
compass rose. The angle is then found using trigonometry.

A common way to orient and calibrate an electronic compass requires that the
compass is placed in a mode in which the user either drives his automobile in a circle
or waves the compass in a figure eight by hand. It is possible to make a calculation
without the rotation but there will be an error due to the small variations in the voltage
offset and sensitivities involved in the manufacture of these sensors. To solve this 2-D
angle, we designate that there are two vectors, X and Y, which designate the bridge
voltage signal value. The magnitude of this signal is
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The result is then used to determine magnetic north

Y =—V )

north™ mag

and the value of X=0, since most compass devices are vector sensors and have an odd-
function transfer curve which gives a positive output in the right-half plane and a
negative output in the left-half plane. The Y sensor will have a positive output on the
top-half and a negative output on the bottom half of the plane. This gives a very sim-
ple vector rotation problem where the angle is

cos(G)Z

3)

mag

This analysis completely leaves out errors due to local field variations and actual sen-
sor voltage-offsets. Unfortunately this only works for limited cases and most real
sensors have variations in sensitivity and offsets. Most of the newer applications need
three axis (x, y, and z) of information since they are mostly in hand held devices. It is
easy to see the difficulty in figuring out the directions by running a simple thought
experiment. If we orient our two dimensional sensor at a forty-five degree angle, we
should have an equal amount of signal in both sensors. If we rotate the sensor on the x
axis the magnitude of the X component will stay constant while the ¥ component will
vary. This rotation will cause a significant directional error. To compensate for the
error, most designs include a z-axis sensor. The z-axis sensor allows the magnetic
sensor to accurately determine the direction of the magnetic field vector, so as to cor-
rect for this tilt. There is a single point in which the method breaks down. If all of the
signal is in the z-axis sensor, then there is no projected component in either the x or y
direction and the compass is indeterminate.

Z “mag

\

Fig. 5. Simple 3-d representation of a magnetic field. The projection of this vector onto the the
relative position of a three axis magetometer is what is necessary to determine position.
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The rotation of the reference plane requires the sensor manufacturer to supply a set
of flattening equations to allow for easy implementation, by the customer, of the sen-
sor. The flattening equations are based on the concept of roll, pitch and yaw. These
equations are well known and can be found in numerous sources. The following equa-
tions [14] are matrices for rotation: o around the x-axis, B around the y-axis, and vy
around the z-axis.

1 0 0
R.(a)=|0 cosa —sina “4)
0 sina cosa ]

cosB O sinB-
R(B)=| 0 1 0 (5)
—smnpB O cosp |

cosy —siny O
R.(vy)=|siny cosy O (6)
0 0 1

The general rotation matrix is R=R,R,R, and by identifying the values of the rota-
tional angles, the relationship of the compass plane can be referenced to the Earth's
surface. As mentioned earlier, these values are described as roll, pitch, and yaw and
are compared to a local axis reference. Even though the Earth is spherical, the observ-
er sees the surface of the Earth as a flat plane. This is why we can use the Cartesian or
orthogonal coordinate system. The transformation of the vectors onto a new coordi-
nate system can done by using the following relationship

Viae =RV g . (7

The final result of this type of transformation is represented by Hong Wan [15] in the
following equations

X '=XcosB+ Ysinz[S—ZcosB sinf (8)
Y '=Ycosy+ Zsiny )

where the heading is
a=tan71(Y'/X ). (10)

Several cell phone manufacturers, such as Apple [16], have combined the results from
similar equations with the results of the their accelerometers into fairly accurate glob-
al orientation methods. It is very important for a magnetometer to have a reasonably
high signal to noise ratio for these methods to be used.

Another problem, when using a compass device, is that there are significant points
in orientation on the Earth's surface in which there is no directional information. If the
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z sensor device is directly aimed in the z-direction, there will be no x and y axis in-
formation since there is no projection of the vector onto the x and y direction. This
means also that near this point the signal is relatively small. The low value of this
signal can create heading errors.

4 GMR Sensor Behavior

The use of GMR sensors requires a brief discussion of the general behavior of GMR
material and how this affects compass behavior. Giant magnetoresistive sensors have
generated a significant amount of interest as compass devices. This interest is due to
the high magnetoresistive ratio i.e AR/Ry. From Figure 6 [17] it is easy to see that a
comparison of the key GMR technologies with the AMR devices show that the differ-
ence in sensitivity is greater than an order of magnitude. This difference requires
additional handling to try to match the sensitivity. When GMR sensors were first
invented, the most common type of sensor was the multilayer device. This GMR sen-
sor usually consists of a structure similar to the one in Figure 1a, which is a layer of
magnetoresistive material followed by a non-magnetic spacer then another magneto-
resistor. To increase the AR/R, the pattern is repeated. This type of magnetoresistor is
not very useful for a compass since it behaves as an even function. The most common
type of GMR sensor used for a compass device is the spin valve. Figure 1b shows a
typical spin valve structure which has a pinned layer and a pinning layer to set the
magnetic behavior to a reference direction. Figure 7 shows a typical spin-valve re-
sponse from NVE Corporation [18]. A major characteristic of these type of magneto-
resistors is the odd-function response and the hysteresis behavior of these spin valves.
The odd-function response allows for a directional component from the output of the
sensor. This directionality is key to the compass. The hysteresis behavior is driven by
instabilities and generally is not something that can be changed.

Hall-effect —
magneto-diode —
magneto-transistor ——
AMR magnetometer

GMR magnetometer

MJT magnetometer
Magneto-Optical

MEMS (Lorentz force)

MEMS (electron tunneling)
MEMS Compass

Optically pumped
Nuclear precession

Fluxgate magnetometer
Search Coil

SQUID magnetometer T——

1pT  1nT 1T 1mT

YY YYY YYVYVYVYYY

Fig. 6. Sensitivity range of different magnetic devices used for magnetometry from Lenz [17]
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This hysteresis behavior requires that the compass designer put in some provisions
to limit exposure of the sensor to large external magnetic fields. These provisions are
often maximum field exposure values which limit the field exposure to less than 10
Gauss or 1 milli-Tesla. A common method to make a GMR sensor sensitive enough to
be used as a compass device is the addition of pole pieces. This addition is needed
to increase the directional bias due to the problem that the GMR sensor is sensitive to
more than one field direction. Historically, anisotropic magnetoresistors, AMR, are
used for thin film compasses due to their behavior which is directly coupled to current
direction. In the barber-pole configuration, this device is naturally odd-functioned and
a low cross-sensitivity. These AMR sensors have a naturally high sensitivity to low
fields, but have a low dynamic range. The low dynamic range forces the user to make
the magnetic environment of the sensor magnetically quiet.

Spin Valve with 6 % GMR

field parallel to pinning direction
12.5

12.4

12.3
12.2
121

12
11.8
11.8

11.7% ! — |
-60 40 -20 0 20 40 60

Magnetic Field (Oe)

Fig. 7. Measured resistance vs. applied field for an antiferromagnetically pinned spin valve with
the field applied parallel to the magnetization of the pinned layer with GMR = 6 % from Smith
and Schneider[18]

To compete with this sensitivity, the soft magnetic pole pieces are also needed to
intensify the field. These pole pieces require a significant amount of design, usually
performed using some form of finite element analysis. The GMR compass unfortu-
nately, has another disadvantage compared to the AMR compass. For the GMR sen-
sor, unlike the AMR sensor, there is no equivalent structure to the barber-pole sensor.
Figure 8 shows a typical schematic of a resistive bridge using GMR elements [19].
Figure 9 shows shows an actual sensor with two of these elements are used as refer-
ence devices while two are used to detect the field [19]. This cuts the effective signal
in half as compared to the AMR device which can use all four elements. The advan-
tage that the GMR devices have is that they are relatively small for the equivalent
impedance. A typical AMR sensor has a sheet resistance of 6 Q/o to 11 Q/o where a
typical spin-valve has a resistance of 16 /0. The dynamic range of a GMR sensor is
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also greater than that of an AMR sensor. The best AMR sensors have a 3% AR/R, and
a 6% AR/R, for the GMR spin-valve. Even with the addition of the pole pieces, these
sensors can occupy less area than the equivalent AMR sensor. This size difference is
due to the non-active elements being under the pole-pieces. As shown in Figure 6, the
sensitivities of the GMR devices, even with the pole pieces, are going to be lower
than the equivalent AMR sensor. Compass devices, for hand-held applications such as
cell phones, only require between one to five degrees of accuracy. This range of di-
rectional accuracy is achievable using GMR compass devices. The specific GMR
device that approaches the behavior of the AMR device better than the spin valve is
the magnetic tunnel junction or MT1J.

+—>

Aois of sensitivity

Silicon substrate Metal interconnects

{1300 pm x 400 pm)

Flux concentrator (2)

L L Magnetically shielded resistor (2)
Bonding pads (4)

{(100pm x 100pm) Magnetically active resistor pair

Fig. 8. Schematic representation of a typical GMR sensor [19]. The pole pieces also block the
field from the two reference resistors, R4 and Rj.

Fig. 9. GMR sensor from NVE [19] with integrated pole pieces. Note that the inactive sensors
are shielded from the external field by the soft-magnetic pole pieces.

Magnetic tunnel junction devices, unlike spin-valve devices, modify the resistance
through the thickness of the devices. The current, in essence, is perpendicular to the
sense plane. Magnetic tunnel junctions have the same issues as the spin-valve devices
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and require pole pieces to form a directionally sensitive sensor. Figure 10 shows a
comparison of detectivity versus frequency of several commercial sensors [20]. The
MT]J and spin-valves have issues with 1/f noise on top of the hysteresis issues. Gener-
ally, a compass device is measuring a very low DC field which may or may not have
noise depending on the last state of the sensor. Another condition which may impact
the behavior of the compass will be the impact of environmental noise i.e. the effect
of AC fields generated by AC electrical equipment.

10
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10 \V Honeywell HMC1021
\4\\’}\- \ NVE $DT
o b4 [
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nT/Hz"0.5

Honeywell HMC1001

- 1 2 3 4
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Fig. 10. MTJ sensor with flux concentrators from A. Jander et. al. [20]. Magnetic field detec-
tion in the low frequency range is shown.

Since background AC magnetic fields are ubiquitous, we will need to consider the
effect of 1/f noise on the compass device. It turns out that the 1/f noise in GMR sen-
sors is greater than the noise in AMR sensors by several orders of magnitude [21].
The source of magnetic noise in permalloy (AMR) is most likely lattice noise [22].
The 1/f noise in GMR is also dependent on the voltage bias of the sensor. Wan et. al.
[21] also noted that the 1/f noise at low frequencies can change by a factor of 100
with a voltage bias change of a factor of 40 [23]. For MTJ sensors, the additional
noise generated by tunneling electrons also affects the signal to noise ratio. The effect
of the free layer thickness directly affects the 1/f noise and the sensitivity [24] of the
MT]J devices.

As the free layer is reduced in thickness, the 1/f noise reduces but the MR ratio is
also reduced. An additional design consideration for the use of GMR sensors as a
compass device is the effect of temperature on the both the conductivity and on the
sensitivity. Smits [25] shows that the conductivity of the MTJ, over temperature, is
linear in the range of interest (233K-353K). Another parameter that can be used, is the
current density and how it changes the sensor behavior. Russek [26] demonstrates the
effect of current density on a spin valve as shown in Figure 11. This current bias ef-
fect can also be used to design the sensitivity of these compass.
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Fig. 11. Russek [26] et. al. plot of resistance change as the bias current is changed

Fig. 12. Conductance versus temperature for three different MTJ devices and 15 nm permalloy.
These films are Co/Al,03/Co/NiO , Co/Al,03/NigoFe,i/NiO, Co/Al,05/NigyFe,,) and 80 Ni 20
Fe permalloy [25].

The importance, for a compass device, of the error sources is that the total signal
necessary to find one degree of rotation is very small. If we take a simple Wheatstone
bridge of approximately 1 kQ with a 6% GMR over a 1mT range as shown in Figure
7 and use a pole piece construction as shown in Figure 8. This will increase the sensi-
tivity by a factor of 2 to give us a sensitivity of 1.2%/ 10T so we can calculate the
bridge output with the following equation

Rl R3
Voul:Vs* - (11)
(R+R,) (Ry*R,)

where V,, is the output of the bridge and V; is the supply voltage. With a supply
voltage of 5V, the bridge output would be around 30 mV/10™T. If we then assume
that the Earth's magnetic field in the area of Chicago, USA is around 16 mT then,
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small angular changes will give very small changes in the field. To measure a one
degree change, (the difference from zero degrees to one degree) the field changes by
2.4x10°°T. This means that the voltage difference is 16 uV and the minimum require-
ment to guarantee a one degree angle change (due to Nyquest sampling rules) is
8 pV . The minimum noise level then must be less than the § pV. If the device is
exposed to a field level that saturates the sensor, it is likely that the sensor may not
continue to respond at the same level in which the sensor was calibrated. Hysteresis
is, by its nature, an effect that is repeatable though difficult to deal with. For most
compass schemes, it is important to reset the sensor back to its original state. In AMR
sensors, the hysteresis is reset by means of set-reset field straps. This is the method
that both help to set a reference direction and zero out any bridge offset. Another
significant problem in compass measurement is the effect of temperature. This prob-
lem is clearly shown in Figure 12 [26] and in Chien-Tu Chao et. al [27]. This graph
shows the variation of ambient temperature on the conductivity of MTJ sensors. This
material changes in base resistivity, in sensitivity and hysteresis loop size. This tem-
perature behavior requires, to improve repeatability and signal accuracy, a tempera-
ture sensor to either directly put into a feedback scheme or as a reference in for a
digital circuit.

The third type of GMR that is used for compass devices is giant magneto-
impedance or GMI. The GMI effect is an offshoot of the MI or magneto-impedance.
Magneto-impedance relies on the frequency skin-effect which is modified by the
magnetic field. It was initially documented in the 1990's [28] and detailed in multiple
experiments over time. Initial structures tested were made from ribbons of amorphous
materials [29].
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Fig. 13. Frequency behavior of GMI sensor between 1 MHz to 13 Mhz. This response is an
even-function and not as suitable for compass application [29].
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This sensitivity to the applied field, for the GMI, is frequency based, as shown in
Figure 13 [29]. These ribbons originally were rather large and not suitable for com-
pass devices but have benefited from miniturization methods used in the electronics
industry. Morikawa et al. [30] developed a thin-film GMI sensor for Toyota research
using thin films with a layered structure. The structures are Co-Si-B/Cu/CoSi-B,vCo-
Si-B/Ag/Co-Si-B, and Fe-CoSi-B/Cu/Fe-Co-Si-B. Figure 14 [30] shows the sensor
schematic used to test GMI by Morikawa et al [30]. Figure 15 [31] the results of test-
ing the GMI thin-film sensor constructed by Maylin et al. showing the effect of fre-
quency on the sensitivity. This device still produces an even function type of transfer
function. An even function is a mathematical function that has a result that is the same
in the left-half of the plane as it does in the right half of the plane. The behavior
follows

Z= R (v v (12)
60:@ (13)
Me= |+ 1, (14)
ML= [H—H, (15)

where o is the wire radius, R is the resistance, p is the resistivity, w is the angular
frequency, and L, is the circumferential permeability of the wire. The permeability p,
is complex, and p, significantly modifies the impedance at frequencies above 100
MHz. Unfortunately these sensors, to work properly, have very low starting imped-
ance which increases their power consumption. It also makes the pattern sizes quite
small. Additional work on GMI devices have shown that a DC bias can create an
asymmetrical response, as shown in Figure 16, which gives the odd-function response
necessary to produce a compass [32]. To achieve an odd-function result, the top and
bottom layers can have anisotropy angles of between 15° and 45°. Figure 17 [33]
compares the GMI output to an single AMR barber-pole resistor. The function de-
scribed still has an issue with the output of of the sensor pair having the same value at
different fields.

This problem would only be an issue when the sensor is exposed to fields not nor-
mal in nature such as hard magnets and electric motors. To make a functional com-
pass, the device made from these elements would need to be reduced in size so that all
three axis could be measured.
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Fig. 14. Morikawa et al. [30] thin film GMI sensor. (a) Is the top view and (b) is the cross-
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Fig. 15. Maylin et al. [31] thin film GMI sensor impedance results at 0.01, 0.1, 1, and 10 MHz.
The output is an even function which is not ideal for a compass. This is because a vector point-
ing left has the same magnitude as a vector pointing right.
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Fig. 16. Schematic of an experiment run by Delooze et. al. [32] (a) Film layer structure and
principle quantities and directions. (b) In-plane view of the test structure.
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Fig. 17. Data taken from Delooze et. al. [32] and the Author. This device is a combination of a
GMI devices using opposite DC current directions on two sensors compared with a typical
barber-pole AMR sensing element. The excitation frequency used for the GMI is 90 MHz, b =
40 um and I =25 mA.

5 Commercial GMR Compasses

Table 2 shows a comparison of some selected commercially available GMR compass
devices. Table 2 is constructed from the available data sheets from these selected
manufacturers. Also included in this table is a comparison of two equivalent AMR
devices. All of the devices shown have A/D converters to allow for compensation
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algorithms. The table shows four basic types of compass devices. These are, as have
been discussed, AMR, Spin-valve, MTJ and GMI based sensors. Some of the issues,
such as hysteresis, that were discussed in earlier sections show up in the commercial
Sensors.

The AMR sensors were included to act as a reference for the GMR sensors. It
should be noted that the MEMSIC device in this table has a sensor licensed by Ho-
neywell to MEMSIC. With this licensing, any variations in performance are probably
due to the application specific integrated circuit or ASIC that was mated to the sensor.
All five devices in this comparison have custom complimentary metal oxide semicon-
ductor (CMOS) application specific integrated circuit (ASIC) devices to perform the
analog to digital conversion and communication to an output device. Common output
devices for these include automotive mirrors, cell phones and hand held GPS devices.
Manufacturers over the years who have used such devices are Magna Donnelly, Gar-
min, Motorola, and Apple. The GMI sensor, from Aichi Steel, in this table, solves the
dimensional issue and the vector issue by using fluxgate magnetometry methods. The
size of the package, for the compass devices, is being driven by the needs of the digi-
tal phone market. The chief marketing handle for these communication devices is the
size of the phone itself. Thin phones are important to the consumer base.

The thickness of the package, due to the z-axis sensor, is the biggest issue. In
some devices, the z-axis device is a separate chip, mounted on its side. In other devic-
es, the z-axis sensor is in the plane of the Xy sensors but with z-axis pole-pieces. All
the devices shown in Table 2 are between eight hundred microns to one millimeter in
thickness, which seems to be a manufacturing limit. As expected, the largest devices
are the AMR devices. These devices have the lowest impedance to device area. This
then requires that the AMR sensor needs to grow quite large to achieve a reasonable
resistance. The smallest devices are the MTJ sensors. The MTJ sensors have the high-
est impedance and therefore require less physical space on the chip.

An important consideration for the compass device is the input-output configura-
tion. This means analog to digital conversion bits, current consumption, interface type
and interrupts. The interface type that is used in these commercial devices is I°C which
is a two wire communication protocol developed by Philips Electronics. It can be used
with either seven or ten bit words and is a very common interface type. This basic
circuit type is readily available at numerous foundries internationally. The continuous
current consumption also gives insight on how much time the device remains “on”.

The Yamaha device has the highest current draw is either “on” a significant
amount of time and or has a significantly lower resistance in the sensor. The Aichi
Steel and the Freescale devices have interrupt lines to add additional handshaking.
The lowest supply voltage is 1.7 volts and the highest voltage is 5.25 volts with the
majority able to operate at or around 3 volts. The analog to digital converters, ADC,
range from 10 bits to 15 bits. The ADC also can control the accuracy of the commer-
cial sensors depending on the volts/bit. The sense range of these devices is one to
twelve Gauss of external applied field.

The basic performance of these selected commercial devices over temperature and
initial offset versus temperature induced offset is important. These parameters are
listed in Table 2 and can be compensated for using a temperature sensor.
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Table 2. Selected AMR and GMR devices and their specifications from their data sheets. All
these devices have signal processing. At this time, some of these devices are only prototypes.

Technology GMI AMR GMR MTJ
General  [Company Aichi Steel MEMSIC Honeywell Yamaha Freescale
Product AMI306 MMC314XMR HMC5883L YAS529 Mag3110
PKG PKG LGA 10 LGA 10 LGA 16 WLCSP 10 DFN 10
Size (mm) 2*2*1 3*3*1 3*3*0.9 2*2*1 2*2*0.85
Voltage (V) 1.7~ 36 2.7~525 216 ~ 3.6 25~36 1.95~ 3.6
Current_continuous
working (mA) >1 ~2 ~2 4 >1
Vo Current_samples per 0.15 @ 20sps | 0.55 @ 50sps | 0.10 @ 7.5sps 4 0.14 @ 10sps
second (MA) . : . ’ .
Interface IIC IIC IIC IIC IC
Interrupt Y / / Y
Maxi Storage temp -40 ~ 125 -55 ~ 125 -40 ~ 125 -50 ~ 125 -40 ~ 125
;’?.m“m Operating temp 20~ 85 40- 85 30~ 85 40-95 40- 85
alNGS  [ax exposed field 10000G 2000G 1000G
Range (+-Gauss) 12 4 1~8 3 10
ADC (output bits) 12 12 12 10 15
Sensitivity/Resolution 6 for XY / 12 for
6 2 2 1
mGauss) Z
Offset (+-Gauss) 0.2 0.01
Accuracy (deg) 1 2 2 5
Linearity (%FS) 0.5 1 0.1 1
Performance py steresis (%Fs) 01 0.0025 [
Repeatability (%FS) 0.1
Sensitivity TC +-7% @0~60degC | 0.11%/degC +-5% 0.1%/degC
+-3mG/degC
Offset TC @0-60degC +-0.4mG/degC +-0.1mG/degC
Bandwidth (Hz) 40 75 40 40
Noise (RMS) 0.6mG@25Hz 0.5mG
Onchip temp sensor Y Y Y Y
Single-chip-integration / / Y
Features Offset removal Y Y Y Y?
Self test / / Y / Y
Others 3 AD for O\er§amp!lng
external configuration

If the application needs a wide temperature range of operation, these values must
be accounted for. If the user combines other types of sensor information with the
compass values it is still possible to compensate for this offset. Most hand held devic-
es, such as cell phones, also have global positioning devices, gyroscopes, and accele-
rometers. The maximum external field that the GMR and MT]J sensors can be exposed
to is also quite important since both sensors depend on a pinned layer. The maximum
field for the MTJ and the spin-valve GMR devices are 1000 G to 2000 G. This seems
high, but it is the level that a hard magnet in a circuit assembly line can produce. Of-
ten production assembly lines use magnets to activate proximity sensors. These sen-
sors are used indicate the position of assembly tooling and can expose these types of
devices to high fields. These compass devices are also sensitive to solder temperature
and epoxy curing temperatures due to the thermodynamics of thin film diffusion. The
maximum storage temperatures for these devices is 125°C. This generally means that
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the epoxy curing temperature should be 100°C or less. The wire bonding temperatures
should also be limited to this range.

6 Discussion

GMR compass devices have expanded the market for electronic compasses due to
their acceptable sensitivities and large dynamic ranges. These devices have significant
issues, noise, hysteresis, and sensitivities. The initial issue is the cross-sensitivity of
the typical GMR sensor and it bears restating how much this effects everything to do
with this class of sensor. These sensors require magnetic pole pieces to enhance the
directionality or the accuracy becomes poor. Figure 18 [18] shows a demonstration of
the cross-axis behavior using pinned spin-valve devices. Hill [33] compared multi-
layered GMR sensors versus spin-valve sensors for vector applications. The analysis
in Hill [33] demonstrated that the more traditional multi-layered GMR devices are
better vector devices. Unfortunately, multi-layered devices have sensitivity issues.
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Fig. 18. Typical behavior demonstrating of cross-axis sensitivity issues as related to an anti-
ferromagnetic coupled spin-valve [18]. a) Field parallel to the pinning direction (NVE 6%
device). b) Field perpendicular to the pinning direction (NVE 2.4% device).

The spin-valve device in this study had poor cross-axis sensitivity. This is not the
complete picture, a spin-valve device does have cross-axis behavior in one direction
and none in the other direction. This cross-axis behavior probably does not really
effect the actual compass device since the pole-pieces do most of the selectivity. To
contrast this with the AMR sensor, the cross-axis sensitivity of the standard AMR
sensor is completely dependent on magnetization direction (which can be controlled
as in the set reset scheme sold by Honeywell). In an AMR compass device the magne-
tization can be controlled by the set-reset coil. The introduction of commercial GMR
sensors has proven that these type of devices are viable. The goal of increasing the
sensitivity of GMR sensors has driven researchers to try variations of other sensing
methods to create novel sensors. The methods used by Aichi Steel may in the end be
the most sensitive and effective magnetometer, this is due to the incorporation of the
fluxgate technique as shown in Figure 19 [34].
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The idea of adding magnetic structures to micro-electronic machines [35, 36] has
expanded the possibilities for compassing. Figure 20 is a schematic of a proposed
MEMS concentrator structure. The flux concentrator i.e. pole-pieces are placed on
“springs” and “comb drives” to modulate the magnetic field. The magnetic sensor is
placed on a spring structure [37] in-between the pole pieces. These type of compass
devices may be accurate but have additional manufacturing issues, such as etch
chemistry compatibility, which need to be answered. The additional complication of
repeatability and calibration will still need to be answered. A new direction for

compass devices is the use of nanotechnology to create a new category of vector
sensor [38, 39].

Flux Concentrator

Comb Drive

Si Springs

Fig. 20. Edelstein's [37] concept for a MEMS flux concentrator to reduce 1/f noise

Colossal magnetoresistors have issues still with operational temperature range
which will in the short run impede implementation. These include nanowires made
from variations on permalloy to colossal magnetoresistive materials.
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7 Conclusions

Giant magnetoresistors are capable of being effective compass devices. Certain repea-
tability errors will have to be managed for the GMR devices to supplant AMR devices
for high accuracy applications. As with all new technologies, it is now a race to come
up with a method that can be accurate and manufactured in an inexpensive and relia-
ble manner. The cost for implementation will always drive whether or not a new tech-
nology will be adopted. Compass devices are part of our history of exploration and
discovery. From ancient times, where the compass made navigation across the Medi-
terranean possible, to modern times as an aid to personal navigation to and through
the local shopping mall. We continue to find more ways to make compasses and new
applications to use these devices.
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Abstract. Space is an environment of extreme parameters. Wide temperature
swings, very low pressures (vacuum), moderate to high radiation, mechanical
vibrations and impacts, etc. Thus, components for space applications, which
need to stand these hard conditions, are normally very expensive and it often
takes a while to include emerging technologies in the space market. This means
that space components are not always that innovative.

The case of vector magnetometers is not an exception. Since the beginning
of the space exploration mainly fluxgate magnetometers have been used for
magnetic mapping [1]. Fluxgates are robust sensors and massive core fluxgates
present very good performances for geomagnetic mapping and further explora-
tion in the solar system. Besides, they are normally combined with a scalar ab-
solute sensor for calibration of the vector magnetometer.

In an attempt to be able to get ready as fast as possible to use emerging
magnetic sensing technologies for space applications, INTA has devoted some
effort in the qualification for flight use, of Commercial Off-The-Shelf (COTS)
solid state magnetic sensors, as AMR and GMR sensors [2-4].

In this chapter we describe the chain of testing and adaptation of the avail-
able commercial GMR sensors for an experimental payload in a picosatellite
(OPTOS, 3 kg). We present the calibration tests results and the expectations we
have for the in-orbit measurements.

1 Introduction — A Flight Opportunity

This chapter reports on the first GMR commercial sensor on board a satellite: from
the conception to the preflight calibrations. The idea of such a challenge starts in 2005
encouraged by the increasing interest of GMR sensors mostly in recording magnetic
heads [5-9]. The group of Space Magnetism of the Spanish National Institute of Aero-
space Technology (INTA), born in the end of the nineties, defined its strategy with
the upqualification of commercial off-the-shelf (COTS) magnetic sensors for space
applications with the aim to be ready for the qualifications of the new emerging tech-
nologies [2]. In this line already in 2005 a miniaturized AMR-based sensor had been
launched onboard NANOSAT-01, and the idea to broad this initiative to GMR

C. Reig et al.: Giant Magnetoresistance (GMR) Sensors, SSMI 6, pp. 181-P10]
DOI: 10.1007/978-3-642-37172-1_8  © Springer-Verlag Berlin Heidelberg 2013
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sensors with half volume of an AMR, double response to magnetic field, and a poten-
tial lower power consumption, was very challenging.
At that time, three Spanish space missions started almost simultaneously:

1) An INTA picosatellite (mass lower than 3 kg) called OPTOS “A New Light in
Space”: a platform for technology experimentation [10]. Among the proposed pay-
loads there were an optical camera APIS, an experiment to measure the tempera-
ture by means of a set of optical fibers (FIBOS), and we were asked to propose a
magnetic experiment: a GMR-based experiment. Actually OPTOS had another
AMR-based magnetometer onboard for the attitude and orbit control subsystem
(AOCS), so the whole experiment consisted in the intercomparison of both vector
Sensors.

OPTOS, composed of three piled cubesats [11-13], is a real challenge of compact-
ness. Imagine how to place the computer, the power unit, etc. and several payloads in
a volume of 10 cm x 10 cm x 30 cm. In this compact scenario, the communications
between the computer and the rest of the units are performed by means of optical
wireless links (OWLS). The wires are completely removed fundamentally to make it
easier the integration and assembly tasks.

2) A second nanosatellite in the frame of NANOSAT program: NANOSAT-1B. A
more advanced and experimented platform for technology demonstration. Onboard
this platform the initial experimental payloads were a couple of magnetic sensors:
the GMR and a magnetoimpedance vector, and an experiment for the measurement
of the total radiation flux by means of the effect the radiation has in the dark cur-
rent of optoelectronic devices: Las Dos Torres (The Two Towers) [14].

3) A national satellite for Earth observation: SEOSAT. This was supposed to be the
first Spanish satellite with the capability to take high resolution multispectral im-
ages for different purposes like cartography, agricultural and aquifers mapping, ca-
tastrophes and security management, etc. Again, in this platform, two very small
payloads were proposed: the Two Towers and a GMR vector sensor called
MAGNETITA.

In the three space mission the scientific objective for the GMR sensors was to meas-
ure the geomagnetic field (+ 60 puT) with accuracy in the order of 10 nT, which is a
typical resolution for attitude determination not very strict.

Figure 1 shows the block diagram of the different experiments on board the three
platforms. It can be seen that the more complex experiment was proposed for
SEOSAT, and consisted in a couple of vector sensors for intercomparison, a calibra-
tion coil and a temperature sensor, for thermal compensation due to the high tempera-
ture dependence of solid state sensors, within the same experiment. Experiment for
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NANOSAT-1B followed this one in complexity, with calibration coil and temperature
sensor in the experiment and the open possibility to compare GMR measurements
with the AMR sensor. Finally the experiment onboard OPTOS was very limited as a
whole but again there were coils in the satellite for GMR calibration and the above
mentioned AMR sensor for the AOCS. It can be seen how the complexity of the ex-
periment was reduced as mass was more limited: SEOSAT mass is above 700 kg,
NANOSAT-1B mass is 20 kg and OPTOS is less than 3 kg.

OPTOSAT: A New Light in the Sky (picosatellite)

Vee

3 axis GMR magnetometer =
1 Temperature Sensor =¥

No Calibration is performed. Data are compared with ACS 3 axis magnetometer

NANOSAT 1B (nanosatellite)

1 axis GMR magnetometer
1 (3 axis) Calibration Coil
1 Temperature Sensor

SEOSAT: Spanish Earth Observation SATellite
Vee

3 axis GMR magnetometer
3 axis AMR reference magnetometer

1 (3 axs) Calibration Coil
1 Temperature Sensor

Fig. 1. Blocks diagram of the GMR experiments proposed for the three platforms

In 2006 NANOSAT-1B restricted the magnetic experimental payloads to one and
then the magnetoimpedance experiment continued alone onboard this platform. In
2008 MAGNETITA also got off of SEOSAT so the GMR experiment onboard
OPTOS is the only one that has survived up today and the protagonist of this
story.
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2 Selection of an Appropriate Commercial Off-The-Shelf
(COTS) GMR Sensor

As it has been described previously in this book, GMR effect is the change in electri-
cal resistance of a multilayer of ferromagneticaly coupled magnetic layers, separated
by non magnetic layers, when it is exposed to a magnetic field. In this chapter it is
only considered the group of sensors consisting of a multilayer of two ferromagnetic
layers separated by a metallic layer (GMR). Other types of sensors like the Magnetic
Tunnel Junctions (MTIJs) consisting of a trilayer of ferromagnetic material with an
inner insulator are not taken into consideration [15-16].

In the absence of a magnetic field the magnetization of the GMR above mentioned
sensors, is perpendicular to the measuring axis and alternate among the layers. When
a magnetic field is applied, the magnetization of the magnetic layers rotates towards
the direction of the external magnetic field (Figure 2).

High Resistivity

Magnetic Layer
——

Magnetic Layer
«—

Low Resistivity

Magnetic Layer

/ 3

Wagnetic Layer gneﬁc F'el
a

ExterM

Fig. 2. GMR working principle scheme

The effect was first described in 1988 but in the time until 2005, the GMR com-
mercial devices have been used mostly as magnetic encoders and switches, and very
much related to the field of magnetic recording. There was not a significant manufac-
ture of sensors. Among the 47 companies we bench-marked manufacturing magnetic
devices: sensors, reed switches, encoders, etc (Table 1), it was only possible to find
suitable magnetic sensors for geomagnetic mapping in NVE and Hitachi Metals.
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The candidate COTS for the mission are limited to those listed in Table 2. Actually
the gradiometers are purchased to complement the measurement of the magnetic field
with a measurement of the gradient.

Table 2. List of initial candidates for GMR COTS sensors

Item | Reference Characteristics Manufacturer
1 HMS55B GMR Magnetic Sensor Hitachi
2 | AA002-02 GMR Magnetic Sensor NVE
3 | AA005-02 GMR Magnetic Sensor NVE
4 |AAHO002-02 GMR Magnetic Sensor NVE
5 [AAL002-02 GMR Magnetic Sensor NVE
6 | AB001-02 GMR Gradiometer NVE
7 [ABHO01-00 GMR Gradiometer NVE
8 [AAVO001-11| Spin Valve Magnetic Sensor NVE
9 |[AAV002-11| Spin Valve Magnetic Sensor NVE

Among the COTS firstly taken into consideration: sensors by Hitachi and NVE, it
was decided to focus on the NVE sensors because the Hitachi sensors are explicitly
not recommended for radiation proof [15].

The former devices under test were the magnetic sensors AA002, AAH002 and
AALO002 and the gradiometers AB00102 and ABH001-00 of NVE [16]. The selection
was based on their higher sensitivity compared to other sensors of the same families
and the appropriateness of the dynamic range. For instance, AA0OS has a significant
higher dynamic range between 1 and 7 mT, above the specifications of the mission.

GMR magnetic sensors have an active area of approximately 350 microns by 1400
microns. The sensors are configured as a Wheatstone bridge with resistors of 5 kQ
made of GMR material. The sensors are provided with flux concentrators for two
purposes: to provide the Wheatstone bridge with an asymmetry that unbalances the
output of the Wheatstone bridge due to the different shielding of the resistors and to
tailor the sensitivity.

The formula NVE provides for the calculation of the field in the position of the
sensors due to the effect of the flux concentrators (FC) is:

B =60%'r< p (1)

sensor applied
FC

where lgc (~ 400 um) is the length of the flux concentrators and ggc (~ 100 um) the
gap between them.

As a result these sensors create an artificial field gradient in the chip by means of
which the magnetic field is measured.
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In NVE magnetic gradiometers the flux concentrators are removed so the Wheat-
stone bridge has zero output in the presence of a uniform magnetic field all along the
dimensions of the chip. In contrast the output is unbalanced in the presence of a gra-
dient field being the shift in voltage proportional to the field and to the spacing
between pairs of resistors (0.3 mm, 0.5 mm, or 1.0 mm depending on the sensor prod-
uct). As it has been mentioned, these sensors were purchased in case that a comple-
mentary measurement could be performed, mostly motivated by the presence of a
nearby dipole, since OPTOS has not a magnetic cleanliness program. This option was
later discarded.

Finally a couple of spin valve sensors were purchased for comparison but they
were not used for this project, so from now on this work will focus on the magnetic
Sensors.

Characteristics of the purchased sensors can be seen in Table 3.

When comparing with AMR sensors, GMR are more efficient in terms of sensitiv-
ity per voltage. Also the power consumption of GMRs is lower due to the higher re-
sistance (5 k€2 compared to a 1 kQ typical value of AMR.

Table 3. Characteristics of AA002, AAH002 and AALOO2 sensors [16]

Parameter Sensonte Unit
AA002 AAH002 AAL002
Hectrical resistance 5 2 5.5 kQ
Sensitivity [30, 42] [110, 180] [30, 42] mV/VmT
Saturation Field 15 0.6 1.5 mT
Bridge Voltage Range [<1,24] [<1,24] [<1, £25] A\
Operating Frequency [DC,>1] [DC,>1] [DC, > 1] MHz
Operating Temperature Range [-50, 125] [-50, 150] [-50, 150] °C
Bridge Hectrical Offset [-4, +4] [-5, +5] [-4, +4] mV/V
Signal Output at Maximum Field 60 40 45 mvV/V
Linear Range [0.15, 1.05] [0.06, 0.30] [0.15, 1.05] mT
Nonlinearity 2 4 2 % (unipolar)
Hysteresis 4 15 4 % (unipolar)
Tempco of Resistance 0.14 0.11 0.11 % | °C
Tempco of Output at Constant supply Current 0.03 0.1 -0,28 % | °C
Tempco of Output at Constant supply Voltage -0,1 0 -0,4 % | °C
B angle between
Off Axis Characteristic Cos B Cos B Cos B field and
sensitivity axis

ESD Tolerance 400 400 400 V pin-to-pin HBM

Figure 3 shows the response curves of the candidate sensors. Two characteristics
should be remarked: one is that GMR is an even effect and thus their response is the
same no matter the direction of the field and the other is that response curves present
a not negligible hysteresis.

The transition from the ordered saturated magnetized state up to the high resistance
state goes through a line with higher sensitivity while the transition from the sponta-
neous alternated magnetization towards the saturation magnetized state goes through
a lower sensitivity curve. In the low field region, the repeatability is really poor.
However the sensitivity of any of the branches is very good and appropriate for the
magnitude of the Earth magnetic field intensity.
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Fig. 3. AA002, AAHO002 and AALOO2 response curves for a 2 mT range

Another issue (mentioned in) is the high dependence of GMR sensors with tem-
perature. Figure 4 corresponds to a sequence of measurements of the AALO02 device
performed at a fast rate, while the sensor is being warmed up by means of a close
electrical resistor (Joule effect). It can be seen how the sensitivity of the sensor de-
creases monotonically with the increase of temperature. This characteristic will have
to be taken into account in two aspects: on the first hand a thermal compensation will
be essential, and on the other hand, any coil for the correction of the previously men-
tioned odd response will have to be placed at a certain distance from the sensor to
avoid direct heating.

0.5
Color
; 0.3 A1 [oo
::' 2 | 23 |Blue
- 3 28 |Red
(=] 3 33 | Skyblue
> 0,2 — 5 36 | Light green
] 39 | Purple
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Fig. 4. Degradation of the response of the AALO0O2 magnetic sensor as the temperature
increases
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The next step is to study the linearity of the different candidates to discern which
the most suitable working region is and with which sensor.

The response of the GMR sensors under study is not linear in the whole range.
Though this actually can be compensated calibrating the curve, for basic applications
with simple proximity electronic and data processing it is much more convenient to
have a linear response.

To study where the sensor is linear attention is paid to the first derivative of the
output response respect the external magnetic field (denoted by dVout/dB in the
graphs). When the value of the derivative is constant, i.e. the sensitivity is constant,
the sensor is considered to have a linear response. The ideal situation is that both
branches of the hysteresis loop had the same slope and thus, the same sensitivity and
that the linearity is a maximum.

To study this, a simple set up is developed (Figure 5). A MATLAB program con-
trols the intensity of a power source (E3631E by Agilent Technologies) that supplies
with current a coil setting the external magnetic field. The direction of the current is
changed by means of two relays connected to the switches of the Data Acquisition /
Switch Unit (HP 34970). The value of the electrical current is requested to calculate
the magnetic field. The output signal of the sensor is acquired by the Data Acquisition
/ Switch Unit.

Each measurement consists of the average of only two samples. These first tests
are performed at very low frequencies to get the external field completely stabilized.

—— 1 1 |Coil
Current Source <
MR
E3631A Agilent —@ oo G
A
Vout
Y Y
< Data Acquisition /
PC - »  Swith Unit
N HP 34970A

Fig. 5. Block diagram of the set up for the measurements

The coil used is not a perfect Helmholtz one and the area of homogeneous mag-
netic field is confined in a region of 5 mm with an homogeneity better than 9-107 %.
A mechanical fixture is manufactured to guarantee the repeatability in the positioning
of the sensors.

Figures 6, 7 and 8 show the response curve (dark blue referenced to the left hand
side Y axis) and the derivative / sensitivity (light blue referenced to the right hand Y
axis) of the AA002 , AAH002 and AALOO2 respectively when a ramp of + 2 mT is
applied.
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Fig. 6. Response curve and derivative of the AA0O2 sensor vs. the external magnetic field
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Fig. 7. Response curve and derivative of the AAH002 sensor vs. the external magnetic field
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Fig. 8. Response curve and derivative of the AAH002 sensor vs. the external magnetic field
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At a glance it can be seen that AA0O2 and AAHO002 show higher hysteresis than
AALO002, and the linearity is better in AAH002 and AALOO2.

Regarding the derivative of the field (sensitivity) AAHO002 sensor (Figure 7) does
not even present a linear interval in the field range. This sensor is discarded for the in
flight experiment.

However, AA0O0O2 and AALOO2 derivatives are constant for a certain interval of the
field (~0.5 mT). In the sensor AA0O2 the derivative is split into two branches due to
the hysteretic behaviour of this sensor while in the AALQO2 the split is minimal. Ac-
tually, the dispersion of the derivative in the two branches is higher in the AA002
than in the AAL0O2.

Following this argument of a less hysteretic and a more linear response, AAL002
sensor is selected for the OPTOS experiment.

3 Biasing Mechanism

Previously it has been discussed the even nature of the GMR effect, which for practi-
cal purposes limits the capability of the sensors to measure the magnitude of the field
but not the direction. Other magnetoresistive sensors have this problem as well but
even at commercial level, the devices are provided with a biasing mechanism called
Barber pole. In these sensors the magnetic material (a monolayer) has a set of copper
microstraps inserted at an angle of 45° of the magnetic strap making the current pass
through the material at an angle of -45° following the shortest distance between better
conductive layers. Also the devices have a microcoil assembled so a magnetization in
the easy axis can be performed. In such conditions, when a magnetic field with a
component perpendicular to the easy axis is applied, the magnetization rotates to an
equilibrium position between the action of the field and the previous state magnetized
in the easy axis [17]. With this mechanism, AMR devices are sensitive to field direc-
tion since the projection of the magnetization on the direction of the current is differ-
ent for both signs of the field.

More recently, it has been reported the use of crossed axis GMR for odd response
as a function of the field [18], which has been recommended for linear applications
without excitation. However, available COTS GMR sensors in 2005 are not provided
with such a mechanism and thus, external biasing needs to be performed to measure
the vector field [20-24]. In this subchapter this mechanism is introduced.

The first step for biasing is to find an optimum working point. It has been de-
scribed that the zero field area is a very poor area for measuring so biasing fields are
applied to find a better working area. Figure 9 shows biased curves for AAL002.

The mechanism proposed to solve the hysteresis problem is the following. If both
branches are characterized it is possible to measure with the sensor in any of them but
what is more, if it is possible to locate the magnetic sensor in one of the branches, the
measuring procedure is easier and the repeatability higher.



196 M.D. Michelena

0.5 2 0.5 2
Hs =-300 uT t Hs = +300 uT
0.4 - P Ledetid Bl o) adestadnankaestses
1 - 1 =
0.3 E 0.3 - B
=) = =) =
-3- 0.2 o % E 0.2 - 0 %
= = >
0.1 - 2 0.1 - 3
A = 1 =
L 0
0.1 2 -1 2
12 48 04 ] 04 08 12 A2 88 04 L] 04 0B A2
B{mT}) B{mT}
0.5 2 05 2
He =-325 uT ‘ Hg = +325 uT
o__‘ - . . . " M '_,‘ - . . . . - .
1 = 1 =
0.3 E 0.3 - E
s = = =
E 0.2 o ° 2 'g 0.2 - 0 2
> = >
0.1 - 2 0.1 §
A = A b
0 0
0.1 2 0.1 2
A2 o8 04 0 04 0F 12 42 08 04 0 04 03 12
B{mT) B{mT}

Fig. 9. Response curve (dark blue referred to the left hand side Y axis) and derivative (light
blue referred to the right hand side Y axis) of the AALOO2 sensor vs. the external magnetic
field. For different bias field in both senses.

This is the goal of this mechanism: to apply a magnetic field high enough so as to
guarantee that the sensor is following a certain branch when this field ceases.

In Figure 10 it is shown a graph of the response (dark blue) of the AA002 and its
derivative (light blue) in a range of field of + 2 mT. It has been used the AA002 curve
because it is the one which shows the higher hysteresis and it is easier to distinguish
between the branches.

In the absence of an external bias and S / R magnetic field (State 1), the response
of the sensor is very uncertain and highly dependent of the previous states.

If a bias field is applied (State 2) there are two possible states depending on the
previous state of the sensor. If the environment is relatively clean, the most probable
branch is the one on the left in the upper part of Figure 10, this is, the one with less
sensitivity. To avoid this uncertainty around the working point a Set field, with a
higher value of that of the biasing field is applied (State 3) followed by a bias field
centred in the range of constant derivative (State 4). In this way the sensor goes to this
4™ state from state 3 through the most sensitive path.
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In the negative part of the measurement, the procedure is exactly the same. The
State 5 is uncertain but after the Reset pulse (State 6), the State 7 is already defined

and the corresponding sensitivity characterized.
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Fig. 10. Set Reset mechanism. Correspondence between the field applied and the magnetic state

of the GMR multilayer

The result of this procedure for different values of the S / R field is shown in

Figures 11 and 12.
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Fig. 11. Response of the AA0O2 sensor with the bias field mechanism (green), with a 1.5 times
the bias field Set / Reset Field (red) and with two times the bias field Set / Reset field (blue)
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It can be seen in these figures that the higher the S / R field the higher sensitivity.
Also at the appropriate value of the bias field the derivative has the less dispersion.

The Set Reset mechanism together with the alternating bias improves notably the
behaviour of the sensors being the best choice the AAL002, which presents the less
hysteretic behaviour and thus the higher repeatability. The value of the bias field is
around 300 and 325 pT and the minimum detectable field is now limited by the power

sources used.
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Fig. 12. Response of the AALOO2 sensor with the bias field mechanism (green), with a 1.5
times the bias field Set / Reset Field (red) and with two times the bias field Set / Reset field
(blue)

4 Qualification of the Sensor

As it has been explained, GMR sensors were in a commercial stage of development,
thus the technology readiness level (TRL) attributable to the COTS sensors was
around 4 following the NASA and ESA standards.

For OPTOS mission the qualification of the sensor for flight use was performed by
means of three different tests:

e An outgassing test to check the suitability of the plastic package

e An irradiation test with protons to discard a malfunction of the sensors under
radiation (potential creation of defects of the material, and thus in the magnetic
response)

e Tailored upscreening for the mission

OUTGASSING
Space environment is often thought as vacuum. In this atmosphere, components can
outgas. This implies mainly three concerns:
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e Their operational properties can change giving rise to dimensional stability and
lubrication problems for instance

e They can generate a “gas cloud”, which can perturb measurements specially in
scientific missions

e The “gas cloud” can condensate on surfaces modifying their operational proper-
ties: thermo-optical, radiation effects and electrical with the corresponding ther-
mal and electrical problems

Thus, an outgassing test was performed following the ECSS-Q-70-02 norm from the
European Space Agency “Thermal vacuum outgassing test for the screening of space
materials”. The purpose of this test is to ascertain if the package of the sensor out-
gases by means of the measurement of the:

e  Total mass loss (TML)
e Returned mass loss (RML)
e  Collected volatile condensable material (CVCM)

This test was performed at INTA. GMR sensors showed a negligible outgassing, and
thus, no expected change in operational properties of the plastic package, neither do
“gas cloud” emission or condensation, add derived problems. As a result, the package
was considered apt for flight in terms of outgassing.

IRRADIATION

Satellites orbiting the Earth have a very different weather than equipment on the sur-
face. “Space vacuum” involves plasmas, all range of energies electrons and ions,
which potentially can damage the equipment of the spacecrafts. High energy particles
(10 MeV) have the potential to ionize atoms in the materials through which they
propagate and low enery particles (< 100 eV) they can produce accumulation of
charge or other types of materials degradation.

At this point it is very difficult not only to simulate the interaction between these
particles and the materials with experiments but also it is difficult to estimate the ra-
diation environment of the missions because of the changing nature of the space
weather. But one normal way of operation in space missions is on the first hand to
generate an envelope of radiation for the mission life and on the other hand, to per-
form radiation tests generally with gamma and with protons to simulate the different
damages as a function of their energy.

In our case an exhaustive campaign of gamma irradiation for anisotropic magne-
toresistive (AMR) sensors had been performed for the sensors of NANOSAT-01,
launched in 2004. Even though GMR and AMR technologies are not the same, it was
assumed that the magnetic material was immune to the total irradiation dose up to
tens of krad Si and consequently, a campaign of irradiation with protons was per-
formed, to study the effects the high energy particles could have on the sensing prop-
erties of the devices.

At the time of the irradiation campaign the number of sensors for flight was limited
and some of them had been reserved for the rest of the qualification process, so a
further assumption was made: that all NVE magnetic sensors have similar materials
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and the possible damages will be homogeneous in all of them. Under this assumption,
sensors of the type AAOO3 underwent the proton irradiation campaign.

The tests were performed in the RADEF facility, located in the Accelerator Labo-
ratory at the University of Jyviskyld, Finland (JYFL). The facility includes a beam
line dedicated to proton irradiation studies of semiconductor materials and devices.

The real fluence received by the GMR sensors is listed in Table 4.

Table 4. Mean Fluence and standard deviation (protons / cm?) for the irradiated devices

Step | Fluence (p+/cm’) | Std. Dev. (p+/em’)

0 0 0

1 8,00E+10 427E+09
2 4,80E+11 2,56E+10
3 8,80E+11 4,770E+10
4 1,28E+12 6,83E+10
5 1,68E+12 8,97E+10
6 2,08E+12 1LL11E+11

The fluence is calculated for a typical satellite in a Low Earth Orbit (LEO).

Four AAOO3 GMR sensors were exposed to this radiation. The response of the sen-
sors for a magnetic field ramp was measured after each step starting with a saturating
magnetic field in one direction and returning to this point to measure changes in sen-
sitivity and hysteresis.

A mechanical set up (Figure 13) was performed to reproduce the position of the
sensor in every check.

Magnetic Coil
5 Fixing
rass i
Screw point
GMR Sensor

""" 5 N
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PCB
Mechanical Bench

@
Brass
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Fig. 13. Mechanical bench for repetitive magnetic characterization of GMRs



Commercial Off-The-Shelf GMR Based Sensor on Board Optos Picosatellite 201

The sensors did not show appreciable changes in sensitivity and hysteresis along
the irradiation, so they are considered as radiation robust for the fluence and rates
used.

TAILORED UPSCREENING

OPTOS is a mission with an expected life time of three years. The components of the
missions need to have proven that they can stand the conditions of the life time. To do
so, an accelerated ageing of the devices is foreseen. This is called upscreening.

During the upscreening process a representative number of AAL002 GMR devices
of the same badge are tested. The sequence of the upscreening, designed by INTA,
and the number of components for each step are shown in Figure 14.

After a serialization a visual inspection of the 30 units of the lot is made to ascer-
tain that there are no irregularities in the devices. This step is performed by means of
an optical microscope at 10x. Purchased sensors did not present any visible non con-
formity.

For the following steps, the sensors are placed in a PCB with appropriate sockets
inside a magnetic shielding chamber with a coil (Figure 15) to permit the checking of
the magnetic characteristics of the sensors in the different conditions. The whole set
up is placed in the thermal chambers for the qualification process.
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Fig. 14. Tailored upscreening for GMR sensors
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Fig. 15. PCB with sockets inside the one-layer mumetal shielding chamber

The following step is a thermal shock which is performed to determine
the resistance of the part to sudden changes in temperature. The parts undergo a speci-
fied number of cycles, which start at room temperature. The parts are then exposed to
the highest qualification temperature (+70°C) and, within a short period of time, ex-
posed to the lowest qualification temperature (-20°C), before going back to room
temperature. After the final cycle, external visual examination of the package, pins,
and seals is performed at 10x. The marking is also inspected (magnification lower
than 3x). As no illegible mark and/or or evidence of damage to the package, pins, or
seals after the stress test was noticed, the devices are apt to continue the burn-in test,
in which the temperature is risen to 125°C for a long time. In contrast to the specified
time of 240 hours the devices remained at 125°C for 92 hours, which was agreed by
the system engineer.

At this point it is checked the electrical and magnetic response of the devices, i.e.
the measurement of the Wheatstone bridge resistance (not powered) and a five points
ramp of magnetic field generated by means of an external coil.

Devices showed a negligible deviation of their electrical Wheatstone bridges resis-
tors (lower than 100 ppm) and the sensitivity measured does not change appreciably
(~1 % outside the magnetic shielding chamber).

The next step is the whole life simulation of the devices. This consists in a non stop
operation of the sensors at an accelerated rate of excitation to age the components.
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Since the simulation of the mission life cycle is potentially stressing for the compo-
nents, only a small amount of the devices undergo this proof.

After this test the resistance of the components is measured with no observed de-
viation respect to the former measurements.

The calculation of the drifts resulted in a negligible deviation of the response of the
sensors with magnetic field (~1 % outside the magnetic shielding chamber) and no
observable variation of the Wheatstone bridges electrical resistances (lower than 100
ppm). Thus, AALO02 GMR sensors are considered qualified for OPTOS mission.

5 Design of the Device

In this section it is explained the mechanical design of the sensor. The description of
the front end electronics are out of the scope of this chapter.

AALO002 GMR sensors are one axis sensor. To develop a vector magnetometer
they need to be located in perpendicular planes. A cube of FR4 material was used for
this purpose (Figure 16).

The cube was mechanized with some slots for the biasing mechanism, which con-
sists in magnetic coils wounded around each magnetometer producing a biasing field
in the sensing direction. The field needs to be high enough to saturate the GMR sen-
sor (in the order of 600 uT).

The biasing mechanism permits the measurement of the field with its direction. To
do so, attention needs to be paid in the winding of the coils around each sensor for a
right handed system aligned with the reference system of the spacecraft.

Since only four of the pins of each magnetometer need to be connected, no printed
circuit board was performed. The connection of the pins was wired.

Temperature

Front end
Sensor

Electronics

GMR Magnetic Sensors
and biasing coils

Fig. 16. Scheme of the FR4 cube with three orthogonal GMR devices

Figure 17 shows a picture of the GMR flight model. Towards the centre it can be
seen the cube with the three GMR sensors and their biasing windings.

The whole PCB consists in the GMR sensor, the optical link and the corresponding
adapter. The dimensions of the PCB are 89 mm, 78.8 mm ad 19 mm and the nominal
power is lower than 500 mW.
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Fig. 17. Flight model of the GMR based vector magnetometer

6 Performance

GMR sensor for OPTOS is a vector magnetometer with a dynamic range of + 150 uT
in every component. The sensitivity of the different axes is: 28 mV/ uT — X axis, 24
mV/ uT - Y axis ad 17 mV/ uT - Z axis.

The offsets in the different axes: -115 mV (X axis) , -105 mV (Y axis) and -124
mV (Z axis), though this offset will have to be in flight calibrated due to the proximity
to magnetic materials.

The stability of the sensor is fairly good (better than 500 ppm in one hour) and the
cross axis is less than 1 %. Sensors still need a final calibration with temperature.

GMR sensors have higher sensitivity than other magnetoresistive sensors (AMR)
but their intrinsic noise, likely due to their more complicated structure, is higher and
implies a higher low-field detectivity limit. Due to the ultimate performance-limiting
factor of the noise in GMR sensors, it is worthy to devote some effort in the determi-
nation of it and in the understanding of the noise sources. Besides, the measurement
of the power spectral density — PSD, can give any clue of the better operation fre-
quency of the sensor.

In the low-frequencies range, the two sources of noise are the white noise or ther-
mal noise and the 1/f noise [25-26].

The former is related with spontaneous fluctuations induced by the thermal excita-
tions and its PSD is given by the Nyquist equation:

PSD(f) = 4k,TR 2)
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Where “kg” is the Boltzmann constant, “T” the absolute temperature and “R” the
electrical resistance. In our case this noise is lower than 2 pT NHz.

This noise is a function exclusively of the resistance (not of the magnetic field),
and cannot be suppressed nor modified.

The latter source of noise, the 1/f noise, appears in magnetic and non magnetic sys-
tems and it is related to fluctuations of energy around equilibrium. Its PSD, given by
Hooge in 1969, corresponds to:

PSD(f) = % 3)

C

Where “yy” is the Hooge s constant, “V* the applied voltage and “N¢” the number of
charge carriers in the active volume.

This noise is inversely proportional to the volume so it becomes dominant in small
structures.

The set up for the measurement of the PSD in the GMR AALO02 sensor is de-
picted in Figure 18.

6-Layer Mu-metal Shielding Chamber
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(generated by
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Dynamical
Signal
Analyzer

HP35660A

Fig. 18. Set up for the measurement of the PSD of the GMR AALO02 magnetic sensor

The sensor is supplied with 10 V by means of a voltage reference AD584 supplied
with batteries. The coils to provide the bias field are also supplied with batteries. The
bridge configuration has the advantage that voltage fluctuations will appear on both
signal lines and thus, they will be able to be subtracted. To reduce as much as possible
the unwanted pickup of external magnetic field fluctuations due to both the noise in
the bias field or the environmental noise, the Helmholtz coils generating the bias field
are high enough so as to avoid magnetic gradients in the region of the magnetic sensor
and the battery voltage is monitored not permitting a voltage drop higher than a 0.1
%. Finally, the whole system is isolated from external fluctuations of the magnetic
field by means of a 6 layer mu—metal shielding structure.

There is no pre-amplification of the magnetic sensor signals because the signal
analyzer used has input impedance higher than 1 MQ.

The dynamical signal analyzer is PC controlled to measure the PSD of the two in-
dividual channels from DC up to 10 kHz in intervals of 200 Hz with a LabView
programme.
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Afterwards the two channels are cross-correlated (Figure 19).
The graphs of the noise density are in Volts. The sensitivity is in the order of 300 —
450 mV/mT, so the magnetic noise density at 1 Hz is in the order of tens of nTVHz

and at 1 kHz in the order of nTVHz.
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Fig. 19. Cross-correlation (upper graph) of the measurement of the PSD in the two branches of
an AAL0O2 magnetic sensor (graph in the bottom)

The fast decay of the PSD with the frequency together with the suitability of the S /
R and biasing mechanism suggest an operation in the range of the kHz instead of a
DC operation in which the external magnetic field supposes a modulating signal to the
excitation alternating bias field and measure by means of a lock in amplifier.

7 Summary and Conclusions
Working in space conditions is always a challenge; due to the extreme conditions of

temperature, radiation and vacuum. This gets even more complicated when one tries
to use commercial devices, not thought from scratch to work in space.
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The process overviewed in this chapter shows how it was faced the use of com-
mercial giant magnetoresistive devices for flight conditions. The procedure for the
qualification of a GMR COTS based vector magnetometer from the definition of the
mission and payloads on board to the pre-flight calibrations prior to final assembly
and launch is a critical procedure.

The first part of the procedure consists in a bench mark of the enterprises manufac-
turing magnetic sensors in search of GMR candidates. As a result, it was concluded
that the GMR COTS sensor candidate for the fight demonstration is AALO02 by NVE
to be onboard OPTOS picosatellite.

A biasing mechanism was designed to the measurement of the field direction. To
do so, extra magnetic coils had to be foreseen for the sensors.

The whole qualification process of the COTS sensors has been described: out-
gassing, irradiation with protons and upscreening. AALOO2 sensors seem not to be
damaged in the qualification process so they are selected for flight.

Finally the outcome sensor has been fully characterized and characteristics are ex-
plained.

In conclusion, GMR COTS sensors present a high dynamical range and high sensi-
tivity (up to 40 mV / V / mT) but they present some disadvantages compared to other
magnetic sensors as for instance the lack of linearity, thermal and time stability, re-
peatability and noise. At this point white noise is negligible and the dominant source
of noise is 1/f noise.

This fact makes us think that an excitation of the sensor at frequencies in the order
of 1 kHz can lead to a more stable and lower noise operation.

Finally, after all these years of work, OPTOS flight model (Figure 20) is on the
bench about to be ready for the launch.

Fig. 20. Current status of OPTOS spacecraft flight model (FM)
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GMR COTS roadmap to space can be the fastest ever (Figure 21). Our fingers are
crossed for a successful launch and future operation of OPTOS spacecraft, our labora-
tory is waiting expectantly for the new emerging sensor to qualify. Our hopes are that
we have the opportunity to qualify a disruptive technology of magnetic sensing that

M.D. Michelena

revolutionizes the space magnetometry.

_ NANOSAT Launch

TRL - Technology Readiness Level

Acknowledgements. Author acknowledges OPTOS team for all the support. In par-
ticular, OPTOS/GMR team in part supported by MEIGA PROJECT AYA2009 -
14212-C05 -01 / MICINN & AYA2011 -29967-C05 -01 / MINECO and TD02/08

System/subsystem model cr prototype
< demonstration in a relevant
envirmnmsant

Compoenent andfor breadbeard
" vaiidation in relevant environment

Companent and / or breadboard
validation in laboratery environment

Analytical and expsrimental critical
function and / or characteristic proof
of concept

Launch of
DTUsat an
AAU Cube
June-2003

o Technology conceptand / or
application formulated

= N W H O A ~N 0 D

Basic Principiles observed and
reported

Dacambert 2004

CanX-1
d

'%

GMR

Diacovary of
the| GMR effect

o

1950 1960 1970

1980

1990

Time (years)

2000

Fig. 21. AMR and GMR roadmaps

INTA Calvo Rodés grant.

References

[1] Acufia, M.H.: Space-based magnetometers. Review of Scientific Instruments 73(11),

3717 (2002)

[2] Michelena, M.D., Arruego, 1., Oter, J.M., Guerrero, H.: COTS-Based Wireless Magnetic
Sensor for Small Satellites. IEEE Transactions on Aerospace and Electronic 46, 542—

5572 (2010)

Tl First \

Sensor
by NVE

First read-out

ied on
GMR

F}‘

2010

s

OPTOS Launch?
August 2012

Flight qualified
GMR Sensor
for OPTOS

d

’RIR‘,_Q) l.




(3]
(4]

[5]

(6]

(7]

(8]

[9]
[10]
(11]
[12]

[13]

[14]

[15]
[16]
[17]
[18]

[19]

[20]

[21]

[22]

Commercial Off-The-Shelf GMR Based Sensor on Board Optos Picosatellite 209

Magnes, W., Diaz-Michelena, M.: Future Directions for Magnetic Sensors for Space Ap-
plications. IEEE Transactions on Magnetics 45, 4493—4498 (2009)

Michelena, M.D.: Small magnetometers for Space Applications. Sensors 9, 2271-2288
(2009)

Klaassen, K.B., Contreras, J.T.: Thermal transient response of electrical self heating in
current-in-plane magnetoresistive heads. IEEE Transactions on Magnetics 42(10), 2438—
2440 (2006)

van Peppen, J.C.L., Klaassen, K.B.: A new approach to micromagnetic simulation of
thermal magnetic fluctuation noise in magnetoresistive read sensors. IEEE Transactions
on Magnetics 42(1), 56-69 (2006)

Magableh Mazin, M., Liwen, T., Huang, X., et al.: CPP GMR Through Nanowires. IEEE
Transactions on Magnetics 48(5), 1744-1750 (2012)

Yupin, S., Pornchai, S., Yoshihiro, O., et al.: Performance Improvement System for Per-
pendicular Magnetic Recording with Thermal Asperity. IEICE Transactions on Electron-
ics E94C (9), 1472-1478 (2011)

Jia, Z., Misra, R.D.K.: Magnetic sensors for data storage: perspective and future outlook.
Materials Technology 26(4), 191-199 (2011)

Aragon, V., Garcia, A., Amaro, R., et al.: OPTOS communications: A high-performance
solution. Microwave and Optical Technology Letters 54(4), 943-946 (2012)

Daniel, S., David, K.: A survey and assessment of the capabilities of Cubesats for Earth
observation. Acta Astronautica 74, 50-68 (2012)

Tsitas, S.R., Kingston, J.: 6U CubeSat commercial applications. Aeronautical Jour-
nal 116(1176), 189-198 (2012)

Najam, A.N., Han, X., Yan, J.L., et al.: An Architecture Analysis of ADCS for Cube Sat:
A Recipe for ADCS Design of ICUBE. In: Mechanical and Aerospace Engineering 2012.
Applied Mechanics and Materials, vol. 110-116(pts 1-7), pp. 5397-5404 (2012)

Jiménez, J.J., Oter, .M., Apestigue, V., Hernando, C., Ibarmia, S., Hajdas, W., Sdnchez-
Péramo, J., Alvarez, M.T., Arruego, 1., Guerrero, H.: Proton monitor Las Dos Torres: first
intercomparison of in-orbit results. Accepted to IEEE Transaction Nuclear Science,
doi:10.1109/TNS.2012.2198241

Magnetic Compass Sensor HM55B Datasheet 19-SM-001-2 p.9 Precaution for use 9.2
NVE Corporation GMR Sensor Catalog, pp.14-19

Caruso, M.J.: Set/Reset Pulse Circuits for Magnetic Sensors. Honeywell Applications
Note, AN-201

Freitas, P.P., Ferreira, R., Cardoso, S., Cardoso, F.: Magnetoresistive sensors. J. Phys.:
Condens. Matter 19, 165221-165241 (2007)

Reig, C., Cubells-Beltrdn, M.-D., Ramirez Mufioz, D.: Magnetic Field Sensors Based
onGiant Magnetoresistance (GMR) Tecnology: Applications in Electrical Current Sens-
ing. Sensors 9, 7919-7942 (2009)

Kools, J.C.S., Ruigrok, J.J.M., Postma, B., et al.: Fabrication and characterization of giant
magnetoresistive elements with an integrated test coil. IEEE Transactions on Magnet-
ics 33(6), 45134521 (1997)

Ripka, P., Tondra, M., Stokes, J., Beech, R.: AC-driven AMR and GMR magnetoresis-
tors. Sens. Actuators A 76, 227-232 (1999)

Vopilensky, M., Ripka, P., Platil, A.: Precise magnetic sensors. Sens. Acuators A 106,
38-42 (2003)



210

[23]
[24]

[25]

[26]

M.D. Michelena

Vopilensky, M., Ripka, P., Kubik, J., Tondra, M.: Improved GMR sensor biasing design.
Sens. Acuators A 110, 254-258 (2004)

Dimitropoulos, P.D., Avaristsiotis, J.N.: Integrating the Fluxgate principle in the Spin-
Valve and AMR sensor Technologies. Sens. Actuators A 106, 43-47 (2003)

Pannetier, M., Fermon, C., Le Goff, G., Simola, J., Kerr, E., Coey, J.M.D.: Noise in small
magnetic systems-applications to very sensitive magnetoresistive sensors2. J. Mag. Mag.
Mat. 290-291, 1158-1160 (2005)

Stutzke, N.A., Russek, S.E., Pappas, D.P., Tondra, M.: Low-frequency noise measure-
ments on commercial magnetoresistive magnetic field sensors2. J. Appl. Phys. 97,
10Q107 (2005)



High-Spatial Resolution Giant Magnetoresistive
Sensors — Part I: Application
in Non-Destructive Evaluation

K. Chomsuwanl, T. Somsakz, C.P. Gooneratne3, and S. Yamada*

"'King Mongkut’s University of Technology Thonburi,
Bangkok, Thailand
% Rajamangala University of Technology Lanna, Chiang-Mai, Thailand
*King Abdullah University of Science and Technology,
Thuwal, Saudi Arabia
Chinthaka.Gooneratne@kaust.edu.sa
4 Kanazawa University, Kanazawa, Japan

Abstract. In this chapter, we report the utilization of spin-valve type giant
magnetoresistance (GMR) sensors in non-destructive evaluation (NDE). The
NDE application is the inspection of high-density printed circuit boards (PCBs)
based on the eddy-current testing (ECT) technique. An ECT probe with a GMR
sensor is presented for the inspection of high-density double-layer PCB models.
The utilization of a GMR sensor as a magnetic sensor showed that PCB inspec-
tion could be performed with high-spatial resolution and sensitivity, over a
large frequency range.

1 Introduction

Giant magnetoresistance (GMR) sensors have great potential to be used as magnetic
field detectors because they are sensitive to low-magnetic fields with high spatial
resolution and can be easily integrated with existing semiconductor electronics [1-13].
Due to advancements in micro/nano technology they can be expanded to compact
array structures and fabricated in a large scale [14-18]. GMR sensors are energized by
applying a constant current and the output voltage is an indication of the change in
resistance due to the change in applied magnetic field. High spatial resolution GMR
probes are presented in this chapter for inspection of printed circuit boards (PCBs).
Electrical contact tests, and/or non-electrical, non-contact methods such as auto-
matic visual/optical inspection, have been routinely used for the inspection of PCBs
for defects for many years [19-25]. While electrical tests can be used to obtain infor-
mation about many types of defects it cannot detect potential defects such as line
width or spacing reductions. Automatic visual/optical inspection procedures are inex-
pensive and provides high throughput but can only inspect the outer surface of a PCB.
Eddy-current testing (ECT) is a popular non-contact, non-destructive evaluation
(NDE) method that is usually applied to evaluate material flaws without changing
or altering the material under test [26, 27]. Defects on a PCB conductor can be

C. Reig et al.: Giant Magnetoresistance (GMR) Sensors, SSMI 6, pp. 21 1-p41]
DOI: 10.1007/978-3-642-37172-1_9  © Springer-Verlag Berlin Heidelberg 2013
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investigated by eddy-current flow. The ECT probe employed in this research for the
inspection of PCBs consists of a planar meander coil for excitation and a GMR sensor
for detection. The aims of this research is to use the ECT probe to analyze and en-
hance the ECT signal for the easy identification of any defect points on the PCB con-
ductor, to improve the scanning speed and resolution for detecting imperfections of
the PCB conductor, and also to obtain PCB conductor dimensions and alignment.

2 ECT Technique Based Application

2.1 Introduction

NDE is an examination, test, or evaluation performed on any type of tested object
without changing or altering that object in any way, in order to determine the absence
or presence of conditions or discontinuities that may have an effect on the usefulness
or serviceability of that object [28, 29]. NDE may also be conducted to measure other
test object characteristics, such as size; dimension; configuration; or structure, includ-
ing alloy content, hardness, grain size, etc. The most common NDE methods are
visual inspection, magnetic particle testing and ultrasonic testing. ECT is an NDE
technique which is sensitive to very small cracks or flaws on a test specimen surface
and subsurface. Several high-performance ECT probes have been developed based
on exciting coils and magnetic sensors for, detecting dangerous cracks around fasten-
er hole and engine components in aircrafts [30-33], and inspection of cracks, flaws as
well as corrosion in power plant equipment, reactor, turbine, thick structures and pipe-
line systems [34-37]. Magnetic sensors play a key role in ECT-based inspection sys-
tems [38]. Several kinds of magnetic sensors such as Hall, GMR, SQUID, etc. have
been successfully used as ECT probes for non-destructive detection of material cracks
[39]. Moreover, inspection techniques such as multi frequency ECT and pulse ECT
have been developed for thin metal tubes and sheets, as well as metal cladding for
measuring thickness and for the location and sizing of internal defects [40].

Eddy-currents are closed loops of induced current circulating in a plane perpendi-
cular to the direction of a time varying magnetic flux density B. The variation of B,
generates an electric field intensity E, in the loop as expressed by Maxwell’s equation
in equation (1).

VXE =- B_B . ey
ot

Therefore, the current density J, in a material with conductivity ¢, also circulates in
the loop because:

J=ok 2)

where B, E, J and ¢ are in T, V/m, A, and S/m respectively.

Eddy-currents are referred to as “eddy-current losses” when they occur in electrical
machines such as motors and transformers because they degrade the performance of
such devices. On the contrary, eddy-currents are useful when applied to detect flaws
or cracks on metallic materials; this forms the basis for the ECT technique.
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The frequency of the applied magnetic flux has an effect on how deep the electric
field intensity penetrates into the conductive material. Its amplitude is attenuated ex-
ponentially with depth. The distance through which the amplitude decreases by a

factor e~ is known as the “skin depth” or the “penetration depth” of the material
and it can be expressed as

e 3)

where ¢ is the skin depth (m), fis the frequency of B (Hz) and u is the permeability.

Skin effect arises when the eddy-currents flowing in the test object at any depth
produce a magnetic flux which opposes the primary flux, thus reducing the total mag-
netic flux and causing a decrease in current flow as depth increases. Alternatively,
eddy-currents near the surface can be viewed as shielding the coil's magnetic flux,
thereby weakening the magnetic flux at greater depths and reducing induced currents.
From equation (3), increasing of frequency of the applied B, ¢ and u of the specimen
are the cause of decreasing of skin depth. This effect is very useful when it is applied
to ECT technique for detection of cracks or flaws on conductive material at difference
depths.

The proposed ECT probe consists of an exciting coil and a magnetic sensor as
shown in Fig. 1. A sinusoidal current is fed to the exciting coil to generate a B over
the conductive material. Eddy-currents are induced and circulate in the conductive
material due to the B from the exciting coil; the eddy-currents in turn also generate its
own B. B generated from eddy-currents are normally uniform. Therefore, the output
signal that is obtained from the pick-up coil is constant. Whenever there is a defect on
the conductive material, eddy-currents change its path leading to a non-uniform B,
resulting in a change in the output signal at the pick-up coil; thus defect points can be
identified on a given material under test.
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Fig. 1. Basic principle of eddy-current testing technique on crack detection
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Eddy-currents can be applied to test not only cracks or flaws but also the following
variables:

- Conductivity variations

- Spacing between probe and specimen

- Material thickness

- Thickness of plating or cladding on a base material
- Spacing between conductive layers

- Permeability variations

Although the ECT technique can be used for many applications, many factors such
as conductivity, permeability, lift-off height and coil design have an influence on test
performance.

2.2 PCB Inspection Based on ECT Technique

2.2.1 Design and Construction of the ECT Probe

The proposed ECT probe, which consists of a long planar meander coil serving as an
exciting coil, and a magnetic sensor, was fabricated for PCB inspection as shown in
Fig. 2. The long planar meander coil was used as an exciting coil because it provides
the advantages of easily developing the matrix sensor to improve the scanning speed
[41, 42] and of providing a short distance between the sensor and tested object. The
long planar meander coil was made from copper with 35 um thickness. Two films
made from Polyimide are needed to separate the planar meander coil from the mag-
netic sensor and the PCB conductor. Thickness of the film is 50 pm therefore; the
total thickness of the planar meander coil is around 135 pm. The two-dimensional
(2-D) B distribution of the planar meander coil is shown in Fig. 3. This figure shows
that the B generated by the planar meander coil are distributed only in the x and y
direction.

Magnetic sensors have to be set up in the sensing direction in order to detect the B
only in the scanning direction. As shown in Fig. 4, the spin-valve type GMR used as
the magnetic sensor consists of 4 strips and each strip has dimensions of 100 pm x
18 pm. Therefore, the total effective area of the GMR sensor is 100 pm x 93 um with
a 7 um gap between the strips. In comparison of sensor structure, it can be said that
distance between the GMR sensor surface and PCB conductor or lift-off height is at
least 135 um, whereas other sensors such as solenoid coils have higher lift-off than
the GMR sensor.

2.2.2 PCB Defect Detection Using the ECT Probe
High-frequency exciting currents are fed into the planar meander coil to generate a B
distributed over the PCB conductor as shown in Fig. 5. The exciting currents normally
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flow in z axis or scanning direction. The eddy-currents flowing in the PCB conductor
are induced by the applied B and also flow in z axis or scanning direction. Because of
the skin depth effect, the eddy-currents flow very close to surface or boundary of the
PCB conductor. Whenever a defect or the PCB conductor boundary that is perpendi-
cular to scanning direction is found, the eddy-currents will change its path and flow in
x direction generating a magnetic flux density B,, flowing in the z direction. There-
fore, defects on the PCB conductor or the conductor boundary can be identified if B,
is detected. Partial defects, occurring on both PCB conductor width and PCB conduc-
tor thickness, also have an effect on the eddy-current path. As show in Fig. 6, low
eddy-currents flowing in the x axis generate a weak B..
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25 im¥ T ~ Spacer (d)
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Fig. 2. Proposed ECT probe for printed circuit board inspection
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y Eddy-current Eddy-current

Defect Defect

Fig. 6. Eddy-current paths for partial defects occurring on a PCB conductor, in width (left) and
thickness (right)

It is more difficult to measure B, than B,, because B, appears at a very short dis-
tance from the test PCB conductor and its value is not as high as B,. However, B, only
appears when there are defects or at the boundaries of a PCB conductor. The output
signal does not have to be extracted from other signals as in case of the inspection
utilizing B,. The magnetic sensor moving above the test PCB conductor is not pene-
trated by B, until it encounters a defect; therefore, the magnetic sensor is less suscept-
ible to noise in the output signal. This is a big advantage of the proposed ECT probe
and the main reason for its high sensitivity. To detect the defect occurring on the PCB
conductor, the magnetic sensor, therefore, has to detect only B, or the magnetic flux
density that is parallel to the scanning direction.

2.2.3 Finite Element Analysis of Eddy-Current Flow

Eddy-currents flowing in the PCB conductor and B distribution generated by the ed-
dy-currents were studied based on the Finite Element Method (FEM). Three types of
defects on the PCB conductor, namely conductor disconnections, partial defects on

(a) 100 um PCB conductor width. 50 um PCB conductor width.

Fig. 7. Magnetic flux distribution over a PCB conductor at an exciting frequency of 5 MHz
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(a) 100 um PCB conductor width. (b) 50 um PCB conductor width.

Fig. 8. Magnetic flux distribution over a PCB conductor at an exciting frequency of
10 MHz

PCB conductor width, and partial defects on PCB conductor thickness, are analyzed.
Disconnection length of 50 um is allocated on the conductor disconnection model.
For partial defects, the disconnection region also is set to 50 pm where the disconnec-
tion region is only 50 % of the PCB conductor. The skin depth or depth of penetration
is an important parameter that must be considered. The skin depth of copper at a fre-
quency of 5 MHz can be calculated by referring to equation (3). Sinusoidal current of
200 mA at a frequency of 5 MHz and 10 MHz was fed to the planar meander coil
model to generate a B over the PCB conductor. As shown in Fig. 7, because of flux
penetration effects, B distribution over the PCB conductor at a frequency of 5 MHz
differs from one without a PCB conductor, as was seen in Fig. 3. A narrow PCB
conductor has less effect than a wide PCB conductor. In case of high frequency (10
MHz) excitation, the flux penetration effect is stronger than that at a frequency of
5 MHz as shown in Fig. 8. Eddy-currents flow on a PCB conductor and the resulting
magnetic flux distribution over the PCB conductor when a defect is found on the PCB
conductor are shown in Fig. 9. Eddy-currents usually flow along the scanning direc-
tion, but whenever there is a defect or soldering point on the PCB conductor the eddy-
currents change its path resulting in a measurable B,. Moreover, the distribution of
eddy-currents is mainly along the PCB conductor boundary because of skin depth
effect. Therefore, peak values of B, appear at the defect point region or the PCB
conductor boundaries.
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Ref. line i =4 Ref. line
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Fig. 9. Eddy-current flow in a PCB conductor for different types of defects

Based on FEM analysis, the magnetic flux distribution over a PCB conductor with
defects is shown in Fig. 10. B, fluctuates at the defect point or displacement distance
at 0 mm. The wider PCB conductor generates a higher B, variation than the narrow
PCB conductor because of high-density eddy-current flow. For a partial defect on the
PCB conductor track width, magnitude of magnetic flux density variation at partial
defect on PCB track width does not differ from that of a conductor disconnection
point. In addition, the effect of exciting frequency and PCB conductor width influ-
ences the B variation at a defect point. A partial defect on PCB thickness generates
the lowest B variation because of low eddy-current flow. However, the B variation is
high enough to be detected by the magnetic sensor.

2.2.4 Solder Microbead Detection by the ECT Probe

The proposed ECT probe is also applied to detect solder microbeads that are placed
on the PCB for assembly; Ball Grid Array (BGA) package based on surface mounting
technology. As shown in Fig. 11, the principle of solder microbead detection is simi-
lar to the inspection of PCB defects. Eddy-currents are induced by alternating exciting
B which flow on the surface of the microbead. These eddy-currents generate a B,
that usually occur at the microbead boundary. Therefore, the ECT probe can obtain
information about the position of the microbead by detecting B, as in the case of PCB
defect detection.

The same technique as mentioned above was applied to analyse the magnetic flux
distribution obtained from eddy-current flow inside a solder microbead. The micro-
bead size of 125 pm radius (250 um diameter) was used in the analysis model. Eddy-
currents are induced and flow in the microbead as shown in Fig. 12 and this
eddy-current flow generates a B, as shown in Fig. 13. The shape of the signal obtained
in the solder ball region is very similar to the signal obtained at the disconnection
point of the PCB conductor. At the microbead center, the signal changes from positive
to negative at a displacement distance of 0 mm. Therefore, the FEM analysis results
confirm that the proposed ECT probe can also be applied for the detection of solder
microbeads.
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exciting frequency is 5 MHz
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2.3  ECT Probe Characteristics and Inspection System

2.3.1 Characteristics of the GMR Sensor

A magnetic flux density ranging from -4 to 4 mT are generated by a DC exciting cur-
rent that is fed to the Helmholtz coil. The nominal resistance of the GMR sensor is
400 Q. The DC characteristic of the GMR sensor in its sensing axis is shown in
Fig. 14. From the characteristics, the proposed GMR sensor has a maximum magneto-
resistance ratio of approximately 12 % of its normal resistance, or has a resistance
variation between 370 and 420 Q. The linear region sensitivity of the proposed GMR
is approximately 12 %/mT or 48 Q/mT with a low hysteresis loop. Moreover, the
GMR sensor has a high-sensitivity in the applied B range from -1 to 1 mT.

435
Sensing axis and
Pinning direction
3
420 I
S 405
o
Q
5
% 390
375
360 1 1 1
4 2 0 2 4

Exciting magnetic field (mT)

Fig. 14. DC characteristics of the GMR sensor
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Fig. 15. Small signal AC characteristics of the GMR sensor at an exciting frequency of 100
kHz
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Small signal AC characteristics of the GMR sensor in the x, y and z axes were
tested with a B in the range of -200 to 200 uT; the detected B generated from eddy-
current, for the purpose of PCB inspection, is smaller than 200 uT. A DC bias cur-
rent of 4 mA, the usual bias current used in the experiment, is applied to the GMR
sensor. The small signal characteristics of the proposed GMR sensor are tested at a
frequency of 100 kHz as shown in Fig. 15. From the characteristics it can be seen that
the GMR sensor is most sensitive in the z (sensing) axis. The sensitivity of the pro-
posed GMR sensor in the sensing axis is around 150 pV/uT.
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Fig. 16. Effect of external magnetic flux amplitude on the GMR sensor output
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Fig. 17. Effect of an external magnetic flux density B, on B, and GMR sensor output

The sensitivity of the GMR sensor in the linear region is independent of the applied
B amplitude as shown in Fig. 16. However, there is a marked increase in hysteresis
with increasing B and frequency. Therefore, the GMR sensor used in the high-spatial
ECT probe will be operated at magnetic flux densities lower than 20 uT; so that hys-
teresis effects will be at a minimum when the probe is used for defect detection.
Planar meander coils normally generate a B in the x and y direction; therefore, expe-
riments were done to observe the effect B, has on the detection of B,. Figure 17 shows
the effect of constant external magnetic flux density B, at the same frequency of mag-
netic flux density B, and its effect on the GMR sensor output. It can be seen that the
B, results in a constant resistance variation, whereas resistance variation depends on
the external magnetic flux density B,. This shows that the constant magnetic flux
densities in other axes have no effect on the detection of B,.

2.3.2 Characteristics of the ECT Probe for PCB Inspection

Three types of defects on a PCB conductor are experimentally analyzed. 9 um thick
PCB conductors made from Cu coated with 0.05 um Au were used as a PCB model
with conductor disconnections and partial defects on the PCB track width as shown in
Fig. 18. Conductor disconnections ranging from 50 to 500 um were allocated on the
PCB conductor as shown in Fig. 18 (a). Distance between the defects is 10 mm. For
partial defects on PCB conductor track width, the conductor disconnection region was
fixed at 100 um as show in Fig. 18 (b). The conductor disconnection regions vary
from 25 % of PCB track width to a total disconnection. For partial defects on PCB
thickness, PCB conductors with thickness of 35 wm are used. Two chipping defects,
as shown in Fig. 18 (c), were allocated on the model. The disconnection region is
fixed at 100 um as in the case of partial defect on PCB track width.
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Fig. 18. Model of defect on PCB conductor

The B generated by eddy-current flow at defect points on a PCB conductor can be
detected by the ECT probe as shown in Fig. 19; the signal obtained from the ECT
probe agrees with the aforementioned FEM analytical results. The signal has the same
pattern and its amplitude depends on defect size; the phase of the ECT signal also
varies at defect points. As shown in Figs. 20 and 21, although the ECT signal varia-
tions are very small, the utilization of the GMR sensor as a magnetic sensor provides
the possibility of defect detection on a narrow, 50 um wide, PCB conductor and a
conductor disconnection length of 70 um. The noise level is constant at around
0.7 uV. As shown in Fig. 21, signal variation depends on PCB conductor size and
decreases almost linearly. Imperfections on a PCB  conductor track width and
thickness can also be inspected by the ECT probe. Figures 22 and 23 show the signal
variations at partial defects on a PCB conductor track width and thickness, respective-
ly. The signal variations at partial defects are lower than the signal variations at con-
ductor disconnections. The signal variations at thickness defects are very small but
large enough to identify the defect points.
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Fig. 19. ECT signal and its phase obtained from scanning over a 200 um wide PCB conductor
using the ECT probe
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Fig. 23. Signal amplitude variation for partial defects on PCB conductor track thicknesses

The ECT signal waveforms in Fig. 24 obtained from the detection of a solder mi-
crobead with 125 um radius at the frequency of 5 MHz and 10 MHz agree with the
ECT signal waveforms obtained from FEM analysis. The determination of the micro-
bead position is done by considering the peak of signal gradient. Figure 25 shows the
maximum variation of the ECT signal versus the radius of the solder microbead, rang-
ing from 125 to 300 um. The maximum signal variation at an exciting frequency of
10 MHz decreases with the solder microbead radius and it is lower than the signal
variation at exciting frequency of 5 MHz when the solder microbead radius is bigger
than 200 um. This is because the planar meander coil cannot generate a uniform B
distribution. The experimental results also shows that signal variations at the solder
microbead depend on the frequency of the exciting B and the solder microbead radius.
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2.3.3 PCB Inspection System

The PCB inspection system consists of two parts as shown in Fig. 26; the data acqui-
sition process by the ECT technique and the image processing technique used to iden-
tify defect points on a PCB conductor. PCBs are scanned and the collected data is sent
for identification of defects. The data acquisition apparatus consists of the ECT probe,
a PCB position controller, exciting system, and measurement system, as shown in
Fig. 27. The position controller is controlled by the computer for scanning regions on
PCBs. High-frequency excitation at a frequency of 5 MHz is generated by a function
generator and is fed to the power amplifier before feeding to the meander coil. The
output signals from the ECT probe are very weak and comprise many unwanted sig-
nals; the harmonics and high-frequency noise. Therefore, the signal-to-noise ratio
must be improved.
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Fig. 28. Block diagram showing the basic principle of a lock-in amplifier
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A lock-in amplifier based on phase-sensitive detection can be used to measure very
small signals embedded in a lot of noise. This is because phase-sensitive detection can
improve signal-to-noise ratio of noisy signals, which is usually higher than 60 dB
[43]. A simple block diagram representing the basic principle of a lock-in amplifier
is shown in Fig. 28. The input signaly, (r)=V, sin(ar+6,)+ >V, . 1+0,,..)

which consists of a signal and noise term, (where V50, @hoise» and 6,5 are amplitude,
frequency, and phase shift of the noise, respectively), is multiplied by the sine and
cosine function at the fundamental frequency.

Therefore, the noisy signal can be obtained as following:

,sin(@

nm\c

V. /2=(V,/2)sin(8, -6, )+ (V,/2)sin(2ax + 6, +6,)

+ Z( noive /2)COS((C() Wppise )t + 9 Hnone ) (4)
( nozsc /2) 1n((a) + Dpoise )t + 0 + enome)

Vy/2= V. /2)sin(8, - 6,)+(V, /2)cos(2cx + 6, +6,)

( nmse/z)Sln(( Dhoise )t + 0 Hnomc) 5)
( mme/2)COS((C()+ wnone)z + 9 + nmve)

It can be seen from equations (4) and (5) that there are 3 components; DC, low-
frequency, and high-frequency. Due to the relationship between time constant 7, and
cut-off frequency f., the AC component can be rejected by the low pass filter resulting
in only a DC component, by increasing the time constant = If the low-frequency
component is very close to DC, time constant of the low pass filter needs to be in-
creased in order to eliminate the low-frequency component. This means that the ECT
probe have to wait until the lock-in amplifier acquires a steady state value before the
ECT probe can be moved to measure the signal at the next position. This is a cause of
scanning speed restriction if a lock-in amplifier is used to measure the ECT signal.

Fourier analysis can also be applied to measure low, noisy signals. By applying
Fourier analysis on the measured signal, the signal amplitude at the required frequen-
cy can be extracted in a shorter time than by using a low pass filter. Amplitude of the
signal at the fundamental frequency can be obtained within a few cycles of the meas-
ured frequency (5 MHz) [44]. Therefore, the PCB inspection with high-speed scan-
ning can produce inspection results without or minimum distortion. A Fourier series is
an expansion of a periodic function f{#) in terms of an infinite sum of sines and co-
sines. The computation and study of Fourier’s series is known as harmonic analysis
and is extremely useful as a way to break up an arbitrary periodic function into a set
of simple terms that can be plugged in, solved individually, and then recombined to
obtain the solution to the original problem or an approximation to it to whatever
accuracy is desired or practical.
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A signal f{t) can be expressed by a Fourier’s series in the form:

f®)=ay/2+ Z{an cos(na)t)+ b, sin(na)t)}, ©)

n=1

where n represents the rank of the harmonics (n = 1 corresponds to the fundamental
component). The term a, /2 represents the mean value or DC component of wave-

form and a,, and b,, are Fourier coefficients.

2.4  High-Density PCB Inspection

2.4.1 PCB Defect Inspection
As shown in Fig. 29, ten PCB conductors with different conductor widths, W, and
gaps, G, was used as a model. Two PCB models were used:

1) 100 um PCB conductor width, W, with 200 um gap, G
2) 100 um PCB conductor width, W, with 100 um gap, G

| 5 mm
s

[

I

[

[

[ 1

Fig. 29. Single layer PCB model used in an experiment

The PCB images and scanning results after image processing was applied, as shown
in Fig. 30. The same defects were allocated on both the PCB models. The smallest
conductor disconnection was only 20 pm. Furthermore, different kinds of partial de-
fects were located on this model. The scanning results show that the ECT probe can
inspect defects on a PCB conductor. From the inspection results of a bare PCB with a
100 um track width, the defects on PCB conductor are not difficult to identify
although the images are not clear. PCB conductor gap is one of the parameters that
affect the signal variations. Signal variations at defect points decrease when the gap
between PCB conductors is small and if the spatial resolution of the GMR sensor is
not high enough. Hence, the spatial resolution needs to be increase for the inspection
of high density PCBs that with less than 100 um gap.

Distance between PCB conductors and sensing level is very important for inspec-
tion of the bottom-layer of double-layer PCBs. Figure 31 shows the inspection results
obtained from scanning over a 100 um wide PCB conductor. The GMR sensor can
detect the B variation at defect points and provides variation of both signal amplitude
and phase. The complex plane is convenient to represent the variation of both signal
amplitude and phase at defect points as real and imaginary components. The results
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Fig. 30. Inspection results of the PCB model with 100 um PCB conductor width (W) and gap
(G) of 200 um (left) and 100 pm (right)

show that the proposed ECT probe is able to inspect the defects on the PCB conductor
with 235 wm lift-off height although the signal variations are very small. This means
that the probe is capable of inspecting the defects at the bottom layer if the distance
between PCB conductor and sensing level is less than 200 wum. Two models of high-
density double-layer PCBs with a dimension of 5 mm X 5 mm as shown in Fig. 32
was used for experiments. Both models have a conductor width of 100 um with 100
and 200 pum gaps between its conductors. The top layer has PCB conductors parallel
to the x direction while the conductors are in the bottom layer. The disconnection and
partial defects are also allocated on both the top and the bottom layer of the PCB
model. 2-D images reconstructed from the ECT signals obtained from scanning over
the top layer of the both PCB models in x and y directions are shown in Figs. 33 and
Fig. 34. Numerical gradient technique is a simple image processing technique that is
used to eliminate signal offset and to enhance the signal at the defect points. The 2-D
images show that the proposed ECT probe is capable of inspecting the defect clearly
although the defect points are also allocated on bottom layer of the test PCB. Moreo-
ver, not only conductor disconnections but also imperfections on PCB conductor can
be detected.
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Fig. 31. Complex plane of ECT signal obtained from scanning over a 100 um wide PCB con-
ductor, at different distances from sensing level to the PCB conductor
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Fig. 32. Double layer PCB models. (a) 100 um PCB conductor model with gap of 200 um, and
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Fig. 34. Eddy-current flow (a) magnetic flux density over a PCB conductor in the sensing di-
rection on the Z line from A to B; (b) when the probe scans along the PCB conductor

2.4.2 PCB Dimension and Alignment Inspection

Eddy-currents are usually distributed near the PCB conductor boundaries, as in Fig. 34
(a). Therefore, peak values of B in sensing direction occur near PCB conductor boun-
daries that are perpendicular to the scanning direction. These characteristics indicate
that both length and width of the PCB conductor can specified by considering the peak
values of B with measurement error less than 70 um and 30 um, for measurement of
PCB conductor length and width, respectively. For precise measurement, exciting
frequency should be higher than the frequency in simulation to generate eddy-currents
flowing as close as possible to the PCB conductor boundary. Therefore, peak values of
B in sensing axis will occur very close to PCB conductor boundary that is perpendicu-
lar to scanning direction. Absolute measurement errors, when the probe has been ap-
plied to measuring PCB conductor width and disconnection length, are shown in
Fig. 35 (a) and (b) respectively. From these results, absolute measurement errors are
lower than 100 pm for measurement of PCB conductor width. In case of conductor
disconnection and PCB conductor length measurements, the absolute measurement
errors are lower than 400 um. However, it is not more than 200 um when disconnec-
tion or gap between PCB conductors that are longer than 200 pm is measured.
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Fig. 35. Absolute measurement errors obtained when the ECT probe is used to measure PCB
conductor width (a) and disconnection length (b)

High-density PCB models with 100 um PCB conductor width were used as a mod-
el in the experiment and gap between the conductors is 100 um, as shown in Fig. 36
(a). The high-density PCB model images and its reconstructed 2-D images from ECT
signals without offset are shown in Fig. 36 (b). Conductor disconnection and partial
defects were allocated on the conductor. Basic filtering techniques were applied to
eliminate noise before the reconstruction of the 2-D image. From the reconstruction of
the 2-D image, the defect points on the conductor were clearly identified. The PCB
conductors are able to be identified by considering the peak of ECT signal as shown
in the strip chart. Inspection of the larger gap model provided not only clearer details
and easier identification of PCB conductor size but also gap between conductors (with
error less than 100 pum) than the smaller gap model. In addition, the distance between
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defect points, both the larger and smaller gap model, is also able to be specified accu-
rately with an error less than 200 um. However, more effective image processing
techniques should be applied to improve the information [45, 46].
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Fig. 36. High-density PCB images of a 100 um wide PCB conductor; (a) inspection results (b)
with gaps of 100 um. The strip charts obtained from the line reference show the high signal
variation occurring at the PCB conductor region.
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Fig. 37. Identification of the solder microbeads by the application of numerical gradient to the
ECT signals

2.4.3 Ball Grid Array Detection

The numerical gradient technique is applied to ECT signals obtained from the detec-
tion of solder microbeads [47, 48]. The results show that the numerical gradient is
able to enhance the signal at the microbead as shown in Fig. 37. As a result, the mi-
crobead position is easily identified by considering the peak of the signal gradient.
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In addition, the pitches of the conductive microbead are also measured by considering
the peak of the signal gradient. The solder microbead array model with 250 um di-
ameter and 410 — 460 um microbead pitches and its detection results are shown in
Figs. 38 (a) and (b) respectively. The proposed ECT probe scans over the solder mi-
crobead with areas of 4 mm X 4 mm. Form the detection results, the solder micro-
beads are clearly recognized and the pitches of the conductive microbead are also
accurately specified with errors within 50 um.
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g : 432 g ! 220 !
55 PR Pl 82 380 |
8 H Y £ '
] ais 459 % . 420
ek °
|::>
0 Scanning direction 0
0 1 2 3 4 0 1 2 3 4
Distance (mm) Distance (mm)
(@) (b)

Fig. 38. Solder microbead array model (a) and its detection results (b)

3 Conclusions

The design and development of an ECT probe for high-density PCB inspection was
reported in this section. The ECT probe consists of a magnetic sensor and a planar
meander coil functioning as an exciting coil. A GMR was chosen as the magnetic
sensor because it provides the advantages of high-spatial resolution due to small di-
mensions, high sensitivity to low magnetic fields over a broad range of frequencies.
Moreover, it is inexpensive and is able to operate at room temperature. Behavior of
eddy-current flow and magnetic flux distribution was studied using FEM and the
results confirmed that the proposed ECT probe can be applied to high-density PCB
inspection.

The GMR sensor was characterized in order to determine its capability of magnetic
field detection and sensitivity; these results were used to develop a high performance
ECT probe. Characterization of the probe with GMR sensor showed that measure-
ment could be performed with high signal-to-noise ratio. Furthermore, the probe with
GMR sensor is capable of defect detection on PCB conductor with width of 70 um
and thickness of 9.05 um. Three kinds of defect were tested in the experiment. The
first was conductor disconnection, the second was partial defect on PCB track width,
and the third was partial defect on PCB thickness. The results show that the inspection
results can be performed by the proposed ECT probe. Inspection of high-density
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single and double layer PCB models were demonstrated. Inspection of the PCB model
with conductor width and gap of 100 um was performed by the proposed ECT probe.
In case of double layer PCB inspection, the probe is capable of inspecting the defects
at the bottom layer if the distance between PCB conductor and sensing level is not
over 200 um. Moreover, dimension and alignment of PCB conductor can also be
examined. Consideration of the peak of magnetic flux density that usually occurs at
boundary of PCB conductor is useful for investigation of PCB dimensions and align-
ment. The inspection results showed that the proposed ECT probe is able to examine
PCB conductor dimensions and alignment with an error less than 200 um. Further-
more, the ECT probe was also successfully utilized to detect the position of 125 um
radius solder microbeads on a BGA.
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Abstract. Magnetic fluid based hyperthermia therapy for treating cancerous
tumors can be performed with a high success rate and minimal error given the
possibility of detecting and estimating magnetic fluid weight density in vivo. In
this chapter, a uniquely designed GMR needle probe is presented for the detec-
tion and estimation of magnetic fluid content density inside tumors. Experimen-
tal results showed that the proposed technique has a good potential to be
implemented in hyperthermia therapy in the future.

1 Introduction

Magnetic fluid based hyperthermia has the potential to be an effective, non-invasive
cancer therapy with negligible side effects [1-8]. Magnetic fluid is injected into the
affected area and an external AC magnetic flux density is applied to exploit the self-
heating properties of the magnetic beads (MBs) in the fluid. Temperatures in excess
of 42 °C destroy tumors [9-12]. Generally, all parameters, except the magnetic fluid
content density in vivo, are known in the specific heat equation which governs the
heat given in hyperthermia therapy to destroy cancer cells. This is due to the fact that
magnetic fluid injected into an affected area spreads to neighboring tissue thus, effec-
tively reducing the magnetic fluid content density. Hence, accurate estimation of
magnetic fluid content density in vivo is critical for successful cancer treatment by
hyperthermia therapy. The purpose of this research is to develop a method and appro-
priate apparatus/tools to estimate magnetic fluid content density in vivo so that tumors
can be destroyed without affecting healthy cells. The key feature of this research is
the fabricated novel GMR needle probe. The GMR needle probe is designed in such a
way so that it can be inserted in vivo in a minimally-invasive way to detect and esti-
mate magnetic fluid content density.

2 Estimation of Magnetic Fluid Density Inside Tumors

2.1 Introduction

Recent cancer treatment has focused on the effectiveness of killing localized or deep
seated cancer tumors. The use of magnetic materials to heat tumors was first proposed
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by Gilchrist et al in 1957 [13], who used iron oxides to heat lymph nodes. Since then
much research has been done to heat tumors directly in a non-invasive way. In the
past, heating methods were difficult, expensive and unsafe resulting in the whole
procedure being unfeasible. However, hyperthermia therapy with the aid of magnetic
fluid is now regarded as one of the most promising cancer therapies due to the
progress made in the synthesis of superparamagnetic type beads in the last decade.
Superparamagnetic type MBs have single domains, where the magnetization direc-
tion flips randomly due to temperature [14]. However, when an external magnetic
flux density is applied the magnetization direction aligns in the direction of the ap-
plied flux; therefore, MBs can be controlled by an external magnetic flux density [15,
16]. In the case of magnetic fluid hyperthermia, MBs can be injected in vivo and
moved to the target site, held there until treatment is completed and removed after-
wards, by localized magnetic flux gradients. Furthermore, since MBs have large sur-
face to volume ratios for binding of biological cells and are physiologically well
tolerated there are limitless opportunities for their utilization in many biomedical
applications such as biological cell tagging, targeted drug delivery and MRI [17-20].
Magnetite (Fe;O,) is the most widely used and promising MB available today for
biomedical applications [21-23]. Fe;0, beads have hydrophobic surfaces and when
they interact with each other the beads agglomerate to form clusters which increase
the bead size. Hence, to stabilize MBs and prevent agglomeration a stabilizer such as
a surfactant or polymer is usually added during preparation [21-25].

Exciting coil supplying Control device and
magnetic fields ek supply
fl

(b) Magnetic fluid
Fig. 1. Magnetic fluid hyperthermia
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Cancer cells are different to normal, healthy cells in many ways including how
they react to heat [26]. Due to this difference it is possible for hyperthermia therapy to
destroy without harming the healthy normal cells surrounding the tumor. Figure 1 (a)
shows a magnetic fluid hyperthermia therapy system. As shown in Fig. 1 (b), magnet-
ic fluids used in hyperthermia therapy are colloidal mixtures consisting of MBs sus-
pended in a carrier fluid, usually an organic solvent or water; the fluid is injected
directly into the tumor body or into an artery supplying the tumor. An external AC
magnetic flux density of several kHz is then applied to the magnetic fluid filled area
of the body. For biomedical purpose, the frequency has to be to 50 kHz to avoid neu-
romuscular electrostimulation and lower than 10 MHz for appropriate penetration
depth of the radio frequency field [27]. Heat is produced in the magnetic fluid filled
tumor since it is exposed to an external AC magnetic flux density. The heating losses
of MBs are mainly due to Neel relaxation and Brownian motion [28, 29]. Most types
of cancer cells are more sensitive to temperatures in excess of 42° C than normal
cells. Tumor apoptosis can be triggered if the temperature can be controlled at the
therapeutic threshold of 42° C for a prolonged period of time, resulting in the tumor
being destroyed or at least partly destroyed. Since the energy is coupled magnetically
to the MBs, bone or boundaries of different conductive tissues do not interfere with
power absorption as with electric field dominant systems used for regional hyper-
thermia for example [30]. Furthermore, there is also homogenous heating in the target
region since even though there is a large number of MBs, each can be thought of as a
separate hot source, giving temperature homogeneity during inactivation of cancer
cells [31]. So, given that the fluid can be injected homogenously throughout the target
region a homogenous cell inactivation could be expected. The AC magnetic flux den-
sity should also be homogenous because each bead has its specific power absorption,
which is only constant if the applied magnetic flux density is also homogenous.

The specific heat capacity Q (W/ml), generated by magnetic fluid can be calculated
as follows [32]:

0=k, /D, B (M

where k,, is a constant of 3.14x10 (W/Hz/(mgFe/ml)/TZ/ml), f is the exciting fre-
quency of the applied magnetic flux density (kHz), D,, is the magnetic fluid weight
density (mgFe/ml) and B is the amplitude of the applied magnetic flux density (T).

Currently, one of the main problems associated with magnetic fluid hyperthermia
is that the magnetic fluid spreads inside tissue once injected, reducing D,,. From
Eq. 1 it can be seen that Q is directly proportional to D,,. Inaccurate estimation of D,,
has two major effects: i) if a low dosage is given the overall effect is thermal under-
dosage in the target region which often leads to recurrent tumor growth, ii) if heat
given to a target region exceeds the therapeutic limit it may damage healthy cells.
Hence, it can be stated that the quality of magnetic fluid hyperthermia treatment is
proportional to the accuracy of estimating D,, in vivo. The purpose of this research is
to develop a method and appropriate apparatus/tools to estimate D,, in vivo before
hyperthermia therapy. The key feature of this research is the fabricated unique GMR
needle probe which is designed in such a way so that it can be inserted in vivo in a
minimally invasive way to detect and estimate D,,.
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2.2 Analytical Estimation of Magnetic Fluid Parameters

2.2.1 Relationship between Relative Permeability, Magnetic Fluid Weight
and Volume Density
The different variables used in this relationship are defined as follows:

D,: (measured as a percentage); magnetic fluid volume density
D,,: (measured as weight per volume); magnetic fluid weight density
7. (W-35 sample — Taiho Co. = 4.58); specific gravity of MBs

So then, the relationship between D, and D,, can be expressed as follows:

D,: weight of MBs in 1 ml volume : weight of combined MBs and water in 1 ml
volume

(7f XDV)
w= : @)
((1_Dv)+ }/f XDV)
This can be simplified to,

Applied magnetic
flux density, By

Magnetic bead shape

Fig. 2. Model of MBs uniformly distributed inside magnetic fluid
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The relative permeability (4 of magnetic fluid can be estimated by measuring the
magnetic flux density in tissue injected with magnetic fluid. It is assumed that the
MBs are cylindrical in shape with equal height (7;) and diameter (7,,), and that they are
uniformly distributed in the fluid as shown in Fig. 2. It is also assumed that z" of MBs
is infinite and water is one. The permeance of the magnetic fluid based on an equiva-
lent magnetic path is thus estimated from the assumptions [33]. Permeance generally
refers to the degree to which a material admits a flow of matter or energy. D,, can be
estimated based on the prediction of the magnetic flux path when magnetic fluid is
placed under a uniform magnetic flux density. Due to the existence of MBs with infi-
nite permeability the magnetic circuit for the external magnetic flux changes as shown
in Fig. 3. When considering the permeance through MB magnetic flux lines will con-
verge as shown in Fig. 3 (a). Hence, we take into account the surface area of the mag-
netic flux path. It is assumed that the diameter of the magnetic flux path surface area
is twice the cylindrical bead diameter. Two equivalent magnetic paths, with and
without magnetic nabeads are considered. The volume of the cylindrical MB, given
that r, = ry, is

3
r
Vv, =—L. 4
4
D, = volume of MB : total volume
3 3
nr r
p, =2 g3-"r s)
- 4d°
z T External magnetic fields
& ® | External magnetic fields
_‘..%. ; .»
P47 P,/4 b
;zz d Py
P4 P4
d
X
(a) Side view of magnetic (b) Top view.

circuit path.

Fig. 3. Equivalent magnetic circuit path of magnetic liquid under a z direction external magnet-
ic flux density
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Equation (5) can be rearranged to obtain

1/3
d:[é J . ©)

The permeances of two magnetic paths are expressed as follows:
The permeance of the magnetic path through MB is given by

2 2
P_,U()/ZTP #Omp(l_i_r_pJ

= = A 7
"Td-r, d d @
The permeance of the magnetic path through liquid is given by
d?> —m?
P, = #old” -m3) _ ®)
d
Based on equations (7) and (8), the permeance per unit volume can be derived as
2 2
US _ Hotl 1/d” | _B+P
P=—=—"7"——= =\p,+P,] — |= . 9
/ 1 Holls ( b g 1/d d 9
Equation (9) can be expanded as follows:
2 ( 2 2)
popt” = 1| A0 (T | MO )
Tl d d d ’
. [a?
Mok = Ho ?"‘1 : (10)
Relative permeability of magnetic fluid can then be expressed as
3
* r
u=1+22 (11)
d
Substituting equation (6) into (11), for D, << 1, we obtain
U4 =1+4D,. (12)

Then, substituting equation (3) into (12) the following equation, for D, << 1, is
obtained.

[ =1+4D,, ;. (13)

Equation (13) shows that x#~ of magnetic fluid is directly proportional to D, and D,,.
Furthermore, the shape and/or size of the MBs have no effect on #* of magnetic fluid.
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Assuming the same equivalent path the equivalent 4~ has the same expression even
though the bead could be of spherical shape. This expression holds on the condition
that the cavity includes a small amount of MBs.

The electron microscopy of the magnetic fluid shows that the MBs have a cluster
structure as shown in Fig. 4 (a). It was then assumed that the cluster of magnetite is
distributed uniformly as shown in Fig. 4 (b). It can be seen that there is some space
between the magnetite beads in the cluster model, so we considered the space factor
of spherical magnetite 4. So then the effective specific gravity can be expressed as

Vi =hyy;. (14)
where A, is 0.523.

Space factor (£=0.523)

100 nm
200KV
ey —
(a) Electron microscopy image of (b) Spherical type model of
magnetic fluid. magnetite.

Fig. 4. Cluster structure of magnetic nanoparticles

Equation (13) can then be written as
f =1+4D,, I hyyy. (15)
which, in general terms can be written as
1 =1+CyD,, [ hyyy. (D,<<1) (16)

where C, is a coefficient which is theoretically 4 [34-36].

Equation (16) relates ,u* of magnetic fluid to D,,. To confirm equation (16) experi-
mental analysis was carried out with the aid of a vibrating sample magnetometer
(VSM). Hysteresis curves were obtained for magnetic fluid samples with different
weight densities. Figure 5 shows the comparison of the experimental and theoretical
results. It can be seen that 4" is proportional to D,,. The theoretical and experimental
results are also in good agreement.
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Fig. 5. Relationship between relative permeability and magnetic fluid

2.2.2 Estimation of Magnetic Fluid Weight Density by Measuring Magnetic

Flux Density Inside and Outside a Magnetic Fluid-filled Cavity
Consider the situation shown in Fig. 6. An ellipsoidal cavity filled with magnetic fluid
is placed under a uniform magnetic flux density. Given that the outside environment
is air with 2~ = 1, and magnetic fluid has 4~ slightly greater than 1, magnetic flux
lines will converge and concentrate at the magnetic fluid filled ellipsoidal cavity. If a
magnetic flux density By, is applied then the magnetic flux density in the cavity can
be assumed as B;. The magnetic flux density inside the magnetic fluid filled cavity By,
will change according to D,,. The magnetic flux density at the center of the cavity By,
can be expressed according to the following equation [37].

By

e o ) 17
ﬂom(l_ﬂo] (17)
u u

* *
i i
B —-B)= —\Bo—Bo =By 1) (18)
1+N‘; —1i 1+ N -1

Bt fivfi] wen o
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Magnetic flux density outside, w=1
By

vity
Magnetic flux dgnsity inside,
By

A

Fig. 6. Magnetic fluid filled ellipsoidal cavity under the influence of a uniform magnetic flux
density

Substituting equation (16) into (19) we obtain the change in magnetic flux density (J)
as shown below.
_Bi-B

5 ’
By

c,(1-N)D,,

A V7% I 20)

It can be seen from equation (20) that D,, can be effectively calculated from the dif-
ference between B, and B,. The change in magnetic flux density is directly propor-
tional to D,,. However, the demagnetizing factor N, which depends on the shape and
size of cavity, influences the estimation of D,,.

2.3  GMR Needle Probe

2.3.1 Design of the GMR Needle Probe

The fabricated GMR needle probe as shown in Fig. 7 (a) is unique in the sense that it
can be applied inside the body in a low-invasive way. The needle detection part is
shown in Fig. 7 (b). The needle length is 20 mm, where 15 mm is available for inser-
tion inside the body, and approximately 310 um in diameter. Generally, such a fine
needle can be expected to break easily due to its lack of rigidity. However, since the
substrate itself is cut into a needle shape, a hard material such as aluminum titanium
carbide (AITiC), a sintered material of aluminum oxide (Al,O3) and titanium carbide
(TiC), can be used as the base material to make the needle strong. The needle-shaped
detecting part consists of a substrate to which a cutting process is applied to have a
needle shape, four GMR elements formed of thin films on the surface of the substrate,
four connection/bonding pads, lead conductors for electrically connecting the GMR
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elements to the connection/bonding pads and a protection film for covering the GMR
elements and lead conductors, except parts of the connection/bonding pads. The GMR
sensors, connection/bonding pads and lead conductors are formed on a wafer by a
wafer process utilizing thin film photolithography techniques. After, a machining
process is used to cut the wafer to a needle shape. The substrate is made of AITiC.
The GMR elements used in the needle have a spin-valve structure. The spin-valve
structure consists of an antiferromagnetic layer that is used to fix or pin the magneti-
zation of the pinned ferromagnetic layer, a non-magnetic space layer and a free layer
of ferromagnetic material where the magnetization is free to move in response to an
applied magnetic flux density. The magnetization direction of the pinned layer is per-
pendicular to the free layer and same in all of the four spin valve GMR elements. The
connection/bonding pads and the lead conductors are made of copper (Cu). These
connection/bonding pads are formed by a bump layer of Cu, and a bonding pad layer
of gold (Au) that is laid on the bump layer.

The novel idea of the GMR needle probe is the GMR sensing area (75 x45 um)
present at the tip of the needle. MBs are used in vivo as self-heating agents for hyper-
thermia treatment; accurate measurement of MB density is very important for suc-
cessful treatment. When a uniform external magnetic flux density is applied to an area
filled with MBs the flux lines will converge to this area (because the MBs make the
relative permeability (u") of this area slightly more than one) resulting in a change in
magnetic flux between the applied flux and the flux at the target area. In such a case
the GMR needle probe can be inserted into the target area in a minimally invasive

SMB connectors Connection/bonding pads
at the top of the needle

GMR 1 ), GMR 3
540 Q

Sensing axis
155 mm

GMR 2 GMR 4
540 Q 540 Q

L., H

‘Wheatstone bridge circuit

GMR sensing area at

J Needle length:

v M 20 mm Needle tip the tip of the needle
Neesl;:/tip
(a) Fabricated GMR (b) Needle design. (c) Wheatstone
needle probe. bridge design of

Sensors.

Fig. 7. GMR needle probe
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pattern to measure the magnetic flux density inside as well as outside the area. One of
the main features of the GMR needle probe is the way the Wheatstone bridge circuit
is designed as shown in Fig. 7 (c). There is a sensing area at the tip which is part of a
Wheatstone bridge circuit with four other GMR sensing areas 20 mm further up, near
the connecting/bonding pads. This means that rather than measuring the magnetic flux
density inside and outside separately the GMR needle probe has the ability to measure
both these quantities simultaneously.

2.3.2 Characterization of GMR Needle Probe

The DC characteristics of the GMR needle probe are shown in Fig. 8 for a magnetic
flux density range of -12 to 12 mT. The DC characteristics of the GMR probe show
that the maximum magnetic ratio is approximately 13.30 %. The linear region sensi-
tivity of the GMR needle probe is around 2.5 %/mT. There is a very low hysteretic
loop. It can be seen from the figure that the GMR needle probe has high sensitivity for
applied magnetic flux density in the range of -1 to 1 mT.

Two types of experiments were performed to obtain the AC small signal characte-
ristics of the GMR needle probe. Since the research performed involves AC mag-
netic flux the investigation of small signal AC characteristics of the GMR needle
probe is very important.

Experiment 1: Measurement with Lee-Whiting coil

A Lee-Whiting coil was used to produce a magnetic flux density of 0.1 mT at 100 Hz
as shown in Fig. 9 (a). The current to the coils are provided by the function generator
through the high speed power amplifier. The output through V,, in the GMR needle
probe Wheatstone bridge was sent to the oscilloscope which in turn was sent to a
computer by GPIB for analysis. During experiments a current of 5 mA was fed to the
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Fig. 8. DC characteristics of the GMR needle probe
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GMR needle probe. The GMR needle probe was also tested for three different direc-
tions, x, y and z. Fig. 9 (b) shows the sensitivity results for all three directions. It can
be seen that the response in the x and y direction is very low compared to the z direc-
tion. This can be explained by the fact that the sensing axis of the GMR sensing
element at the needle tip is parallel to the magnetic flux density, which is in the
z direction. The sensitivity in the z direction is approximately 13 mV/mT.

Experiment 2: Measurement with gradient distribution of magnetic flux density

The experimental setup is shown in Fig. 9 (c). Two coils are used with current flow-
ing in parallel with respect to each other. This results in a magnetic flux density of
zero at the center of the coils. The methodology for these experiments is based on the
distance between the GMR sensing area at the tip of the needle and the other three
GMR sensing areas near the connection/bonding pads. The distance between the
GMR sensing area at the tip and the other three sensing areas is 20 mm. The magnetic
flux density that is produced by parallel coils follows a gradient pattern. So the gra-
dient at 20 mm can be obtained and used to calculate the AC sensitivity of the sensor.
The gradient can be adjusted by the current to the coil which is proportional to the
magnetic flux density. Since the magnetic flux density is zero at the center the GMR
sensing areas near the connection/bonding pads can be placed there. The GMR sens-
ing area at the tip can be placed where there would be a magnetic flux density and the
Wheatstone bridge output (V,, - Vier) can be obtained. The change of the signal will
be solely due to the GMR sensing area at the tip. A current of 5 mA was fed to the
GMR needle probe and a gradient of approximately 0.003.6 mT/20 mm was given by
the two parallel coils. The frequency of the exciting current fed to the two parallel
coils by the function generator through the high speed power amplifier was 100 Hz.
The V. and the V. signals were connected to a digital lock-in amplifier (NF elec-
tronics LI5640). The lock-in amplifier was used to analyze the results. The results
showed that for AC small signal characterization at 100 Hz the sensitivity of the sen-
sor is 15.3 mV/mT. Hence, for small signal characterization at 100 Hz the sensitivity
of the sensor is between 13-15 mV/mT.

2.4  Estimation of Magnetic Fluid Weight Density Using the GMR
Needle Probe

2.4.1 Experimental Methodology

In explaining the experimental method of estimating D,, (theoretically outlined in
section 2.2.2), Fig. 10 is taken into account. Consider the event where the tip of the
needle is inserted into the center of a tumor cavity under a uniform magnetic flux
density (B;). The four GMR sensors are exposed to By, assuming that the cavity is
empty (" = 1 can be assumed inside and outside the cavity). So there is no change in
magnetic flux density inside and outside the cavity since B, is equal to By. However,
when the tumor cavity is filled with magnetic fluid, x" inside is greater than outside
the cavity. Hence, the GMR sensing area at the tip of the needle is exposed to a
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Fig. 9. Small signal AC characterization at 100 Hz

magnetic flux density By, which is higher than the applied magnetic flux density B.
However, since the other three sensors are located further up near the bonding pads,
and hence outside the magnetic fluid filled cavity, they will still be exposed to the
applied magnetic flux density. This way, B; and B, can be measured simultaneously.
As explained in section 2.2.2, D,, is proportional to the differential magnetic flux
density inside and outside a magnetic fluid filled cavity; thus, D,, can be estimated
from the change in By and B,
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Fig. 10. Magnetic fluid filled tumor under a uniform magnetic flux density

One of the main requirements for the accurate estimation of D,, using the GMR
needle probe is a uniform magnetic flux density. Helmholtz coils are used in a variety
of applications, primarily due to its ability to produce a uniform magnetic flux confi-
guration, ease of construction and flexibility. The accuracy of the relative magnetic
flux density produced depends on how precise the Helmholtz coils are constructed
and how accurate the current through them is maintained [38]. A lot of research has
been done to find optimum parameters for designing super uniform Helmholtz coil
systems [39-42]. A Helmbholtz coil system consists of two coils, either circular or
square, of equal radius and equal number of turns along an axis through the center of
the coils, separated by a distance equal to the radius of the coils. The total magnetic
flux produced is the sum of the two coils. A large volume of magnetic flux uniformity
based around the mid-point between the two coils can be explained by the good deal
of cancellation for the off-axis flux components generated by the coil. Magnetic flux
density is generated by currents. A static flux will be produced if the currents are
unchanging (DC). However for a changing current the flux will vary and will not only
have magnetic, but also electric and electromagnetic components. Influence of fields
other than magnetic increases when the operating frequency rises. However high fre-
quency effects can be ignored if the operating frequency is kept low enough. In this
region generally known as the “quasi-static” region, the differences between the flux
generated by DC and AC can be assumed negligible. The Helmholtz coil has many
applications in a variety of areas such as, calibration of magnetic instruments and
probes, biomedical/bioelectromagnetic studies, diagnostic studies on electron beams,
and in the study of the magnetic properties of materials [43-46].

In this research it is essential that the specifications required for the area of unifor-
mity for experiments is explicitly met. A common error when designing a Helmholtz
coil system is the assumption that the magnetic flux density will be uniform. This is
true only for a certain volume around the center. Improvements and modifications are
needed to improve the region of uniformity. A Helmholtz coil system was designed to
obtain a uniform magnetic flux density with an error < 0.01 % for 0.03m in the radial
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(r) and axial (z) axes, for the experiments performed in sections 2.4.2 and 2.4.3. If a
standard one coil pair is used the common radius of the system would be quite large
for the required specifications. A large number of coil designs such as Maxwell tri-
coil, Lee-Whiting, Alldred-Scollar and Rubens coil, have been reported [40]. Howev-
er, for our specifications and experimental setup a planar coil system consisting of
three coil pairs was chosen as the ideal system [47]. The coil design is shown in Fig.
11 (a). The three coil pair system is used to produce a magnetic flux density of Bj.
The flux density will concentrate at the magnetic fluid filled cavity. The GMR
needle probe is placed at the center of the cavity, hence the center of the common axis
between the three coil pairs. The magnetic flux in the cavity can be assumed as B;. B;
changes with D,,. As explained before the change in B; and B, is proportional to D,,. It
is critical that the magnetic flux distribution in this region should have an error of less
than or equal to 0.01 % with respect to the center of the coils, because the percentage
change in magnetic flux density for the magnetic fluid weight densities used for expe-
riments is in the order of 1/10. So it is essential that the experimental area is more
uniform to eliminate ambiguity in experimental results. The analytical results for the
Helmbholtz tri-coil are shown in Fig. 11 (b); it can be seen that the fluctuation of mag-
netic flux density is less than or equal to 0.01 %, 0.03 m in the axial and radial direc-
tion from the midpoint. The darker the region in the contour plot, the more uniform it
is. The fabricated Helmholtz tri-coil is shown in Fig. 11 (c).

Ny B N;

a =770 mm (diameter of coil 1) N, = 140 (number of turns in coil 1)
b =260 mm (diameter of coil 2) N, =4 (number of turns in coil 2)
¢ =214 mm (diameter of coil 3) N3 = 1 (number of turns in coil 3)

o 0.02 0.04 0.06 0.08 0.1 0.12
r(m)

h =315 mm height between upper and lower sets of coils

(a) Helmholtz tri-coil design. (b) Contour error plot (£ 0.01 %
variation of magnetic flux density
from the center of the coil).

(c) Fabricated Helmholtz tri-coil.
Fig. 11. Helmholtz tri-coil
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Figure 12 shows the experimental setup for estimating low-concentration magnetic
fluid inside plastic cylindrical containers. Low-concentration magnetic fluid can be
defined by the content densities used in clinical applications. Magnetic fluid weight
densities used for clinical applications are typically less than 2.8 % and potentially
decreases even more when injected in vivo, due to spreading inside tissue. Hence,
magnetic fluid of original D,, 40 % was thinned by mixing with distilled water. Plastic
trays with embedded cavities (s = 0.625) were filled with thinned fluid of various
densities. The fabricated Helmholtz tri-coil was used to produce a uniform magnetic
flux density of 0.1 mT at 100 Hz (0.01 % fluctuation 0.03 m in the axial and radial
direction from center of the coil). Current of 267 mA was provided to the coils of the
Helmholtz tri-coil by a function generator (Sony Tektronix AFG310) through a high
speed power amplifier (NF Electronics 4055). A current clamp (Hioki 3274) was
clamped to the coils carrying current to the Helmbholtz tri-coil and connected to an
oscilloscope (Yokogawa DL4100) to analyze the current waveform. Additionally, a
Gauss meter (MTI mm-340) was also used to confirm the magnetic flux density at the
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center of the Helmholtz tri-coil. A constant current of 5 mA was given to the GMR
needle probe by a DC power supply (Matsusada Precision Instruments).

The GMR needle probe was inserted as shown in Fig. 12 (b). The GMR needle
probe tip was placed in the middle of the Helmholtz coil and the cylindrical cavity
was moved so that the needle tip was at the center of the cavity. The GMR needle
probe was then used to estimate the D,, of the thinned magnetic fluid, by measuring
the applied magnetic flux density (By = 0.1 mT) and the magnetic flux density inside
(B;) thinned magnetic fluid filled cavities. The bridge output voltages across the GMR
needle probe were measured by a lock-in amplifier (NF Electronics LI5640). By ap-
plying the results to equation (20), the change in magnetic flux density was obtained
for all the cavities with different thinned magnetic fluid weight densities. The experi-
mental results are shown in Fig. 13. The figure denotes the relationship between D,,
and the change ratio of magnetic flux densities. When the cavity is thin and long
(N = 0), the relationship shows the upper limit. The demagnetizing factor N for an
elliptic body depends on the shape ratio of the cavity s, as shown in the figure. For
spherical shaped cavities s = 1 and N = 1/3, and for flat shaped cavites s = 0.5 and
N = 0.527. It can be seen from the experimental results that D,, is proportional to
change in magnetic flux density and the results fall between theoretical lines for long
and flat ellipsoidal cavities.
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Fig. 13. Estimation of magnetic fluid weight density in a tray with embedded cavities

2.4.2 Detection and Estimation of Low Concentration Magnetic Fluid Inside
Tumor-Simulating Cylindrical Agar Cavities

The evaluation of cancer staging is generally done with respect to the size of the tu-

mor. The tumor, node, metastasis (TNM) staging system is commonly accepted for

the evaluation of pathological stage [48]. Assuming that tumors are spherical in
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shape, the cutoff diameters for the different stages depend on the type of tumor. Gen-
erally tumors are classified into 5 stages (TO — T5). In the TO stage there is no evi-
dence of a primary tumor but is defined as carcinoma in situ (CIS). This means that
malignant cells that arise from epithelial cells have not invaded surrounding tissue.
Recent studies have shown that the general cut off point between T1/T2 and T3 tu-
mors is 50 mm [49, 50]. In T1 tumors diameters are not more than 20 mm and loca-
lized to one part of the body. In T2 tumors cancers are locally advanced and diameters
vary between 20 and 50 mm. In later stage (T3 and T4) tumors the diameters are more
than 50 mm, and also the cancer has started to spread into surrounding tissue, lymph
nodes and body organs. Ideally hyperthermia therapy is performed on non-invasive, in
situ tumors which are normally detected when they are small and confined [51]. In
these cases (tumor diameter less than 20 mm) the cancer has not spread to other or-
gans. Low-concentration magnetic fluid (less than 2.8 % D,,) is generally used in
hyperthermia therapy, to keep the dose in vivo as low as possible. However, once
injected the magnetic fluid tends to spreads inside tissue, further decreasing the
low-concentration D,,. The specific heat capacity required to destroy a tumor is pro-
portional to AC magnetic flux density amplitude, frequency and D,,. Specific heat
capacity is also clearly correlated with therapeutic outcome since it can only be in-
creased up to a certain critical value to avoid heating of healthy tissue. Hence, it is
vital that D,, be known in vivo before as well as after treatment (to check for remnant
density). This section provides details about a novel GMR needle probe that can be
inserted in vivo in a low-invasive way to detect and estimate low-concentration D,, in
T1 tumors for successful implementation of hyperthermia therapy.

To simulate the situation of detecting magnetic fluid inside the body, cylindrical
agar pieces (simulating tumors) were injected with thinned magnetic fluid of various
densities and immersed in potato starch, which acted as a reference medium. Agar is
widely used in microbiology as a culture medium. Agar powder with jelly strength
400 — 600 g/cm” by Wako Company was used for experiments. The diameters of the
agar pieces were chosen to be 4 — 14 mm (s = 1, N = 0.33) to simulate T1 tumors,
which are less than 20 mm. A uniform magnetic flux density of 0.1 mT was applied
by the Helmholtz tri-coil and the needle tip of the sensor was inserted at 10 mm
intervals hence, to the middle of agar pieces along the length (225 mm) of the mag-
netic fluid filled cavity tray as shown in Fig. 14. The change in signal corresponds to
the difference between the signal obtained inside the magnetic fluid filled agar and the
reference medium (potato starch). It can be seen from Fig. 15 that the GMR needle
probe can detect magnetic fluid injected into agar pieces with a diameter as low as 4
mm. Fig. 15 shows that for a given D,, of thinned magnetic fluid the change in signal
does not vary so much between the four samples (since s and N is the same) and that
the signal is proportional to the weight density of thinned magnetic fluid. This means
that even though the size of the cavity may change (s and N constant), the signal will
only change with D, thus verifying equation (20). Furthermore, detection of magnet-
ic fluid in samples with diameters as low as 4 mm shows that the GMR needle probe
has a potential to be used effectively as a tool for detecting drug coupled MBs, in
targeted therapy for tumors.
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Since the GMR needle probe was used to successfully detect magnetic fluid in-
side cylindrical agar pieces of different sizes, experiments were performed to accu-
rately estimate D,, inside cylindrical agar pieces simulating T1 tumors. One of the
major obstacles for implementation of hyperthermia therapy as an effective cancer
treatment is the retention of injected magnetic fluid without spreading to neighbor-
ing tissues and organs. Coupling magnetic fluid to tumor specific ligands such as
antibodies, slow infiltration and repeated multi-site injections are some of the me-
thods used to increase the retention of magnetic fluid in tumors. Experiments are
performed with the GMR needle sensor to estimate D,, in 18 mm diameter agar cavi-
ties (s = 1, N = 0.33) since, to provide adequate heat to kill the tumor without affect-
ing surrounding healthy cells, D,, needs to be confirmed before and after treatment (to
check remaining density). The GMR needle was inserted at the center of the 18 mm
agar cavities and B; and B, was measured simultaneously due to the bridge circuit
design of the GMR needle probe. It can be seen from Fig. 16 that D,, is proportional
to the change in magnetic flux density and agrees well with theoretical results ob-
tained based on ellipsoidal cavities. Concentrations as low as 0.145 % weight density
can be successfully estimated [52, 53].

2.4.3 Estimation of Magnetic Fluid Weight Density Inside Large Cylindrical
Agar Cavities

In section 2.4.2 experiments were performed with agar cavities simulating T1 cancer

tumors. Different size agar cavities were injected with magnetic fluid to simulate fluid
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filled tumors. The GMR needle probe was then used to measure the change in mag-
netic flux density inside and outside the agar cavities simultaneously. The size of the
tumor should be considered since out of the 20 mm needle of the GMR probe 15 mm
is available to be inserted inside the tumor. Since the needle tip should be inserted at
the center of the tumor where the magnetic flux density is greatest (given that the
tumor is exposed to a uniform magnetic flux density), the diameter of a given tumor
should be less than or equal to 30 mm. Since diameters of the cylindrical agar cavities
simulating tumors in the T1 stage of cancer were less than 20 mm the needle of the
GMR sensor, which is 20 mm in length, was easily inserted into the center of the agar
cavities to measure magnetic flux density inside. However, in T3 and 4 stages of can-
cer, commonly called the “later/advanced stages” of cancer, the diameters of tumors
are more than 50 mm. So, the needle cannot be inserted at the center. Hence, a new
experimental method was developed to estimate D,, inside large tumors. Taking ad-
vantage of the fact that the distance between the GMR sensing area at the tip and the
three other sensors near the bonding pads is 20 mm, magnetic flux density is obtained
at 20 mm steps as shown in Fig. 17. The total change in magnetic flux density is cal-
culated by summing the change in magnetic flux densities at each step as shown in the
equation below.

n

BTotalChange = Z (Bi+1 - B ) 2D
i=0

T Needle-type GMR sensor moved in

20 mm steps in z-direction
Helmbholtz tri-coil

b3, 20 mm
B, L 20 mm
B;
I
|
I
I
I
I
I
I

Centre of line of Helmholtz tri-coil
and cavity
Magnetic fluid filled agar piece

Helmbholtz tri-coil

r

Fig. 17. Method of estimating magnetic fluid weight density inside large cavities
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Figure 18 shows the comparison between the numerical and experimental results. It
can be seen that if magnetic flux density can be measured at the center of the cavity,
the change in magnetic flux density is approximately equal to the theoretical results.
However, since the needle of the GMR probe is only 20 mm in length, the change in
magnetic flux density is obtained by equation (21) for large cavities, where the needle
cannot be inserted into the center of the cavity. The number of steps used in this case
was 7. This meant that the needle was fully inserted in the magnetic fluid filled cavity
after 7 steps, however the tip was not at the center of the cavity. It can be seen from
Fig. 18 that the summing method proposed for large cavities gives a good approxima-
tion when the sensor needle cannot be inserted at the center of the cavity.

6
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Magnetic fluid weight density, D,, (%)

Fig. 18. Comparison of theoretical and numerical results for large cavities

The summing method was utilized to measure the change in magnetic flux density
in magnetic fluid filled cylindrical agar cavities of 63 mm diameter (s = 1). 30 results
were obtained in 30 seconds from the lock-in amplifier by MATLAB GUI and saved
in the PC for further analysis. This method was more competent to handle the rapidly
changing values of the lock-in amplifier, especially at points further away from the
cavity. The average of 30 values was then taken. The experimental results are shown
in Fig. 19. It can be seen that the total change in magnetic flux density increases with
D,,. Moreover, the experimental results for large cavities compare favorably with
theoretical results based on ellipsoidal cavities, numerical results obtained by numeri-
cal modeling and experimental results obtained for small cavities [54]. Figure 20
shows the results obtained for different size cylindrical agar cavities (s = 1) for a
weight density of 2.29 %. Experiments done on smaller cavities (section 2.4.2) veri-
fied equation (21) for a range of sizes. It was shown that the change in magnetic flux
density did not vary so much between different size cavities as long as s and hence N
remained the same. The change in magnetic flux density only increased with D,,.
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However, it must be noted that these experiments were performed with cavities small-
er than 30 mm in diameter, hence allowing the insertion of the needle tip to the center
of the cavity. In the experiments performed in this section the larger the cavity the
further away it would be from the center of the cavity (where the magnetic flux densi-
ty is the greatest) as shown in table 1. Thus, as diameter and/or height of a cavity
increases (for a constant N) the total change in magnetic flux density decreases.
Figure 20 compares the experimental results to numerical results. Even though the
experimental results increase with the size of cavity they do not fluctuate so much
compared to the numerical results.
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Table 1. Comparison of different sized cavities when needle is completely inserted inside
cavity

Cavity Diameter Height Distance from center of cavity to
(mm) (mm) needle tip (mm)
1 50 50 10.0
2 63 63 16.5
3 72 72 21.0

2.4.4 Estimation of Very Low Concentration Magnetic Fluid Weight Density
Inside Cylindrical Cavities

In section 2.4.2 experiments were performed to estimate low-concentration D,, inside
cylindrical agar cavities; the limit of estimation was 0.145 %. However, estimation of
very low-concentration magnetic fluid (less than 0.1 % D,,) is significant in hyper-
thermia therapy since the dosage is kept to a minimum in vivo, magnetic fluid spreads
to neighboring tissue after injection which further reduces the dosage and some fluid
may remain after treatment. Since successful treatment is directly proportional to D,,
it is essential to estimate in vivo. Furthermore, current implementation of magnetic
fluid based hyperthermia is in conjunction with other established forms of treatment
such as radiotherapy, surgery and chemotherapy. It has been shown that cancer treat-
ment with combination treatment is more effective compared to a given treatment on
its own. However, if magnetic fluid hyperthermia therapy is to be more effective in
combination treatment and also to be a feasible, stand alone, treatment there are sev-
eral questions that need to be addressed. One of the main issues that need to be
addressed involves the fate of magnetic fluid once used as self-heating agents in
hyperthermia therapy. While it is safe to assume that only a small amount of magnetic
fluid remains after treatment there is no conclusive evidence due to the novelty of
magnetic fluid hyperthermia treatment. Even though, magnetic fluid is biocompatible
it may be influenced by other bodily fluids or functions if it were to remain in the
body for a prolonged period of time. The possible fact that magnetic fluid remains in
the body for a long duration can be exploited for further treatment or for utilizing it
for other applications. Remnant magnetic fluid can be moved to another part of the
body by external magnetic flux gradients and reused for further/new treatment. The
common factor that stands to benefit all these issues is accurate estimation of very
low- concentration D,,. This section discusses the experimental apparatus fabricated
and the experimental results estimating very low-concentration D,, inside agar cavi-
ties, using the GMR needle probe.

The aim of the experiments is to measure very low D,, of magnetic fluid in a cylin-
drical agar cavity, by measuring B;. For this purpose a super uniform magnetic flux
density generator is required for eliminating ambiguity of measurements. Since, for
very low densities the percentage change in magnetic flux density is in the order of
1/10,000, it is important that the applied magnetic flux density is at least 1/10™ more
uniform. For this purpose a Lee-Whiting type coil [40, 41] was designed and fabri-
cated, producing a 0.001 % variation from the center of the coil in approximately
35 % of the outer coil spacing along the axial direction and 25 % of the diameter of
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Fig. 21. Lee-Whiting coil

the coils in the radial direction. The Lee-Whiting coil design is shown in Fig. 21 (a)
and the analytical results are shown in Fig. 21 (b).

Figure 22 shows the experimental setup where the fabricated Lee-Whiting coil was
used to produce a uniform magnetic flux density of 0.09 mT at 50 and 100 Hz.
Cylindrical agar pieces of d = 18 mm (s = 1) were injected with very low-
concentration magnetic fluid (D,, = 0.03 — 0.2 %). The GMR needle probe was in-
serted to the center of magnetic fluid filled agar cavities. The differential magnetic
flux density is in the order of nanotesla in the experimental situation. The bridge
structure of the GMR needle probe measured the differential magnetic flux density
simultaneously. The bridge output was amplified 100 times and sent to the lock-in
amplifier. Then the data from the lock-in amplifier was transferred through GPIB to a
computer for further analysis. For each low-concentration weight density, 5 values
were taken and averaged. Experimental results shown in Fig. 23 indicate that the
change in magnetic flux density is proportional to D,, [55]. However, the current limit
of estimation has a good possibility to be influenced by the construction and coiling
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errors of the Lee-Whiting coil. Shown in table 2.2 are the error percentages at 0.02 m
in the axial direction if the coils or diameters are altered by +1/2 mm as shown in Fig.
24. Also, the error percentage increases if current distribution is considered as a
square as shown in Fig. 24 instead of a point (as assumed in analytical analysis).
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Fig. 23. Estimation of very low-concentration magnetic fluid weight density inside agar
cavities
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Table 2. Analysis of error percentages due to coiling and construction

Coil number +1 mm -1 mm +2 mm -2 mm
(%) (%) (%) (%)
1_Distance 0.007 0.007 0.015 0.015
2_Distance 0.008 0.008 0.015 0.015
1_Radius 0.0037 0.0037 0.0075 0.0075
2_Radius 0.006 0.006 0.012 0.012

3 Conclusions

A novel GMR needle probe that is utilized to detect and estimate magnetic fluid
weight density was reported in this section. The unique design of the fabricated GMR
needle probe is especially made for application in vivo in a low-invasive way. A theo-
retical basis was obtained for detecting and estimating D,, in vivo based on relation-
ships between relative permeability, weight density of magnetic fluid and magnetic
flux density inside and outside a magnetic fluid filled cavity. An experimental setup
(including a novel GMR needle probe, Helmholtz tri-coil and Lee-Whiting coil) and
procedure with agar injected with magnetic fluid to simulate actual clinical process
was developed.

Experiments were performed to detect and estimate D,, inside a variety of mediums
simulating tumors, using the GMR needle probe, with the long term objective of esti-
mating in vivo, especially in the area of hyperthermia therapy, a form of cancer treat-
ment. Experiments were performed initially by inserting the GMR needle probe in a
tray with magnetic fluid filled embedded cavities for confirmation of theoretical
analysis. Cylindrical agar cavities simulating 1** and 2™ stage tumors were injected
with magnetic fluid and the GMR needle probe was used to measure the magnetic
flux density inside and outside the agar cavity. By measuring the differential magnetic
flux density, D,, was estimated. The lowest D,, that could be estimated inside 18 mm
diameter cylindrical agar cavities was 0.03 %. To estimate D,, in large tumors com-
monly found in later stages of cancer, a summing method was developed, taking into
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account the distance between the sensing element at the tip of the needle and the sens-
ing elements near the bonding pads. The lowest D,, that could be estimated inside 63
mm cylindrical agar cavities was 1.414 %. The research performed in this section
shows that in the future the GMR needle probe could be used not only in hyperther-
mia therapy but also in other advanced medical applications.
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Abstract. This chapter provides an overview on several techniques used for
surface imaging, including SQUIDs, Hall-effect sensors, Giant magneto-
impedance sensors, and magnetoresistive (MR) sensors. Among all magnetic
field sensors, only SQUIDs and MR devices have the potential to localize
buried and non-visual field sources (such as defects in integrated circuits or
magnetic field sources in biological environments. In particular, we describe
how MR sensors have been used with advantage for integrated circuit (IC)
mapping, with resolution below 500 nm and sensitivity to detect currents as low
as 50 nA and have been used for many applications requiring low magnetic
field detection. Challenges and experimental considerations on integration of
MR sensors on a commercial analysis tool are provided here. Examples
obtained with real devices demonstrate how Scanning Magnetic Microscopy
has become an established failure analysis technique for visualizing current
paths in microelectronic devices.

1 Introduction

In recent years has become essential to ensure the reliability, integrity and safety of
systems in industry (nuclear, petrochemical, gas) and transport (aeronautics, railway,
automotive) sectors. The detection of generation, propagation and failure of a defect
in metallic parts is highly desirable, enabling a significant reduction of maintenance
costs and consequently improving profit and productivity.

Non destructive testing (NDT) meets this challenge gathering methods to provide
information on the health of a structure without impairing its future usefulness.
Currently, conventional NDT techniques rely on eddy current (EC) inspection,
ultrasonic, and acoustic emission. EC inspection is widespread, ensuring subjacent or
surface-breaking flaws detection. EC-NDT works by inducing electrical currents in
the structure under test with an electromagnetic field, and thus cracks within the
structure distort the EC flow enabling its detection. Nevertheless, EC NDT using
traditional inductive sensors has shown difficulty in locating hidden buried defects,
low spatial resolution and slow speed of inspection.

Nowadays, the EC inspection method is undergoing a rapid change to answer
industry specifications in terms of product quality and cost saving, focusing on the

C. Reig et al.: Giant Magnetoresistance (GMR) Sensors, SSMI 6, pp. 275-p99]
DOI: 10.1007/978-3-642-37172-1_11  © Springer-Verlag Berlin Heidelberg 2013



276 D.C. Leitdo et al.

detection of small (< 100 um) and deep flaws (buried under several mm), while
decreasing the inspection time.

Among the existent magnetic field detection techniques, only superconducting
quantum interference devices (SQUID) [1-3] and magnetoresistive (MR) [4, 5] devices
have the potential to localize buried and non-visual field sources. SQUID sensitivity
translates to the following in terms of maximum depth and minimum current: 18 pA
currents can be detected 1 mm away with a SNR ratio better than 5 [1-3]. Lowering
the scanning distance lowers the minimum detectable current: ~ 200 nA can be
detected at a distance of 300 pm. Alternatively, increasing the current facilitates
detection at a greater distance; for example, 1 mA of current can be detected 54 mm
away. However, the extremely high field sensitivity of the SQUID compromises
the spatial resolution, and requires complicated apparatus for operation at low
temperatures.

These drawbacks motivated the search for alternative NDT methods, such as MR
sensors. The excellent spatial resolution of MR sensors has been used with advantage
[5]. Their potential for NDT has been addressed in experimental systems namely the
detection of cracks on 20 mm thick aluminum [2], to locate and characterize small
surface cracks [6], in the evaluation of metal medical implants for invisible cracks [7],
inspection of printed circuit boards [8] and detection of hidden corrosion [9]. The
detection of very small magnetic fields with high spatial resolution, makes MR
sensors ideal for NDT [10, 12, 13] but also for biosensors [11, 13], precision position
sensing, document validation [12] and magnetic imaging [14].

Nowadays, the miniaturization levels required in the electronics industry has
resulted in complex packaging solutions [15]. Therefore, the difficulty in imaging
buried defects or flaws in complicated packaging schemes with multiple stacked
devices has increased significantly [Figure 1]. Also, notice that intricate die level
analysis is ever more challenging, targeting the accurate detection of buried
metallization layers such as 8 to 10 levels down from the chip surface [1, 2, 16].
Currently used non-destructive techniques to detect electrical fails in such complex
microelectronic package technologies include Scanning Acoustic Microscopy [16, 17],
Scanning SQUID Microscopy [2] and magnetoresistive microscopes [18, 19].

500 pum
) GRENOBLE

Fig. 1. Example of packaging inspection. Reprinted from Ref. [15] Copyright (2004), with
permission from Elsevier.
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Next sections will describe briefly some examples where these techniques have
been used with advantage for mapping. Finally, section 3.4 will describe how MR
sensors have been used for this purpose at an industrial level.

2 Imaging Sensors Devices: Overview

2.1  Flux Sensors

2.1.1 SQUIDs

A scanning superconducting quantum interference device (SQUID) incorporates a
superconducting loop containing one or two Josephson junctions. The Josephson
junction consists of a thin insulating layer (or constriction) between two
superconductors [20, 21]. Overall, when the superconducting loop is submitted to a
change in the applied flux applied, a phase difference across the junction will appear
due to flowing currents.

In contrast to Hall probes or MR devices where the field sensitivity is nearly
independent of the sensing area, in SQUIDs magnetic field sensitivity scales with 1/a>
(a is the diameter of the sensing area) [20, 22]. Typically, commercial DC SQUIDs
exhibit a magnetic field noise of ~ 10 fT/NHz [20, 21], still for NDT even small
amounts of position noise during scanning can cause significant degradation of the
obtained images [23]. Nevertheless, and although SQUIDs provide an extreme
sensitivity, they bear the main disadvantage of operating at cryogenic temperatures, at
least 77 K for high-T¢ superconductors [20].

Several reports using particular designs for highly sensitive scanning SQUID
microscope allowed direct observation flux quanta in high-T¢ superconducting rings
[24, 25]. SQUID microscopy has been used for visualization of magnetic structures at
77 K with a spatial resolution of about 30 x 10® m in the vertical component of the
magnetic field [28]. Still, recent research on scanning SQUID microscopy focus on
room temperature samples, where the main developments target improvements in
hardware or software to achieve better spatial resolution [26, 27]. Fong et al. were
able to image magnetic fields of room-temperature samples with sub-millimeter

9‘1 160 15‘0 50 250 200
53 ms Time[ms)

Fig. 2. Time trace of the transmembrane potential and the magnetic field recorded from a rabbit
heart (Figure 10 of Ref. [26]). Reprinted with permission from Ref. [26] Copyright (2005),
American Institute of Physics.
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resolution. Their low-T¢ multiloop SQUID sensor provided a field sensitivity of 1.5 x
102 TAHz, for frequencies above 100 Hz. Figure 2 displays action currents in
cardiac tissue imaged by such device. The authors reported field sensitivities on the
order of 180 x 10" T/VHz for an optimized 1 mm multiloop SQUID sensor [26].

2.2 Field Sensors

2.2.1 Hall-Effect Sensors

Scanning Hall probe microscopy (SHPM) [29, 30] allows a noninvasive detection of
surface magnetic fields. This technique is based on Hall Effect probes, where the
changes of the external magnetic field translate into changes in the sensor output
voltage [31]. With a theoretical field sensitivity of 2 nT/\NHz [32], SHPM offers a
lower sensitivity than SQUID, but allows for nanometer-scale spatial resolution [30],
works under variable temperature and variable magnetic field conditions. Figure 3
(left) shows an example of a nano-Hall sensor design [33]. Oral et al. described a low-
noise SHPM with a magnetic field sensitivity of ~ 2.9 x 10® T/VHz at 77 K and a
spatial resolution of ~ 0.85 um [30]. The same system was successfully operated at
room temperature with a magnetic field resolution of ~ 3.8 x 10°® T/VHz [30, 34]. In
addition, Howells et al. showed a high-resolution imaging of a magnetic media at
77 K with a SHPM system displaying a magnetic field sensitivity of 30 x 10 T/NHz
and spatial resolution of 0.8 um [Figure 3(right)] [35].

Chang et al. introduced a hybrid Hall/STM microscope which provided a magnetic
field sensitivity of ~ 10° T and a spatial resolution ~ 0.35 pum [36], whilst an
optimized planar Hall effect magnetic sensor exhibited a field detection level down to
10°T [37].

Recently, nanometric Hall sensors with dimensions of ~ 50 nm [Figure 3 (left)]
were incorporated into a room temperature SHPM exhibiting an optimum magnetic
field sensitivity of 8.0 x 10” T/ANHz [33]; quantification of the spatial resolution was
lacking. Although electron-beam lithography allows one to prepare sensors with lateral
sizes down to the nanoscale range, effective lateral resolution of such a scanning
sensor is limited by sensor-sample distance. When the sample is near the end of a
measuring tip, its tilting can displace the sensor by hundreds of nanometers, being this
the limiting factor of the resolution [38]. However, careful design of the sensor in
recent systems claimed a minimum detection size of 80 nm [39].

SHPM systems can be built by attaching a suitable sensor to a commercial table-
top AFM [40]. But many SHPM systems are developed to image superconducting
materials and must work at cryogenic temperatures [42]. Several authors worked to
overcome the small scan range of cooled piezoelectric crystals, either by using
stepping motors effectively increasing the range to the centimeter scale [43-45]
or by keeping piezoelectric scanner at room temperature while the sample is cooled
[41]. Also, in order to reduce the infrastructure needed to operate the systems, others
integrated a Stirling cycle refrigeration system allowing the operation at 35 K without
the need for cryogenic fluids [46].

Most SHPM systems actually measure the component of the magnetic field
perpendicular to the plane of the sample. Using three sensors patterned onto a
pyramidal-shaped mesa, Fedor et al. [47] developed a SHPM system measuring the
three components of the magnetic field.



Magnetoresistive Sensors for Surface Scanning 279

Slnm
mano-Fall
probe
¥ -

Fig. 3. (left) Nanometric Hall probe (from Ref. [33]). Copyright 2004 The Japan Society of
Applied Physics. (middle; rigth) SHPM image at 77 K and simultaneous STM image. Reprinted
from Ref. [35], Copyright (1999), with permission from Elsevier.

2.2.2 Giant Magneto Impedance Sensors

When a magnetic field is applied to a soft ferromagnetic conductor which is in turn
subjected to a small alternating current (AC), a large change in the AC complex
impedance of the conductor is visible [48]. This effect is known as Giant magneto-
impedance (GMI) and is the base of GMI sensors, typically made of in metal-based
amorphous alloys [48-50]. Although a field sensitivity of a typical GMI sensor can
reach a value as high as 500 %/Oe [48, 52], the large size required for the sensing
element restricts its spatial resolution [53, 54]. Nevertheless, since the GMI response
strongly depends on the composition and shape of the sensor core a double-core GMI
sensor based on Co-based amorphous magnetic wires, with reduced size has shown
improved sensitivity [55]. The high magnetic field sensitivity of GMI sensors has
already proved important in microstructural characterization at close proximity of the
samples [56], being also used for detection surface of cracks [53], corrosion defects
[56] and embedded flaws [57].

2.2.3 Comparison Table
In table 1 one compares figures of merit of selected sensors discussed above.

3 Magnetoresistive Sensors in Imaging and Scanning
Microscopy

The spatial resolution of MR microscopy depends directly on the dimensions of the
MR sensor, which in contrast to previously discussed sensors, is readily scalable
through fabrication techniques. Furthermore, NDT imaging systems strongly profit
from measuring distinctively the 3 components of the magnetic field along distinct
directions. Such configuration is easily achieved with engineered MR sensors design.
The latter, together with the relatively low cost and ease of implementation of such
sensors and their ability of detecting very small magnetic fields give MR devices
significant advantages over other magnetic imaging techniques such as SQUID, Hall
sensors or Magnetic Force Microscopies.
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Table 1. Details and figures of merit concerning NDT sensors, namely SQUID, GMI and Hall
probes

Sensor| Particularities Sensitivity/ Field Spatial Resolution | Ref.
Detection
AlGaAs/InGaAs/ | 4 x 107 T/NHz @ 300 K 0.08 um [39]
GaAs
5 pum patterned 1 x 107 TAHz 5 um [44]
8 GaAs/AlGaAs @ 4.2-300 K
o
A 2| Submicron Hall |~29x 10°TWHz @ 77K ~0.85 pm [30]
£ 2 probe ~3.8x 10° TAHz [34]
28 GaAs/AlGaAs @ 300K
=
8 hybrid Hall- ~0.36 x 10 TAHz ~0.35 um [36]
©n sensor/STM- @42K
positioning
Planar Hall effect | 300 VT'A' @ 300 K N/A [37]
FeNi on Si(100)
5 Amorphous wire | Up to 500 %/Oe @ 300 K Low and size [52]
é based dependent
&)
high-T¢ N/A 30 um (magnetic | [28]
% o superconducting field vertical
o component)
wn
o0 % low-T¢ niobium 1.5 x 102 TAHz 80 um (sensor | [26]
g é bare diameter)
§ low-T¢ niobium | 480—180 x 10" T/AHz | 250 um-1mm | [26]
multiloop (sensor diameter)

The idea of using MR sensors as element to detect magnetic stray fields stems from
the widely implemented hard-disk-heads, typically used to read information from hard
disk media. In fact, the first reports concerning scanning MR microscopy used
commercial MR record/playback heads as sensing elements which were raster
scanned over particular magnetic samples [58-61]. Following these studies, the MR
microscope system has been adapted to perform magnetic domain imaging on steel
sheets [62] and nondestructive testing of materials [63]. Application of magnetic
imaging to other research fields include the detection of defects in metallic plates
[64, 65], in aircraft structures [66] and metallic containers used in nuclear power
plants [67] showing ability to detect defects embedded 7 mm inside the metal, and
land mine buried up to 8 cm inside the ground [68].
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In particular, GMR based sensors have been successfully used in EC testing of
nonmagnetic metals accurately detecting small surface-breaking cracks [7]. These
probes had small dimensions and high sensitivities (220 mV/mT) with resolutions of
10 uT over a broad frequency range. Besides GMR, other types of magnetoresistive
sensors are also used for the imaging applications such as anisotropic
magnetoresistance (AMR) [69] and tunnel magnetoresistance (TMR) [70], although
the first being the most used in current works. Still, AMR effect sensors are actively
used in imaging either for scanning MR microscopy [71] or in multichannel scanning
systems [72].

3.1  Arrays of Individual MR Sensors

When more than one individual sensor is located on a chip, the additional available
information allows imaging and scanning of larger areas, and determining the location
of magnetic objects. The use of arrays can provide substantial gains of scanning
speed, or even remove the need for scanning and of moving parts altogether. Notice
that, scanning over a surface or volume using a single sensor has the advantage of
being an uniform measurement, while in arrays of magnetic sensors a dispersion in
their properties of magnetic sensors will be reflected in the final result. Also, in the
case of the scanning technique one is allowed to choose the spatial resolution by
setting appropriate scanning speed and data acquisition rate, whereas an array
provides a fixed value where the minimum distance is physically set by the individual
sensor size, or by the size of each bridge arrangement of sensors. To compensate for
the granularity and enhance the visual output, isolines of interpolated data can be used
[73]. On the other hand, scanning systems often show line to line differences, which
can be addressed during post-process data by a digital 3x3 low-pass convolution filter
[74] or by other functions available in scanning-probe data analysis software. Another
possibility to measure distances smaller than those provided by the sensor spacing
resorts to the use of a fixed array together with a scanning system, the latter providing
small displacements [75].

Due to fabrication reasons, most works use in-line or in-plane sensors. However,
sensors can be disposed on a molded shape, allowing field imaging of industrial parts
with known shapes [75]. The easiest way to obtain an array of sensors is to arrange
discrete commercial sensors. Cano et al. [72] used 16 commercials in-line AMR
sensors spaced by 5 mm, to scan in one direction over the surface of a magnetized
sample with a magnetic field resolution of 0.1 pT. The same authors later used a
scanning device equipped with 3 sensors with a smaller measurable field of 10 nT and
with the capability to image the three components of the magnetic field by scanning
over a surface. Other works extended the scanning method to the measurement of a
volume using a three-axis stepper motor system [73]. As usually a MR sensor is
sensitive to only one component of the field. However, the use of triple-axis
magnetometers provides complementary information which can prove essential when
a defect can be clearly evidenced in a specific field component [70].

When discrete sensors are used together, a higher data throughput can be obtained,
but at the expense of complex wiring and control electronics. Moreover, and due to its
compatibility with CMOS technology, a complete device can incorporate signal
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Fig. 4. (left) Example of a 16 element array. Reprinted with permission from Ref. [5].
Copyright (2003), American Institute of Physics. (right) Example of a sensor array
measurement set-up. Reprinted with permission from Ref. [72]. Copyright (2005), American
Institute of Physics.

conditioning and logic features besides the micrometer-scale MR sensor providing an
optimized overall system performance [5]. In fact, large-scale integration of these
sensors boosted a strong progress on the materials side, as smaller and denser
elements required higher magnetic anisotropy [76]. Furthermore, intense research
effort in large MR sensor arrays is devoted to assays [77], with an emphasis in
compatibility with spotter technology [78, 79]. Additional works on biomedical
applications focus also on simultaneous measurement of several sensors to provide
imaging of biological samples or kinetics in solution [80].

3.2  Gradiometer Configuration

In a gradiometer, two magnetic elements are present and the signal measured depends
on the difference of the magnetic fields at the two positions. Indeck et al. [81]
introduced a magnetoresistive gradiometer composed of two MR sensors connected in
a Wheatstone bridge, showing a reduction of thermal drift by one order of magnitude.
In the case of a single MR sensor connected within a bridge in magnetometer
configuration, magnetic shields are commonly used to render particular sensors
insensitive. In the case of a gradiometer, these shields are often not required as two
active sensors are used. Moreover, pairs of sensors in gradiometers configuration can
be arranged in arrays for faster scanning or imaging.

Since two sensors are used for each measurement point, specific geometric
considerations have to be taken into account, e.g. while scanning along a defect, the
width of one sensor cannot exceed half the size of the smallest defect to be detected
[82]. Such configurations can be used in the non-destructive control of metal parts to
detect cracks [83] or inclusions of non-magnetic materials [84].

3.3 Cantilever MR Probes

MR sensors either AMR or GMR based, have already been used in scanning MR
microscopy integrated in the back side of a cantilever [Figure 5]. In these systems,
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the sensor measures the magnetic fields while the cantilever detects the surface
morphology [85, 86]. For hybrid AMR cantilever a lateral spatial resolution of a few
mm and a field sensitivity of 0.17 mT were reported [85]. Recently, Sahoo et al. [87]
used the MR sensor to detect the cantilever displacement, instead of the typical
optical or piezoelectric detection modes. In this case, one aims to translate the
cantilever displacement into a change in the magnetic field sensed by a MR sensor in
close proximity. Here, MR sensors offer the advantages of high bandwidth (in excess
of 1 MHz), small form factor, straightforward integration and scalability providing a
route for high-throughput scanning probe microscope devices. The proposed solutions
by Sahoo er al. rely on having a micromagnet attached to the end of the moving
cantilever and a MR sensor placed at a fixed position relative to the cantilever [Figure
5]. Hence, a change in the cantilever position will induce a change in the magnetic
field created by the micromagnet on the sensing layer of the MR probe, thus changing
its resistance. Figure 5 (bottom) shows MR scanning probe microscopy contact-mode
imaging of a surface using one of the architecture suggested in Ref. [87]. The authors
envisaged a resolution of 84 pm achieved over a bandwidth of 1 MHz, overcoming
the 200 pm (over 1 MHz) achievable using optical means in state-of-the-art AFMs.
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Fig. 5. (top) Examples of hybrid cantilever/MR sensor designs. (top-left) Reprinted with
permission from Ref [85]. Copyright (2002), American Institute of Physics. (top-rigth)
Reprinted with permission from Ref [87]. Copyright (2011), Institute of Physics (IOP).
(bottom) Output of a MR-SPM system operating in contact mode. Reprinted with permission
from Ref [87]. Copyright (2011), Institute of Physics (IOP).
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3.4  Comparison of MR Sensors

The following table compares the distinct particularities and performance of selected
MR based devices for NDT.

Table 2. Details and figures of merit multiple MR sensors

Particularities and details Sensitivity | Field Detection | Ref.
Isolated Sensor conventional 0.04 %/G
Multilayer low hysteresis 0.07 %/G N/A
high sensitivity 0.2 %/G
half-bridge conventional | 0.2 mV/V/G | 20 nV/nT 5]
Multilayer @10V
low hysteresis 0.35 25 nV/nT
" mV/V/G @ioVv
§ high sensitivity 1.0 mV/V/G 100 nV/nT
5 @10V
90}
° TMR 40 % TMR; 1.5 nm | 30 mV/V/G |3 mV/nT @10V | [103]
g=) AlLQ, barrier
£ Phillips AMR thin film 0.1 uT N/A [72]
b KMZI10A NiFe
[=}
&b (16 channel)
= Bridge AMR; 0.l mT@ 20 nT/VHz [102]
configuration | Ta/Ru/IrMn/Ru/Ni | 8 kscans/s.
of 4 barber pole Fe/Ta
256 channel;
- GMR 10 uT 220 mV/mT (7]
Hybrid Sensor/ | AMR; 40 nm-thick | 0.17 mT N/A [85]
Cantilever NiFe

4 Magnetoresistive Microscopy for Die Level Fault

Test and Failure Analysis (FA) of integrated circuits (IC) and micro-devices is
becoming an increasingly complex science. The ever-shrinking nature of the silicon
technology and increased complexity of design and packaging has been making the
search of root cause failure a difficult problem. This has forced the industry over the
years to search for new techniques and tools to find defects that require increased sub-
micron resolution with lower power consumption and more difficult access to circuits
and transistors because of increased levels of metallization involved. To complicate
things even more, in addition to the miniaturization trend, the need to expand
functionality, form factor and real-state management and faster connections have
pushed the industry to develop complex 3D package integration. This 3D circuit
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Fig. 6. Several examples of complex packaging

technology includes System-in-Package (SiP), wafer-level packaging, through-
Silicon-vias (TSV), stacked-die and flex packages among others that calls for vertical
stacking of multiple dies, fully integrated interconnects within Silicon and
multiplication of opaque and metal layers, as exemplified in Figure 6.

The presence of buried, non-visual defects has forced scientist and engineers to
develop new techniques to locate the failure location and to innovate in existing ones
in order to keep pace with the trends and needs of the semiconductor industry and
consequently, there is a myriad of acronyms right now for all the different techniques
being currently used by the FA community. Complexities of present-day and future
designs require use of nondestructive, non-contact fault isolation tools and techniques
capable of guiding the FA engineer accurately, reliably, and quickly through multiple
layers to the failure location.

Among them, magnetic field imaging, using SQUIDs as the sensing element, was
introduced in 1998 [88] as a way to detect short circuit failures in ICs. The principle is
very simple: the circuit of interest in the device under test (DUT) is powered up. The
current generates a magnetic field around it and this magnetic field is detected
by a sensor above the device. The sample is raster scanned and magnetic field is
acquired at determined steps providing a magnetic image of the field distribution.
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This magnetic field data is typically processed using an standard inversion technique
[27, 89] to obtain a current density map of the device. The resulting current map can
then be compared to a circuit diagram, an optical or infrared image, or a non-failing
part to determine the fault location. In this sense, magnetic field imaging allows the
Engineer to “see” what the current is doing in the DUT. Recent advances expanding
the bandwidth of operation of SQUID sensors has allowed the localization of open
circuit failures by detecting radio-frequency (RF) magnetic fields [1, 90].

The main advantage of magnetic imaging is that is a fully non-destructive, non-
invasive, contact-less technique. In addition, magnetic signals generated by the
current in the device under test pass unaffected by virtually all materials used in
modern packaging technologies. It can thus see through multiple layers of metal,
insulator and even multiple dies vertically stacked. All this makes magnetic imaging
an excellent technique for Fault Isolation (FI) of defects and it is currently established
as a standard technique for isolating shorts, leakages and high resistance defects in
packages and die, as well as distinguishing between package-level and die-level
defects [2, 16, 92-96].

As SQUIDs operate at cryogenic temperatures (typically at 77 K for high-
temperature superconductors), they need to be isolated from the environment by an
enclosure under vacuum while the DUT is raster scanned, at room temperature, under
the sensor. The presence of the enclosure limits how close to the surface one can scan
a sample. Ultimately, resolution is limited by the scanning distance or the sensor size
and thus, SQUID imaging resolution is limited to about 25 um lateral resolution for
typical scanning distances and device thicknesses.

In FA, though, resolution is linked to failure localization accuracy, being this a
better descriptor of a technique's capability. Failure localization accuracy is defined as
the ability to correlate a defect through physical deprocessing results with the
signature obtained from the fault isolation tool to meet or exceed some expected
resolution. These two terms, lateral resolution and defect localization accuracy are
often used to refer to the same concept: how good can a tool or technique physically
locate the defect.

Magnetic imaging as applied to FI normally uses the processed current density
image to pinpoint the failure location. Because of this, a peak localization technique
allows, by use of software, to improve defect localization to about 3 pm.

Using magnetic imaging for FA imposes demanding restrictions on the type of
sensor that can be used. There are three main requirements that are linked: need of
high resolution, high magnetic field sensitivity (and thus, low noise figures) and the
geometry of the sensor itself.

As stated before, SQUID sensors provide very high sensitivity and resolution in the
few microns, making them ideal for packaged devices. They also provide coarse
localization for die-level fault isolation. They lack, however, the submicron resolution
required for die-level analysis. MR-based sensors on the other hand can be
manufactured in small sizes, they operate at room temperature and noise figures have
improved substantially in the recent years to provide enough sensitivity to be usable
for FA [3, 12, 97-101]. Furthermore, they can be fabricated in a tapered-tip shape
which allows for getting close to wirebonds or probe needles in front-side scanning
situations as well as scanning in milled-out cavities [12].
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4.1  Sensitivity

The key figure of merit for sensitivity in FA is minimum current detection. The reason
is that the own nature of the defect can make it very sensitive to applied current or
voltage and in some situations, too large voltage or current can result in the
destruction of the defect or “healing” of the device. Besides that, different devices
have different requirements in terms of limiting voltage and current. In general, FA
Engineers tend to be on the safe side and restrict the current levels to < 1 mA with 20
mA to be typically considered too high. In addition, the need to locate defect leakage
currents which can be as low as 20 nA imposes additional restrictions to the sensor
sensitivity.

On the other hand, for magnetic imaging, the key figure is magnetic field
sensitivity. There are two components to determine the magnetic field sensitivity
when it comes to magnetic field scanning for FA: the intrinsic noise figure of the
magnetic sensor used and the overall signal-to-noise ratio (S/N) for the image
acquisition equipment. We will consider the second to be optimized for the
application and identical for different type of sensors allowing us to just focus on
intrinsic sensor noise figures.

The link between magnetic field sensitivity and minimum detectable current is
obviously the distance from the current source to the sensor. For fixed scanning
distance (that is, sensor-to-current distance), the sensor with better magnetic field
sensitivity (lower noise figure) will allow for the lowest detectable current, making it
the most desirable.

MR sensors used for magnetic field imaging in FA are typically based on a spin-
valve (SV) or a magnetic tunnel junction (MTJ) device. Although MT]J sensors have
larger response as compared to SV, the comparatively simple design, low voltage
noise, high yield, and robust physical characteristics of SV sensors make them
attractive for initial development and integration in commercial magnetic field
microscopes [12, 101].

For practical imaging applications, the field noise of the sensor provides the best
figure of merit for a sensitivity comparison and can be measured the same way for all
sensors, including SQUIDs. Field noise measurements represent the minimum field
that can be measured at a given frequency above the noise floor of the sensor and
associated electronics. Figure 7 shows noise data for a SQUID, MTJ, commercial SV
(hard-drive head), and an optimized SV sensor for failure analysis.

The SV and MTJ sensors only reach a white noise response beyond the upper end
of this frequency range, so there is a steady improvement as a function of frequency.
At 10 kHz, the MTJ sensor has a noise level of approximately 1 nT/NHz. The
optimized SV sensors have a noise level of approximately 6 nT/NHz, 2 orders of
magnitude better than SV hard-drive heads, which have a noise level of 900 nT/NHz
at 10 kHz. These noise figure improvements directly translate into improvements in
minimum current detectability in magnetic field imaging. For identical image S/N, the
amount of current required scales directly with the noise level of the sensor.
For example, an image of a circuit carrying 2 pArms imaged with an optimized SV
sensor would require, under identical configuration and conditions, approximately
300 pArms to obtain the same quality image with a SV hard-drive sensor.
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Fig. 7. Magnetic field noise as a function of frequency for SQUIDs, SV hard-drive heads,
optimized SV sensors, and MTJs. Optimized SV sensors show 2 orders of improvement over
conventional MR hard-drive heads.

MM
capacitor

Fig. 8. (left) Current density image from backside scanning decreasing the current for a 5 um
thinned down die. (right) Zoom in detail of the current path at the defect MIM capacitor. The
current image is overlaid with the infra-red (IR) image of the die. Images courtesy of M.
Hechtl, Infineon.
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The effect of current into the resulting images acquired with SV MR sensors has
been widely studied. An excellent example was presented in the paper by M. Hechtl
[100] and can be summarized in Figure 8(left) showing current density images from
identical scans from the back side of a flip-chip mounted IC. A 5 pm-thick thinned
down die was scanned using a commercial magnetic field imaging system. Identical
scans were acquired except for varying the current for each scan from 1 mA to 25 HA.
The impact of reducing the current on the sharpness, resolution and clarity of the
images is evident.

Figure 8(right) shows the actual defect location, a defective MIM capacitor that
was shorted. Two things are worth noticing: first, the SV sensor has enough sensitivity
to locate the defect when applying just 25 pA of current to the device, as seen by the
presence of the bright current paths produced by the short. The intensity of the
current seen on the zoomed image on the MIM capacitor actually reveal that even
lower current could have been used and the defect could have still been detected.
Although details on the circuit parts that carry less current are vanishing progressively
as the current decreases, just 1 mA of current is enough to reveal many details of the
circuitry. Second, sensitivity and resolution are linked together. The lower the current,
the less details of the circuit can be obtained.

The same author also did a study on how distance impacts current detectability and
resolution. Figure 9(left) shows current density images for the same device scanned
from the back side. In this case, the die was thinned down from 200 pm to 5 um while
all other conditions were kept identical. Obviously, the thinner the die, the closer the
sensor-to-current distance.

MIM
capacitor

Fig. 9. (left) Current density image detected by the SV sensor at a current of 1 mA for different
die thickness. (right) Zoom in detail of the current path at the defect MIM capacitor. The current
image overlaid with the infra-red (IR) image of the die. Images courtesy of M. Hechtl, Infineon.
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A large portion of the path structure can be identified by comparison with the top
metallization layout of the interposer and only some short metal line of the bottom
interposer layer is involved in the current path shown, appearing as blurred, as it is
farthest away from the scanning sensor. At about 75 um, the rectangular shape of the
on-die current paths are distinct enough, a clear sign of resolution improvement.

It is remarkable that the image reveals not only on-die currents but also interposed
current paths that are further away.

4.2  Resolution and Sensor Geometry

The resolution, d, for a sensor is proportional to the sensor-to-current distance, z, and
the lateral dimensions, w, of the sensing area as d ~ (4 2+ Wz)o.s. MR sensors, with
active sensing dimension along the scanning direction smaller than 50 nm, are thus
capable of sub-micron resolution if allowed to scan in close proximity with the circuit
under investigation. In principle, this makes them ideal candidates for front-side
scanning providing nano-scale resolution but for actual device scanning, equally
important to sensitivity and resolution is probe tip geometry. The reason for this is
that real life device scanning requires electrical connection to the circuit that is done
by either using probe needles, or, in the case of packaged devices, wirebonding to the
package interconnect. Furthermore, for backside or packaged devices with no direct
access to the circuitry, sometimes it is necessary to mill out a cavity on a previously
identified coarse region that allows closer proximity to achieve higher resolution.
These cavities are normally small in dimensions as the laser milling or focused-ion-
beam (FIB) time required to machine them are very costly.

To illustrate this problem, let's consider, for example a typical MR hard drive
sensor. These sensors are mounted on a rigid cantilever and have a footprint of
roughly 1.5 mm x 1 mm. The size and the mounting geometry can make access to the
die in a decapsulated chip difficult at best.

Figure 10 shows a hard-drive MR sensor probe positioned on a 1 cm x 1 cm die.
In addition to the size of the sensor substrate itself, the cantilever supporting the
sensor, as noticed on the left inset and right insets, extends well beyond the sensor
block, thus risking contact with and damage to wirebonds or needles (Figure 10, right
inset). They are also difficult or impossible to operate on very small dies.

SV MR sensors for FA has been designed with a body that tapers to a point, in a
pencil-like shape with a footprint less than 50 um x 50 um. This allows easy access
into etched packages, milled out cavities and close proximity (about 5 pm) to
wirebonds and probe needles. Figure 11(left) shows a SV MR sensor scanning in a
cavity (500 mm x 500 mm and 250 mm deep) of a small die while the image on the
right illustrates the capability of the optimized MR sensors to scan in close proximity
to wirebonds on a packaged die.

There is an advantage of using a dual sensor approach, like a SQUID/MR
combination. The SQUID sensor can do coarse localization of the defect on thick
packaged devices. This allows to determine if the problem is in the package,
interconnect or die. If the failure location is found on the die, it is relatively easy to



Magnetoresistive Sensors for Surface Scanning 291

Fig. 10. Conventional MR hard-drive sensor on a die surface, with an illustrated inset. An
arrow points to the sensor body mounted under the cantilever. The cantilever supporting the
sensor protrudes on all sides, limiting access to the edges of the die.

Fig. 11. (left) Local thinning through laser milling provides an opportunity to get closer to
an area of interest for high resolution scanning. The SV MR sensor is shown in a cavity that is
500 pm x 500 pm and 250 pum deep. (right) SV MR sensor on a die surface, with an illustrated
inset. A high-aspect-ratio tip provides easy access to the die and no restrictions for approaching
wirebonds or probe needles.
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Fig. 12. (left) Current density image of a flip-chip device acquired with SQUID at > 250 mm
scanning distance. Current density image is overlaid on optical image. Two FIB milled-out
pockets are visible. (right) Current density image inside the cavity (same as shown on Figure
11) acquired with SV MR sensor. Additional details can be seen including a change in level of
the current path on the right current path.

partially remove material (like thinning down the die or etching a cavity) to allow the
MR sensor to provide the high resolution location of the defect. This is illustrated in
Figure 12 where a flip-chip device was first scanned using a SQUID for global
current localization [Figure 12(left)]. Two pockets were milled-out using FIB to allow
the SV MR sensor tip to go in close proximity and provide better resolution and
details [Figure 12(right)]. It can be noticed the difference in metal trace width of the
two current lines and also a decrease in current level in the right current path.

The best resolution MR sensors can provide is when having direct access to the
circuit, like is the case for front-side accessible devices (exposed die, wafer) as there
is only a very thin (few hundreds of nm) passivation layer between the active metal
circuit and the sensor. As an example of nano-scale resolution that can be achieved
with MR sensor, Figure 13 shows current density images from SV scans of a die
serpentine process monitor with 250 nm lines and 400 nm spacing. The two insets
show zoom-in current density images of specific areas overlaid on scanning electron
microscope (SEM) images to show how the current density matches perfectly the
geometry of the metal traces as well as the spacing.

As discussed, there is a trade-off between sensitivity and resolution. The combined
use of SQUID/MR sensors is the best way to optimize the data acquired by the
system. A magnetic field microscope designed for FA should allow seamless scanning
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under one sensor or the other and under an optical camera for physical registration of
locations. In this manner, all three images—optical, SQUID, and MR—are registered
to each other. This permits easy selection of a region of interest (ROI) to re-scan with
higher resolution or to move from the coarse, more sensitive SQUID sensor to the
nanoscale-resolution-capable MR sensor. Experience has shown that a coarse scan
with the SQUID reveals enough details about the current in the device for initial FI. In
a quick and effortless manner, it facilitates identification of ROIs and isolation of
defective components (for example, package, die, interconnect level, a particular die
in a stacked-die configuration, etc.). With this information, the engineer can select an
ROI and increase resolution of the image or even switch to the MR to improve defect
localization. Thinning of the die, decapsulation, or other minor sample preparation
may be desirable at some point to make it possible for the MR sensor to scan closer to
the circuit in the ROI and achieve maximum resolution.

Fig. 13. Nanoscale-resolution current-density image overlaid on the optical image, using the
MR sensor, of a test serpentine structure on a wafer. Metal trace width is 250 nm, while the
spacing is 400 nm. Higher-resolution images in the insets were overlaid on scanning electron
microscopy images.

5 Conclusion

Non destructive testing (NDT) resorting to magnetic imaging is a valuable a non-
invasive and non-contact technique to detect either surface or deeply-buried defects in
a wide range of structures and devices. In particular using magnetoresistive (MR)
sensors for NDT has attracted a considerable attention in recent years as it fulfills the
sensitivity and resolution requirements to localize buried and non-visual defects, in
particular for complex package integration. Compared to the widely used SQUID
devices for NDT, MR sensors have the advantage of being relatively low cost and of
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easier implementation. In this chapter, we have shown how MR sensors were
successfully used in Scanning Magnetic Microscopy as a failure analysis tool to map
current paths in microelectronic devices at an industrial level.
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