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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



VI Giant Magnetoresistance (GMR) Sensors

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 = %(1 + B;) is larger than
the spin-down current density J| = %(1 — f3j). 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
Ntace = gﬁﬂsf (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 ls; = /D7y 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 BiJTsf
Ap = pp — Ve 26([@—&-[?}) (8)
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:

057w
e (9)
1 ou®
— 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 VEVIT%+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
Viir ~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 < I/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:

KLim ~ k)

T ] 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) Cd0 kL(R)kL(R)

T 1 T +
kpry +kLry 96+ ELmykia)

Prry = (16)

with k:I‘f(R) = \/(Qm/hz)(EF — VE(R)) and ¢ = \/(Qm/hz)(U—EF) where U
(resp. VF(py)) is the barrier height (resp. spin dependent electron potential in
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 >> kf( R)» ONe recovers the polarization defined
by Eq. ([[3) 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~ (+)€V/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 ’

]‘7‘7 = ﬂ dFE [f(E) - f(E + QV)] /TUU (E,V, k”)kHdkH (17)
with transmission probabilities given by (we omit the arguments for conve-
nience):

ool _ 8qLqrkL kR
(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:
ﬁmzi%ﬁ@l
- 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
= 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(0)+ G(r)  G(0)—G(n

_ (m)
G = 5 + 5 cos 6 (19)

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(0)
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)2 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)

"TIT 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
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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:

M2
d|M| =2M

dM
dt dt

=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// :’yoﬁjM X (M Xp) (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

Yoa; = g(0) (25)
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 o

— = —yoM X Heg +

M X dM _ ‘ge‘uB
dt

M, dt h

T (28)
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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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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,)
photoresist

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].
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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].
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\ 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.

C. Reig et al.: Giant Magnetoresistance (GMR) Sensors, SSMI 6, pp. 47-0]
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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.

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.

100+

fo

iy

0.1+

field equivalent noise (nT/sqrt(Hz))

T T
1E-3 0.01 0.1 1
frequency (kHz)

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.
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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].
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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.

C. Reig et al.: Giant Magnetoresistance (GMR) Sensors, SSMI 6, pp. 71-{i02]
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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
av = 2R cos (6 - 6,) (1)
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
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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 =—--TMR - T
v 2 R 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 um® ~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:

H(r) = ——

- 2rr

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

1 [ Jr)xR
H(I‘) = EATdr/

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
|:| aluminium

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

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
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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 - VCCLAR (5)

2 -
TR

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 = VCC% (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 == VCC? (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

9)

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

1 AS

TCS =100 X ———

(%) 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:

(10)
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AV,

TCV,5 (%) = 100 x VA—T (11)
off , Ty

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

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) TCVor (iV]°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.
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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:

= =S
b Ry + Ry
and then R
VvV, = —L vy,
L RL+TS §
We can, then, rewrite Eq. 14 as:
MR Ry, + s
Vo=——"7"—(Vp-1I 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:

v, MR
dPy, o Rf + Ry

(16)

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



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

Tek I Trig'd M Pos: 00005 MEASURE Tek L Trig'd M Pas: 0.000s MEASLIRE
+ +

100 H7 /1 1one 100 kHy -
/\ \ /\ / CH1 /\ /\ / CH1
Mone | Hone

1 1
Mane ! Hone
2 2/
(b)

CH1 CH1
Mone Hane

CH1 CH1
(a) Mone Hong
CH1 1.00% CHZ 50.0my M 2.50ms CH1 7 ooy CHT .00 CHZ S0.0mY M 2.50us CH1 7 000y
Tek I Trig'd M Pos: 0.0005 MEASURE  Tal I Trig'd I Pos: 0.000s MEASLRE
+* +
CH1 CH1
S 1 kHz Mune 1 kHz Hane
CH1 CH1
Hone Mone
14 g 3 inpeborrt 14
CH1 CH1
Hone Hane
ELE i I CHI 2 CH1
Hone Mone
il el CH1 CH1
(C) R Hone Mane
CH1 1.00%  CHZ 500 M 25008 CHT .~ 000 CH1 1.00%  CH2 500mY M 2500 CHT .~ 0.000

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

T =
Ry

(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].
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Rs
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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= =5 {1 + ( 0 )G—O] (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]CO7M-A[C035U-A[C35B4C3|
Foundry CNM |On Semi|On Semi| AMS
Thecnology 25um| 0.7 um [ 0.35 um | 0.35 um
Core-1/0O voltages| 5V 5V 33V 5V
Metalics layers 2 2 4 5
Cost: /mm? %12 TBD | 360 670 580
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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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