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Resumo
Magnetocardiografia é um tipo de examinação médica extremamente relevante, que complementa
e providência mais informação do que um simples eletrocardiograma. Tal técnica requer o uso de
dispositivos com um elevado nível de deteção de campo magnético, da ordem de picoTesla a baixas
frequências. São atualmente usados sistemas baseados em dispositivos de interferência quântica
supercondutores para executar tal tarefa. Esta tecnologia requer arrefecimento criogénico para
funcionar, que é bastante dispendioso, e não possui portabilidade.
Sensores magnetoresistivos, em particular baseados em válvulas de spin, são uma opção atrativa
devido a seu tamanho, consumo energético e custo de operação reduzidos, contendo potencial para
atingir a detectividade necessária, à temperatura ambiente.
O objetivo deste trabalho é fabricar um dispositivo composto por uma matriz de pontes de
Wheatstone de válvulas de spin, capaz de mapear o campo magnético gerado pelo coração humano.
As válvulas de spin necessitam ter sensibilidade elevada e nível de ruído reduzido para cumprir os
requisitos de detectividade. Integração nos sensores, de guias de fluxo magnético de NiFe / CoZrNb
(CZN) é solicitada para incrementar a sensibilidade.
Sensores com diferentes configurações, consistindo em múltiplas válvulas de spin, são abordados
para minimizar o nível de ruído.
Sensores com válvulas de spin individuais com guias de fluxo magnético integradas, apresentam
valores de sensibilidade de 22.45 %.mT-1. E um limite de deteção de 18.55 nT.Hz-1/2 e 620 pT.Hz-1/2
para 30 Hz e 10 KHz, respetivamente.
Montagem de pontes de Wheatstone corretamente provou requerer mais tempo que o previsto,
tendo que ser relegado para trabalho futuro.

Palavras-chave: Magnetocardiografia, Magnetoresistência, Válvula de Spin, Guias de Fluxo
Magnético, Detectividade, Ponte de Wheatstone.
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Abstract
Magnetocardiograpy is a type of medical examination extremely relevant, which complements and
provides more information than a simple electrocardiogram. Such technique requires the use of devices
with a high level of magnetic field detection, of the order of few picoTesla at a low frequency range. It is
currently used superconducting quantum interference devices based systems to perform such task. This
technology requires cryogenic cooling to work properly, which is very expensive, and lacks portability.
Magnetoresistive sensors, in particular based on spin valves, are an attractive option due to its
reduced size, power consumption and cost of operation, having the potential to achieve the required
detectivity at room temperature.
It is the goal of this work to fabricate a device composed by a matrix of spin valve Wheatstone
bridges, capable of mapping the magnetic field generated by the human heart. The spin valve sensors
need to have a high sensitivity and low noise level to fulfil the detectivity requirements. Integration of
NiFe / CoZrNb (CZN) magnetic flux guides into the sensors microfabricated is sought for enhanced
sensitivity.
Different sensor configurations consisting of multiple spin valves are approached to minimize noise
level.
Single spin valve sensors with magnetic flux guides integrated show sensitivity values as high as
22.45 %.mT-1. And present a detection limit of 18.55 nT.Hz-1/2 and 620 pT.Hz-1/2 for 30 Hz and 10 KHz,
respectively.
Successful Wheatstone bridges assembly proved more time consuming than expected and has to
be relegated to future work.

Keywords:

Magnetocardiography, Magnetoresistance, Spin Valve, Magnetic Flux Guides,

Detectivity, Wheatstone Bridge.
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1 Introduction and Objectives
1.1 Motivation
The continuous monitoring of the state of health of the population, specially the elderly
population, is essential to assure the wellbeing of every human being. This is particularly important
regarding heart issues. These issues can be detected or even predicted, with some accuracy, by
regular cardiac diagnosis thanks to electrocardiographic assessments. However, this type of
measurement is limited in information and somehow uncomfortable due to the application of
electrodes on the body. So, an alternative which does not involve contact and gives more detailed
and accurate information regarding the heart’s state of health is magnetocardiography (MCG). This
type of medical exam usually requires the use of superconducting quantum interference devices
(SQUID), which are able of mapping the heart’s magnetic field thanks to their ultralow magnetic
field detectivity. However, this kind of setup is very expensive, since it requires liquid Helium cooling
to function properly. This setup also lacks portability due to the necessity of a fixed apparatus. So,
a less expensive and portable solution based on magnetoresistive sensors is a possibility. For this
approach to be validated integration into flexible electronics and implementation into robotics of
these sensors is sought. By taking advantage of the interconnection between different technologies
a novel product with distinct characteristics can be achieved.

1.2 State-of-the-art
1.2.1

SQUID

A current technology typically used in MCG is superconducting quantum interference device (SQUID)
systems, mainly due to their incredibly low detectivity threshold (~10−15 Tesla). This system, typically,
requires a magnetically shielded room to operate, however this requirement has been mitigated by the
latest advancements in this technology. There exists two main types of SQUIDs, which are DC SQUID
and RF SQUID [1]. RF SQUID was developed later than DC SQUID, although the latter presents higher
sensitivity making it dominant in most applications.
A DC SQUID sensor operates by converting magnetic flux into an electrical current or a voltage,
which are periodic functions of the external magnetic flux traversing the sensor. It consists of a ring
made of superconducting material, interrupted by two Josephson junctions (Figure 1.1).
A RF SQUID sensor consists of a superconducting ring interrupted by a single Josephson junction.
The ring is inductively coupled to a resonant tank circuit and this circuit resonant frequency is excited
by a radiofrequency (RF) current. The resultant voltage on the tank circuit has an oscillating behaviour
and its amplitude is a periodic function of the external magnetic flux flowing through the sensor.
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The setup required for MCG employs arrays of sensors, usually DC SQUID based, to be able to map
the entirety of the heart’s magnetic field. The sensors are placed on a fixed apparatus, forming a grid,
placed above the patient’s heart, without contact with the skin [2]. The system requires Liquid Helium
(He) cooling for the loops that make part of each sensor to have the required temperature, to function
on a superconducting regime.

Figure 1.1: Schematic of a DC SQUID [3].

1.2.2

SERF

Figure 1.2: a) Single magnetometer unit (left), with inside view of the thermal insulation (right). b) Four
channel magnetometer array schematic (bellow) and actual setup used for MCG (above) [4].

Spin-exchange relaxation free (SERF) atomic magnetometer feasibility for application in MCG has
been proven [4]. SERF magnetometers principle of operation is the following. Optical pumping originates
an average electron spin, different from zero, along the propagation direction of the pumping laser. Due
to applied orthogonal magnetic fields the spin population precesses at a slowed down Larmor frequency.
This precession is stopped by laser photons absorption and spin-relaxation collisions. The
magnetometer’s performance and the atomic polarization dynamics is established by the balance
between optical pumping, Larmor precession and spin relaxation. The orthogonal components of the
electron spin are detected by a probe laser and the magnetic field present inferred. Atomic
17

magnetometer operating under SERF regime have been shown to achieve detectivity levels of few
femto-Tesla. We can see a typical setup for MCG above (Figure 1.2).

1.2.3

Induction Coils

Induction coil magnetometers have been used successfully to perform MCG. This type of device
possesses the required sensitivity for MCG, is inexpensive, does not require cooling and presents low
energy consumption which can be provided by batteries [5]. In such device there exists a relation
between voltage output and magnetic field magnitude given by the Faraday’s law of induction:

𝑉 = −𝑛.

𝑑𝛷
𝑑𝐵
= −𝑛. 𝐴. ,
𝑑𝑡
𝑑𝑡

(1.1)

in which A is the effective cross section area of the coil, n is the number of windings and 𝛷 is the
magnetic flux passing through the coil. So, by using an array of several coils and reading their voltage
is possible to determine the magnetic field being generated by the heart. The design employed for such
task can be seen bellow (Figure 1.3). The DC offset control loop which removes drift generated by the
amplifier works as a high pass filter which mitigates frequencies bellow 1.6 Hz. The pre-amplifier is
powered by batteries, and the resulting analogue signal is converted to digital by an ADC, so that it can
be read by appropriate software. However, such approach has a major drawback which is the output
dependence on the area of the coil. So it is difficult to reduce the dimensions to increase spatial
resolution while maintaining the high sensitivity required for MCG.

Figure 1.3: Schematic of a single sensor channel, based on induction coils [5].

1.2.4

Optically Pumped

Optically pumped magnetometers (OPM) can achieve detectivity levels which can almost rival those
of SQUIDs. Typically, it is used a multichannel OPM array composed by many microfabricated sensor
heads (single sensor head on Figure 1.4) [6]. Each sensor contains a vapour cell (commonly

87Rb),

suspended inside a vacuum enclosure. The spin of the atoms in this cell is polarized using a diode laser
which is transmitted via optical fibre. The light from the laser which is circularly polarized by a quarter18

wave plate, polarizes the atoms along the laser’s direction. An applied magnetic field with a component
perpendicular to the axis of polarization induces a change in the orientation of the atomic spins,
translating into an alteration of the transmitted light intensity. A modulating magnetic field of low intensity,
perpendicular to the laser, is applied using Helmholtz coils, being the resulting light phase modulation
detected by a photodiode. The magnetic field, in the same direction of the modulating field, magnitude
to be measured is proportional to the change in transmitted power of the laser. There is also the need
to use an additional laser, collinear to the pumping laser, to heat the cell, for achieving the appropriate
vapour density.

Figure 1.4: Optically pumped magnetometer schematic [6].

1.2.5

Tunnel Magnetoresistance and Giant Magnetoresistance
Sensors

The detectivity capabilities of different magnetic tunnel junction (MTJ) sensors can be visualized on
Figure 1.5.

Figure 1.5: Detectivity dependence on the sensing area, for different types of MTJ sensors [7].

Spin valve (SV) sensors possessing giant magnetoresistance (GMR), particularly integrated with
magnetic flux guides (MFG), with high detectivity at low frequency, are the focus of this work. So, it is of
19

the utmost importance to look at the state-of-the-art of such devices. SV sensors [9], are simple to
microfabricate and can work in a range of temperatures which encompasses room temperature, which
make them an extremely suitable option for MCG. Typical values for different SV sensor configurations
[8] can be seen on Figure 1.6. It is visible that the detectivity at low frequencies is still far from picoTesla range. However, combining the two configurations that show higher detectivity levels, meaning
arrays of SVs integrated with MFGs, presents the possibility of achieving the desired detectivity range.

Figure 1.6: Typical detection levels, for distinct SV sensor configurations at different frequencies [8].

The current MFGs, which have been reported to induce the best gain values (approximately 100 x)
in SV sensors sensitivity are, double layered funnel shaped guides composed by a thick CZN layer (500
nm with 90° profile) on top of a thin NiFe layer (100 nm with 45° profile) [8]. An illustration of a cross
sectional view of this type of structure is presented on Figure 1.7.

Figure 1.7: a) Schematic cross section of two double layered MFGs composed by CZN on top of NiFe
[8]. b) Top view of double layered MFGs, obtained with COMSOL Multiphysics ®, showing how the
magnetic flux lines are guided and focused, with the magnetic flux density represented by arrows and
dimensions in μm.
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1.3 Goals and Framework
There exists currently magnetoresistive sensors possessing high magnetic field detection levels.
Specifically, magnetic fields of few pico-Tesla at a frequency of tens of Hertz can be detected. Albeit in
all of these sensors the sensitive elements are magnetic tunnel junctions (MTJs). In particular, it has
been performed recently MCG with success, using a Wheatstone bridge based on tunnel
magnetoresistance (TMR) sensors [10]. Using such sensors is a seemingly solution for performing
MCG, without the disadvantages of SQUID systems. Nonetheless there exists other types of
magnetoresistive sensors that may also be adequate and present advantages in relation to TMR
sensors. SV sensors require a simpler fabrication process and represent an alternative worth exploring.
This work aims to perform MCG using a Wheatstone bridge configuration using spin valve sensors
as the sensitive elements. For enhanced sensitivity, MFGs are incorporated into our sensors. The
process of microfabrication is performed in a class 10/100 clean room present at INESC-MN, which is
fully equipped and optimized for production of magnetoresistive sensors with high detectivity level. The
necessary sensor’s characterization is also conducted at INESC-MN, using appropriate setups.
After achieving the required detection level of few pico-Tesla at low frequencies, the aim is to
implement the sensors, which will be mounted on a flexible printed circuit board (PCB), into the palm of
a robotic hand. In this manner the goal is to achieve a portable device, based on an inexpensive and
non-evasive technique, capable of performing MCG on situ.

Figure 1.8: Robotic hand of robot Vizzy from ISR (left). Robotic hand palm schematics with dimensions
in mm (right).
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2 Theoretical Background
2.1 Giant Magnetoresistance and Spin Valves
Giant magnetoresistance (GMR) was first discovered, independently, by Albert Fert and Peter
Grunberg in 1988. Achievement for which they both were awarded the Physics Nobel Prize, in 2007.
They observed a change in the electrical resistance of multi-layered structures composed of two
ferromagnetic (FM) layers spaced by a nonmagnetic (NM) layer, when applying a magnetic field. While
the magnetization of one FM layer is fixed, through antiferromagnetic (AFM) coupling, the magnetization
from the other FM layer is free to rotate under an applied magnetic field. The change in resistance
depends on the orientation of the two FM layer’s magnetization relative to each other. This effect is due
to spin-dependent scattering of conduction electrons at the interface of FM and NM metal layers.
There exists an extensive list of literature explaining the GMR effect with basis on quantum
mechanics. However, we present an alternative [11], which is to use the Boltzmann theory to derive the
fundaments behind this effect. From this theory we have the Boltzmann equation which describes the
transport of electrons in metals. The electron’s transport is described by a distribution function obeying
the following relation:
𝜕𝑓𝑘 (𝑟)
𝜕𝑓𝑘 (𝑟)
𝜕𝑓𝑘 (𝑟)
(
)
+ (
)
= −(
)
𝜕𝑡 𝑑𝑖𝑓𝑓
𝜕𝑡 𝑓𝑖𝑒𝑙𝑑
𝜕𝑡 𝑠𝑐𝑎𝑡𝑡

(2.1)

Where the first term on the left hand side represents the processes of diffusion, the second term on the
left hand side is related with the influence of an external applied field and on the right hand side there is
the term which accounts for electron scattering. All these terms are based on a variation of the electron’s
distribution function relative to time at a position r, where the index 𝑘 means we are considering the
electron’s wave vector in the vicinity of r. Looking at the variation of the distribution function due to
diffusion and due to an external field, in accordance to theory, the previous general expression becomes:

𝑣𝑘 . ∇𝑓𝑘 (𝑟) + 𝑒 (

𝜕𝑓𝑘 (𝑟)
𝜕𝑓𝑘 (𝑟)
) 𝑣𝑘 . 𝐸 = − (
)
𝜕𝐸𝑘
𝜕𝑡 𝑠𝑐𝑎𝑡𝑡

(2.2)

Where 𝑣 represents the velocity, 𝑒 the electron’s fundamental charge, 𝐸𝑘 the energy and 𝐸 the external
electrical field. From this point forward, we need to consider how the current flows through the structures
under test. The description differs depending if we have current in plane (CIP) or current perpendicular
to plane (CPP). From now on we consider the CIP geometry, since this is the case for our structures of
interest, which are SVs. We start by dividing the distribution function 𝑓𝑘 (𝑟) into two terms, the equilibrium
distribution 𝑓𝑘0 plus a small perturbation 𝑔𝑘 (𝑟). The first term is given by the Fermi-Dirac distribution as:
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𝑓𝑘0 = [1 + 𝑒𝑥𝑝 (

𝐸𝑘 − 𝐸𝐹 −1
)]
𝑘𝑇

(2.3)

Where 𝑘 is the Boltzmann constant, 𝑇 is the temperature and 𝐸𝐹 is the Fermi energy. Now we can use
the second term 𝑔𝑘 (𝑟) to explicit the scattering term in the first general equation (2.1) as:
𝜕𝑓𝑘 (𝑟)
(
)
= ∑ 𝑃𝑘𝑘′ (𝑔𝑘 ′ (𝑟) − 𝑔𝑘 (𝑟))
𝜕𝑡 𝑠𝑐𝑎𝑡𝑡

(2.4)

𝑘′

Where 𝑃𝑘𝑘′ represents the probability of the electron with momentum 𝑘 being scattered into 𝑘′. After
some algebra and by introducing the relaxation time 𝜏𝑘 = ∑𝑘′ 𝑃𝑘𝑘′ , we achieve a linearized form of the
Boltzmann equation:

𝑣𝑘 . ∇𝑔𝑘 (𝑟) + 𝑒 (

𝜕𝑓𝑘0 (𝑟)
𝑔𝑘 (𝑟)
) 𝑣𝑘 . 𝐸 = −
𝜕𝐸𝑘
𝜏𝑘

(2.5)

Assuming that 𝑔𝑘 (𝑟) depends on the direction 𝑥, parallel to the flow of current, and dividing the
perturbative term of the distribution function (𝑔𝑘 (𝑟)) into terms with velocity in the 𝑧 direction being either
positive or negative, a solution to the previous equation takes the form:

𝑔𝑘± (𝑥) = 𝑒𝜏𝑘 𝐸. 𝑣𝑘

𝜕𝑓𝑘0 (𝑟)
±𝑥
[1 + 𝐴±
)]
𝑘 𝑒𝑥𝑝 (
𝜕𝐸𝑘
𝜏𝑘 ⌊𝑣𝑥 ⌋

(2.6)

𝐴±
𝑘 are coefficients that are defined by the boundary conditions present at the outer and inner interfaces
of the different metal layers, which compose the multilayer structure. These coefficients depend on
scattering parameters representing transmission and reflection at the different boundaries. Further
details on how this approach give us the desired relations are not presented here, however, they are
described in [12]. Suffice it to say that the conclusions are on how the structure’s electrical resistance
changes regarding different parameters, such as thickness of the different layers, relaxation time and
scattering. The main result demonstrated in [12], with a basis on electron transport theory, is establishing
that the change in resistance depends directly of the orientation of the magnetization of two consecutive
FM layers relative to each other. In fact, the magnetoresistance (MR) is given by the difference between
minimum and maximum resistance normalized to the maximum resistance, which appears as a negative
GMR effect, coming as:
∆𝑅 𝑅𝑝 − 𝑅𝑎𝑝
=
𝑅
𝑅𝑎𝑝
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(2.7)

However, it is typically used a definition in which the difference in maximum and minimum
resistances is normalized in relation to the minimum resistance. This gives us the GMR previously
referred and it comes as a percentage:

𝐺𝑀𝑅 =

𝑅𝑎𝑝 − 𝑅𝑝
× 100
𝑅𝑝

[%]

(2.8)

A SV is a multilayer structure which works as a magnetic sensing element, based on the GMR effect.
Its use on different applications, such as data storage and automotive industry, is common since 1996.
It is typically composed by a stack of FM/NM/FM/AFM layers, which consists of a top-pinned SV, where
AFM corresponds to an antiferromagnetic layer [11]. The AFM layer is used to fix the direction of the
magnetization of the FM layer to which it is adjacent through a magnetic exchange interaction. So, this
FM layer is the pinned or reference layer and the top FM layer, in which the magnetization can rotate
freely under the influence of an external magnetic field, is the free or sensing layer. In accordance with
Boltzmann theory, the resistance is minimum when the two FM layers magnetizations are parallel and
maximum when the magnetizations are antiparallel, defining this way two resistance states.
In a top-pinned SV (Figure 2.1), the magnetization direction of the pinned layer is established during
deposition of the SV, due to the presence of a magnetic field that promotes the exchange coupling
between the adjacent AFM and FM layers. There are other layers to consider besides the ones already
described. There is a buffer and a capping layers, bottom and top of the structure, respectively, which
are usually composed of Ta. The buffer layer is used to promote surface smoothness, which assures a
correct growth of the next layer. The capping layer is used for protection of the structure. In Figure 2.1
can be seen a bottom Ta layer, being the buffer composed by this layer. On the top there is a capping
layer composed by Ta for additional protection and structure robustness. The NiFe/CoFe layers
separated by a Cu layer from the following CoFe layer correspond to free/spacer/pinned layers. As for
the MnIr layer corresponds to the AFM layer responsible for pinning the magnetization direction of the
pinned layer. The material thickness, namely of the FM, NM and AFM layers is extremely important for
the optimization of the SV and its influence on the MR of the SV is contained within the Boltzmann
theory.

Figure 2.1: Example of a top-pinned SV stack (adapted from [13]).
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A bottom-pinned SV possesses a stack similar to that of a top-pinned SV, although with a different
order, which is AFM/FM/NM/FM. In this type of structure it is not possible to fix the magnetization of the
reference layer, in the required direction, by an exchange interaction with the AFM layer upon deposition.
This needs to be done posteriorly through a process denominated magnetic annealing. Magnetic
annealing consists in heating the SV above the blocking temperature [14]. Temperature at which the
exchange bias field (𝐻𝑒𝑥 ) responsible for the interaction between AFM/FM layers disappears, in vacuum.
Afterwards the SV is cooled down till room temperature in the presence of a strong magnetic field, which
will result in the reference layer’s magnetization becoming align with the applied external field through
exchange coupling with the AFM layer. This treatment is unnecessary in top-pinned structures, in case
the AFM layer is made of an ordered material such as MnIr, nonetheless it can be performed to increase
the 𝐻𝑒𝑥 .

2.2 Spin Valve Sensors
Several important aspects regarding this type of magnetoresistive sensors are discussed in detail over
the following sections.

2.2.1

Linearization

Different approaches can be employed, to obtain a magnetoresistive sensor with a linear magnetic
response. It is possible to take advantage of the sensing layer self-demagnetizing field to do so. This is
the strategy followed on this work, to achieve linear SV sensors. So, it is described in detail how this
works, while the other strategies can be found elsewhere [15]. Nonetheless it is worth mentioning the
other existent sensor linearization approaches. They are: use of an external magnetic field biasing
created on-chip; sensing layer thickness reduction till the superparamagnetic limit is reached; use of
exchange biasing on the sensing layer, which can be set orthogonal to the reference layer through
magnetic annealing.
Before explaining how to use the self-demagnetizing field to linearize a sensor, it is important to
discuss a fundamental model regarding magnetic materials.

2.2.1.1

Stoner-Wohlfarth Model

The Stoner-Wohlfarth (SW) model [16] is specifically employed in ferromagnetism to describe the
physical behaviour of magnetic grains containing single magnetic domains. This model can also be
applied to thin magnetic films, when considering they are formed by single magnetic domains. This
means that inomogeneities and domain related effects are neglected. The thin film, in particular the
sensing layer (as it is seen later), it is considered to carry a single magnetic moment M. This moment is
influenced by two system energy components which can be defined as:
𝐸 = 𝐸𝐴 + 𝐸𝑍 = 𝐾(sin 𝜃)2 − 𝐻𝑀𝑠 cos(𝜃 − 𝜑)
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(2.9)

Where 𝐸𝐴 represents the anisotropy energy due to an uniaxial anisotropy favouring a magnetization
direction and 𝐸𝑍 corresponds to the Zeeman energy, related with an applied external magnetic field H.
𝐾 is the uniaxial anisotropy constant, 𝑀𝑠 is the saturation magnetization, 𝜃 is the angle between the
magnetic moment and the easy axis (EA) and 𝜑 is the angle between the direction of the applied external
magnetic field and the EA. We have two competing forces driving the magnetic moment direction
establishment on the free layer. However, there is still another contribution to account for, which is
provided by the self-demagnetizing field, also present on the sensing layer. This field is related with the
geometrical shape of the thin film layer and the associated demagnetization energy is described by:
𝐸𝑑𝑒𝑚𝑎𝑔 = 2𝜋𝑀𝑠2 (𝑁⊥ − 𝑁∥ )(sin 𝜃)2

(2.10)

Where 𝑁⊥ and 𝑁∥ are the demagnetization coefficient components perpendicular and parallel to the z
axis, respectively. So the total energy of the system comes as:
𝐸 = 𝐸𝑑𝑒𝑚𝑎𝑔 + 𝐸𝐴 + 𝐸𝑍

(2.11)

The three contributions enunciated lead to an equilibrium state, which comes from minimizing the energy
of the system. For this energy minimum the magnetization direction is oriented according to an angle
𝜃 ∗ . This angle is determined by the following conditions, which minimize the system’s energy:

𝜕𝐸
( )
=0
𝜕𝜃 𝜃=𝜃∗

∧

(

𝜕2𝐸
)
>0
𝜕𝐸 2 𝜃=𝜃∗

(2.12)

The solution to this relations, in most cases computed numerically, gives the angle which defines the
direction of the magnetization orientation of the ferromagnetic thin film layer (sensing layer).

2.2.1.2

Self-demagnetizing Field Control Towards Linear Sensors

Adjusting the self-demagnetizing field of the free layer is crucial to achieve a linear sensor [15]. This
field is defined by:
1

1

∇. 𝑀(𝑟)(𝑟 − 𝑟′)
𝑛. 𝑀(𝑟)(𝑟 − 𝑟′)
𝐻𝑑 (𝑟) ≡ ∫ 𝑑 𝑟′
+ ∫ 𝑑 2 𝑟′
3
|𝑟 − 𝑟′|
|𝑟 − 𝑟′|3
3

𝑉

(2.13)

𝑆

Where the first integral is computed for the thin film layer magnetic volume and the second integral is
computed for the boundary surface of the layer, with 𝑛 representing the unitary vector normal to each
surface, and 𝑟, 𝑟′ are two position vectors describing the different points considered. Considering a
macrospin case, which also validates the use of the SW model, the divergence of the magnetization
(𝑀(𝑟)) is equal to zero. So, the first integral vanishes leaving just the surface integral. Now assuming
magnetization only across the plane of the sensing layer, means 𝐻𝑑 is also in this plane. The magnetic
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poles are positioned along the x and y axis, corresponding to height (h) and width (w) of the layer,
respectively. It is therefore justified to divide, considering a plane across the z axis mid-point of the layer,
𝐻𝑑 into two components pertaining to the x and y directions, as:
𝑯𝒅 = 𝐻𝑑ℎ → + 𝐻𝑑𝑤 →
𝑒𝑥

𝑒𝑦

(2.14)

For 𝑤, ℎ ≫ 𝑡, the two components of the demagnetizing field are given by analytical expressions (see
[29], for deduction). So it is possible to define these components as function of the magnetic layer
dimensions:

𝐻𝑑ℎ ≡ −

8𝑀𝑠
𝑡
𝑤
8𝑀𝑠
𝑡
ℎ
cos 𝜃 ; 𝐻𝑑𝑤 ≡ −
sin 𝜃
4𝜋 √𝑤 2 + ℎ2 ℎ
4𝜋 √𝑤 2 + ℎ2 𝑤

(2.15)

Taking this into consideration, a sensor is patterned in a rectangular shape to profit from shape
anisotropy. The sensing layer has its longest dimension (w) orthogonal to the EA of the reference layer.
𝑊

For an increasingly higher aspect ratio ( ), 𝐻𝑑ℎ becomes dominant which results in increased sensor
ℎ

linearity and sensibility [30]. However, this is truthful when the demagnetizing field 𝐻𝑑 is higher than the
induced anisotropy field 𝐻𝑘 which contains all other internal anisotropy contributions. So, recurring to
the SW model for an adequate estimation of the required dimensions, the sensor is microfabricated
accordingly.

2.2.2

Noise

There exists several contributions to magnetoresistive sensors noise, arising from different
sources, and so, noise is divided into different types. There exists thermal, 1/f, random telegraph, and
shot noise [17, 20]. However, shot noise is only present in MTJs, so we do not need to concern
ourselves with this type of noise in SVs, and for that reason it is only given a very brief description of
this type of noise.
First of all, we cannot forget that we have to contend with an additional type of noise, which
although is not directly present in SV sensors, it is of concern when measuring noise. This is the
amplifier noise, which comes from the external circuit employed to amplify the signal of the sensor
under test. This noise contribution can be minimized by optimizing the amplifying circuit in terms of
noise but it is always present and needs to be taken into account when characterizing the SV’s noise.
Shot noise, present in MTJs, varies with time and has its source in the discrete nature of electrical
current which is caused by thermal effects and by the probabilistic behaviour of electrons emission
process.
Thermal noise which becomes dominant with temperature possesses itself two contributions, of
electronic and magnetic nature. Thermal electronic noise, also known as Johnson-Nyquist noise,
present in all types of conducting materials, is due to random motion of charged carriers (electrons
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and holes) related with local temperature variations near the Fermi level. Thermal magnetic noise
origin is still under investigation, nonetheless it has been shown that it results from magnetization
rotations in the sensing layer of the MR sensor. This type of noise is inherent to magnetic materials
and depends on the magnetic field present, and also rises with temperature. The thermal noise
contribution is dictated by the following equation:
2
𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙
= 4𝑘𝐵 𝑅𝑇

[𝑉 2 . 𝐻𝑧 −1 ]

(2.16)

Where 𝑘𝐵 is the Boltzmann constant, 𝑅 is the electrical resistance and 𝑇 is the temperature.
Random telegraph noise (RTN) increases with biasing current and is due to thermally induced
fluctuations in the sensing layer’s magnetization. These fluctuations are related to changes in the
magnetic domains, due to domain walls motion, on this layer. It has been shown that an adequate
magnetic annealing process can reduce dramatically this type of noise. With the reason, attributed to a
better crystallization of the magnetic layers, leading to a substantial decrease in the fluctuations of the
free layer magnetic domains. RTN noise can be expressed by the following equation, which has a
Lorentzian behaviour [27]:

2
𝑆𝑅𝑇𝑁
=

𝑆0
𝑓 2
1+( )
𝑓0

[𝑉 2 . 𝐻𝑧 −1 ]

(2.17)

Where 𝑆0 is the noise power intensity at 0 Hz and 𝑓0 is the characteristic roll-off frequency of the
Lorentzian function.
1/f noise is the major noise contribution when going to low frequency range. This type of noise varies
inversely with the frequency and just like thermal noise it can also be divided into electronic and magnetic
components. The electronic component is due to voltage fluctuations, at low frequency, related with
charge trapping in crystal defects of the material. The magnetic component is caused by oscillations of
the sensing layer magnetization, mainly due to wall pinning and depinning at defect sites. 1/f noise can
be described by:

2
𝑆1/𝑓
=

𝛼𝐻 𝐼 2 𝑅 2
𝑁𝐶 𝑓

[𝑉 2 . 𝐻𝑧 −1 ]

(2.18)

Where 𝛼𝐻 is the Hooge constant [18], 𝑁𝐶 is the number of charged carriers, 𝐼 is the electrical current, 𝑅
is the electrical resistance and 𝑓 is the frequency.
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2.2.3

Sensitivity and Detectivity
The sensitivity of a SV is given by the slope of the sensor’s transfer curve, in the region where

this curve is linear, and comes as the variation of resistance R in relation to the applied magnetic
field H:

𝑆𝑠𝑒𝑛𝑠𝑜𝑟 =

𝑑𝑅
𝑑𝐻

[𝛺. 𝑇 −1 ]

(2.19)

For a perfectly linear sensor, the previous equation becomes:

𝑆𝑠𝑒𝑛𝑠𝑜𝑟 =

𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛 ∆𝑅
=
∆𝐻
∆𝐻

[𝛺. 𝑇 −1 ]

(2.20)

To have values passible of being compared amongst different sensors, the sensitivity of a sensor is
commonly converted to %.T -1 units. This is done by normalizing the previous equation to the minimum
resistance of the sensor, coming:

𝑆𝑠𝑒𝑛𝑠𝑜𝑟 =

∆𝑅
𝐺𝑀𝑅
=
∆𝐻𝑅𝑚𝑖𝑛
∆𝐻

[%. 𝑇 −1 ]

(2.21)

The steeper the slope of the transfer curve, the greater the sensitivity of the sensor. Meaning that an
increasingly lower change in the magnetic field magnitude provokes a noticeable change in the
resistance of the sensor.
Sensitivity enhancement is pursued through the implementation of magnetic flux guides (MFG) into
our sensors, which can effectively increase the magnetic flux felt by the sensing layer of the SV. MFGs
are composed by soft ferromagnetic materials, such as NiFe or CoZrNb (CZN), which present a linear
magnetic response along the material hard axis. The slope of the hysteresis loop is proportional to the
relative magnetic permeability 𝜇𝑟 , which is a decisive parameter related to the gain in sensitivity
promoted by the MFGs. Since a 𝜇𝑟 ≫ 1 means the material will easily attract the magnetic flux lines to
it. The magnetic field inside the MFG can be described by:
⃗ = 𝜇𝑜 𝜇𝑟 𝐻
⃗
𝐵

(2.22)

⃗ the external applied field. Now, it has
With 𝜇𝑜 standing for the magnetic permeability of vacuum and 𝐻
been shown [8] that for the appropriate geometry it is possible to guide and focus the magnetic flux lines,
resulting in a local concentration of the magnetic field. As previously referred double layer MFGs is the
best approach to maximize the sensitivity gain of the sensor, which is placed in the gap between the
MFGs poles. The gain in sensitivity is given by:
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𝐺=

𝐻𝑠𝑒𝑛𝑠𝑜𝑟
𝐻𝑒𝑥𝑡

(2.23)

Where 𝐻𝑠𝑒𝑛𝑠𝑜𝑟 stands for the magnetic field in the region where the sensor is placed and 𝐻𝑒𝑥𝑡 represents
the external magnetic field.
The detectivity of a sensor represents the minimum magnetic field that a sensor is capable to detect.
This detection limit is intrinsically related with the signal-to-noise ratio (SNR) of the sensor, being the
limit attained for SNR = 1. Which means that it is only possible to discern a magnetic signal that is equal
or higher than the noise level of the sensor. Considering this, the detectivity of a sensor is given by the
ratio between its noise and sensitivity [19], as:

𝐷=

𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝑆𝑅𝑇𝑁 + 𝑆1/𝑓
𝑆𝑠𝑒𝑛𝑠𝑜𝑟 𝐼𝑅

−1

[𝑇. √𝐻𝑧 ]

Note, the factor 𝐼𝑅 required to express the detectivity in 𝑇. √𝐻𝑧

−1

(2.24)

−1

instead of 𝑉. √𝐻𝑧 , which is

preferable, to establish the lowest field detected by the sensor for a given frequency.
There exists strategies to reduce the noise of a sensor and consequently increase its detectivity. By
looking at the expression, previously enunciated for the thermal noise (2.16) it can be seen that a
decrease in the sensor’s resistance reduces this type of noise. The resistance of the SV sensor can be
reduced by increasing the sensing area or by implementing several SVs in parallel. However, it is also
known that for low frequencies the 1/f noise is dominant. So, for these frequencies the other noise
contributions can be neglected and the focus must go into reducing solely the 1/f noise. First of all,
considering only 1/f noise, the expression above (2.24) becomes:

𝐷=

𝑆1/𝑓
𝑆𝑠𝑒𝑛𝑠𝑜𝑟 𝐼𝑅

=

𝐼𝑅

𝛼𝐻
1
𝛼𝐻
=
√
𝑆𝑠𝑒𝑛𝑠𝑜𝑟 𝐼𝑅 𝑁𝐶 𝑆𝑠𝑒𝑛𝑠𝑜𝑟 𝑁𝐶
√

−1

[𝑇. √𝐻𝑧 ]

(2.25)

So, the noise can be reduced and the detectivity increased by reducing the Hooge constant and/or
increasing the number of charged carriers. 𝛼𝐻 can be reduced through optimization of the SV stack,
although on this work such optimization is not pursued or evaluated. Instead the impact of increasing
𝑁𝐶 is considered, by comparing single SV sensors with multiple SV sensors, which may be presented
in the form of SVs in parallel or in series, or even in arrays which consist of series of SVs in parallel.
Since the volume of sensing material increases, so it does the total number of charged carriers, resulting
in reduced 1/f noise that leads to a higher detectivity.

2.3 Wheatstone Bridge
The Wheatstone bridge was invented by Samuel Hunter Christie in 1833. It was later, in 1843,
explored by Sir Charles Wheatstone [21] to measure electrical resistances which, due to his contribution,
gives name to this bridge circuit. This type of electrical circuit is extremely useful in the detection of very
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small resistance variations and also in determining an unknown resistance. For determining an unknown
resistance, three identical resistors are placed on the bridge along with an adjustable resistor whose
resistance is to be identified. Regarding the present work, however, it is of interest to measure small
resistance variations. For that purpose, the full Wheatstone bridge consists of four identical variable
resistors 𝑅1 = 𝑅2 = 𝑅3 = 𝑅4 = 𝑅 (Figure 2.2), which are in reality SV sensors [22]. These sensors
possess the same resistance when no magnetic field is applied, but upon application of a magnetic field
their resistance varies. The sensing layer easy axes of consecutive sensors are anti-parallel to each
other. So, when two opposed resistors are in a state of maximum resistance the other two present a
minimum resistance value. For such configuration, in the presence of a magnetic field, the following
relations uphold [23]:
𝑅1 = 𝑅4 = 𝑅 + ∆𝑅

∧

𝑅2 = 𝑅3 = 𝑅 − ∆𝑅

(2.26)

Which leads to:

𝑉0 =

∆𝑅
𝑉𝐶𝐶
𝑅

(2.27)

From where it is possible to determine a small resistance variation, since every other parameter on
this expression (2.27) is known.

Figure 2.2: Schematics of a full Wheatstone bridge (left). Layout for a full Wheatstone bridge composed
of SV sensors with MFGs (right). Red – spin valves, green – contacts, light blue – pads, blue – 1st layer
MFGs, yellow – 2nd layer MFGs.
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2.4 Magnetic Flux Guides Simulation
Simulation software can be used to understand how MFGs guide and focus the magnetic flux into
the gap between them, where the SV sensor is positioned. MFGs simulation can be done with the help
of COMSOL Multiphysics®.
COMSOL Multiphysics® is a finite element method software. This program has several modules
which implement different physical systems and conditions. For the present work and regarding the
simulation of MFGs is used the AC/DC module [32]. It is important to explain what physical relations and
parameters COMSOL implements and how. For this we need to consider magnetostatics, meaning we
consider stationary magnetic fields without currents present. COMSOL implements boundary conditions
by using the relation between domains that follows:
𝑛2 . (𝐵1 − 𝐵2 ) = 0

(2.28)

Where 𝐵1 and 𝐵2 represent the magnetic flux density of domains 1 and 2, respectively and 𝑛2 is a vector
normal to boundary 2. This condition results in a continuity of the normal component of the magnetic
flux density and it is satisfied by the boundary condition for interior boundaries, which establishes:
𝑛. [(𝜇0 ∇𝑉𝑚 − 𝑀)1 − (𝜇0 ∇𝑉𝑚 − 𝑀)2 ] = −𝑛. (𝐵1 − 𝐵2 ) = 0

(2.29)

Where 𝑛 is the normal vector and 𝑉𝑚 is the magnetic potential. So, these relations dictate the boundary
conditions imposed by COMSOL, when running a simulation.
The magnetic insulation node for the Magnetic Fields, No Currents interface used provides magnetic
insulation, by implementing the boundary condition:
𝑛. 𝐵 = 0

(2.30)

This condition, which sets the normal component of the magnetic flux density to zero, is the default and
it is applied in every wall of the air block, surrounding the MFGs and SV sensor, used on the simulations.
The exception is two boundary walls on opposite sides of the air block, where a fixed potential is
imposed. It is utilized the magnetic scalar potential and zero magnetic scalar potential nodes to impose
a fixed potential on those air block boundaries. The magnetic scalar potential node adds a boundary
condition for the potential as:
𝑉𝑚 = 𝑉𝑚0

(2.31)

With 𝑉𝑚0 defined by the user. As for the zero magnetic scalar potential node, it implements a boundary
condition that imposes null magnetic potential on the specified boundary:
𝑉𝑚 = 0
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(2.32)

This software presents, however, some limitations. It does not consider magnetic domain walls nor
magnetic anisotropies, that a micromagnetic simulation software would consider. Besides, it became
obvious that it is very difficult to simulate geometries involving, simultaneously, structures with very
reduced dimensions and very large dimensions, due to the geometric mesh that needs to be rendered
to define the system to be simulated.
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3 Microfabrication Process and Characterization
Techniques
The complete and detailed fabrication process along with the characterization techniques employed
are described here. The fabrication process is divided in two parts, which consist of the microfabrication
of SV sensors and the fabrication of a flexible PCB suited to implement a Wheatstone bridge. The
integration of the sensors into the PCB to form the bridge is also detailed. As for the subjacent
characterization is composed of two major components, which are magneto transport and noise
characterization.

3.1 Spin Valve Sensors Fabrication
Along the course of this work are used two SV samples (SV2168_1, SV2168_4), consisting of the
same stack and deposited on the same batch. All fabrication processes are carried at INESC-MN, which
has available three distinct areas for microfabrication, composed by a class 10000 grey area, a class
100 clean room and a class 10 yellow area. The process of fabrication of the sensors consists of several
main steps, which are the following:


SV deposition



SV definition



Contacts definition



Passivation



MFGs 1st layer definition



MFGs 2nd layer definition



Vias to contacts

Besides these seven main steps there also sub-steps, such as lithographies, lift-offs and resist strips,
with deposition and etching processes implicit within the main steps. The full fabrication process consists
of six lithographies, five deposition processes, three etching processes, three lift-off and three resist
strip steps. The run sheet and AutoCAD masks used are included in annex.

3.1.1

Spin Valve Deposition

SVs are deposited using an ion beam deposition (IBD) system, which by focusing an ion beam on a
target can sputter this target’s material. The sputtered material is then deposited on a substrate table in
which the sample holder containing the samples is mounted. INESC-MN possesses two of these
systems, which can also perform ion milling etch. These ion deposition/milling systems are the Nordiko
3000 and Nordiko 3600, which are described in detail later.
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SV2168 samples were deposited in Nordiko 3000 [31] along with a calibration stripe used to measure
the transfer curve of the stack used. The stack is:

Ta 20/ Ni80Fe20 25/ Co80Fe20 28/ Cu 28/ Co80Fe20 26/ Mn76Ir24 70/ Ta 50

With the thickness in Å and alloy compositions in %. As can be seen by observing the stack, a toppinned SV is used, which means it is not required magnetic annealing to establish the easy axis of the
magnetization direction on the reference layer of the SV. The easy axis is set during deposition thanks
to a permanent magnet array placed on the substrate table. The magnetic transfer curve obtained from
the calibration stripe can be seen on Figure 4.3 - a.

3.1.1.1

Nordiko 3000

Nordiko 3000 is an automated IBD system, capable of performing deposition through ion sputtering
and also etching through ion milling. It is composed by a load lock and a main chamber, being the two
compartments separated by a gate valve. The load lock possesses eight 6 inch diameter wafer slots.
The load lock is required in order to have a small compartment in which to make vacuum before inserting
the samples into the main chamber, which is always at a reduced pressure of the order of 10-7 Torr. The
wafers which are placed in the load lock are inserted into the main chamber by a robotic arm. The main
chamber contains two ion guns, which are the deposition and assist guns, a substrate table and a target
positioning system. There exists six different targets which can be aligned with the ion beam coming
from the deposition gun, thanks to the target positioning system which rotates the targets accordingly.
All targets, except the one being used in deposition, are protected by a shutter, minimizing this way
target contamination. The substrate table, in which the 6 inch wafer is placed, has a permanent magnet
array that generates a 4 mT magnetic field, which is required to establish the easy axis and exchange
field direction of the magnetic materials being deposited. The substrate table can rotate up to 30 rpm,
for improvement of deposition and etching uniformity. Besides, this table can also be tilted from 0ᵒ to
80ᵒ in relation to the assist gun, which is useful to define a different etching angle. This IBD system
employs Ar and Xe gases and has water cooling for the targets and substrate table.
All SVs used on this work were deposited on Nordiko 3000, on top of one squared inch glass
substrates accompanied by glass stripes for characterization purposes. The targets present on the main
chamber were Ta, NiFe, CoFe, Cu, MnIr and Ru with deposition rates of 0.12, 0.25, 0.24, 0.39, 0.26
and 0. 216 Å.s-1, respectively. Each of the targets is aligned, in the desired order, with the deposition
gun which emits an ion beam that upon colliding with the target sputters the target’s atoms that are to
be deposited on our sample. The ion beam is established and directed by three voltage grids which
actuate the plasma created by a RF antenna present within the deposition gun.
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Deposition
Gun

Power

Voltage+

Voltage-

Current

(W)

(V)

(V)

(mA)

122

999.4

291.5

21.7

Gas
Flux
(sccm)
1.7
(Xe)

Angle
(deg)

-

Working
pressure
(Torr)
8 x 10-5

Etch Rate
(Å/s)

0.8

Assist Gun

109

488.5

194.8

28.7

7.9 (Ar)

70

1.8 x 10-4

(SV,NiFe);
0.76
(Al2O3)

Table 3.1: Ion milling and deposition conditions for Nordiko 3000, used for SV deposition, MFGs 1st
layer definition, soft sputter etch and opening vias to contacts.

Figure 3.1: Nordiko 3000 Ion Beam system at INESC-MN: front and back (left and middle, respectively),
schematic representation (right, adapted from [9]).

3.1.2

Spin Valve Definition

Spin valves are defined through transference of a software mask into the sample, which is a
procedure common to all microfabrication processes. In this work, to transfer the adequate mask into
the sample, it is required to coat the sample with photoresist (PR) followed by an optical lithography and
after that development. Note that if it was used a different type of lithography, such as electron beam
lithography, the coating resist, the developer and the characteristics of the process would be different.
Since in this work all involved lithographies are done with the Direct Write Laser (DWL) system (DWL
2.0), the focus goes solely into the details encompassing this fabrication process. Coating with
photoresist and development of the sample are performed using an automated coating and development
track. This track and the DWL system are housed inside a class 10 yellow area present at INESC-MN,
to assure the samples are protected from foreign particles and visible and UV light.
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Usually, there is another step previous to coating the sample with PR, which is to submit the sample
to Vapour Prime that exposes the sample to Hexamethyldisilane (HMDS) in vacuum at a temperature
of 130ᵒC. This treatment promotes adhesion of PR to the sample and helps evaporate water residues.
Unfortunately, throughout the process of fabrication of the sensors the Vapour Prime machine was under
maintenance. To mitigate the effects of not having this procedure done the samples were always
submitted to a bake at 110ᵒC for 1 minute followed by a cool down at room temperature for 30 seconds,
using the development track for this effect.

3.1.2.1

Coating and Development Track

The coating and development tracks are two independent and fully automated lines which compose
the Silicon Valley system (SVG). One of the tracks is dedicated to coating of the sample with PR while
the other one performs development of the lithographed samples.
On this work it was always used positive PR, which means the regions exposed by the laser will be
dissolved when in contact with developer. If it was used negative PR the regions dissolved would be the
ones unexposed by the laser. The PR is dispensed on top of the slowly rotating 1 inch sample, previously
taped to a 6 inches wafer. To achieve the desired thickness of approximately 1.5 µm, after PR
dispensing, the sample rotates at 2.6 krpm for 30 seconds. After this step the sample is heated at 87ᵒC
to remove any remaining solvent and possible air molecules trapped inside the resist, and also to
minimize surface tensions.
After the optical lithography has been performed on the direct write laser (DWL) the sample is loaded
into the development track. Firstly, the sample is baked at 110ᵒC for 1 minute to stop any uncompleted
PR photochemical reactions. After that an appropriate PR developer is dispensed on the sample and
left actuating for 60 seconds, followed by rinsing with deionized water and dried by high speed rotation
of the sample. All the exposed areas are dissolved while the unexposed regions defining the shape of
the SVs are left intact. Note that although the standard development time is 60 seconds, it was
concluded that for the definition of our SVs a time of 30 – 45 seconds was required to avoid overdevelopment.

Figure 3.2: SVG system composed by coating and development tracks at INESC-MN.
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3.1.2.2

Direct Write Laser

The system employed for optical lithography, in all the lithography steps required throughout the
fabrication process, is a Direct Write Laser system – DWL 2.0 from Heidelberg. It consists of a 100 mW
NeAr laser with a wave length of 440 nm and possesses a maximum feature resolution of 0.8 µm. This
system has a stage in which to place 6 inch wafers (in our case the sample to process rests on top of
such a wafer) with the purpose of aligning the sample. The stage enables an alignment precision of 0.1
µm, being the alignment controlled by software. The same software permits the user to input all the
parameters regarding the exposure which are, besides the alignment in x and y, the focus and the
percentage of energy used. In order to transfer patterns into the sample it is required a software mask
to define the regions of the sample, previously coated with positive PR, that are exposed by the laser.
The software mask is created with AutoCAD® (all AutoCAD® masks are present in annex) and converted
with appropriate software to be recognizable by the laser software. After the mask is set in the laser
software and alignment carried out, the exposure is initiated. The PR regions exposed get their
molecular bonds weakened (positive PR) which make them soluble when in contact with developer. If
negative PR was used the exposed regions would have their molecular bonds strengthen instead, being
the unexposed regions soluble in developer. Throughout this work it is always used positive PR. For the
definition of the SV structures it was used only 50 % energy (other details present in process run sheet
included in annex).

Figure 3.3: Heidelberg DWL system at INESC-MN.

3.1.2.3

Ion Milling

The etching of SV material is done by ion milling in either Nordiko 3000 or Nordiko 3600. Both
machines etch in the same manner. They have an assist gun which produces Ar ions due to a RF
antenna that ionizes the Ar gas molecules. The resultant ion beam directed at the sample, with an
adjustable angle of incidence, is accelerated towards the sample by a voltage difference present at the
exit of the assist gun. The angle used in both machines is 70o, however there is an offset of +10o on
Nordiko 3600, so it needs to be selected an etch pan angle of 60o. Ion milling is a physical dry etch
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which removes material isotropically and in a strongly directional manner. The removal of the material
is done by momentum transference from the Ar ions into the SV atoms which gain enough energy to
break free. Taking into account a SV etch rate of approximately 1 Å.s-1, an etch time of 150 seconds (x
2) separated by a 200 seconds cool down is performed on Nordiko 3600. When using Nordiko 3000 the
etch time is 300 consecutive seconds, since this machine is water cooled and there is no need for
cooling down time. So, after this etch, the SV structures that are protected with PR stay untouched while
the rest of the material is removed till the glass substrate is exposed. Note that PR has an etch rate
much lower than SV material and is much thicker.

3.1.2.4

Nordiko 3600

The Nordiko 3600, like the Nordiko 3000 is a fully automated Ion Beam system. The difference
resides in the fact that it can be loaded with 8 inch wafers for deposition or ion milling. It also has larger
targets than its counterpart and it possesses a cryogenic pump which makes it possible for the main
chamber to reach pressures of the order of 10-8 Torr. The only disadvantage is that, unlike the Nordiko
3000, it does not have water cooling which makes it necessary to employ cool down steps when
processing samples, to make sure no overheating occurs during processing.

Assist Gun

Power

Voltage+

Voltage-

Current

Ar Flux

Angle

(W)

(V)

(V)

(mA)

(sccm)

(deg)

229

724.5

345.3

104.1

10.2

60

Working
pressure

Etch Rate
(Å/s)

(Torr)
1.5 x 10-4

1 (SV)

Table 3.2: Ion milling conditions for Nordiko 3600, used for SV definition and soft sputter etch.

Figure 3.4: Nordiko 3600 Ion Beam system at INESC-MN: side and front (left and middle, respectively),
schematic representation (right, adapted from [27]).
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3.1.2.5

Resist Strip

The resist strip step consists in removing the PR used to protect the SV structures when defining
them through ion milling. This is done by immersing the sample in Microstrip 3001 (FUJIFILM) and
placing the container into a 65 oC bath with ultrasounds for several minutes. Both temperature and
ultrasounds improve the efficiency of the process. Temperature enhances the chemical reaction
between PR and Microstrip and the ultrasounds promote the creation of fissures in the PR in which the
Microstrip can infiltrate and accelerates PR dissolution overall. This process completion is confirmed
through optical inspection, to assure that all PR has been successfully removed.

Figure 3.5: Picture of some SV structures after resist strip.

3.1.3

Contacts Definition

The process of contact definition starts with a lithography in which the areas of the PR where the
contacts stand are exposed and removed by development. Prior to this there is, obviously, pre-baking
and coating of the sample with PR. There is also an extra step which is to pre-develop the sample for
20 seconds, prior to laser exposure. This pre-development step hardens the PR, promoting an undercut
profile, which facilitates the metal lift-off at the end of the process and also minimizes lift-off ears. After
the lithography and development of the sample is done, we proceed with a metallization performed in
Nordiko 7000. The metallization process itself consists of three steps. Firstly, a soft etch (20-40 seconds)
is performed to remove any developer residues still present on the sample and surface oxidation. This
step is usually done in one of the four modules (module 2) that compose the Nordiko 7000. However,
for the duration of this project that particular module was under maintenance, so the soft etch was
performed on either Nordiko 3000 or Nordiko 3600. The second step is to deposit a 3000 Å
Al98.5Si1.0Cu0.5 layer by magnetron sputtering, using the module 4 of Nordiko 7000. Finally, a 150 Å
TiWN2 protective layer is deposited by the same method using module 3. After this the contacts definition
is completed by metal lift-off. Nordiko 7000 and the lift-off procedure are both described in detail next.
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3.1.3.1

Nordiko 7000

The Nordiko 7000 is a fully automated system composed by a load-lock and four chambers. Each
chamber is a module that accommodates a specific function. Module 1, 2, 3 and 4 perform flash
annealing, soft sputter etch by Ar ion milling, TiWN2 magnetron sputtering deposition and Al98.5Si1.0Cu0.5
magnetron sputtering deposition, respectively. The sample is placed in the load-lock which is pumped
by a turbo molecular pump until it reaches a pressure of the order of 10 -6 Torr. After that the sample is
placed into a transfer chamber by a robotic arm and it is loaded from here into the appropriate module,
according to the sequence selected in the software program designed to run this machine. Both transfer
chamber and all the modules are pumped by cryogenic pumps which enable these chambers to reach
a pressure of the order of 10-8 Torr. Module 1 is not used in our process and module 2 was unavailable,
so it is also unused in our process, being the soft sputter etch carried in one of the two IBD systems, as
previously explained. The sequence selected in the machine software is metallization no etch, which
carries out the deposition of Al98.5Si1.0Cu0.5 followed by TiWN2. In module 4 an Ar plasma is created,
thanks to a DC power source, which will sputter the target material into the sample. Module 3 has the
same operating principle but here, besides the Ar plasma there is also N2 gas whose molecules will be
incorporated into the TiW compound being deposited on the sample. The reason why it is used
Al98.5Si1.0Cu0.5 instead of pure AL is to optimize grain size and adhesion and to increase resistance to
corrosion. As for the protective TiWN2 layer, besides protecting the electrical contacts from several
physical and chemical degrading effects it also improves visibility on the following optical lithographies.
So, after the metallization process is concluded there is two metallic layers deposited all over the
sample, including regions covered with PR and the areas free of PR which define the electrical contacts.
The typical resistivity of the resulting metal film has been determined to be ρ = 5.14 x 10-2 Ω.µm.

Figure 3.6: Nordiko 7000 at INESC-MN: front and back (left and middle, respectively), schematic
representation (right, adapted from [9]).
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Power

Voltage

Current

(KW)

(V)

(A)

Module 4

2

393

5.1

Module 3

0.5

419

1.2

Gas

Working

Flux

pressure

(sccm)

(mTorr)

50 (Ar)

3

37.5

3

5.5

Deposition
Rate (Å/s)

50 (Ar)
10 (N2)

Table 3.3: Metallization conditions for Nordiko 7000, used for contacts deposition.

3.1.3.2

Lift-off

The metal lift-off process conducted here is similar to the resist strip process. The sample is
immersed in hot microstrip and actuated by ultrasounds for several minutes. The PR is dissolved
breaking free (lifting-off) the metal on top of it, leaving just the metal which forms the contacts. An optical
inspection is done using an optical microscope to assure that all metal has been removed and the
contacts are well defined.

Figure 3.7: Picture of SV sensors with electrical contacts defined, after lift-off.

3.1.4

Passivation

In this step 500 Å of Al2O3 are deposited on the sample using the Ultra High Vacuum (UHV) II manual
sputtering system. This layer has the purpose of protecting the SVs and the narrower regions of the
electrical contacts. However, prior to this deposition it is required to perform a lithography to protect the
alignment marks created upon the definition of the SVs (1st level). This is required because on the next
step (MFGs 1st layer definition) it is required to use those alignment marks to assure the best alignment
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between MFGs and SVs. So, after doing this lithography, PR covers only those alignment marks and
after depositing AL2O3 and the 1st level MFGs NiFe, a lift-off is performed. This leaves these marks well
visible. If this is not performed the marks are barely visible due to being covered with Aluminium oxide
and Nickel Iron alloy and using them for alignment on DWL is not possible.

3.1.4.1

UHV II

The UHV II is an ultra high vacuum RF sputtering deposition system built in INESC-MN. It is a manual
system, composed by a single chamber, used solely for the deposition of Al2O3. Thanks to a mechanical
and a turbo molecular vacuum pumps, this chamber is capable of reaching a base pressure of the order
of 10-7 Torr. It has a 6 inch amorphous Al2O3 target positioned at the top of the chamber, where the
existence of a 6 inch magnetron provides a confined and uniform deposition. Deposition which is done
on the samples placed on a 6 inch water cooled table present at the bottom part of the chamber. Since
this system does not have a load lock the samples are placed manually, leaving the chamber in direct
contact with atmosphere. For that reason, it is required to wait approximately 12 hours for the chamber
to go from atmospheric pressure to an adequate deposition pressure.

RF
Power
(W)
200

Ar Flux
(sccm)
45

Working

Deposition

Deposition

pressure

Rate

Time

(Torr)

(Å/min)

(min)

~ 10-3

12.89
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Table 3.4: Working conditions for UHV II, used for sensor’s passivation with Al2O3.

Figure 3.8: UHV II at INESC-MN (left), schematic representation (right, adapted from [27]).
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3.1.5

Magnetic Flux Guides 1st Layer Definition

To define the 1st layer of MFGs 100 Å of Ta followed by 1000 Å of NiFe are deposited on Nordiko
3000. After this, an optical lithography is performed to protect with PR the area which defines the MFGs.
Then the Ta/NiFe layers are removed by ion milling, on either Nordiko 3000 Or Nordiko 3600, leaving
only the PR protected regions non-etched. Note that the pan angle of the assist gun in relation to the
sample holder must be 45ᵒ, so that the incident ions hit the sample with this angle and the MFGs have
a tapered profile. After this step an optical inspection is done to assure there is no residues of metal still
unremoved. Finally, the sample is immersed in microstrip and subjected to ultrasounds in a resist strip
process. After this point the sample is optically inspected to assure there is no PR residues.

Figure 3.9: Picture of a SV sensor with NiFe MFGs, after resist strip.

3.1.6

Magnetic Flux Guides 2nd Layer Definition

Figure 3.10: Picture of 2nd layer (CZN) MFG, after lift-off.
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The procedure here is similar to the one followed when defining the electrical contacts. A lithography
is performed to expose the PR present in the regions where the MFGs are defined. Note that, also here,
a pre-development step is conducted to enable an undercut PR profile. After exposure and consequent
dissolution of PR in the defined areas, two deposition processes are carried out. First 50 Å of Ta are
deposited to improve the adhesion of the next material deposited which is 5000 Å of CZN. These
depositions are performed in Nordiko 2000 and UHV I, respectively, with details on both systems
provided bellow. To finalize the definition of the 2nd layer of MFGs a metal lift-off is done, although here
it is used acetone instead of microstrip and the ultrasounds exposure time is several seconds. An optical
inspection follows to confirm that material removal and MFGs definition is completed.

3.1.6.1

Nordiko 2000

The Nordiko 2000 is a fully automated magnetron sputtering system. It consists of a main chamber
and a load lock in which to place the samples. After the load lock reaches a pressure similar to that of
the main chamber, which is of the order of 10-8 Torr, the samples are transported into this camber to be
deposited. There exists six 3 inch water cooled targets, placed on the upper part of the main chamber,
all powered by a DC source with the option of RF powering in three of them. This system possesses a
rotating substrate table with 12 distinct stations. One of these stations has a low 3 mT applied magnetic
field for controlling magnetic anisotropy upon deposition if required. Although in theory there could be
placed 12 different samples in the machine, in reality this is not possible due to contamination of stations
adjacent to the one under deposition. Besides, on this work we only need to use one station at a time.

Figure 3.11: Nordiko 2000 at INESC-MN (left), schematic representation (right, adapted from [33]).

3.1.6.2

UHV I

Like UHV II, the UHV I is an ultra high vacuum sputtering deposition system built in INESC-MN,
composed by a single chamber. However, this deposition system presents some important distinctions
from UHV II. It is a DC sputtering deposition system, utilized for the deposition of Co93Zr3Nb4 (CZN).
The target rests in the bottom of the chamber, while the samples are mounted in a 6 squared inches
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holder situated at the top of this chamber. The holder has two permanent magnets which generate a
constant 13 mT magnetic field along the holder, being this necessary to establish the magnetic easy
axis of the material deposited. Like in UHV II a mechanical and turbo molecular pumps allow the
chamber to reach a pressure of the order of 10-8 Torr, after no less than 8 hours of pumping.

Power
(W)
50

DC
Voltage
(V)

Current

Ar Flux

(mA)

(sccm)

141

5

373

Working

Deposition

Deposition

pressure

Rate

Time

(mTorr)

(Å/min)

(min)

4.5

52.67

95

Table 3.5: Working conditions for UHV I, used for CZN deposition to define the 2nd layer MFGs.

Figure 3.12: UHV I at INESC-MN (left), schematic representation (right, adapted from [33]).

3.1.7

Vias to Contacts

The final step of the fabrication process is to open vias for the electrical contacts. For that, it is
performed a lithography to protect all the sample, except the regions corresponding to the electrical
pads, with PR. After this, it is performed ion milling in the Nordiko 3000 to etch the Al 2O3 covering the
electrical contacts. To assure that the contacts are completely exposed it is required to use micrometric
probes, to apply current onto the contacts and determine if the circuit is closed and the contacts opened.
All that remains is to proceed with a resist strip to remove the PR covering the sample.
Now, the sample is ready to be thoroughly characterized, in terms of magneto transport and noise.
Sample characterization is described in detail over the coming sections.
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Figure 3.13: Sample SV2168_4, after fabrication process completed.

3.2 Flexible Printed Circuit Board Fabrication

Figure 3.14: Flexible PCB sample with 16 individual PCBs (left), with 4 individual PCBs (bottom right
corner) under-etched. 7.9 x 7.5 mm2 individual flexible PCB (right).

The flexible printed circuit board (PCB) fabrication encompasses no more than two main steps. After
cutting a sample of Polyimide (25 μm) / Copper (9 μm) with the appropriate dimensions, a lithography is
performed. The lithography transfers the pattern corresponding to the circuit designed in AutoCAD ®
(AutoCAD® design in annex), into the PR covering the sample. After this a wet etch is performed, by
immersing the sample into Al etchant (TechniEtch Al80 UN3265). The etching rate is elevated and
material is removed in an isotropic manner. So, during the etching process the sample is subjected to
ultrasounds and manual stirring, to promote etch uniformity. The minimum feature size attainable
through this wet etch process, which should not take more than 2 – 3 minutes, is approximately 200 µm.
Through naked eye optical inspection the progress is assessed, and when it is completed the sample is
washed with acetone for removal of the protecting PR. The processed sample contains several PCBs,
requiring only cutting for individualization.
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3.3 Wheatstone Bridge Assembly
Firstly each of the SV sensors (4 for each bridge) need to be individually sliced, using a proper dicing
saw available at INESC-MN. The PCB for the bridge circuit also needs to be individualized, which can
be done carefully by using scissors. After this, the PCB is placed on top of an acrylic slab and its margins
are taped with kapton, so that it is steady during the mounting process. Some silver conductive epoxy
adhesive from MG Chemicals, with ρ = 1.8 x 10-3 Ω.µm [24] is placed into a clear area of the acrylic slab.
Note that the epoxy comes divided into two substances that need to be mixed homogeneously in equal
parts, and the volume resistivity referred is obtained only after curing. The rest of the procedure needs
to be carried with the assistance of an optical microscope (2 x amplification is enough). With the acrylic
slab containing the PCB under the microscope, small pieces of epoxy are placed, carefully, using a
toothpick, on the PCB regions corresponding to the electrical contacts of the SV sensors. The sensors
are then placed upside down on the corresponding regions and pressed gently to spread the epoxy,
with the assistance of a tweezers. Note that, the epoxy cannot be in contact with the MFGs (electrical
shortcut) and the easy axis of each sensor needs to be aligned accordingly (see sub-section 2.3). Finally
the PCB goes into a hoven at a temperature of 65 ᵒC for 15 minutes to cure. Although seemingly simple,
working bridges have yet to be attained.

Figure 3.15: Wheatstone bridge PCB design (left). Wheatstone bridge after assembly (right).

3.4 Characterization Techniques
Besides profile, thickness and M (H) measurements, there exists two major characterization stages.
There is an intermediate extensive magneto transport characterization of the different sensors
composing the samples processed, after the definition of contacts. The second major characterization
is realized when the samples are completely processed. Here a thorough magneto transport and noise
characterizations are made. For magneto transport the sensors are measured has they are, while for
noise measurements it is required to dice the sample. Than the chips are mounted into chip carriers and
wire bonding is performed, so that they can be connected onto the noise characterization setup.
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3.4.1

Profilometer

A profilometer is a device that measures material topography. Based on a piezo-resistive sensor, it
can measure a sample’s profile and thickness. The sample is placed on a stage and it is scanned with
a speed, an applied force and a scanning length determined by the user. This tool is very useful to
determine the PR profile sharpness after a lithography. And also in providing thickness values for
calibration samples regarding the deposition of different materials. On this work the profilometer is used
to determine the thickness of coating PR and different metallic films deposited during the sensors
fabrication process.

Figure 3.16: Dektak profilometer at INESC-MN.

3.4.2

Ellipsometer

Figure 3.17: AutoEl ellipsometer at INESC-MN.

An ellipsometer is a device which can determine the refraction index and the thickness of transparent
thin films with great precision. In particular oxides deposited on Si/SiO2 substrate. The sample is
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irradiated with a collimated monochromatic light beam. This light with a wave length of 632.8 nm, is
focused onto the sample with a known angle. The reflected beam is collected, so that its characteristics
can be evaluated. Namely the incident and reflected wave’s phase is determined. The difference
between incident and reflected wave’s phase originates two quantities, which are the angles Δ and φ.
These angles are directly related with the real and imaginary components of the refraction index. So
thanks to a numerical algorithm, implemented by the ellipsometer software, the output is the refraction
index and the thickness of the thin film. The thickness of Al2O3 deposited during the passivation step is
measured using this instrument.

3.4.3

Vibrating Sample Magnetometer

A DSM 880 vibrating sample magnetometer (VSM), to provide the magnetic behaviour of
unpatterned samples, is available at INESC-MN. It consists of two electromagnets, two pick up coils and
a piezoelectric crystal. The electromagnets are capable of generating a static magnetic field of up to 1.3
T, with a maximum field resolution of 0.01 mT and a sensitivity of 10-5 emu.cm-3. The coils are integrated
into the space between the electromagnets, and the sample is placed into a quartz rod which is
connected to the piezoelectric crystal. The sample, positioned between the coils, vibrates when the
crystal is excited, originating an electromotive force proportional to the magnetic moment of the sample.
This electromotive force actuating the coils is caused by a variation in the magnetic flux traversing the
sample surface, due to the vibration. After the data being processed by appropriate software, the output
is the magnetic moment of the sample as function of applied magnetic field. The VSM is used, on this
project, to obtain the magnetic behaviour of unpatterned SVs.

Figure 3.18: DSM 880 vibrating sample magnetometer at INESC-MN.

3.4.4

Magneto Transport Characterization Setup

A manual characterization setup developed at INESC-MN is used to measure electrical transfer
curves of unpatterned and patterned SVs and MTJs. This setup consists of four micropositioner probes,
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two Helmholtz coils powered by a DC current source (± 4 A – Kepco Bipolar operational power supply),
a current source (Keithley 220) and a voltmeter (Keithley 182). This setup can be operated using four
probes or two probes, possessing a spatial resolution of 10 µm. In the course of this work we use two
probes, which means that we apply current, using the current source, and measure the voltage drop,
using the voltmeter, at the same two points (electrical contacts of the sensor). The Helmholtz coils
generate a constant field, of up to ± 14 mT, across the sample being characterized. All of the
components composing this setup are managed by a computer, through a GPIB connection. So, it is
possible to make a field sweep with an increment field step value chosen by the user, while measuring
the voltage and current across the sensor at every field step, using a software created for that purpose.
The output is the value of resistance and MR as a function of the applied magnetic field. On this work
this setup is used two measure the magneto transport curves of our sensors after contacts are defined
and after the fabrication process is completed.
Another setup, also designed at INESC-MN, is used to measure transfer curves of unpatterned SVs.
This setup consists of a single coil able of generating a maximum magnetic field of ± 40 mT. The sample
is placed into a box containing four probes, to apply current and read voltage. The box is afterwards
inserted into the centre of the coil where the magnetic field is constant. Using a software program a
transfer curve is obtained, with the advantage of being possible to determine the exchange bias field
between the pinning and pinned layers, from the output data, since this field is beyond a 14 mT range.

Figure 3.19: a) Magneto transport characterization setup capable of generating a ± 40 mT magnetic
field. b) Kepco Bipolar operational power supply. c) Keithley 182 voltmeter (left) and Keithley 220 current
source (right). d) Micropositioner probes stage, with two Helmholtz coils capable of generating a ± 14
mT magnetic field. e) Equivalent electrical circuit regarding the magneto transport characterization setup
capable of generating ± 40 mT. f) Equivalent electrical circuit regarding the magneto transport
characterization setup capable of generating ± 14 mT.
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3.4.5

Noise Characterization Setup

To characterize our sensors, in terms of noise, it is used a noise characterization setup assembled
at INESC-MN. This setup is composed by three main components, which are the testing device box, the
amplifier and the spectrum analyser. The first two components are encased in a big box covered with a
0.1 mm mu metal foil to shield any external noise sources. The testing device box contains a chip socket
where the sensor, wire bonded into a chip carrier, is placed. It is also composed by an electrical circuit,
powered by a 9 volt battery, which encompasses the sensor and two potentiometers in series (100 KΩ
plus 20 KΩ). These potentiometers are used to impose the desired bias current or voltage on the sensor,
which is the device under test (DUT), with basis on Ohm’s law. Inside the testing device box there are
also two coils that can apply a low intensity magnetic field to the sensor, 0.1 mT per 5.6 mA of current
supplied to the coils. An input to power up the coils and an output to connect the circuit to the amplifier
are present on this component. There is also three switches: one to turn on/off the 9 V battery, another
to short circuit the DUT for its protection when turning on/off the battery and a third switch that adds a
470 KΩ resistance into the circuit, in case the potentiometers do not provide enough resistance. The
amplifier (SIM910 Stanford Research System) is powered by ±15 V, supplied by batteries to mitigate
noise that would come from using the electrical grid. Usually it is selected a gain of 100x, corresponding
to 40 dB, to amplify the signal coming from the circuit containing the DUT. The amplified signal finally is
provided to the spectrum analyser to be measured. Four measurements are done, which take into
account low (0 - 1 KHz) and high (0 – 100 KHz) frequencies. Firstly it is performed a calibration
measurement, with the battery turned off, for low and high frequencies. Afterwards the battery is turned
on and the DUT signal is measured, again for low and high frequencies. While doing these spectrum
analysis all relevant parameters, such as frequency range, frequency bandwidth, number of averages
and voltage amplitude reference level are selected accordingly. For each measure a file is saved. These
four files are loaded into an appropriate software that generates one single corrected file. The corrected
file combines the data contained in all files and contains the thermal and overall noise of the DUT,
discretised for every frequency measured.
To better understand how the setup works, a brief analysis of the equivalent electrical circuit
integrating the noise characterization setup, represented on Figure 3.19, is given [19]. The dash lines
delimit the circuit pertaining to the testing device box and in the present work the MTJ is to be replaced
by a SV. Different noise sources have to be considered, coming from the DUT (V DUT), the potentiometers
(VP) and the amplifier (VAI), during measurements. These noise sources are represented by a voltage
source in series with the respective equivalent resistance. Being V out the output signal at the entrance
of the amplifier, with basis on the superposition theorem, the following expression holds:
2
2
2
𝑅𝐷𝑈𝑇 ∥ 𝑅𝐴𝐼
𝑅𝐴𝐼
𝑅𝑃 ∥ 𝑅𝐴𝐼
2
2
𝑉𝑜𝑢𝑡
= 𝑉𝑃2 (
) + 𝑉𝐴𝐼2 (
) + 𝑉𝐷𝑈𝑇
(
)
𝑅𝑃 + 𝑅𝐷𝑈𝑇 ∥ 𝑅𝐴𝐼
𝑅𝐴𝐼 + 𝑅𝑃 ∥ 𝑅𝐷𝑈𝑇
𝑅𝐷𝑈𝑇 + 𝑅𝑃 ∥ 𝑅𝐴𝐼

(3.1)

When performing the calibration measurement, the current traversing the DUT is null, which means that
the only contribution from the device is thermal noise (see equation 2.16). As for the potentiometer and
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the amplifier, it is assumed their contribution to the noise do not differ in the absence of current. So, it
comes:
2
2
2
𝑅𝐷𝑈𝑇 ∥ 𝑅𝐴𝐼
𝑅𝐴𝐼
𝑅𝑃 ∥ 𝑅𝐴𝐼
𝐼=0 2
2
(𝑉𝑜𝑢𝑡
) = 𝑉𝑃2 (
) + 𝑉𝐴𝐼2 (
) + 𝑉𝑡ℎ
(
)
𝑅𝑃 + 𝑅𝐷𝑈𝑇 ∥ 𝑅𝐴𝐼
𝑅𝐴𝐼 + 𝑅𝑃 ∥ 𝑅𝐷𝑈𝑇
𝑅𝐷𝑈𝑇 + 𝑅𝑃 ∥ 𝑅𝐴𝐼

(3.2)

Combining both expressions (3.1 and 3.2), it is possible to express VDUT as a function of the output
voltage with and without current applied to the circuit:
2
2
𝑅𝑃 ∥ 𝑅𝐴𝐼
𝑅𝑃 ∥ 𝑅𝐴𝐼
𝐼=0 2
2
2
2
) − 𝑉𝑡ℎ
𝑉𝑜𝑢𝑡
= (𝑉𝑜𝑢𝑡
(
) + 𝑉𝐷𝑈𝑇
(
)
𝑅𝐷𝑈𝑇 + 𝑅𝑃 ∥ 𝑅𝐴𝐼
𝑅𝐷𝑈𝑇 + 𝑅𝑃 ∥ 𝑅𝐴𝐼

(3.3)

Since all quantities are known, either through imposition or measurement, it is possible to determine the
noise level of the sensor (VDUT).

Figure 3.20: Schematic of the equivalent circuit composing the noise characterization setup [19]

Figure 3.21: a) Noise characterization setup at INESC-MN. b) Spectrum analyser. c) Amplifier. d)
Testing device box.
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4 Results and Discussion
From the several samples processed, two reached processing completion (SV2168_1, SV2168_4).
The same stack, already mentioned in the previous chapter, it is used on both samples (see Figure 4.1),
constituting top-pinned spin valve (SV) structures.

Figure 4.1: Schematic representation of the stack employed on the fabrication of the sensors
(SV2168_1, SV2168_4).

Figure 4.2: AutoCAD® MFG design used on SV2168_1 and SV2168_4, with dimensions in µm. Blue –
1st layer MFG, yellow – 2nd layer MFG.

The first sample (SV2168_1) contains different configurations of SV sensors, which range from SVs
in parallel, in series and in arrays, with the details described on the following section. While the second
sample (SV2168_4) consists of several identical SV sensors. On both samples, to enhance the
sensitivity of the sensors, magnetic flux guides (MFG) are included. They are composed by two layers:
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a 100 nm NiFe layer with a tapered profile (45ᵒ) with a 500nm CZN layer with a vertical profile (90ᵒ) on
top. The MFGs included are common, in dimensions, to the different sensors composing the two
samples (see Figure 4.2). Although, when considering the series and arrays of SVs present on
SV2168_1, it is required to take into consideration that the total MFG is a combination of several
individual MFGs. Such geometry is also explained on the next section.
This chapter is formed by three sections, regarding the different sets of results obtained. The first
section describes and details the magneto transport characterization of the different sensors. In this
section it is also evaluated the impact of MFGs on the sensitivity of the sensors. On the second section
noise characterization is approached. In the final section results on the detectivity are presented. And
how this is related to the sensitivity and noise level of the sensors is discussed. A forth section is
included, in which is briefly addressed work that was pursuit but did not reach a conclusion.

4.1 Magneto Transport Characterization
Before presenting the data resulting for the magneto transport characterization of the several sensors
fabricated, it is important to discuss the results obtained for the bulk SV. Both samples processed
belonging to the same SV deposition batch (SV2168), are deposited along with a calibration stripe.
Using this stripe, a bulk characterization is performed. First, employing an appropriate magneto transport
characterization setup, capable of generating a ± 40 mT magnetic field along the sample, a transfer
curve is determined (see Figure 4.3-a). After that, using a vibrating sample magnetometer the M (µ0H)
curve of the sample is obtained (see Figure 4.3-b). As it can be observed on the transfer curve a
magnetoresistance value of 7 % is comparable with reported values [13]. The low coercivity of this curve
translated by µ0HC is typical of SVs deposited on top of glass. The curve mid-point offset from the origin,
given by µ0Hf, is expected. It is however interesting, as it is shown later, to see that this offset will
increase significantly on the patterned devices with SVs and contacts defined, but decreases drastically
from that value upon inclusion of MFGs. The exchange field, representing the magnetic exchange
interaction between the pinning and pinned layers, determined both from the transfer curve (µ0Hex =
35.2 mT) and the M (µ0H) curve (µ0Hex = 35 mT) is in accordance. This value assures magnetic stability
of the sensor, since it maintains the high resistance state for a moderately long range of applied
magnetic field.
The following characterization results are all obtained recurring to an appropriate setup, composed
by two Helmholtz coils which can generate a ± 14 mT magnetic field across the sample being
characterized.
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Figure 4.3: a) Transfer curve for bulk spin valve (SV2168), b) M (µ0H) curve for bulk spin valve (SV2168).

4.1.1

Multiple Spin Valve Sensors

On sample SV2168_1 different sensors consisting of multiple SVs are fabricated. These sensors
range from SVs in parallel configuration, to SVs in series configuration and to SVs in array configuration.
It is important to understand the different geometries implemented. For that purpose it is used visual
aid, consisting of the AutoCAD® designs employed in the fabrication of the different devices (see Figure
4.4 and Figure 4.5). All the SVs in every configuration are identical, with dimensions: width (w) x height
(h) = 50 x 2 µm2. Every device is based on the same MFG (see Figure 4.2), with the parallel configuration
consisting simply on two of such MFGs opposed to each other in a mirror like arrangement (see Figure
4.4-a1,). For this case the MFGs gap is of approximately 36.1 µm, and a 34 x 20.1 µm 2 NiFe rectangle
is included between the two SVs to improve magnetic field guidance (see Figure 4.4-a2). For the series
configuration MFGs with a gap of 8 µm are created by merging individual MFGs (Figure 4.2), with the
criteria being that each individual MFG pole must be aligned and centred with the adjacent SV (see
Figure 4.4-b,c and Figure 4.5-a). So, after positioning the necessary number of individual MFGs (one
MFG on each side of the SV), all that is required to do is to trim the MFGs to get single compact
structures with the geometry desired (see Figure 4.4-b,c and Figure 4.5-a). As for the array
configuration, it is constituted by a 4 x 4 matrix of SVs. Here the procedure is the same that was followed
in the series configuration, with a MFG gap of 92.2 µm and one detail added. The inclusion of 334 x
12.1 µm2 NiFe stripes to promote magnetic field flow into the inner SV structures.
Using series of SVs has a disadvantage, which is an increase in the electrical resistance of the
sensor. An increase in resistance means that the thermal noise and 1/f noise of the sensor increases
since those type of noises are proportional to the resistance. However, 1/f noise is also inversely
proportional to the number of charged carriers, which increase quite considerably with the inclusion of
series of SVs due to the increment of sensitive volume. So, the balance between the two parameters (𝑅
and 𝑁𝐶 ) results in a reduction of 1/f noise, which is dominant at the low frequency range of interest for
the sensors developed on this work.
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Figure 4.4: AutoCAD® designs employed in multiple SV sensors fabrication: a1) parallel configuration of
2 SVs, a2) same design as a1 zoomed in with dimensions in µm, b) series configuration of 2 SVs with
dimensions in µm, c) series configuration of 3 SVs. Red – spin valves, green – contacts, blue – 1st layer
MFGs and NiFe blocks, yellow – 2nd layer MFGs.

Figure 4.5: AutoCAD® designs employed in multiple SV sensors fabrication: a) series configuration of
10 SVs, b) array configuration of 4 x 4 SVs, with dimensions in µm. Red – spin valves, green – contacts,
blue – 1st layer MFGs and NiFe blocks, yellow – 2nd layer MFGs.

Magneto transport characterization is performed on the different sensors, after contacts definition
and after the fabrication process is complete. All resulting data is treated using Origin 9 ® software. The
results for the different sensor configurations with and without MFGs can be observed on Figure 4.6. It
is noticeable that after the inclusion of MFGs the sensor’s transfer curve becomes much steeper in the
linear region which decreases, consequently, in range. An exception in which the two curves, before
and after inclusion of MFGs, do not vary considerably is for the array configuration. Also, for every other
curve, at null magnetic field applied, the resistance of the sensors is very close to its maximum value.
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So, the sensors become polarized due to the inclusion of MFGs. Figure 4.7 presents the distribution of
the multiple magneto transport parameters of interest, for the different configurations of sensors studied.

Figure 4.6: Magneto transport curves obtained for different sensors present on SV2168_1, before and
after inclusion of MFGs: a) parallel configuration of 2 SVs, b) series configuration of 2 SVs, c) series
configuration of 3 SVs, d) series configuration of 10 SVs, e) array configuration of 4 x 4 SVs.

First it is considered the distribution of these parameters for sensors without MFGs (Figure 4.7: a d). All types of configurations exhibit values of MR between 6.5 and 7 %, which is in agreement with the
bulk value previously enunciated. There is, however, an exception which is a sensor with a parallel
configuration, which presents a MR around 4%. Such low value has an impact on sensitivity of the
sensor as will become evident later. This sensor also presents a coercivity field H C value which stands
apart from all other sensors. It presents HC above 0.5 mT, while the rest of the sensors have HC bellow
0.1 mT. Note that HC is determined at the origin, where the applied magnetic field is null. The offset field
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Hf is situated around 1.5 mT for most sensors, which is considerably higher than what is to be expected
from the bulk value of 0.5 mT. The exception is the sensor already mentioned before which strays from
the trend followed for MR and HC values, presenting an offset field close to 0.5 mT. The last parameter
addressed, and most important for the development of this work, is the sensitivity of the sensors. The
majority of the devices present a sensitivity between 1.3 and 1.38 %.mT -1. The parallel configuration
shows the higher sensitivity value, followed closely by the configuration with 2 and 3 SVs in series. The
series of 10 SVs and the array of 4 x 4 SVs have a lower sensitivity, but still comparable with the other
sensors. Although there is one sensor, consisting of 2 SVs in parallel which possess a relatively lower
value of 1.22 %.mT-1. This sensor is the one which has a lower MR, fact that explains the lower sensitivity
because of the relation between the two parameters. A low MR represents a reduced linear range of
operation for the sensor, which impacts negatively the sensitivity. Meaning that there is a lower
resistance variability and therefore also less potential for high sensitivity by part of the sensor.
After the previous analysis, it is time to discuss the effect of the inclusion of MFGs on the sensors
fabricated (also Figure 4.7: a - d). The MR, as expected, does not change considerably, in general.
Note, however that it decreased measurably for the sensor with two SVs in parallel, which possessed
the lowest MR of all the sensors. And for one of the sensors containing 10 SVs in series. It is also
observable a small increase for the sensor composed by an array configuration. As for H C, there is an
increase, notably, for the array configuration. This tendency is not followed by every sensor, being
inverted for the sensor with highest coercivity previous to MFGs inclusion. Regarding H f, it is relevant to
see how this parameter values decrease drastically for all sensors except the array configuration. This
makes sense, if it is taken into account that the inclusion of MFGs also reduce drastically the linear
range of the sensors, in terms of magnetic field applied. So, the centre of the curve comes closer to the
origin, because the linear range of the curve becomes a narrow region around zero. The sensitivity
increases considerably across all sensors, as was expected, though more in some than others. This is
possible because the MFGs increase locally the magnetic field felt by the SV sensors. Meaning that a
lower change in applied magnetic field is required, to produce a change in the SV resistance. This
effectively increases the sensitivity of the sensor. The sensitivity of each sensor corresponds to the
transfer curve slope on the linear region. It is determined by performing a linear fit in this region of the
curve, using proper software mentioned earlier. Having the sensitivity values before and after the
inclusion of MFGs, it is possible to compute the sensitivity gain, which is approached over the next
paragraph.
Figure 4.8 contains the information relative to the gain in sensitivity, thanks to the inclusion of MFGs
into the different sensor configurations. The gain is obtained, simply, by computing the ratio of the
sensitivity after and before MFGs inclusion. From reported work [8], it is known that a gain of 74 is
achievable, when using double layer MFGs with a tapered profile on the NiFe layer. Such gain is
presented for a MFG gap of 6 µm, in single SV sensors. So, the type of MFG used is similar to the
individual MFGs that are employed in this work to create the composed MFG present in the series
configuration. It is required to take into account that the MFGs in this configuration have a gap of 8 µm
instead of 6 µm. Knowing that the magnetic field is inversely proportional to 𝑟 3 , where 𝑟 represents the
distance, it is possible to compute the expected gain for a gap of 8 µm. This is done by considering:
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𝑥 = 74 ∧

1
83

𝑥 = 𝐺, where 𝐺 is the expected gain for the present configuration. T´0he gain estimated,

which is included for the series configuration on the corresponding graphic (see Figure 4.8), is 31. For
2 and 10 SVs in series the gain obtained is lower than this value, but still comparable. As for 3 SVs in
series the gain is also comparable to the expected value, being in fact relatively higher. This validates
the geometry used in the composition of these MFGs, consisting in the merger of individual MFGs, as
explained previously. The same analysis cannot be applied to the other configurations, because for
parallel and array configurations the SVs are not centred and blocks of NiFe are placed between SVs.
It is not trivial to explain how this arrangements impact the gain. Nonetheless, it is clear that due to the
increased MFG gap the gain should be lower. This is in fact what happens, especially on the array
configuration which presents the higher MFG gap. The sensor with the lowest gain is not representative,
since it was already biased with low MR and sensitivity.

Figure 4.7: Transfer curve parameters for the different sensor configurations contained on SV2168_1:
a) - d) MR, HC, Hf and sensitivity, respectively, for sensors with and without MFGs.
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Figure 4.8: Sensitivity gain, due to inclusion of MFGs, for different sensor configurations on SV2168_1.

4.1.2

Single Spin Valve Sensors

Sample SV2168_4 is composed, exclusively, of single SV sensors (see Figure 4.9). The SV
dimensions are w x h = 50 x 2 µm2 and the MFGs on each side of the SV are identical to the one shown
on Figure 4.2, with a MFG gap equal to 8 µm. Just like before, magneto transport characterization is
carried out before and after inclusion of MFGs. It can be observed the transfer curves obtained for one
of this sensors, with and without MFGs, on Figure 4.10. A pronounced decrease in linear region and
increase in sensitivity is notorious, when including MFGs into the sensor. Further analysis is done by
looking at the distribution of the different parameters, for all the sensors present on sample SV2168_4
(see Figure 4.11). MR values in the sensors before introducing MFGs are significantly lower than what
is observed on the sensors form sample SV2168_4, being for most sensors in the range 5.2 - 5.6 %.
This represents a decrease of approximately 1 %, comparing with the previous sample. This is odd,
since both samples belong to the same deposition batch and followed the exact same fabrication steps.
However, a possible explanation may reside in some issues regarding the PR profile resultant from
lithography, during the time that those SVs were defined. A small change in SV shape, even if
imperceptible through optical inspection, might be enough to affect the MR of the sensor. After inclusion
of MFGs, MR values are comparable, even though slightly higher. The coercivity field which is low, just
like before (SV2168_1), increases considerably upon inclusion of MFGs. H f decreases drastically due
to the addition of MFGs, for the same reason referred before. As for the sensitivity is considerably lower
when compared with the other sample sensors. This is undoubtedly related with the lower MR which
affects this parameter negatively. In spite of this, the sensitivity enhancement promoted by the MFGs
does not seem to be discernibly impacted, since the sensitivity is clearly much higher after their
inclusion, with a maximum sensitivity value of 22.45 %.mT-1.
To study the gain, as before, it is computed the ratio between sensitivities, after and before
introducing MFGs, for all sensors (see Figure 4.12). In the case of these sensors, the structural
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arrangement is identical to the one reported in [8]. So, even more than before, can be made a
comparison. The only difference is the MFG gap which is 8 µm, leading to an expected gain of 31,
obtainable through the same procedure as described on the previous section. A line corresponding to
this value is drawn on the graphic present on Figure 4.12, for comparison. By looking at this graphic it
is possible to confirm that half of the sensors fabricated fall in close proximity of the expected value, with
their gain ranging from 25 to 35. Another quarter of the sensors have gain in a range of 20 – 25, which
means that only a small minority of the sensors show gain considerably lower than the estimated value.
This assures, with a good degree of confidence, that the fabrication process was conducted properly.

Figure 4.9: AutoCAD® design employed in single SV sensors fabrication, with dimensions in µm. Red –
spin valves, green – contacts, light blue – pads, blue – 1st layer MFGs, yellow – 2nd layer MFGs.
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Figure 4.10: Transfer curves for a single SV sensor, before and after inclusion of MFGs, present on
SV68_4.
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Figure 4.11: Transfer curve parameters distribution for the different sensors contained on SV2168_4: a
- d) MR, HC, Hf and sensitivity, respectively, for sensors with and without MFGs.
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Figure 4.12: Sensitivity gain distribution, due to inclusion of MFGs, for all sensors on SV2168_4.

4.2 Noise Characterization
Measurements of the noise level of different sensors are done using the noise characterization setup
described on section 3.4.
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4.2.1

Multiple Spin Valve Sensors

At the present date, characterization of the sensors present on sample SV2168_1, have yet to be
done. Such results are to be aquired in future work.

4.2.2

Single Spin Valve Sensors

Noise measurements are performed on a sensor pertaining to sample SV2168_4, on two different
regions of the transfer curve (see Figure 4.13 - a). The results from this measurements include the noise
of the device under test VDUT, which is the sensor, composed dominantly by 1/f noise and the thermal
noise Vth (see Figure 4.13 - b). On both regions evaluated the device is on the linear range of operation,
which means that the total noise has an electrical and magnetic component. A measure in the region of
saturation should be done to determine the minimum noise, resulting from a purely electrical
contribution. Such measurement has yet to be done and will be included in annex at a later time. The
noise level measured is approximately one to two orders of magnitude higher than what is reported on
literature [25]. However, the sensor present on [25] has SV dimensions of w x h = 4 x 150 µm 2, which
are considerably larger than the ones characteristic of the sensors used on this work. This difference
might be enough to impact the noise level, since larger sensing area means lower resistance, which is
directly related with the noise level of the sensor. Nonetheless, this does not seem to justify such
pronounced difference. Also, comparing the noise spectra with the values presented on [8] for w x h =40
x 2 µm2 SVs operating on the linear range, a similar difference is observable. Specifically the sensor
evaluated here is characterized by 1.54 µV.Hz-1/2 and 53.3 nV.Hz-1/2 at 30 Hz and 10 KHz, respectively,
regarding region 2 of operation. While the reported values [8] are 84.7 nV.Hz-1/2 and 4.1 nV.Hz-1/2, at 30
Hz and 10 KHz, respectively. This means that the sensors require further optimization regarding their
noise level.

Figure 4.13: Transfer curve and noise curves for a sensor on SV2168_4: a) Transfer curve R (µ0H) with
two regions identified (1, 2), b) VDUT and Vth for regions 1 and 2 as a function of frequency.
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4.3 Detection Level
Knowing the sensitivity and the noise level of the sensors it is possible to determine their detectivity
as a function of the frequency. This is done using equation (2.25), in which it is considered that the 1/f
noise component is dominant and all quantities are inserted in SI units.

4.3.1

Multiple Spin Valve Sensors

Due to a lack of noise characterization, it is not possible to present and discuss the detectivity results
for these sensors. Those results need to be obtained from future work.

4.3.2

Single Spin Valve Sensors

Given the relatively high noise level for the sensor described on the previous section a poor detection
limit is expected. It is in fact what happens in some measure, comparing with documented values for a
similar device [8]. The detectivity of the sensor studied is 18.55 nT.Hz-1/2 and 620 pT.Hz-1/2 for 30 Hz
and 10 KHz, respectively, for region 2 of operation. The reported detectivity for a single SV sensor with
MFGs is 1.9 nT.Hz-1/2 and 120 pT.Hz-1/2 for 30 Hz and 10 KHz, respectively, for the linear operation
region. This represents a difference by a factor of approximately 6 for high frequencies and 9 for low
frequencies. In reality, the sensors processed possess a level of detection comparable with single SV
sensors without MFGs, reported on the same article.
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Figure 4.14: Level of detection for two regions of sensor operation (region 1 and 2 identified on Figure
4.13 - a).
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4.4 Other Considerations
To have an estimation of the sensitivity gain provided by the inclusion of MFGs into the sensors,
were performed simulations [26]. These simulations were done using the software COMSOL
Multiphysics®, for the different geometries of MFGs fabricated. Even after exhausting different
approaches to the definition of the simulative model, it was not possible to solve any of the systems
implemented. Rendering the necessary geometrical meshes has proven to require a computational
effort beyond any mainstream CPU (central processor unit).
It has been documented that it is possible to perform MCG using MTJ sensors in a Wheatstone
bridge configuration [10]. As such this work aims to achieve the same, but using SV sensors. Several
Wheatstone bridges composed of SV sensors were assembled and characterized electrically.
Unfortunately none of these bridges presented a stable voltage output and are therefore unsuitable for
performing MCG.
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5 Conclusions and Future Work
The goal of this dissertation was to achieve low noise and high sensitivity spin valve (SV) sensors
for detection of low intensity and low frequency biomagnetic signals generated by the human heart,
actively performing magnetocardiography (MCG). To attain sensors with high sensitivity, magnetic flux
guides (MFG) are included. To minimize noise level, different sensor configurations consisting of
multiple SVs in parallel, in series and in matrix are evaluated. Being the detectivity directly related with
the ratio between noise level and sensitivity of the sensor, lower noise level and higher sensitivity means
an increased detection level. Ultimately the resultant sensors were to be implemented into a Wheatstone
bridge configuration, circuit with the capacity of detecting small changes in resistance and therefore
appropriate toward this work’s objective.
From the several samples processed, two reached completion. Sample SV2168_1 containing
different sensor configurations based on multiple top-pinned SVs and sample SV2168_4 composed by
single top-pinned SV sensors.
SV2168_1 aimed to study, how the inclusion of multiple SV sensors could reduce the noise level due
to reduced resistance and increase of the number of charged carriers, being both parameters crucial in
establishing the dominant 1/f noise component of the sensors. Due to a lack of noise characterization
for these sensors at the present time it is not possible, yet, to report any conclusions regarding this
aspect. However, these sensors are also used to determine if MFGs formed by merging individual
MFGs, as explained on sub-section 4.1.1, are a valid approach. It is possible to conclude that such MFG
structures work considerably well, in particular for the series configuration, providing sensitivity gains of
25 – 35 which are comparable with an expected value of 31. The parallel and array configurations are
not passible of being compared with the same theoretical estimated value, for reasons explained on
sub-section 4.1.1. Nonetheless, one of the sensors based on SVs in parallel show a reasonable increase
in sensitivity, but just one result is not enough to validate this configuration performance. As for the array
configuration the gain is reduced, possible not justifying the trade-off between expected low noise level
and weakly enhanced sensitivity. Without noise spectra for these sensors no concluding remarks can
be drawn, at this moment, on the detection limit of these sensors.
SV2168_4 sensors were designed, mainly, to be implemented into Wheatstone bridges, with the
objective of achieving a proof of concept of a device capable of performing MCG. A moderate noise
level was expected for these single SV sensors. However the measured noise spectra present values
almost two orders of magnitude above what is referenced in literature. Due to the integration of MFGs
into the sensors, enhanced sensitivity was foreseeable. The sensitivity gain obtained is indeed, with the
adequate considerations explained on sub-sections 4.1.1 and 4.1.2, comparable to what is to be
expected for such sensors. Still, is worth mentioning that the initial sensitivity prior to inclusion of MFGs
is relatively low in comparison with the sensors present on SV2168_1, with a maximum value of 22.45
%.mT-1 achieved after MFGs inclusion. This is related, undoubtedly, with the magnetoresistance (MR)
value of the sensors, around 5.5 %, which is also lower, in particular compared with the bulk SV result
of 7%. So, the enhanced sensitivity is lower that what was ideally desired. Nevertheless, the high noise
level impacts the detectivity of the sensors much more critically than the sensitivity. The best detection
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limit obtained is 18.55 nT.Hz-1/2 and 620 pT.Hz-1/2 at 30 Hz and 10 KHz, respectively. This values are far
from documented values and are only comparable with identical sensors without MFGs integrated. This
means that an effort must be done in understanding the exact causes leading to such high noise level
of the sensors, and act accordingly. In regard to the sensitivity enhancement it is conclusive that the
MFGs were implemented with success, but there exist margin for improvement. Namely a reduction of
the MFG gap should be pursuit to maximize the sensitivity gain provided by the MFGs. Despite not
meeting the detectivity requirements, assembly of Wheatstone bridges with these sensors was carried.
Such task prove difficult to master, due to the manual positioning finesse required in placing the sensors
into the flexible PCB. Still, this was achieved using silver conductive epoxy adhesive. Unfortunately,
none of the correctly assembled bridges presented a stable voltage output when biased with a current
of 1 mA. In result, it was not viable to proceed with the next step, which was to mount several bridges
into a matrix configuration.
Future work should aim to achieve a matrix of working Wheatstone bridges composed of SV sensors
with noise level and sensitivity further optimized for increased detectivity. After that, appropriate
electronics and software needs to be designed to read the different quantities of interest pertaining to
the bridges system. System which must go through extensive calibration measurements and must be
able to map magnetic fields, rendered with the assistance of the designed software. Only then, should
the system be incorporated onto a robotic hand to perform real world tests, by performing MCG
assessment on willing human subjects.
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Annex
A. Process Run Sheets
a. Spin valve sensor with double magnetic flux guides
Run Sheet – Spin Valve sensor with double layer Magnetic Flux Guides
Responsible: Telmo Fontoura

Sample ID: SV

STEP 1: Spin valve Deposition
Date:

Operator:

Machine: Nordiko 3000
Sample name:
Substrate: Glass 1 inch 2 and glass stripe
 Spin valve structure: Top pinned spin valve
 Total thickness ≈ 247 Å
Glass/Ta(20)/NiFe(25)/CoFe(28)/Cu(28)/CoFe(26)/MnIr(70)/Ta(50)
Recipe: ______________________________
Batch: _______________________________
Base pressure: 4.6 x 10-7 Torr; Working pressure: 8 x 10-5 Torr
Deposition gun conditions:

Process
step

Recipe

Time
(sec)

100 W, 24 mA, V+ = 1022 V, V- = - 300 V,
1.6 sccm Xe, 30 rpm, 80ᵒ pan.
P (W)

V+ (V)

I+ (mA)

V- (V)

pan

Dep. Rate (Å.s-1)

122

999.4

21.7

291.5

-

0.12(Ta), 0.25 (NiFe),
0.24 (CoFe), 0.39
(Cu), 0.26 (MnIr)

Comments:

Figure 1: Sample cross section image, after SV deposition.
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st

STEP 2: 1 Lithography – Stack definition
Date:

Operator:

Machine: 3.1.2.1 Coating and Development Track; DWL
Note: Pre-heat sample on Development Track prior to coating.

1) Coat 1.5 μm PR (Recipe 6/2)
Coating Parameters
Dispense photoresist on
First Step
the sample and spinning
at 800 rpm for 5 sec.
Spin at 2500 rpm for 30
sec. to obtain ~1.45μm
Second step
thickness.
Third step

Soft bake at 85ºC for 60
seconds.

Figure 2: Sample cross section, after PR coating.
2) Lithography
AutoCAD file:
Mask:
Map: MFG2
Die size: [X= __4__; Y= __4__] mm
Energy: ______%
Power: ______mW
Focus: ______
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Developer: TMA238WA

Development parameters:
Bake at 110°C for 60s
Cool for 30s
Developer for 60s

Figure 3: Sample cross section, after lithography.
Optical Inspection:

STEP 3: Sensor definition – pattern transfer by Ion Milling
Date:

Operator:

Machine: N3600
Total thickness to etch: 247 Å (etch rate: ~1 Å /s; Δtime: 300s)
Base Pressure (Torr): 1.4 x 10-7 Torr
Batch:
Recipe:

Assist Gun
Read Values

Power
(W)

V+ (V)

I+ (mA)

V- (V)

I- (mA)

Ar Flux
(sccm)

229

724.5

104.1

345.3

2.2

10.2

Figure 4: Sample cross section, after ion milling.
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Optical and electrical inspection:
Observations:

STEP 4: Resist Strip
Date:

Operator:

Machine: Chemical Workbench
Started:
Stopped:
Total Time in Hot Micro-Strip: __________
Ultrasonic Time: ___________________

Figure 5: Sample cross section and overview, after resist strip.

Optical Inspection at the microscope (yellow room):

STEP 5: 2

nd

Lithography – Contacts definition

Date:

Operator:

Machine: Coating and Development Track; DWL
Note: Pre-heat sample on Development Track prior to coating.
1) Coat 1.5 μm PR (Recipe 6/2)
Note: Pre-development to promote undercut profile for lift-off.
Coating Parameters
Dispense photoresist on
First Step
the sample and spinning
at 800 rpm for 5 sec.
Spin at 2500 rpm for 30
sec. to obtain ~1.45μm
Second step
thickness.
Third step

Soft bake at 85ºC for 60
seconds.
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Figure 6: Sample cross section, after PR coating.
2) Lithography
AutoCAD file:
Mask:
Map: MFG2
Die size: [ X= __4__; Y= __4__] mm
Alignment mark position:
L1: [X = __168__; Y = __54__] µm + [Δx = __3778__; Δy = __4000___] µm
Energy: ______%
Power: ______mW
Focus: ______

3) Develop: Recipe 6/2

Developer: TMA238WA
Development parameters:
Bake at 110°C for 60s
Cool for 30s
Developer for 60s

Figure 7: Sample cross section, after lithography.
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Optical Inspection:

STEP 6 Contact Leads Deposition

Al98.5Si1Cu0.5 3000 Ä / TiWN2 150 Ä

Date:

Operator:

Machine: Nordiko 3000 or Nordiko 3600; Nordiko 7000
Note: Perform soft sputter etch in Nordiko 3000 or Nordiko 3600.
Nordiko 3600 soft sputter etch:
Recipe: ______________________________
Batch: _______________________________
Base pressure: ____________ Torr; Working pressure: ______Torr
Process
step

Recipe

Time
(sec)

P (W)

V+ (V)

I+ (mA)

V- (V)

Pan
(deg)

Etch rate
(Å.s-1)

20

210

743

102

347

60

1

Nordiko 7000 metallization:

Seq.
Metallization no
etch

Run#

Run#

mod.4 -f.1: (3000 Å AlSiCu, 80’’) P = 2KW, p = 3mTorr, 50 sccm Ar
mod.3-f.19: (150 Å TiWN2, 27’’) P = 0.5 kW, p = 3mTorr, 50 sccm Ar + 10 sccm
N2

Power

Readings – Module 4
Voltage
Current

Gas flux

Pressure

2kW

393 V

Power

Voltage

Current

Gas flux

Pressure

0.5kW

419 V

1.2 A

50 sccm (Ar), 10 sccm N2

3 mTorr

5.12
ReadingsA– Module 3

50 sccm

Note: Deposit Calibration Sample to measure Thickness and Resistivity
Thickness = 301.5 nm
Length = 8 mm
Width = 3 mm
I = 1 mA
V = 0.455 mV
R = 5.14 x 10-2 Ω.µm
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3 MTorr

Profilometer: Metal Thickness
Force: ___________
Speed: ___________
Scan Length: _____________

# Run
1
2
3

Av Heigth 1 (A)

Av Heigth 2 (A)

Heigth (A)

Av Heigth (A)

Figure 8: Cross section, after metallization.
Observations:

STEP 7: Metal Lift-off
Date:

Machine: Chemical Workbench
Started:
Stopped:
Total Time in Hot Micro-Strip: ___________

Operator:

Ultrasonic Time: _____________

Figure 9: Sample cross section and overview, after metal lift-off.
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Optical Inspection:

Step 8: Auxiliary lithography for 1st layer (SVs) alignment marks protection
Date:

Operator:

Machine: Coating and Development Track; DWL
Note: Pre-heat sample on Development Track prior to coating.
1) Coat 1.5 μm PR (Recipe 6/2)
Note: Pre-development to promote undercut profile for lift-off.
Coating Parameters
Dispense photoresist on
First Step
the sample and spinning
at 800 rpm for 5 sec.
Spin at 2500 rpm for 30
sec. to obtain ~1.45μm
Second step
thickness.
Third step

Soft bake at 85ºC for 60
seconds.

2) Lithography
AutoCAD file:
Mask:
Map: MFG2
Die size: [X= __4__; Y= __4__] mm
Alignment mark position:
L1: [X = __168__; Y = __54__] µm + [Δx = __3778__; Δy = __4000___] µm
L2: [X = __390__; Y = __54__] µm + [Δx = __3334__; Δy = __4000___] µm
Note: Align using L1.
Energy: ______%
Power: ______mW
Focus: ______
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3) Develop: Recipe 6/2

Developer: TMA238WA
Development parameters:
Bake at 110°C for 60s
Cool for 30s
Developer for 60s

STEP 9: Sensor and contacts passivation with 500 Å Al2O3
Date:

Operator:

Machine: UHV II
Base Pressure: 9.8 x 10-7 Torr
Nominal thickness to deposit: 500 Å
Deposition rate: 13.44 Å.min-1
Deposition time: 38 min
Deposition Conditions: Power: 200 W, Ar flux: 45 sccm, Dep. Pressure: ~ 10-3 Torr
Calibration Measurements (thickness control): Profilometer and Ellipsometry
Substrate:
Comments:

Figure 10: Sample cross section, after passivation.

STEP 10: Buffer layer deposition – Ta 100 Å
Note: Buffer layer to promote adhesion.
Date:

Operator:

Machine: Nordiko 3000
Recipe: ______________________________
Batch: _______________________________
_________________________________________________________________________________
_________________________________________________________________________________
_
Base pressure: 6.5 x 10-7 Torr
Working pressure: 8.6 x 10-5 Torr
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Deposition conditions:
Power
(W)
109

Voltage+
(V)
488.5

Voltage(V)
194.8

Current
(mA)
28.7

Gas Flux
(sccm)
7.9 (Ar)

Angle
(deg)
70

Etch Rate
(Å/s)
0.8

Gas Flux
(sccm)
7.9 (Ar)

Angle
(deg)
70

Etch Rate
(Å/s)
0.8

Figure 11: Sample cross section, after Ta deposition.

STEP 11: MFG 1st layer deposition: NiFe 1000 Å
Date:

Operator:

Machine: Nordiko 3000
Note: Easy axis must be orthogonal to SV easy axis.
Recipe: ______________________________
Batch: _______________________________
Base pressure: 6.5 x 10-7 Torr
Working pressure: 8.6 x 10-5 Torr
Deposition conditions:
Power
(W)
109

Voltage+
(V)
488.5

Voltage(V)
194.8

Current
(mA)
28.7

Figure 12: Sample cross section, after NiFe deposition.
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Profilometer: Metal Thickness
Force: ___________
Speed: ___________
Scan Length: _____________

# Run
1
2
3

Av Heigth 1 (A)

Av Heigth 2 (A)

Heigth (A)

Av Heigth (A)

Observations:

Step 12: Metal lift-off
Date:

Operator:

Machine: Chemical Workbench
Started:
Stopped:
Total Time in Hot Micro-Strip: ___________

Ultrasonic Time: _____________

Optical Inspection:

STEP 13: 3rd Lithography – Magnetic flux guides (1 st level)

Date:

Operator:

Machine: Coating and Development Track; DWL
Note: Pre-heat sample on Development Track prior to coating.
1) Coat 1.5 μm PR (Recipe 6/2)
Coating Parameters
Dispense photoresist on
First Step
the sample and spinning
at 800 rpm for 5 sec.
Spin at 2500 rpm for 30
sec. to obtain ~1.45μm
Second step
thickness.
Third step

Soft bake at 85ºC for 60
seconds.
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Figure 13: Sample cross section, after PR coating.
2) Lithography
AutoCAD file:
Mask:
Map: MFG2
Die size: [ X= __4__; Y= __4__] mm
Alignment mark position:
L1: [X = __168__; Y = __54__] µm + [Δx = __3778__; Δy = __4000___] µm
L2: [X = __390__; Y = __54__] µm + [Δx = __3334__; Δy = __4000___] µm
Note: Align using L1.
Energy: ______%
Power: ______mW
Focus: ______

3) Develop: Recipe 6/2

Developer: TMA238WA
Development parameters:
Bake at 110°C for 60s
Cool for 30s
Developer for 60s
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Figure 14: Sample cross section, after lithography.
Optical Inspection:

STEP 14: MFG – pattern transfer by Ion Milling
Date:

Operator:

Machine: Nordiko 3000
Total thickness to etch: 800 Å (etch rate: ~ 0.8 Å /s, Δtime: 1000 sec)
Base Pressure: 3.3 x 10-7 Torr
Batch:
Recipe:

Assist Gun
Read
Values

Power
(W)

V+ (V)

I+ (mA)

V- (V)

I- (mA)

Ar Flux
(sccm)

109

488.5

28.7

194.8

1.7

7.9

Figure 15: Sample cross section, after ion milling.
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Pan
(deg)
45

Rotation
(rpm)
30

STEP 15

Resist Strip

Date:

Operator:

Machine: Chemical Workbench
Started:
Stopped:
Total Time in Hot Micro-Strip: __________
Ultrasonic Time: ___________________

Figure 16: Sample cross section and overview, after resist strip.
Optical Inspection at the microscope (yellow room):

STEP 16: 4th Lithography – Magnetic flux guides (2nd level)

Date:

Operator:

Machine: Coating and Development Track; DWL
Note: Pre-heat sample on Development Track prior to coating.
1) Coat 1.5 μm PR (Recipe 6/2)
Note: Pre-development to promote undercut profile for lift-off.

First Step

Second step
Third step

Coating Parameters
Dispense photoresist on
the sample and spinning
at 800 rpm for 5 sec.
Spin at 2500 rpm for 30
sec. to obtain ~1.45μm
thickness.
Soft bake at 85ºC for 60
seconds.
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Figure 17: Sample cross section, after PR coating.
2) Lithography
AutoCAD file:
Mask:
Map: MFG2
Die size: [ X= __4__; Y= __4__] mm
Alignment mark position:
L1: [X = __168__; Y = __54__] µm + [Δx = __3778__; Δy = __4000___] µm
L2: [X = __390__; Y = __54__] µm + [Δx = __3334__; Δy = __4000___] µm
L3: [X = __612__; Y = __54__] µm + [Δx = __2890__; Δy = __4000___] µm
Note: Align using L3.

3) Develop: Recipe 6/2

Developer: TMA238WA
Development parameters:
Bake at 110°C for 60s
Cool for 30s
Developer for 60s

86

Figure 18: Sample cross section, after lithography.
Optical inspection:

STEP 17: Buffer layer deposition – Ta 50 Å
Note: Buffer layer to promote CZN adhesion.
Date:

Operator:

Machine: Nordiko 2000
Run nº:
Sequence:
Base pressure: 8.4 x 10-8 Torr
Working pressure:
Deposition conditions:

STEP 18: CZN deposition – UHV I (5000 Å)

Date:

Operator:

Note: Deposit three calibration samples – Ta/NiFe; Ta/CZN; Ta/NiFe/CZN for thickness control and
magnetic VSM measurements
Machine: UHV I
Base Pressure: 2 x 10-8 Torr
Nominal thickness to deposit: 5000 Å
Deposition rate: 52.67 Å.min-1
Deposition time: 95 min
Deposition Conditions: Power: 50 W, Ar flux: 5 sccm, Dep. Pressure: 4.5 mTorr
Calibration Measurements:
Note: Deposition with magnetic field for CZN easy axis definition, which means the sample must be
mounted with the field along the spin valves largest dimension.
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Figure 19: Sample cross section, after CZN deposition.
Observations:

STEP 19: Lift-off

Date:

Operator:

Machine: Chemical Workbench:
Started:
Stopped:
Total Time in Acetone: __________
Ultrasonic Time (cold ultrasounds): ___________________

Figure 20: Sample cross section and overview, after lift-off.
Optical Inspection at the microscope (yellow room):
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th

STEP 20: 5 Lithography – Contacts definition for open vias

Date:

Operator:

Note: Pre-heat sample on Development Track prior to coating.

Machine: Coating and Development Track; DWL

1) Coat 1.5 μm PR (Recipe 6/2)

First Step

Second step
Third step

Coating Parameters
Dispense photoresist on
the sample and spinning
at 800 rpm for 5 sec.
Spin at 2500 rpm for 30
sec. to obtain ~1.45μm
thickness.
Soft bake at 85ºC for 60
seconds.

Figure 21: Sample cross section, after PR coating.
2) Lithography
AutoCAD file:
Mask:
Map: MFG2
Die size: [ X= __4__; Y= __4__] mm
Alignment mark position:
L1: [X = __168__; Y = __54__] µm + [Δx = __3778__; Δy = __4000___] µm
L2: [X = __390__; Y = __54__] µm + [Δx = __3334__; Δy = __4000___] µm
L3: [X = __612__; Y = __54__] µm + [Δx = __2890__; Δy = __4000___] µm
L4: [X = __834__; Y = __54__] µm + [Δx = __2446__; Δy = __4000___] µm
Note: Align using L2.
Energy: ______%
Power: ______mW
Focus: ______
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3) Develop: Recipe 6/2

Developer: TMA238WA
Development parameters:
Bake at 110°C for 60s
Cool for 30s
Developer for 60s

Figure 22: Sample cross section, after lithography.
Optical inspection:

STEP 21: Open vias through Al2O3 by Ion Milling

Date:

Operator:

Machine: Nordiko 3000
Total thickness to etch: 490 Å (etch rate: 0.6 Å /s, Δtime: 660 sec)
Base Pressure: 3.5 x 10-7 Torr
Batch:
Recipe:
90

Assist Gun: 54 W, 30 mA, + 500 V / - 200 V, 8 sccm Ar, 30 rpm, 70º pan.

Assist Gun
Read Values

Power
(W)

V+ (V)

I+ (mA)

V- (V)

I- (mA)

Ar Flux
(sccm)

53

489

26.6

194.8

1.5

7.9

Optical Inspection:

Note: Also verify electrical contact.

Figure 23: Sample cross section, after ion milling.

STEP 22: Resist Strip
Date:
Machine: Chemical Workbench
Started:
Stopped:
Total Time in microstrip: ___________

Operator:

Ultrasonic Time: _____________

Figure 24: Sample cross section and overview, after resist strip.
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Optical Inspection:

STEP 21: Electrical and Magnetic Characterization
Date:

Operator:

Calibration Samples Resistivity

Calibration Samples M (H) curve @ VSM
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b. Flexible PCB
Run Sheet – Flexible PCB
Responsible: Telmo Fontoura

STEP 1: Clean Substrate
Date:

Operator:

Machine: Chemical Workbench
Conditions:

Blow dry with compressed air gun after the sample is on the Support Wafer

Substrate: Polyimide (25 μm) / Copper (9 μm) [Supplier: Goodfellow IM301510]
Size: _______ mm x _______ mm (Recommended: 45 x 42 mm, define with ruler and x-act)

STEP 2: Lithography
Date:

Operator:

Machine: DWL
1) Coat 1.5 μm PR (Recipe 6/2)
Coating Parameters
Dispense photoresist on
First Step
the sample and spinning
at 800 rpm for 5 sec.
Spin at 2500 rpm for 30
sec. to obtain ~1.45μm
Second step
thickness.
Third step

Soft bake at 85ºC for 60
seconds.

2) Lithography
AutoCAD file: SV_MFG_L2_PCB_16
Mask: SV_MFG_L2_PCB_16 Map: AMSION
Die size: [ X= __34.6__; Y= __33.2__] mm
Energy: ______%
Power: ______mW
Focus: ______
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Figure 1: SV_MFG_L2_PCB_16.

3) Develop: Recipe 6/2

Developer: TMA238WA
Development parameters:
Bake at 110°C for 60s
Cool for 30s
Developer for 60s

STEP 3: Wet Etch
Date:

Operator:

Machine: Chemical Workbench
Etchant: TechniEtch Al80 UN3265
Ultrasounds: FisherBrand – FB1549
Total thickness to etch: 9 μm µm Etching time: 2 min 40 sec
Obs:
The wet etch is usually non-uniform, a possible approach is to tape the sample to the bottom of
the recipient with the etchant, ensuring at least all substrate is in the etchant.
The etching rate is very high (around 4 µm/min) and as a result the reaction produces a lot of
bubbles, which cause non-uniformity and slower etch. The ultrasounds are a decent solution
to this problem. Manual stirring also helps.

STEP 3: Resist Strip
Date:

Operator:

Machine: Chemical Workbench
Rinse the sample with acetone, followed by IPA and water. Blow dry with compressed air gun.
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B. AutoCAD Masks

Figure B.1: AutoCAD® Mask used for SV2168_1 sample processing: a) generic AutoCAD® Mask
composed by different SV sensors configurations, b) parallel configuration zoomed in with dimensions
in µm, c) series configuration zoomed in with dimensions in µm, d) array configuration zoomed in with
dimensions in µm.
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Figure B.2: AutoCAD® Mask used for SV2168_4 sample processing with dimensions in µm (above).
Zoom in of the SV region with dimensions in µm (bellow).
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Figure B.3: AutoCAD® Mask used for flexible PCB processing, consisting of one exposure level (above).
Single die zoomed in with dimensions in µm (bellow).
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