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Resumo 

 

O objetivo do trabalho descrito é o desenvolvimento de uma ferramenta alternativa em 

neurociências, baseada em sensores magnetorresistivos. Estes sensores, Válvulas de Spin, foram 

incorporados em agulhas de silicone para serem inseridas no cérebro e medir o campo magnético 

gerado pelas correntes iónicas derivadas da atividade neuronal. Estes campos magnéticos possuem 

intensidades extremamente baixas. Sendo difíceis de medir, é necessário que os sensores possuam 

ruído intrínseco e detetividades reduzidos e elevadas sensibilidades. Para aumentar o rácio sinal/ruído 

do sinal, são necessárias técnicas de processamento. Foram feitas médias com a mesma frequência 

de estimulação dos neurónios. Os passos envolvidos na microfabricação dos sensores e na sua 

caracterização foram realizados nas instalações do INESC-MN e são descritos. As experiências 

biológicas foram realizadas em fatias de hipocampo de rato, uma vez que é uma estrutura cerebral com 

vias neuronais bem definidas e estudadas. As experiências in vitro foram realizadas nas instalações do 

Instituto de Medicina Molecular recorrendo a uma montagem para aquisição de potenciais de campo 

local. Os sensores fabricados atingiram sensibilidades na ordem dos V/T e detetividades na ordem das 

dezenas de nT/Hz1/2 em baixas frequências e na ordem dos nT/Hz1/2 em altas frequências, sem 

incorporação de guias de fluxo. Com guias de fluxo incorporadas a sensibilidade aumentou e a 

detetividade diminuiu num fator de 10, atingindo detetividades na ordem das centenas de pT/Hz1/2 em 

altas frequências. Estes sensores foram bem-sucedidos na medição de campos magnéticos gerados 

pela atividade síncrona das células piramidais do hipocampo, na ordem das dezenas de nT. 
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Abstract 

 
 The goal of the work described is the development of an alternative neuroscience tool based on 

magnetorresistive sensors. These sensors, Spin Valves, are incorporated in silicon needles, to be 

inserted into the brain and measure the magnetic fields generated by the ionic currents created by 

neuronal activity. The magnetic fields generated have extremely low intensities being hard to measure. 

To measure these signals, the sensors need to have low intrinsic noise, high sensitivities and low 

detectivities. To increase the signal-to-noise ratio of the acquired signal, processing techniques are 

required. Averaging of acquired measurements time locked to the stimuli provided to the cells was used. 

The steps involved in the microfabrication of the sensors and in their characterization are described. 

Micromachining and characterization were performed at INESC-MN. The biological experiments were 

performed in hippocampal slices from mice, since the pathways in this structure are well defined and 

studied. The in vitro experiments were done using a local field potential measurement setup at Instituto 

de Medicina Molecular. Micromachined sensors reached sensitivities of V/T and detectivites of tens of 

nT/Hz1/2 at low frequencies and of nT/Hz1/2 at high frequencies, without flux guides. When flux guides 

were incorporated the sensitivity increased and the detectivity decreased both by a factor of 10, reaching 

detectivity levels of hundreds of pT/Hz1/2 at high frequencies. These probes were successful in 

measuring the magnetic field generated by the synchronized activity of the pyramidal cells in the 

hippocampus, that was in the order of tens of nT. 
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I. Introduction 

 

 No matter the way that it’s acquired, information regarding signals from the brain provide 

information that interest neuroscientists and physiologists and help them in the fulfilment of their quest 

of better understanding the brain both in sickness and in health. The most common method to record 

brain activity is recording the electrical currents by means of placing electrodes on top of the skull. This 

measurement technique is called electroencephalogram (EEG). There are other techniques that allow 

to obtain information about brain activity, being one of them the measurement of the magnetic fields 

produced by the currents in the brain. This technique, magnetoencephalography, has the advantage 

over EEG of not needing to place electrodes all over the patient’s head, being a more expensive 

technique. Magnetic fields decrease with the square of the distance from the source, so the signal can 

be measured from a distance but we need to consider that the further away from the source the weaker 

the signal will be, which makes the recording of weak magnetic fields from a distance a challenge. 

 The cardiac and skeletal muscles produce the strongest physiological magnetic activity. The 

amplitude corresponding to the contraction of the cells in the heart produce magnetic fields in the order 

of tens of pT. It is also possible to measure magnetic activity in neurons. Neurons are crossed by ionic 

currents that convey information from cell to cell, generating magnetic fields that are relatively small. 

The alpha-rhythm observed over the posterior parts of the head is around 1-2 pT in amplitude. 

Pathological conditions like epilepsy may elicit spontaneous activity of even larger amplitudes. Evoked 

fields following sensory stimulation are weaker than pT by an order of magnitude or more. [1] 

 In order to measure the small magnetic signals generated from the ionic currents in the brain 

the sensors used need to have a high sensitivity accompanied by a low intrinsic noise and in addition to 

this need to be resistant to the conditions of the biological fluids. The main objective of this thesis and 

of the work here described is to fabricate devices with these characteristics and use them in the 

recording of the magnetic fields generated by current flows in the hippocampus.   

 This thesis starts with the goals that were proposed at the beginning of the work and after that 

a state of the art in which several techniques currently used to measure brain activity are presented. 

Also the current work being developed within the group is discussed.  

 The second chapter depicts the origins and mechanisms of neuromagnetism, presenting also 

an overview of the operation and physical phenomenon that give rise to magnetoresistance and the 

noise characterization, given that they are a fundamental part of the sensors used in this thesis.  

 The third chapter describes the deposition systems and microfabrication techniques used to 

fabricate and characterize the sensors. The nanofabrication process is explained step by step. Also in 

this chapter the equipment and setups used to perform the measurements are described. 

 In the fourth chapter the results from the characterization of the sensors and the ones obtained 

from the experiments in the hippocampal mice slices are presented. The magnetic signal measured in 

the hippocampal slices is characterized. A discussion for all of the obtained results is given along with 

the results.  

 The fifth and final chapter of this work is a short conclusion, summarizing the major results 

obtained and future work that can and should be developed in the topic.  
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 Finally, a run-sheet with all of the microfabrication steps is provided at appendix I. 

 

 

 

1. Goals of the thesis 

 

 The intensity of the magnetic field generated by the human body is not strong enough to be 

measured by magnetic sensors located at a relatively long distance from the source and vary from 1fT, 

in nerves to tens of pT in the human heart. [2] Currently the technique that is used to measure magnetic 

brain activity is magnetencephalography, that records information that arises from a large population of 

neurons, not providing information regarding single cells that is important to understand all of the 

processes that occur in the complex structure that is the brain. 

 In this thesis one of the goals is to develop high sensitive sensors, with sensitivities in the order 

of nT and pT, with low intrinsic noise. Since the magnetic fields generated in the brain have low 

amplitude these sensors are incorporated in sharp probes that allow a high proximity between the sensor 

and the source of the signal.  

 The fabricated devices are intended to be used to measure magnetic brain activity at room 

temperatures in mice hippocampal slices. The in vitro experiments in this structure of the brain are 

relevant because the cells maintain their synaptic activity and plasticity as if they were still part of a living 

organism. The magnetic signals in the hippocampus are generated mostly by pyramidal cells, organized 

in a parallel way and therefore their magnetic activity adds up, providing us with a stronger signal that 

can be detected in the form of local field potentials. These experiments were carried away at Instituto 

de Medicina Molecular (IMM).  

 Another requirement for measuring magnetic brain activity is the processing of the acquired 

signal. Techniques such as analogue and digital filtering are used and averaging is implemented in order 

to reduce the Gaussian noise uncorrelated with the biological signal, increasing the chances of 

measuring the magnetic signal generated by ionic currents across the membrane of the neurons.  

 

 

2. State of the art 

 

Currently there are several methods that are used to measure brain activity whether it’s 

electrical, magnetic or metabolic activity. Methods such as electroencephalogram (EEG) allow the 

recording of electric brain activity and methods such magnetoencephalogram (MEG) allow the recording 

of magnetic activity in the brain. On the other hand, methods such as magnetic resonance imaging 

(MRI), computed tomography (CT) allow an anatomical imaging and recording of physiological activity 

in the brain.  

 



4 
  

2.1. EEG (electroencephalogram) 

 

EEG is a non-invasive method used to record electrical activity in the brain, causing no harm in 

the subject submitted to the examination. It has been used since its discovery in 1929 by Hand Berger 

[3] and it’s still widely used nowadays to diagnose several brain abnormal physiological conditions such 

as epilepsy [4], sleep disorders [5] and some psychiatric disorders. It acts by recording synchronized 

brain activity from both excitatory and inhibitory neurons, by means of potential difference between 

electrodes displaced on the scalp [6]. The standard electrode placement is illustrated in figure 1. In a 

medical context EEG refers to the recording of spontaneous electrical activity arising from different 

physiological situations and different areas of the brain, but mostly the cortex, and the recorded signal 

corresponds to the summated activity of synaptic potentials in the dendrites of cortical neurons.  

 

 

FIGURE 1 – STANDARD ELECTRODE PLACEMENT ON EEG [7] 

 

State of the art EEG recorders have a high temporal resolution, in the order of 1ms, but a spatial 

resolution, around 1cm [8], meaning that the exact source of the recorded signal can’t be identified with 

accuracy. 

A normal EEG is described in terms of rhythmic activity and transients. Rhythmic activity arises 

from the firing of several cortical and thalamic neurons and can be divided into bands by frequency. 

Each band correlates to a certain biological significance. Most activity falls between 1 and 30 Hz with 

amplitudes between 20-100V, much smaller than the ones of the action potential in individual neurons 

due to attenuation produced by intervening layers of tissue and bone that act like resistors and 

capacitors in an electric circuit. The wave band can be divided into several groups depending on their 

frequency, alpha (8-13Hz), beta (13-30Hz), delta (0.5-4Hz) and theta (4-7Hz), each one of them 

reflecting a different physiological activity  and with different amplitudes depending on the 

consciousness, physiological and pathological states of the subject under examination and on the area 

of the scalp in which the electrode is placed [7]. 

Derivatives of the EEG include evoked potentials (EP), which involves averaging the EEG 

activity time locked to the presentation of a stimulus of some sort, for instance visual. Another technique 

used in cognitive science and cognitive psychology is the event-related potentials (ERPs). In this 

technique the acquisition is averaged time-locked to more complex procession of stimuli.   
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2.2. Magnetoencephalography (MEG) 

 

 MEG is a functional neuroimaging technique to map brain activity, measuring magnetic activity 

generated by intraneuronal electric currents, and similarly to EEG is non-invasive technique. 

Measurements are performed by using very sensitive magnetometers. The most common 

magnetometeres used to measure the magnetic fields produced by ionic currents in the brain are 

superconducting quantum interference devices (SQUIDs). The information provided by MEG can be 

used to complement the information provided by the EEG and other functional imaging strategies [9], 

[10].  

Synchronized neural currents induce weak magnetic fields in the order of tens of femtotesla (fT) 

for cortical activity and 103 fT for the human alpha rhythm, values smaller than the ambient magnetic 

noise in an urban environment, that is usually in the order of 108fT. [11] This is one of the major problems 

with MEG, the other being the sensitivity of the sensors. In order to reduce environmental magnetic 

noise MEG measurements are done in a magnetic shielded room, providing a reduction in both high 

frequency and low frequency noise and the magnetometers need to be cooled down to cryogenic 

temperatures.  

 Electric and magnetic fields are both produced by the same biological processes but magnetic 

fields are less distorted by the skull, resulting in a better spatial resolution and contrary to what happens 

with EEG it doesn’t need a reference electrode. Spatial resolution of MEG is in the order of the mm and 

temporal resolution is in the order of the ms. [11] 

 In a clinical context MEG can be used in pre-surgical mapping of cortical areas, to locate the 

source of epileptic seizures, areas affected by strokes and in investigation of the areas involved in motor 

planning. [9] 

 The main disadvantages of MEG, when compared to other neuroimaging techniques, are the 

high costs and complexity associated, but on the other hand in addiction to great temporal and spatial 

resolutions, it doesn’t require neither skin contact nor radioactive markers, making it easier to record 

direct currents and is relatively easier to locate their sources. Comparing to other neuroimaging 

techniques available nowadays, such as PET and fMRI, MEG provides us with the best temporal 

resolution. 

 

2.2.1. SQUIDs 

 

 SQUIDs are very sensitive magnetometers used to measure extremely sensitive magnetic 

fields, being able to measure these fields, within a few days of averaged measurements. These 

magnetometers were introduced in the late 60s by James Zimmermam and the first SQUID 

measurement was performed at the Massachusetts Institute of Technology by David Cohen, using only 

a single magnetometer [12]. In recent years MEG technology suffered a lot of development and current 

commercial available devices can incorporate up to 300 SQUIDs magnetometers, placed in helmet-

shape dewars filled with liquid Helium that can be used for recordings above the scalp of the subject. 

SQUID devices need to operate at liquid helium temperatures (4K) [11].  
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2.2.2. Spin Exchange relaxation-free (SERF) magnetometer 

 

 SERF magnetometeres were developed in the early 2000s at Princeton University [13], and 

measure magnetic fields, using lasers to detect the interaction between alkali metal atoms in a vapour 

and magnetic fields. These devices provide the same sensitivity as SQUIDs, having the advantage of 

not needing a cryogenic dewar. 

 

 

2.3. Magnetic Resonance Imaging (MRI) 

 

 MRI is a medical imaging technique used in radiology to investigate the anatomy and physiology 

of the body in both health and disease. These scanners use magnetic fields and radio waves to form 

images of the body and are currently widespread for medical diagnosis and follow-up scans. MRI 

scanners do not use ionizing radiation, contrary to what happens with CT scanners, but it’s a more 

expensive, time-consuming process and can induce claustrophobia in patients [14].  

 In order to do a MRI scan the patient is positioned within the scanner that applies a strong 

magnetic field in the order of tesla, around the area that is being examined. Typically the hydrogen 

atoms in molecules of water are used to create a signal that is then processed to form an image of the 

area. In order to obtain the image a strong magnetic field is applied and by doing so, the spin of the 

atoms become oriented on the direction of the applied field. Then an oscillating magnetic field is applied 

at an appropriate frequency and the excited protons emit a radio frequency being this signal measured 

by a receiving coil. This signal can be made to encode position information by varying the main magnetic 

field using gradient coils. The contrast between tissues is determined by the rate at which atoms return 

to the equilibrium state [15].  

 In the field of neurology MRI and its variants are widely used to diagnose brain tumours [16], 

given that it’s a more sensitive technique than a CT allowing detection of smaller tumours. Since it 

provides a good contrast between grey and white matter it is often use to diagnose several other 

diseases in the central nervous systems such as demyelinating diseases [17], dementia [18] and 

epilepsy [19]. MRI has a good temporal resolution allowing the acquisition of several images every 

second showing how the brain responds to different stimuli, allowing both functional and structural brain 

studies.  

 In order to assess how different parts of the brain respond to external stimuli a variant of MRI, 

functional magnetic resonance imaging (fMRI) is used. It provides great spatial resolution, however the 

temporal resolution is rather low. Blood oxygenation level dependent (BOLD) fMRI measures the 

hemodynamic response to transient neural activity resulting from an exchange on the ratio of 

oxyhemoglobin and deoxyhemoglobin, putting into evidence the areas of the brain that are active during 

a given task or stimuli, being an indirect measurement of brain activity that reflects interactions between 

the volume of blood, its flow and its transport of oxygen by an iron-containing protein in red blood cells, 

paramagnetic deoxy-hemoglobin (deoxy-Hb) [20].  
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2.4. Positron Emission Tomography (PET) 

 

 PET is a nuclear medicine, functional imaging technique that produces a 3D image of functional 

processes in the body. It works by detecting pairs of gamma rays emitted indirectly by a positron-emitting 

radionuclide, known as tracer that is introduced in the body intravenously. The tracer is usually 

incorporated in a biologically active molecule.  As the radioisotope undergoes beta decay it emits a 

positron that travels in the tissue for a short distance until it interacts with an electron. The encounter 

annihilates both the positron and the electron producing a pair of gamma photons that move in opposite 

directions. These photons are detected when they reach a scintillator, creating a burst of light that is 

detected by photomultiplier tubes. The basis of the technique is the simultaneous detection of a pair of 

photons moving in opposite directions [21].   

 In neurology, the principle of operation for PET scans is that areas of higher radioactivity are 

associated with a more intense brain activity and therefore the signal measured in those areas is bigger.  

 

2.5. Electrocorticography (ECoG) 

 

 ECoG is a technique that allows the recording of electric activity from the cerebral cortex by 

placing electrodes directly on the exposed surface of the brain, being an invasive procedure.  

 ECoG signals are composed of synchronized postsynaptic potentials that occur primarily in 

cortical pyramidal cells and have to be conducted through several layers of the cerebral cortex, 

cerebrospinal fluid, pia mater and arachnoid mater before reaching subdural recording electrodes 

placed bellow the dura mater [22]. Since the electrodes aren’t placed above the skull, the potentials 

don’t have to travel across it and therefore ECoG allows a better spatial resolution than EEG and a 

temporal resolution of about 5 milliseconds. Currently ECoG is being studied in the implementation of 

brain-computer interfaces (BCI) [23]. 

 

2.6. Magnetorresistive sensors and magnetic brain activity 

 

 MR sensors are currently being used to detect very weak magnetic fields in the order of nT and 

pT at room temperature, not only in the measurement of magnetic brain activity but in other areas as 

well. At INESC-MN, research on systems capable to measure action potentials at room temperature are 

currently being developed. Silicon probes that incorporate giant magnetoresistance (GMR) and tunnel 

magnetoresistance (TMR) technologies have achieved detectivity levels of 30 nT/√Hz [24], [25]. These 

probes are currently being explored in the European project MAGNETRODES (Electromagnetic 

detection of neural activity at cellular resolution) that aims to develop a tool for magnetic imaging at a 

neuron scale in order to model the electromagnetic response of a neuron. Detectivities of 90pT/√Hz[25] 

have already been reported and for large areas and low aspect ratio devices detectivities of 46pT/√Hz 

were reached [26].  
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II. Background Overview  

 

1. Nervous System 

 

The nervous system in humans can be subdivided in the central nervous system (CNS) and the 

peripheral nervous system. The peripheral nervous system is composed of peripheral nerves and 

specialized clusters of neurons, called ganglia. Functionally it relays information to the CNS and 

executes motor commands generated in the brain and spinal cord. The CNS is constituted by the spinal 

cord that receives and integrates sensory information from skin, limbs, trunk and joints and is also 

responsible for controlling the movement of the truck and limbs and is connected to the brain by the 

brain stem [7]. The brain is the most complex organ in the human body and its basic biological units are 

neurons and glial cells. Glial cells are the most common cells in the brain, being more abundant than 

neurons by a factor of approximately 10 and the main difference between them and neurons is that 

they’re not able to generate action potentials [27]. Glial cells have, among others, functions of 

myelinisation [28], uptake of neurotransmitters at the synaptic cleft and help axon regeneration in 

neurons after injury [30].  

 

1.1. Neurons 

 

 Neurons are adult cells that are able to be electrically excited, and process and transmit 

information through both chemical and electrical signals. There are several types of neurons, with 

different functions, but their operating mode is similar. There are three types of neurons, sensory 

neurons that specialize in detecting and responding to internal and external stimuli, motor neurons 

responsible by the control of muscles and interneurons that mediate simple reflexes and are responsible 

for the highest functions of the brain. Anatomically a neuron can be divided in three major functional 

parts, the dendrites, the cell body and the axon (figure 2). 

 

 

FIGURE 2 - NEURAL CELL STRUCTURES: AXON, DENDRITES AND CELL BODY [7] 
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Functionally the cell body is the metabolic centre of the cell, containing the nucleus and acting 

like a major input integration centre.  Dendrites are short branch-out on tree-like shape structures and 

are responsible for receiving incoming signals from other nerve cells, both excitatory and inhibitory, and 

at some extent integrate them. The axon is the terminal part of the neuron, usually longer than dendrites, 

and is the structure in which the action potential is propagated and information is transmitted to other 

neurons or to effective organs. [7] 

 

1.1.1. Membrane Potential 

 

 Neurons have the ability to conduct electrical impulses. This ability is the result of a separation 

of charges across the cellular membrane that causes a potential difference between the two sides of 

the membrane (figure 3). In a resting neuron this potential difference is between -60 and -70 mV.  The 

ions that contribute the most to the rest potential are Na+, Cl-, K+ and organic anions (A-), the former two 

being more concentrated on the outside of the cellular membrane and the latter two more concentrated 

on the inside. The membrane in cells works as an insulator and as a diffusion barrier to the movement 

of ions. In spite of existing ions on both sides of the cell membrane, in electronic analysis/measurements 

we are interested in potential differences and not in absolute voltage values, so by convention the 

potential outside the cell membrane equals zero and the membrane potential is the one measured inside 

the cell membrane [7].   

 

 

FIGURE 3 - SCHEMATIC OF THE SEPARATION OF CHARGES ACROSS THE NEURON MEMBRANE [7] 

 

The membranes of neurons and all other animal cells are composed by a phospholipidic bilayer 

that has an intrinsic resistivity to the crossing of ions. Ion Channels, small protein structures that are 

intrinsic part of the membrane allow the selective passage of ions from one side to the other, and are 

important to maintain the potential difference between the inside and the outside media. Aiding the 

process of exchange of ions there are also ion transporters and exchangers. In electric terminology we 

can say that the membrane functions as both a resistor, because it impairs movement of ions across it, 

and a capacitor because the phospholipidic bilayer is so thin that an accumulation of charged particles 

on one side originates an electric force that pulls particles with opposite charge on the other side [31].  
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Ions cross the membrane by facilitated diffusion, by transport aided by ion pumps and trough 

ion channels. This movement is driven by two forces, a chemical gradient and an electric gradient. The 

difference in potential between the inside and the outside of the cell membrane, while at rest, is a result 

of a steady state in the electrochemical potential that combines both chemical and electric gradients.  

The resistance of a pure lipid bilayer to the movement of ions and other micro and 

macromolecules is high, but structures embedded in the membrane can aid in the movement of ions, 

by mechanisms of facilitated transport and facilitated diffusion. These movement can occur passively 

without consuming of ATP molecules, or actively when ATP is consumed. Ion channels provide 

passageways through which ions can move and are usually only permeable to a specific type of ion and 

only in one direction. Ion pumps, integral membrane proteins, actively transport specific type of ions 

from one side of the membrane to the other, usually consuming ATP molecules, because the movement 

of ions is done against their concentration gradient, meaning that they are being pumped to the side 

where their concentration is higher. The ion pump that has a major importance in the rest potential of 

neurons is the sodium-potassium pump. This pump transports, in each cycle, three sodium ions to the 

outside of the cell and the two potassium ions to the inside. The result of the Na+/K+ pump is a 

concentration of K+ ions inside the neuron about twenty times larger than in the outside and a 

concentration of Na+ ions about nine times higher on the outside of the neuron. Other ions such as 

calcium (Ca2+), chloride (Cl-) and magnesium (Mg2+) also have different concentrations outside and 

inside the cell.  

Another important ion pump is the sodium-calcium exchanger. This pump works in a similar way 

as the Na+/K+ pump, but in each cycle it exchanges three Na+ from the extracellular space with 2 Ca2+ 

from the intercellular space. This pump works according to the electrochemical gradient and therefore 

it doesn’t require ATP in to work. The main function of this pump is to pump calcium outward. Even 

though this pump works against the Na+/K+ pump, since Na+ and K+ concentrations are higher than Ca2+ 

concentration, this effect is relatively unimportant. The result of the sodium-calcium exchanger is lower 

intracellular calcium concentrations during the resting potential.  

Similarly to ion pumps, ion channels are integral membrane proteins, but have a pore through 

which ions can cross from one side of the membrane to the other. The pore is usually small and ions 

tend to pass through in a single-file order. The pores can be either open, when ions are allowed to cross 

it or closed for ion passage. The passage of ions through the pores occurs according to the concentration 

gradient of that particular ion. 

Ion channels can be classified by how they respond to their environment. The channels involved 

in the generation of the action potential are voltage-regulated channels, opening in response to the 

difference in voltage across the membrane. Besides voltage-regulated channels other important class 

of channels are ligand-gated channels that open or close in response to the binding of a molecule, such 

as hormones or neurotransmitters, and ion channels that open and close in response to mechanical 

stress. Other channels such as the ones found in sensory neurons open and close in response to other 

stimuli such as temperature, light or pressure. Leakage channels are the simplest type of channels since 

that their permeability is maintained nearly constant over time. In neurons the most relevant leakage 

channels are potassium and chlorine channels.  
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Voltage dependent ion channels are channels whose permeability is influenced by the 

membrane potential. They are very abundant and have a particular ion selectivity and a particular 

voltage dependence. Some are also time-dependent, not responding immediately to a voltage change 

responding only after a delay. A very important member of this group are voltage-gated sodium channels 

that underlie action potentials. These channels are closed at the resting voltage level but opens 

immediately after the voltage exceeds a certain threshold, -50mV for most neurons [32], allowing a large 

influx of sodium ions that produces a rapid change in the membrane potential.  

The equilibrium potential of ions is the value of transmembrane voltage at which diffusive and 

electric forces counterbalance, so there is no net ion flow across the membrane, meaning that at this 

point the transmembrane voltage exactly opposes the force of diffusion of the ion and therefore the net 

current of ions across the membrane is zero and unchanging. The equilibrium potential is important 

because it provides voltage-gated channels with a baseline voltage. The equilibrium potential of a given 

ion is usually designated by 𝐸𝑖𝑜𝑛, can be calculated using expression 1, also known as Nernst equation, 

and is given by: 

 

𝐸𝑖𝑜𝑛 =
𝑅𝑇

𝑧𝐹
𝑙𝑛

[𝐼𝑜𝑛]𝑜

[𝐼𝑜𝑛]𝑖

, 
(1) 

 

where 𝑅 is the universal gas constant ( 8,314J.K-1.mol-1), 𝑇 is the absolute temperature in Kelvin,𝑧 is the 

number of elementary charges of the ion being trated, 𝐹 is the farad constant ( 96,485C.mol-1) and 

[𝐼𝑜𝑛]𝑜 𝑎𝑛𝑑 [𝐼𝑜𝑛]𝑖   are, respectively, the extracellular and intracellular concentration of the ion in 

question, in mol.dm-3.  Even if some ions have the same charge, their equilibrium potential can still differ 

significantly depending on their concentrations on each side of the membrane. By applying this equation 

we obtain a potential of -84mV for potassium ions and an equilibrium potential of +40mV for sodium 

ions, at 37ºC, the normal body temperature.  

In the absence of any stimuli the membrane stays in this steady state. The interactions that 

generate the resting potential are modelled by the Goldman equation (expression 2) that is similar to 

the Nernst equation but takes in consideration all major ions involved on the generation of the resting 

potential of the membrane, and also takes in consideration the relative permeability of the plasma 

membrane to each one of the involved ions. 

  

𝐸𝑚 =
𝑅𝑇

𝐹
𝑙𝑛(

𝑃𝐾[𝐾+]𝑜𝑢𝑡 + 𝑃𝑁𝑎[𝑁𝑎+]𝑜𝑢𝑡 + 𝑃𝐶𝑙[𝐶𝑙−]𝑖𝑛

𝑃𝐾[𝐾+]𝑖𝑛 + 𝑃𝑁𝑎[𝑁𝑎+]𝑖𝑛 + 𝑃𝐶𝑙[𝐶𝑙−]𝑜𝑢𝑡

), 
(2) 

 

where 𝑃𝑖  is the permeability of the membrane to ion I, [𝑖]𝑖𝑛 represents the concentration of ion I on the 

inside of the cell membrane, [𝑖]𝑜𝑢𝑡  represents the concentration of ion I on the outside of the cell 

membrane. In this expression is only displayed the three major important ions in the resting potential, 

but calcium can be added to deal with situations in which it plays a significant role. It is also evidenced 

that the terms referring to the chloride ion are treated different since it’s an anion and not a cation like 

sodium or potassium, being the intracellular concentration in the numerator and the extracellular 

concentration on the denominator. The Goldman expression expresses the membrane potential as a 
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weighted average of the reversal potentials for the individual ion types, being the permeability the 

weighting factor [7].  In spite of the membrane potential changing almost 100mV during the action 

potential, the concentration of ions on both sides of the membrane is maintained almost unaltered. In 

most animal cells, the permeability to potassium is much higher in the rest state than the permeability 

to sodium and maintaining the rest potential can be metabolically costly for a neuron, because it requires 

to actively pump ions to counteract losses due to leakage channels.  

 

1.1.2. Action Potential 

 

 An action potential is a short-lasting event in which the electrical membrane potential of a cell, 

in this case a neuron, rapidly rises and falls, following a consistent trajectory. [7] In neurons action 

potentials play a central role in cell to cell communication.  

 The transmission of information between neurons occurs at the sinapse level. Sinapses 

can be either electrical or chemical. [33] In a chemical sinapse the neurons are separated by a gap, the 

synaptic cleft, and when an action potential reaches the terminal of an axon of a presynaptic neuron it 

causes the release of neurotransmitters that bind to receptors on the dendrites of postsynaptic neurons 

that may give rise to an action potential on the postsynaptic neuron, being an unidirectional process. At 

the electrical synapse cells are directly connected by gap junctions, and the action potential is 

transmitted directly from one cell to another, in either direction. The free flow of ions between cells allows 

for a rapid non chemical-mediated transmission, and rectifying channels ensure that action potentials 

move only in one direction through an electrical synapse.  

The main type of channels that is involved in triggering an action potential are voltage-gated 

channels. The membrane potential controls the state of the ion channels that in their turn control 

membrane potential.  

Physiologically, an action potential corresponds to the opening of voltage gated sodium 

channels in response to a membrane depolarization. The opening of voltage gated sodium channels 

causes an inward flow of sodium ions, altering the electrochemical gradient set at rest, causing the 

membrane potential to increase, causing the opening of even more Na-channels, producing a greater 

electric current across the cell membrane. This process continues until all the available Na-channels 

are opened, resulting in an inversion on the polarity of the membrane, and consequently in the closing 

of the voltage gated Na-channels. With the closing of the sodium channels, sodium ions can no longer 

enter the neuron and are actively transported back to the outside of the cell membrane. Simultaneously 

to the closing o of Na-channels, voltage-gated potassium channels are opened and there is an outward 

current of potassium ions, returning the electrochemical potential to its base value (figure 4). After an 

action potential, there is a transient negative shift called afterhyperpolarization or refractory period, due 

to additional potassium currents. During this period it’s harder to start another action potential. Action 

potentials are caused by synaptic inputs that can cause the membrane either to depolarize if the 

potential rises, or to hyperpolarize if the potential falls. Action potential are triggered when enough 

depolarisation accumulates to bring the membrane potential up to threshold, and when it is triggered 
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the membrane potential abruptly shoots upward to around +100mV, decreasing abruptly shortly right 

after, to its base levels [7].  

 

 

FIGURE 4 - COURSE OF AN ACTION POTENTIAL AND ITS RELATION WITH THE OPENING AND CLOSING OF NA+ AND K+ CHANNELS [7] 

   

An action potential it’s only fired when the voltage reaches a certain value, opening the sodium 

channels, and the current caused by sodium dominates. The frequency at which the cell triggers and 

action potential is called firing rate.  

 The currents produced by the opening of voltage-gated channels in the course of an action 

potential are larger than the initial stimulating current and therefore the amplitude, duration and shape 

of the action potential are determined largely by the biophysical properties of the membrane and not by 

the amplitude or duration of the stimulus. The properties of the action potential can be different from one 

type of cell to another and even in different portions of the same cell. Determinant factors are the type 

of voltage-gate and leak channels as well as their distributions, ionic concentrations, membrane 

capacitance, temperature and other external factors.  

 Action potentials are generated locally on a portion of the membrane, and the resulting currents 

can trigger action potentials on the neighbouring stretches of membrane, causing a domino-like 

propagation, without decay. Myelinated sections of the membrane are not excitable and do not produce 

action potentials and the signal is propagated passively as electronic potential. Regularly spaced 

unmyelinated patches, called nodes of Ranvier generate action potentials to boost the signal. This type 

of conduction is called salutatory conduction and provides a favourable trade-off between signal velocity 

and axon diameter [34]. Depolarization of axon terminals in general triggers the release of 

neurotransmitter into the synaptic cleft that bind to receptors on the dendrites of other neurons. 

 Dendrites extent from the soma that contains the nucleus and other important organelles. The 

surface of the soma is rich in voltage-gated ion channels that help in the transmission of the signals 

generated by the dendrites. Emerging from the soma is the axon hillock that has a high concentration 

of voltage-activated sodium channels, and is often considered the region responsible for triggering an 

action potential, because multiple signals generated by the dendrites and transmitted by the soma 

converge there and propagate through the axon.  
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 Depending on the type of neurotransmitter released and in the type of receptor, the binding can 

increase the voltage across the membrane and the synapse is excitatory, or decreases the voltage 

across the membrane, causing it to hyperpolarize and the synapse is inhibitory. In any case, the change 

propagates passively to nearby regions of the membrane and the stimulus decays exponentially with 

the distance from the sinapse and with the time passed since the biding.  Only a fraction of the original 

stimulus reaches the axon hillock and only in rare cases it’s enough to depolarize the membrane and 

fire another action potential. In most cases the excitatory potential from several synapses within the 

same neuron need to be integrated and the soma level. This integration needs to occur both temporally 

and spatially, and if the depolarization at the axon hillock goes above the threshold value, an action 

potential is triggered [7]. This effect can however be counteracted by inhibitory postsynaptic potentials.  

  Another important characteristic of the action potential is that its amplitude in independent of 

the amount of current that is produced, meaning this that larger currents do not create larger action 

potentials, and therefore action potentials are said to be all-or-none responses. However the frequency 

of the stimulus is dependent on the intensity and frequency of the stimulus.  

 The course of an action potential can be divided into five phases, the rising phase, the peak 

phase, the falling phase, the undershoot phase and the refractory period [7]. It’s during the rising phase 

that the membrane depolarizes and when depolarization stops we reach the peak phase, when the 

membrane potential reaches its maximum. During the falling phase the membrane potential decreases, 

returning to the resting potential. The undershoot or hyperpolarization phase is a period during which 

the membrane potential becomes more negative than the resting potential. During this period it’s more 

difficult to fire another action potential. Figure 5 shows an action potential and the timing of each phase.  

 

 

FIGURE 5 - ACTION POTENTIAL AND THE TIMING OF EACH PHASE. THE RISE IN THE MEMBRANE POTENTIAL AND THE TIMING OF EACH OF ITS PHASES: 

DEPOLARIZATION, REPOLARIZATION AND REFRACTORY PERIOD (HYPERPOLARIZATION) 

 

 A typical action potential begins at the axon hillock, and is caused by a rise on the sodium ions 

levels on the inside of the neuron. The depolarization opens both sodium and potassium voltage-gated 

channels in the membrane allowing ions to flow into and out of the axon. If the depolarization is small 

the outward potassium current is bigger than the inward sodium current and the membrane repolarizes 

back to normal and no action potential is fired. On the other hand, if the depolarization is high enough, 

the inward sodium current increases more than the outward potassium current, increasing the 
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membrane potential even more. At the peak of the action potential, the sodium permeability is 

maximized and the membrane potential comes closer to the sodium equilibrium potential, however the 

same raised voltage that opened the sodium channels initially slowly shuts them off causing the 

membrane potential to decrease, causing the potassium voltage-gates channels to open. Together 

these actions cause the falling phase of the action potential, repolarizing the membrane. The raised 

voltage usually opens more potassium channels than the ones that are usually open, and some of them 

do not close right after reaching the equilibrium potential, causing a hyperpolarization, that persists until 

the membrane’s permeability to potassium returns to its resting value.  

 Every action potential is followed by a refractory period that can be divided into an absolute 

refractory period, during which it’s impossible to evoke another action potential and then a relative 

refractory period, during which only a strong stimulus can fire an action potential. These periods are 

caused by changes in the state of the proteins that compose sodium and potassium channels. When 

closing after an action potential, sodium channels enter an inactivated state, during which they can’t be 

opened regardless of the membrane potential, phenomenon that gives rise to the absolute refractory 

period. After most of the sodium channels return to their resting state, some potassium channels remain 

open, making it harder for the membrane to depolarize, causing the relative refractory period. Since the 

density of potassium channels varies greatly between different types of neurons, the duration of the 

relative refractory period varies from one type of neuron to another. It’s the absolute refractory period 

that is responsible for the unidirectional propagation of action potentials along axons.  

 The flow of currents within an axon can be described quantitatively by cable theory, developed 

in 1855 by Lord Kelvin to model the transatlantic telegraph cable, and applied to neuron by Hodgkin and 

Rushton in 1946. Cable theory states that the neuron can be treated like an electrically passive, perfectly 

cylindrical transmission cable [35], [36].  

 

1.1.3. Postsynaptic potentials  

 

 Post synaptic potentials are potentials that trigger or inhibit action potentials. When the opening 

of the ion channels results in a net gain of positive chargers across the membrane, the membrane is 

said to be depolarized as the potential comes closer to zero and this is considered an excitatory post 

synaptic potential (EPSP), as it brings the neuron’s potential closer to its firing threshold. If, opposed to 

this, the opening of the ion channels results in a net gain of negative charges across the membrane, 

moving the potential further from zero and causes the membrane to hyperpolarise we call this and 

inhibitory postsynaptic potential (IPSP), moving the membrane potential further away from its threshold 

value [37].  

 Postsynaptic potentials are transient changes in the membrane potential, and EPSPs resulting 

from neurotransmitter release at a single synapse are usually too small to trigger a spike in the 

postsynaptic neuron, but a single neuron can receive inputs from hundreds of other neurons, with 

varying amounts of simultaneous input, so the combined activity of afferent neurons can cause large 

fluctuations in membrane potential. If the postsynaptic cell is sufficiently depolarized, an action potential 



17 
  

is triggered. Contrary to action potentials, postsynaptic potentials aren’t all-or-none responses, meaning 

that their amplitudes can vary, being graded potentials.    

 

1.1.4. Tetrodotoxin (TTX) 

 

 Tetradotoxin (TTX) is an organic molecule (figure 6) that acts as neurotoxin that inhibits the 

firing of an action potentials in nerves, by binding to voltage-gated sodium channels in the neuron’s 

membrane [38], and consequently blocking the passage of sodium ions, responsible for the rising phase 

of an action potential. TTX binds to the sodium voltage gated channels with an affinity of 5-15 nanomolar, 

being used as an agent to silencing neural activity in a cell culture. TTX, when applied in vitro, is a 

reversible drug, meaning that it can be washed away by continuously perfusing the cell culture with 

culture media. The drug is slowly removed and the cells regain the ability to fire actions potentials once 

more.   

 

 

FIGURE 6 – STRUCTURE OF THE TETRADOTOXIN MOLECULE 

 

1.2. Neuromagnetism 

  

 Neuromagnetism is defined as the study of magnetic fields associated with the electric activity 

of neurons. The generated field varies with the number of activated neurons and the synchronicity of 

their activation and also with the geometric congruity of the resultant current vectors. 

 Considering the magnetic field generated by neurons we can separate them into open-field and 

closed-field neurons. Closed-field neurons have a morphological symmetry on their dendritic trees on 

all three spatial dimensions and therefore contribute poorly to both magnetic and electric fields detected 

at some distance, because the net electric and magnetic fields produced by symmetrical current 

distributions are zero. On the other hand pyramidal cells are open field neurons because their apical 

dendrites incorporated one dimensional elongated processes and ionic currents within these dendrites 

are excellent candidate sources of external fields and potentials. In spite of this cell, morphology alone 

is not the only determinant factor to the genesis of magnetic fields because even for a cell with a 

symmetric dendritic tree there can still be an asymmetric distribution of primary currents, due to 

asymmetric presynaptic activities and therefore a field can still be detected at distance [39].  

 Within the cell different mechanisms are responsible for different frequency components of the 

recorded signal. Coherent membrane currents pass through the extracellular space and can be 

measured by electrodes placed outside the cell as local field potentials (LPF). Local field potentials are 
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mainly generated by synaptic activity and have frequency bellow 600Hz. The high frequency activity is 

attenuated because of the capacitive effects of the membrane and the small frequency signal recorded 

is a linear sum of the cooperative activity from a large population of cells [40]. 

 A model commonly used to model LFP activity consists of current sources embedded in a 

homogeneous media, which is not a good approximation, and therefore a new model was described 

replacing the homogeneous media by a non-homogeneous media [35]. In this model the neuron was 

treated like a spherical source and an estimation of the magnetic measured from a 10 m distance, for 

a single neuron, with a current amplitude of 10 to 100nA, was estimated to vary from the pT to the nT 

range.  

 Both electric and magnetic fields are distorted by the culture media [35], but the electric signal 

suffers more distortion due to both soft and hard tissues. On the other hand magnetic signals are less 

dependent on the conductivity of the extracellular medium, but decay with the distance from the source 

following a 1/d2 law. A magnetic field generated by a single neuron is shown in figure 7. 

 

FIGURE 7 - MAGNETIC FIELD GENERATED BY THE ACTION POTENTIAL OF A SINGLE NEURON [41] 

 

1.3. Hippocampus 

 

 The hippocampus is a major component of the brain of humans and other vertebrates, such as 

mice. It’s a bilateral structure meaning that it exists in both hemispheres of the brain, and belongs to the 

limbic system playing important roles in the consolidation of information from short-term memory to long-

term memory and spatial navigation [7]. This structure is localized under the cerebral cortex. In rodents 

it has been studied extensively, and it has very well defined and know pathways. The hippocampus can 

be divided into three subregions, the dentate gyrus (DG), the cornu Ammonis (CA) and the subiculum. 

[42]  

 The cells within the hippocampus are mostly pyramidal cells and therefore they create open 

fields magnetic potentials because of their anatomical symmetry.  

 There are several pathways within the hippocampus. The enthornial cortex provides the major 

input to the DG via the preforant path and projects to different levels of the DG. The amigdala has 

projections to CA3, CA1, and to the subiculum [43]. There is also a projection from CA3 to CA1 that is 

the pathway that was used during the development of this thesis. In figure 8 we can see the major 

pathways within the hippocampus.  
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FIGURE 8 - MAJOR PATHWAYS ON THE HIPPOCAMPUS[43] 

 

2. Magnetoresistive (MR) sensors 

 

 MR sensors are made by deposition of thin films of different materials, including ferromagnetic 

and antiferromagnetic alloys, and when an external magnetic field is applied the electric resistance of 

the sensor changes, a phenomenon called magnetoresistance. Currently the major application of MR 

sensors is for read heads in hard disk drives for data storage market.  

There are five types of magnetoresistance, being them ordinary magnetoresistance (OMR), 

anisotropic magnetic resistance (AMR), giant magnetoresistance (GMR), tunnelling magnetoresistance 

(TMR) and colossal magnetoresistance (CMR). The devices used during the work developed in this 

thesis, Spin Valves (SV), are based on the GMR effect.  

Magnetoresistance is measured applying a variable magnetic field to the sensor, causing a 

variation on its resistance that varies from a minimum (𝑅𝑚𝑖𝑛) to a maximum (𝑅𝑚𝑎𝑥) and is expressed, in 

percentage, as the ration found in expression 3: 

 

𝑀𝑅 =
𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛

𝑅𝑚𝑖𝑛

× 100 
(3) 

 

 

2.1. Giant Magnetoresistance  

  

 The magnetoresistive effect was first observed at low temperatures by Fert in 1988 [44], and at 

room temperature in Grunberg [45] both in a multi-layer thin film structural material composed of two 

ferromagnetic (FM) layers separated by a non-magnetic Cr layer, that observed that the electric 

resistivity changed depending on the relative orientation of the ferromagnetic layers.  

 One of the application of the GMR effect is the Spin Valve (SV), first studied by Dieny in 1991 

[46]. The basic structure of the SV consists of two ferromagnetic layers (alloys of Fe, Co and Ni), 

separated by a non-magnetic layer, (alloys of Cu, Ag and Au). 
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In a SV structure there is a pinned magnetic (a FM layer coupled with an anti-FM layer) layer 

and a free magnetic layer. The pinned magnetic layer’s magnetization is relatively insensitive to changes 

in the external magnetic field, rotating only for high magnetic fields. The free magnetic layer 

magnetization is more sensitive to changes in the external magnetic field, meaning that small changes 

in the external magnetic field cause a variation on the orientation of the free layer. The relative orientation 

of the free layer in respect to the pinned layer is what causes the changes is the resistance of the SV. 

When the resistance status is controlled, a square response can be originated, and the device is 

possible to be used as a memory and when in a linear state it can be used as a sensor. The thicknesses 

of the layers that constitute the spin valve are usually around 15-30�̇�. 

Depending on the layer that is free to rotate the Spin valves can be either top pinned, if the 

pinned layer is on top of the sensor, or bottom pinned if the pinned layer is on the bottom of the sensor. 

The physical phenomena that gives rise to the GMR effect is the asymmetry in spin dependent 

scattering at the non-magnetic/magnetic interfaces for spin up and spin down electrons. When the 

magnetisation of both magnetic layers is aligned in parallel directions, the current is mostly carried by 

spin-up electrons that can easily pass through the entire material without experience much scattering, 

which gives rise to the lower resistance state. The higher resistance state occurs when the layers are 

aligned in antiparallel directions and in this case the scattering probability is the same for both spin-up 

and spin down electrons and scattering occurs strongly at different parts of the material, leading to a 

higher resistance state [47], [48]. 

In this thesis Spin Valves are being used as sensors for magnetic field detection, and as such 

the response of the device to an external magnetic field should be linear with no hysteresis and centered 

at zero Tesla (H=0T). In order to achieve this response the magnetization of the free layer should be 

perpendicular to the magnetization of the pinned layer at H=0T (figure 10). This response can be induced 

in two ways. The first is depositing the MR films applying orthogonal magnetic fields, defining the 

crossed magnetic anisotropy. The second is to control the shape of the sensor and by doing so the 

demagnetizing field created by the shape anisotropy sets the free layer magnetization perpendicular to 

the pinned layer.  

Anisotropy directions can be set during the deposition of thin films by applying a magnetic field 

in the desired direction and when a magnetic field is applied along the pinned layer direction, the free 

layer rotates coherently leading to a linear response of the MR sensor.  

FIGURE 9 - STRUCTURE OF A SPIN VALVE 
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 Standard SV devices can achieve MR values of 9% at room temperature and when 

nano-oxide-layers are introduced next to the ferromagnets MR values of 20% can be achieved. [49] 

Applications of the GMR effect in biomedical applications include magnetocardiography sensors 

[50], biosensors and biochips for biological detection of marked particles [51].  

 

3. Noise 

 

 In all electronic measurements there is always presence of noise that can arise from several 

sources. In magnetoresistive sensors the main sources of noise are intrinsic defects on the material, 

magnetic domain or spin fluctuations, electronic traps, current redistribution within inhomogeneous 

material and charge carries crossing an energy barrier. Noise manifestation arises in the form of 

fluctuations in the measured signal that are usually random and non-correlated with the signal being 

measured, imposing practical limits in the performance of an electronic circuit or sensor. Noise is defined 

by its power spectral density (Sv) in units of V2/Hz or V/Hz1/2, being the later the usual unit in which it is 

presented, and that corresponds to the magnitude of the fluctuating quantity normalized to a 1 Hz-

frequency-bandwidth.  

 An important concept when describing noise is the field detection limit. Detectivity is defined as 

the minimum magnetic field than can be detected by a sensor and it’s expressed in units of T/Hz1/2 and 

is given by the following expression: 

 

𝐷 =
𝑆𝑣

∆𝑉/∆𝐻
 

(4) 

 

 

 

where D represents the detectivity , Sv (V/Hz1/2) is the output noise of the sensor and ΔV/ΔH (V/T) is the 

sensor sensitivity, obtained by the slope of the linear part of the transfer curve. Since sensitivity obtained 

directly from transfer curves is expressed in %/Oe, it is necessary to multiply the obtained value by a 

bias value, in order to obtain the sensitivity in V/T. The lower the detectivity level of the sensor the more 

sensitive and lower fields can be detected.  

 Another important concept in field detection limit is Signal-to-Noise ratio (SNR) that contrary to 

the detectivity should be as high as possible. In both cases sensitivity of the device should be as high 

as possible. A strategy used to improve sensitivity of MR sensors is the inclusion of magnetic flux guides 

(FG) that increase the magnetic flux through the free layer without additional noise contribution. The 

inclusion of magnetic FG has already been studied and implemented in Spin Valve sensors [52] and 

other MR sensors.  

 Magnetic flux guides are microfabricated with soft ferromagnetic materials that have high 

relative magnetic permeability, low coercivety and a linear relation between B and H, given by the 

expression: 
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𝐵 = 𝜇𝐻, (5) 

 

where B is the magnetic field in a ferromagnetic layer when an external field H is applied and 𝜇 is the 

magnetic permeability of the material.   

 The material used in the microfabrication of flux guides in the work described is CrZrNb, an 

amorphous alloy with high relative permeability (𝜇 ≫ 1). Materials with high relative permeability tend to 

attract magnetic flux lines and concentrate the magnetic field onto the sensor, although this effect is 

dependent on the geometry and dimensions of the FG. The increase if the magnetic field detection limit 

is expressed by a gain factor G, given by expression 6: 

 

𝐺 =
𝐻𝑠𝑒𝑛𝑠𝑜𝑟

𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

, 
(6) 

 

where 𝐻𝑠𝑒𝑛𝑠𝑜𝑟 is the magnetic field that reaches the sensor and 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is the external applied magnetic 

field. 

 Typically two FG are placed, one on each side of the sensor, and gain depends on the geometry, 

length, gap between the FGs and the area of the lateral sections.  

  

3.1. Noise in Spin Valve Sensors 

 

 Noise in spin valves (figure 11) arises from several mechanisms being them thermal electric 

noise, thermal magnetic noise, magnetic 1/f noise and in some cases random telegraph noise (RTN) 

[53].  

 Thermal noise is the most common source of noise that can be found in any electrical device 

and results from the random thermal motion of electrons due to collisions with both impurities in the 

materials and other electrons being dependent on the conductor resistance R, and increases 

proportionally with the increase of temperature. 1/f noise, also known as Flicker noise, arises from the 

fact that the spectral energy density decreases with the inverse of the frequency. In electronics is 

commonly related to charge trapping in crystal defects, than are loose in a random way that favours 

energy concentration at low frequencies. The point in which 1/f noise reaches the baseline noise is 

known as the 1/f knee. 1/f magnetic noise appears as an extra contribution to the 1/f electric noise and 

appears only in devices that incorporate magnetic materials, such as SVs.  

 In a spin valve the general expression for the noise, measured in V2/Hz, is given by expression 

7: 

 

𝑆𝑆𝑉 = 4𝐾𝐵𝑇𝑅 +
𝛾𝑅2𝐼2

𝑁𝑐𝑓
, 

(7) 

 

where KB is the Boltzmann constant (KB=1.38x10-23 J/K), T is the absolute temperature K), R is the 

electrical resistance (), 𝛾 is a dimensionless constant (Hooge’s constant),  I is the current that flows 

through the sensor, Nc is the number of carriers and f is the frequency of the signal. The number of 
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carriers can be calculated using the expression Nc=VC, where C is the metallic spacer concentration 

(cm-3) and V is the volume of the spin vale (m3).  The first term in the expression represents the thermal 

noise that has no magnetic origin and cannot be supressed or modified but is independent of the 

sensitivity of the sensor. The second term is the 1/f noise that is inversely proportional to the frequency 

and to the volume of the sample.  
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FIGURE 10 - TYPICAL NOISE OF A SV SENSOR 

 

 

 

   

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1/f noise 

1/f knee 



24 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 
  

III. Materials and methods 

 
In this chapter the techniques used during the experimental work proposed by the outline of the 

thesis will be described. This section will be divided in three sections, one for the microfabrication 

techniques, one for the probe characterization techniques and one for the signal acquisition and 

processing techniques. 

 

 

1. Microfabrication techniques 

 

In this section the additive, modifying and subtractive processes used in micro technologies will be 

described.  

 

1.1. Clean Room 

 

 A clean room is a room in which physical and chemical conditions are precisely controlled. The 

major conditions taken into account are temperature, air pressure, humidity, vibration, lighting and 

particles. The conditions are maintained within a strict range level in order to ensure reproducibility of 

the engineered devices and to avoid sample contamination.    

At INESC-MN there is a class 10 (yellow area), a class 100 (white room) and a class 10 000 

(grey area). These values indicate the maximum number of particles larger than 1m per cubic feet of 

air allowed by the filters placed at the clean room. In figure 12, is shown the class 10 (a) and the class 

100 (b) clean room facilities available at INESC-MN. 

 

          

FIGURE 11 - CLEAN ROOM FACILITIES AT INESC-MN CLASS 100 CLEAN ROOM (B) 

 

To reduce contamination by human factors in order to enter a clean room, a special suit (figure 13) 

is needed. This suit prevents the release of skin and clothing particles onto the clean room environment.  
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FIGURE 12 - CLEAN ROOM SUIT 

 

1.2. Thin Film deposition systems  

 

1.2.1. Ion beam deposition (IBD) 

 

 IBD is a process used to deposit materials in a substrate by the application of an ion beam 

to a target and is therefore an additive microfabrication technique. An IBD system usually is composed 

of an ion source, ion optics and a deposition target. In the ion source some gas, typically Argon or Xenon 

is ionized. These ions are then focused and accelerated toward the target containing the material to be 

deposited, by means of a magnetic field. If the energy of the accelerated ions is higher than the binding 

energy of the atoms that constitute the target, these are removed from the target and deposited onto 

the substrate, creating a thin film. The thickness of the deposited film can be controlled by controlling 

the time that the target is exposed to the ion beam.  

  

1.2.1.1. Nordiko 3600 

 

 The Nordiko 3600 (N3600) IBD system (Figure 14) is an automated ion beam 

milling/deposition system, comprising one module incorporating a loadlock in which a maximum of 

twelve samples with a maximum of an 8 inch diameter can be lead, the dealer that handles the sample 

by means of a robotic arm, and the main chamber, where the process occurs. The base pressure is in 

the order of 10-8 Torr, obtained by means of a cryo pump. The loadloak is separated from the main 

chamber by a valve and the pressure at the main chamber reaches values in the order of 10-7 Torr. In 

the main chamber there are two ion guns, a substrate table and six targets, made of different materials 

and are able to rotate in order to be aligned with the deposition gun. The substrate table rotates between 

0º and 80º regarding the assist beam, allowing a better uniformity of the deposition and ion milling. In 

the main chamber there is also a permanent magnet that is used to induce a preferencial axis, defining 

an easy axis and exchange field directions during deposition of magnetic materials. This machine is also 

used to perform etching as described in section II.1.4.1.1. 
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FIGURE 13 - NORDIKO 3600 SYSTEM: FRONT VIEW (A) AND BACKSIDE (B) 

 

1.2.2. Magnetron Sputtering  

 

 DC magnetron sputtering is another method used to deposit thin films. Its working principle 

is the transfer of momentum between the ions of a plasma and a target material mediated, by an electric 

field. In order to get a good coverage and film uniformity DC sputtering needs to be performed in a 

vacuum chamber and the materials to be deposited are placed close to one or more magnetrons.  

 The sputtering process stars with the creation of plasma. In physical vapour deposition (PVD) 

sputtering an inert gas, usually Ar, is used. The gas is controllably introduced in the vacuum chamber 

and a voltage is applied to the target, creating the plasma.  The atoms in the gas are usually neutral but 

there are always some ions among them. In DC sputtering the target is biased with a negative voltage 

bias causing the ions to be accelerate towards the target by the electric field. If their kinetic energy is 

high enough these ions will ionize neutral atoms in scattering events during the acceleration process. 

These new ions are also accelerated towards the target causing the ionization of even more atoms in a 

cascade process that is responsible for the plasma ignition. The magnetrons placed near the target 

confine the trajectory of the electrons derived from the ionization process. Their trajectory is confined 

along the magnetic field lines created by the magnetrons on the vicinity of the target. Some of these 

electrons can also carry a large momentum that can be used to ionize even more atoms, favouring the 

plasma ignition. By using permanent magnets plasma can be ignited with lower base pressures, being 

this an advantage of magnetron sputtering.  

 There are thee effects that an accelerated ion can have when interacting with the target, all 

three of them depending of the energy of said ion. If ions have a high enough energy, the atoms of the 

target can be ionized, resulting in the emission of electrons that contribute to the plasma ignition. In the 

case of their energy being higher than the binding energy of the atoms in the target a collision with the 

target might result in the emission of several atoms from the target, and being these atoms neutral they 

aren’t affected by the magnetic field and can travel across the vacuum chamber to the substrate where 

they are deposited on the substrate. The pressure during the deposition process needs to be relatively 

low in order to prevent the loss of momentum of the atoms. The third effect, which happens when the 

(a) (b) 
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energy of the ion is lower than the ionizing energy of the atoms in the target, is the bouncing of ions. 

The bounced ions then rearrange their position in a collision cascade resulting in the generation of heat 

that is usually dissipated through a cooling water circuit, since high temperatures can damage the 

magnetron.  

 In RF magnetron sputtering the target is connected to a RF power supply. 

 

1.2.2.1. Nordiko 7000 

 

 Nordiko 7000 (figure 15) is an automated modular sputter system consisting of a loadlock 

connected to a central distribution chamber that is connected to four other chambers called modules. 

Each chamber, except for the central distribution chamber, is pumped with cryogenic vacuum pumps 

that provide a base pressures in the order of 10-9 Torr. The central distribution chamber is pumped with 

a turbo pump able to reach pressures in the order of 10-6 Torr, and the transportation of wafers (6 inch 

in diameter) is done by a robotic arm placed inside this chamber.  

 The four process modules have different functions, being module 1 used for flash annealing, 

module 2 for sputter etching, module 3 for the deposition of TiW(N) and module 4 for the deposition of 

AlSiCu.  

 In the work described in this thesis this machine was used to deposited the aluminium lead 

contacts. The sample is first placed in module 2, where an etch is performed with an etching rate of 

about 1A/s, in order to remove impurities on top of the sample. In Module 3 TiW(N) is used on top of the 

sample to protect the structure during the process and in module 4 the contact leads are deposited. 

Table 1 shows the parameters used in each module.  

 

       

FIGURE 14 - NORDIKO 7000 DEPOSITION SYSTEM: (A) LOAD CHAMBER; (B) BACKSIDE      

    

 P (W) P (mT) Ar (sccm) N2 (sccm) 
Thickness 

(A) 
Time (sec) 

Mod2 – f9 40/60 3 50   60 

Mod4 – f1 2k 3 50  3000 Å 80 

Mod3 – f19 0.5k 3 50 10 150 Å 32 

TABLE 1 - DEPOSITION CONDITIONS IN N7000 

(a) (b) 
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1.2.2.2. Ultra High Vaccum I (UHVI) – CrZrNb sputtering System 

  

 UHVI (figure 16) is a Manual DC sputtering system built in INESC-MN dedicated to the 

deposition of Cobalt Zirconium Niobium (CrZrNb), a soft magnetic material used in flux guides. It’s 

composed of a chamber that reaches a base pressure in the order of 10-7 Torr, taking this process about 

8 hours. This system has permanent magnets included in the substrate holder, creating a magnetic field 

of around 12mT. This field is used to define the magnetic easy axis of the film, being the direction in 

which the sample is placed into the deposition chamber important. The deposition conditions of the 

UHVI system are described in table 2.  

 

 

FIGURE 15 - UHVI DEPOSTION SYSTEM 

 

Deposition time CZN thickness Ar gas flow Pressure Power source 

50A/min 1h40min 5000 Å 723.3 4.5mTorr 64 

TABLE 2 - DEPOSITION CONDITIONS IN UHVI 

 

1.2.2.3. UHVII – oxide sputtering system 

  

 UHVII (figure 17) is a system dedicated to deposit thick insulator layers, both Al2O3 and SiO2. 

There is a 4 inch magnetron placed at the top of the deposition chamber in order to provide a uniform 

deposition of the sputtered materials. The deposition occurs over a water cooled substrate with a 6 inch 

diameter. In order to obtain optimal deposition conditions a base pressure in the order of 10-6 Torr is 

needed and to obtain this base pressure a wait period of 12 hours is needed.  The deposition conditions 

of the UHVII system are described in table 3.  
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FIGURE 16 - UHVII DEPOSITION SYSTEM 

 

Deposition time Al2O3 thickness Ar gas flow Pressure Power source 

10,74 Å /min 

1h40min 
3000 Å 45sccm 2.3mTorr 200W 

TABLE 3 - DEPOSITION CONDITIONS IN UHVII 

 

1.3. Pattern Transfer techniques 

 In this section the pattern transfer techniques used in this thesis will be detailed.  

 

1.3.1. Lithography 

 

 Lithography corresponds to the definition of lateral patterns on surfaces at ever-decreasing 

length scales.  

 In order to imprint patterns onto the substrate several steps are needed. First there is coating, 

in which the substrate is covered with a photo-sensible resin, Photoresist (PR), then exposition, in which 

some areas on the photoresist covered substrate suffer some structural changes that changes its 

solubility on a given solvent, and finally development, in which some parts of the photoresist are 

removed with the aid of a solvent. The thickness of the photoresist layer depends on the lithography 

system, varying from hundreds of nanometres to hundreds of micrometres. In this thesis the PR coating 

had a thickness of 1,5m. 

 PR can be either positive or negative. Negative PR, when exposed, have their solubility 

enhanced due to cross linking of the polymeric chains of the PR, meaning that when they are developed 

the exposed areas are the ones that remain on the substrate Positive PR, when exposed has its solubility 

increased due to scission on the polymeric chain, meaning that the exposed regions are the ones that 

are removed of the substrate.  

 There are different types of lithography techniques, with different types of masks, light 

sources, PR thicknesses and therefore with different resolutions. Resolution of a lithography system 

corresponds to the minimum feature that we can imprint onto the substrate. Resolution is limited by the 

wavelength of the radiation used to imprint the pattern onto the substrate, by the PR that is being used 
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and by the reduction lens system used. The steps used in lithography are similar on most of the systems 

used and, in sequence they are dehydration bake, HDMS prime, resist coating, soft bake, alignment, 

exposure, hard bake and development. 

 On the thesis only direct write laser (DWL) optical lithography was used.  

 

1.3.1.1. Direct Write Laser Optical Lithography  

 

 The DWL optical lithography system used to transfer patterns onto the substrate available at 

INESC-MN is DWL 2.0, from Heidelberg (figure 18). This optical system used a 1.5m thick positive 

photoresist, PRF7790G27cP, produced by JSR electronics, dispensed onto the substrate by a Silicon 

Valley Group (SVG) resist coating track.   

 

 

FIGURE 17 - DWL SYSTEM (A) AND DETAIL ON THE LASER AREA (B) 

  

 In order to increase the uniformity of the photoresist and to improve its adhesion to the 

substrate a prior vapour prime step is required. Vapour prime starts by heating the substrate at 130ºC 

and then expose it to a HDMS vapour solution.   

 To achieve the desired thickness of the PR, after being dispensed, the substrate spins with 

a speed of 2800 rpm, and then it suffers a one minute baking step at 85ºC. This bake is required to 

evaporate the solvent on the PR. Both the coating and developing tracks are placed inside the yellow 

room, at the clean room facilities, in which light has a specific wavelength in order to avoid exposing the 

PR, which would happen in an uncontrolled environment. This room is placed inside the class 10 clean 

room, reducing the particle deposition on the sample surface. All these steps are performed on SVG 

tracks, show in figure 19. 

 

FIGURE 18 - SVG TRACKS USED FOR COATING AND DEVELOPING SAMPLES 

(a) (b) 
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 In order to transfer the pattern onto the substrate DWL 2.0 requires a mask, drawn onto an 

AutoCAD file, with the pattern to be transfer. Then this pattern is written into the PR with a 405nm diode 

laser. The minimum feature size of the DWL 2.0 system is on the order of 1m and the alignment 

precision of the several layers that need to be transferred is limited by the stage resolution at 0.1 m. 

The substrate is then exposed in stripes of 200m. Prior to the exposure the information about the area 

to expose must be added. If the mask is transferred as inverted then DWL will expose everything inside 

closed geometries and if it’s transferred as non-inverted it will expose everything outside close 

geometries.  

 The development of the exposed photoresist is done at the same SVG system used to do 

the coating (figure 19), but in a different track. This process starts with a bake at 110ºC, during one 

minute, in order to stop uncompleted PR reactions and the wet development is achieved by pouring the 

appropriate developer over the substrate. Since a positive photoresist was used in the lithography 

processes, the exposed regions are the ones that are dissolved by the developer, remaining the 

unexposed areas intact. After that, the sample is washed with water and dried by high speed spinning.  

 The final layout of the device being microfabricated is composed by the vertical overlapping 

of several thin films of different materials, defined trough successive lithography steps, being used a 

different AutoCAD mask on the definition of each level.  

 The alignment of successive masks, corresponding to different layers of microfabrication is 

done recurring at alignment marks. Alignment marks are cross patterns that are placed on the borders 

of the samples. For every mask a new alignment mark is added to the patterned substrate (figure 20). 

  

 

FIGURE 19 - ALIGNMENT MARKS FOR SUCCESSIVE AND OVERLAPPING MASKS 

 

1.4. Subtractive Processes  

 

 After the patter is transferred onto the substrate it’s important to imprint it with the desired 

material. Different techniques for patterning have advantages and disadvantages that must be 

considered when choosing between them, taking into the account the sharpness of the structures and 

thickness to etch among others.  

  

1.4.1. Etch 

 

 An etch process in a process in which material is removed from the substrate by either a 

physical or a chemical process, called physical etching and chemical etching respectively. In the 

common etch process the material that is desired to remain in the substrate is protected by the PR 
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pattern transferred by lithography. Physical etching, the process that was used on this thesis, relies on 

the momentum transfer from particles hitting and eroding the surface, and chemical etching, that relies 

on chemical reactions that dissolve the unexposed areas. In chemical etching different solvents are 

used in order to remove different materials.  

 

1.4.1.1. Physical Etching 

 

 In a physical etching process, also called sputter etching or ion milling, ions of inert gases 

are accelerated towards the surface of the substrate, and the transfer of momentum from the ions to the 

atoms on the substrate causes these atoms to be removed, if the energy is high enough. The etching 

products are typically not soluble, and this isn’t a very selective process but is instead strongly 

directional. This was the etching process used on the work described on this thesis and was performed 

at N3600, in etching mode. The ions used to erode the substrate surface on the N3600 systems are Ar 

ions, and therefore we call the process Ar-ion etching. In figure 21 is shown a schematic of a cross 

section of an etching process.  

 

 

FIGURE 20 - SCHEMATIC OF AN ETCHING PROCESS. A) BOMBARDMENT WITH AR IONS B) REMOVAL OF UNCOVERED AREAS C) RESIST STRIP 

 

 Physical etching was performed in order to define the shape of the spin valve sensor. This 

was done in N3600, whose operation mode was previously described. The conditions for etching are 

summarized in table 4.  

 

Assist Gun Power (W) V+ (V) I+ (mA) V- (V) I- (mA) Ar Flux (sccm) Pan (deg) Rotation (%) 

Read 

Values 
171 723.3 104.4 344 3.7 10.2 70 30 

TABLE 4 - ETCHING CONDITION IN N3600 
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1.4.2. Liftoff 

 

 Liftoff is also a subtractive process and its starting point is a substrate without the material to 

be patterned. The substrate is first covered with a patterned PR and only then the material that we want 

to pattern is deposited over the substrate, with the photoresist still over him. After deposition the 

substrate is placed in a solution with microstrip and in an ultrasound bath, in order to remove the 

photoresist from the substrate. When the PR is removed, the material that is on top of it is also removed, 

and the material remains only on the areas not previously covered with PR. A schematic of this process 

is show in figure 22. 

 

 

FIGURE 21 - SCHEMATIC OF A LIFT OFF PROCESS: A) PATTERNED PHOTORESIST; B) THIN FILM DEPOSITION; C) LIFT OFF 

 

2. Microfabrication Details 

 

 In this section a detailed overview of the microfabrication processed (see Run sheet in 

appendix I) will be presented.  

 

2.1. Sensor design 

 

 Spin valves stack were deposited on top of a Silicon substrate by ion beam deposition on 

Nordiko 3600. The deposited stack was composed of overlapping layers of different materials. The 

deposited materials and the respective thickness, in A, were the following, 20 Ta / 60 NiFe/ 70 IrMn / 33 

CoFe / 25 Cu/23 CoFe /28 NiFe/ 60 Ta. The deposited stack is also shown schematically in figure 23. 

 

 

FIGURE 22 - SV STACK DEPOSITED IN N3600 
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2.1.1. Spin valve definition  

 

 The first photolithography is done to define the spin valve sensor. The sensor was designed 

into a rectangular shape, with a total area of 80x2m2. The sensing area is 40x2m2, since part of the 

sensor will be covered by the aluminium contact leads in a further microfabrication step. The sample is 

covered with photoresist, exposed in DWL and developed, leaving only the parts where the spin valve 

will be defined with photoresist. Part of the AutoCAD mask used is this step is show in figure 24-a and 

was transferred as non-inverted. Then, in order to give the sensor the rectangular shape an etching step 

is performed at Nordiko 3600 with an angle of 70º and with a thickness to etch higher than the one of 

the stack, in such a way that after the process only the spin valve structures remain on the substrate 

with the desired shape. At the end of this step the photoresist is removed by resist trip, using microstrip 

solution in an ultrasound bath. When the photoresist is completely removed the sample is washed with 

isopropanol (IPA), rinsed with deionized water (DI) and dried with a compressed air gun. A 3D scheme 

of the spin valve definition can be found in figure 24-b.Two sensors were defined in each needle, as 

shown in figure 24-c.  

 

 

FIGURE 23 - A)PART OF AN AUTOCAD MASK FOR SENSOR DEFINITION; B) 3D SCHEMATIC OF THE PROCESS OF SV DEFINITION; C) MICROSCOPE IMAGE 

OF THE DEFINED SENSORS 

 

2.2. Flux Guide Definition 

 

 In order to microfabricate FG another DWL was needed. Part of the mask used on this step 

is show in figure 25-a, and this mask was exposed as inverted. Two types of sensors were designed, 

one with flux guides (FG) and one without FG. FG are made of a soft magnetic material, in this case 

Co93.5Zr2.8Nb3.7 (CZN) in order to concentrate the magnetic flux generated from the ionic current in the 

neurons onto the sensor and therefore improving the detectivity of the probe. Two FG are placed near 

each sensor, one on each side, with the sensor in between, regarding the probes that are sensible along 

the tip axis. Regarding the probes in which the sensing direction is perpendicular to the tip axis only a 

FG was deposited. Prior to CZN deposition a 100 �̇� thick layer of Tantalum (Ta) is deposited to improve 

the adhesion of CZN and avoid it peeling off the substrate. Then a 5000 �̇� thick layer of CZN is deposited 

a) 

b) 
c) 
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all over the substrate. Finally excessive CZN in areas that aren’t of interest is removed by a lift-off 

process. A 3D scheme illustrating the FG deposition is shown in figure 25-b and a microscope image 

showing the FG displacement in figures 25-c and 25-d. In sensors without fluxed guides this step was 

skipped.  

 

 

 

 

 

 

 

 

 

 

 

2.3. Vias definition 

 

 In order to avoid a short circuit between the top contact and CZN an insulating layer is needed 

and a 3000 �̇� of SiO2 was deposited on top of the substrate in order to do so. In order to later being able 

to access the sensor, another lithography was needed to open vias. A Part of this mask is shown in 

figure 26-a, and was exposed as non-inverted. Excessive SiO2 on the areas of the substrate for the 

connection of the metallic contacts leads and the sensor was removed by liftoff. A 3D schematic of the 

vias is shown in figure 25-b and a microscopic image of the open vias is shown in figure 26-c. In sensors 

without flux guides this step was skipped.  

 

SV  
FG 

80m 

SV  
FG 

80m 

a) 

b) 

c) 

d) 

FIGURE 24 - A) PART OF THE MASK USED TO DEFINE THE FGS; B) 3D SCHEMATIC OF THE SAMPLE AFTER FG DEFINITION C) MICROSCOPE IMAGE OF 

THE FG ON PROBES SENSIBLE ALONG THE TIP AXIS; D) MICROSCOPE OMAGE OF THE PROBES SENSIBLE PERPENDICULAR TO THE TIP AXIS: EASY AXIS 

PARALLEL TO THE SPIN VALVE SENSOR.  

a) b) 
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FIGURE 25 - A) PART OF THE MASK FOR THE VIAS; B) 3D SCHEME OF THE OPEN VIAS; C) MICROSCOPE IMAGE OF THE OPEN VIAS 

 

2.4. Spin Valve contact leads definition 

 

 After opening the vias, metallic lead contacts were deposited. Another lithography step was 

needed to define where the lead contacts would be placed on the probe and then 3000 �̇� of Aluminium 

(Al) were deposited on top of the substrate. The mask was exposed as inverted and is shown in figure 

27-a.The excessive Al was removed by liftoff. A schematic of this process is shown in figure 27-b, and 

a microscopic image of a probe without flux guides is show in 27-c. 

 

 

 

 

 

 

 

 

 

 

 

2.5. Gold electrode definition 

 

 A gold electrode is deposited onto the substrate in order to perform electric measurements 

on the hippocampus slice. A lithography step is needed in order to define a 30x30m2 s square on the 

tip of the probe and then a 1000�̇� thick gold layer is deposited. After this step the excessive gold and 

80m 
SV  Contact 

Leads  

c) 

a) 

b) c) 

FIGURE 26 - A) PART OF THE MASK FOR AL CONTACT LEADS DEPOSITION; B) 3D SCHEME OF THE CONTACT LEAD DEPOSITION; C) MICROSCOPIC IMAGE OF THE 

CONTACT LEADS ON THE SUBSTRATE 
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the PR are removed by liftoff and the gold remains only on the square. A microscope image of the gold 

electrode defined can be found in figure 28. 

 

 

FIGURE 27 - MICROSCOPE IMAGE OF THE GOLD ELECTRODE 

 

2.6. Passivation Layer 

 

 This is the final step of the microfabrication process done at INESC-MN. In order to avoid 

corrosion of the metal contact leads a passivation layer of 3000�̇�  of Al2O3 + 3000�̇�  AlNx layer is 

deposited. These materials were chosen after tests with different passivation layers in krebs solution, 

the ionic solution used on the in vitro experiments. A schematic showing the final layout of the probe is 

shown in image 29. 

 

 

FIGURE 28 - 3D SCHEMATIC OF THE PROBE AFTER THE LAST DEPOSITION STEP 

 

2.7. Thermal Annealing 

 

 Thermal annealing is a heat treatment performed in order to improve the properties of 

selected materials. It’s commonly used in bottom pinned SVs and MTJs stacks in order to improve the 

magnetization of the magnetic layers. The process stars with the loading of the samples onto the 

machine and then the system is pumped in order to obtain a pressure bellow a magnitude of 10-6 Torr. 

The temperature is then increased with a defined slope (ºC/min) until a given temperature that is 
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maintained during a certain amount of time. In magnetorresistive sensors this temperature is the same 

as the blocking temperature of the material responsible for pinning one of the ferromagnetic layers of 

the sensor. When the material is heated above this temperature it is placed in a strong magnetic field 

that will determine the orientation of the magnetization of the pinned layer, meaning this that the direction 

of the magnetization of the ferromagnetic materials on the sample will be the same as the induced 

magnetic field. After a predefined amount of time the system is naturally cooled down.  

 The thermal annealing setup available at INESC-MN, shown in figure 30-a. The samples 

are placed in a metal holder that is then pulled into a furnace using a quartz rod and then the system is 

closed and pumped. When the system reaches the right temperature the samples are then pushed to 

the interior of the permanent magnet that generated a 1T magnetic field, cooling down inside of it. The 

complete thermal annealing process is schematized in figure 30-b. This systems allows the annealing 

of several samples at the same time. Samples that contain CZN cannot be annealed because high 

temperatures cause the peeling off of CZN.  

 

 

 

FIGURE 29 - A) THERMAL ANNEALING SETUP AVAILABLE AT INESC-MN; B) GRAPH SHOWING THE ANNEALING PROCESS 

 

2.8. Wire bonding 

 

 In order to be used in the in vitro experiments the needles need to be connected to a PCB 

and therefore electric contact needs to be done between the copper leads on the PCB and the Al 

contacts on the needle. Wire bonding (figure 31-a) uses ultrasonic vibrations to weld a thin aluminium 

wire to the metal contact on the PCB. In order to prevent the corrosion of the contact areas the wire 

bonding is covered with silicone gel. Soft gel is applied over the wires and then it’s left to harden by 

drying for a period of 3-4h at room temperature. An example of a mounted needle can be found in figure 

31-b. 

a ) 

b) 
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FIGURE 30 - A) WIRE BONDING SETUP AVAILABLE AT INESC-MN; B) NEEDLE MOUNTED ON PCB WITH WIRE BONDING AND SILICONE GEL 

 

     

3. Characterization Techniques  

 

 In this section the techniques used to characterize the quality and conformity of the 

deposited films and as well the final device are described.  

 

3.1. Transport Measurement 

 

 Transport measurement evaluation is done to evaluate the response of the 

magnetoressistive sensor to an external magnetic field. This is performed in a set-up developed and 

implemented at INESC-MN. This is done in both patterned and unpatterned spin valves. The set-up 

includes micro-positioner probes made of tungsten (W) with a resolution of around 10 m for positioning. 

Transport measurement can be performed with two of four probes. During the characterization process 

a current is applied on the sensor through a current source and the voltage dropout at the sensor 

terminals is measured by a voltmeter. A magnetic field variable from -140oe to +140oe is then created 

by two Helmholtz coils and supplied by a current source. In order to be able to access the readout the 

setup is connected to a computer through a GPIB, and a software developed at INESC-MN controls the 

measurement parameters such as the step in the varying of the magnetic field and the number of 

averages for point automatically. Two shunt switchers are connected in parallel to the current source 

and the voltmeter in order to prevent any damage to sensor due to peaks in the current and charge 

accumulation at the probes. A picture showing the setup is shown in figure 32-a, and in figure 32-b the 

micro-positioner on the contact pads to apply the bias current on the sensor is shown.  

 The output of the transport measurement is a graph with the percentage of the variation in 

resistance in function of the applied magnetic field. An example of a magnetotransport curve is shown 

in figure 32-c. 

 b) a) 
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3.2. Vibrating Sample Magnetometer (VSM) 

 

 VSM is a technique used to measure the magnetic behaviour of an unpatterned sample. At 

INESC-MN a DSM 880 VSM (figure 33) is available. This system is composed by two electromagnets 

that are able to create static fields up to 1.3T, with a field resolution of 0.01mT and a sensitivity in the 

order of 10-2 a/m, and two pick up coils. An excitation of the piezoelectric crystal that is connected to the 

sample holder causes a vibration of the sample, which in turn causes a change in the magnetic flux 

across the surface of the pick-up coils, generating and electromotive force proportional to the sample 

magnetic moment. This technique was used to measure the magnetic behaviour of CZN.  

 

 

FIGURE 32 - DSM 880 VSM SYSTEM USED FOR MAGNETIC CHARACTERIZATION OF UNPATTERNED SAMPLES 

 

3.3. Noise Characterization 

 

 The noise characterisation was performed using a setup developed at INESC-MN [54].  

 The operating principle of this setup is apply a current to the device under test (DUT) and 

measure the fluctuation in voltage. In this work the noise measurement was done with 2 probes.  

FIGURE 31 – A) TRANSPORT MEASUREMENT SETUP AVAILABLE AT INESC-MN; B) SV SENSOR BEING MEASURED; C) EXAMPLE OF AMAGNETORANSPORT 
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 The setup can be divided in three principal components, the spectrum analyser, a digital 

multimeter and a main box, covered with a 0.1 mm thick mu-metal foil that acts as a magnetic shield 

from external magnetic fields. Inside the main box there are an amplifier that connects to the spectrum 

analyser.  

 The circuit also includes a 9V battery connected to 110kpotentiometer used to regulate 

the current to bias the sensor that in the performed measurements was of 1x10-3A. The multimeter is 

used to read this bias current and the sensor voltage dropout at the sensor terminals. The signal of the 

DUT is amplified by a commercial amplifier by Stanford Research System (SRS), being a low noise 

amplifier with a 100Minput resistance in parallel with a 35pF capacitor and a maximum gain of 100. 

The amplifier is powered by two set of batteries, one of -15V and other of +15V, in order to avoid the 

50Hz noise component from the electric network. The spectrum analyser is a Tektronik RSA3308A real 

time device and has a noise level of 90nV/Hz1/2 and is used to acquire the sensor noise spectrum. Figure 

34 shows a schematic of the circuit of the noise measurement characterization.  

 

 

FIGURE 33 - SCHEMATICS OF THE CIRCUIT USED FOR NOISE CHARACTERIZATION 

 

3.4. Profilometer 

 

 Profilometer measurements allows analysis of the topography on samples. The system 

available at INESC-MN, shown in figure 35, has in the tip a piezo-resistive sensor that sweeps the 

sample are for a defined range and detects any changes in the topography, and it’s usually done to 

measure the thickness of patterned structures. During the developed work it was used after the 

deposition of thin films or after etching by ion milling to determine the film thickness and obtain 

information about the machine’s etch or deposition rate. The profilometer available at INESC-MN has a 

resolution of 5�̇� and can be used to measure thickness higher than 200�̇�. 
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FIGURE 34 - PROFILOMETER AVAILABLE AT INESC-MN 

 

3.5. Scanning Electron Microscopy 

 

A Scanning electron Microscope (SEM) is a type of electron microscope that provides an image 

of a sample by scanning it with a focused beam of electrons, with a much higher resolution than an optic 

microscopy technique. In SEM, electrons interact with atoms in the sample originating signals that 

contain information about the sample surface topography and composition and can therefore be 

detected, producing the image. The SEM images presented in this thesis were acquired in secondary 

mode, meaning that the detected electrons were emitted by the atoms excited by the electron beam. 

The number of ejected electrons depends on the angle at which the beam meets the surface of the 

sample and therefore on the topography of the surface. In order to obtain the image the position of the 

beam is combined with the intensity of the detected signal. SEM doesn’t allow for colour imaging.  An 

example of a SEM image of a microfabricated needle with flux guides, acquired at INL, is shown in figure 

36. 

 

 

 

FIGURE 35 - SEM OF A MICROFABRICATED NEEDLE AMPLIFIED 500X 
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4. In Vitro Experiments 

 

 The in vitro experiments here described were performed at Instituto de Medicina Molecular 

(IMM).  

 

4.1. Signal acquisition Setup  

 

 The signal acquisition setup was designed by T. Costa and J. Amaral. The setup shown in 

has a hardware part that provides MR sensor biasing, signal amplification and analogic filtering and a 

software part, implemented in MatLab that allows signal visualization, storing and digital filtering of the 

acquired signal.  

 The hardware consists of a Wheatstone bridge, a low noise instrum amplifier with a gain of 

1000, a demodulator with gain 2, a low pass analog filter with cut frequency at 70Hz and an amplifier 

with a 100 gain. This Synchronous Demodulator Board was developed at INL by Marco Martins and a 

block diagram can be found on figure 37. The total gain of the circuit is 200 000. This hardware performs 

an amplitude modulation method called Double-Sided Band Supressed-Carrier Modulation (DSBSCM), 

described below. On the circuit board is also implemented the demodulation phase of the method, being 

the output the demodulated signal.  

 

 

FIGURE 36 - BLOCK DIAGRAM OF THE BOARD FOR SIGNAL ACQUISITION [55] 

 

4.1.1. Double-Sided Band Supressed-Carrier Modulation (DSBSCM) 

 

 Modulation involves encoding a high frequency carrier wave with a low frequency signal that 

is the signal being measured [55]. DSBSCM is an amplitude modulation (AM) method in which the 

frequencies produced by the AM are symmetrically spaced above and below the carrier frequency and 

the carrier level is reduced to the lowest practical level, ideally being completely supressed.  

 The Wheatstone bridge is composed of four resistive elements, and in the described 

hardware only one has a variable component, the magnetoresistive sensor. The bridge is biased by an 

external signal generator (Vb) at a specific frequency and amplitude. In the performed experiments the 

carrier had a frequency of 20000 kHz and an amplitude of 500mVRMS. DSBSCM is generated by a mixer, 

Vb 
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consisting of a message signal multiplied by a carrier signal and when the bridge is balanced, its output 

has two frequency components centred on the frequency of the VB signal, and the carrier wave is not 

present. In order to demodulate the signal the DSBSC is multiplied by the carrier wave and the resulting 

signal is then passed through a low pass filter to produce a scaled version of the original message 

signal. An image of the circuit board in which everything is implemented is shown in figure 38. 

 

 

FIGURE 37 – CIRCUIT BOARD IN WHICH THE DSBSCM IS IMPLEMENTED 

 

4.1.2. Hardware Setup 

 

 In order to acquire the signals the needle needs to be connected to the electronic PCB, this 

is done with SMA connectors. A carrier wave with 20 kHz in frequency and 500mVRMS was chosen to 

perform the experiments. This carrier wave was also connected to the electronics by means of an SMA 

connection. The output of the board is then connected to an oscilloscope to balance the whetstone 

bridge and after that it’s connected to an analogue to digital converter (ADC) that is in turn connected 

to a computer in which the acquisition software is implemented (figure 39-a). A block diagram of this 

setup can be found in figure 39-b. Connected to the ADC is also the stimulus pulse signal, used to 

stimulate neurons on the hippocampus slice, functioning also as a trigger to the averaging used to 

process the acquired signal. The pyramidal cells of the hippocampus were stimulated in periods of 2 

seconds and therefore the acquired signal was averaged every two seconds. 

 

 

 

FIGURE 38 – A) ACQUISITION SETUP; B)BLOCK DIAGRAM OF THE ACQUISITION SETUP 

a) 

) 

b) 

) 
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4.1.3. Software  

 

 The software was implemented in Matlab and allows real time visualization of the output 

signal in both time and frequency domains. In includes calculation of the noise level, also in real time, a 

50 Hz notch filter to remove the power grid interference, the averaging mode that uses the stimulus 

signal to determine the averaging period and finally an option to store the acquired information.  

 

4.1.4. Signal processing: Averaging 

  

 Signal averaging is a signal processing method applied in the time domain with the intention 

to increase the strength of the measured signal relative to noise that is obscuring it, increasing the SNR, 

in proportion to the square root of the number of measurements [55]. Figure 40 shows a plot of the 

increase in SNR with the number of averages performed. 

 

FIGURE 39 - INCREASE IN SNR WITH THE NUMBER OF AVERAGES PERFORMED 

   

 In order to perform averaging several samples of the same signal must be acquired and 

synchronized. These samples are them added and divided by the number of added samples. If the time 

epochs are properly aligned, the signal waveforms directly sum together. Averaging is a powerful signal 

processing technique when the waveform of the signal being measured id repetitive and the noise is 

random (non-periodic and able to be described statistically) and uncorrelated with the signal. 

 

4.2. Biological experiments 

 

 Following the work done by J. Amaral [56] and M. Silva [57], experiments were performed 

on hippocampal slices with 300m thick from rats in LFP electrophysiological system at IMM, shown in 

figure 41.  

 



47 
  

 

FIGURE 40 – LFP ELECTROPHYSIOLOGICAL SYSTEM AVAILABLE AT IMM  

 

 In order to obtain hippocampal slices, mice are beheaded and the brain is separated from 

the skull. The brain is then dissected in order to isolate the hippocampus that is placed in low 

temperatures in order to reduce cellular metabolism. After that, the hippocampus sliced in 300m slices 

in an automated chopper and the slices are left to recover in krebs solution at physiological temperature 

(37ºC) in order for the cells to recover from the mechanical stress and to regain their normal metabolism. 

 The slice was placed on the chamber designated for that effect and the needle is then 

inserted in the CA1 area of the hippocampus and a stimulation impulse was placed in the CA1 area of 

the hippocampus, as shown in figure 42-a and 42-b. The slice was continuously perfused with Krebs 

solution, with a flux of 3mL/min. Krebs solution is an artificial ionic solution designed to mimic the 

cerebrospinal fluid and to keep the brain slice alive during the experiments, providing the cells with 

oxygen and nutrients throughout the experiment maintaining them alive. Its composition, in mM, consists 

of 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 MgSO4, 2 CaCl2, 124 NaCl and 10mM glucose, previously 

gassed with carbox (95% O2 / 5% CO2 and pH of 7.4)  

 The stimulus electrode emits a series of pulses with a given amplitude and frequency, 

previously set by the user and the main goal of the experiments is to detect post synaptic potentials 

generated by the stimuli.  

 In the CA1 region is possible to measure different output stimulus such as population 

excitatory postsynaptic potentials (pEPSP) that represents depolarization at the postsynaptic 

membrane, demonstrating a transmission on the CA3-CA1 pathway. In the area of the cell bodies 

population spikes (PS) can be detected if the magnitude of the depolarization is sufficient to bring the 

CA1 pyramidal cells to threshold, firing more than one action potential.  

 

 

FIGURE 41 - SCHEMATICS (A) AND PICTURE (B) OF THE PLACEMENT OF STIMULUS AND RECORDING ELECTRODES 

Stimulation 

 electrode 

SV sensor  

a) 

) 

b) 

) 
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IV. Results and discussion 

 

 During the work described in this thesis magnetoresistive sensors, spin valves (SV), were 

designed and optimized for neural measurements and the integration of these sensors with an 

electronics and magnetic field measurement interface were performed.  The optimization was performed 

with two goals, fit the nanofabrication and detection limits while maintaining the requirements needed 

for the biological experiments. Neurons produce magnetic signals that have low frequencies and low 

amplitudes, and at low frequencies the noise of MR sensors is dominated by the 1/f noise, and to 

decrease detectivity the sensors must have the highest possible area, taking into account spatial 

resolution, and the MR must be the highest possible in order to maximize the output from the sensor.  

 The experiments performed combine an LFP electrophysiological system at IMM with a MR 

sensor to measure the magnetic field created by ionic currents in hippocampal pyramidal cells. The 

approach consists on an SV sensor integrated in a silicon needle inserted within a hippocampus slice. 

Several SV devices were used mainly single SV sensors, SV sensors with flux guides in both 200 and 

400 m thick substrates and needles without flux guides but with a shaper thinner tip, in 200 m thick 

substrates. This was done in order to cause less stress and damage to the cells when inserting the 

needle.  

 

1. SV probes 

 

 SV sensors integrated in needles, in spite of being an invasive method to measure magnetic 

brain activity, allows a proximity to the source of the magnetic field to be detected, maximizing changes 

of detection, since the magnetic field decays following a 1/d2 power law. This also allows to locate with 

a relatively high level of precision the area in which activity is being measured. The outline of the probes 

is shown in figure 43.  

 

 

 

a) 

) 

b) 

) 

c) 

) FIGURE 42 - MICROFABROCATED SV PROBES A)WITHOUT FG; B)WITH FG C)WITHOUT FG THINIER AND SHARPER; ARROWS SHOW THE 

DIRECTION IN WHICH THE PROVE IS SENSITIVE 
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 The probes shown in figure 43-a and 43-b have a length of 5.43mm, a width of 366m and 

a tip angle of 116º. Each probe has two SV sensor with a sensing area of 40x2m2, separated by 526m. 

In this type of probes, the golden pad for electric measurements can be found at 70m from the tip, and 

has na area of 30x30m2. In figure 44 these dimentions as shown schematically. In adition the probes 

in b) have flux guides with the following dimentions 400m for the larger base, 35m for the smaller 

base, 145m in hight and 2m gag between the flux guide and the sensor.  

 

 

FIGURE 43 - DIMENSIONS OF THE SV PROBES: A)  PROBE TIP ; B) PROBE TIP; C) SV SENSING ELEMENT 

 

 The thinner, sharper probes shown in figure 43-c have a length of 3,67mm, a width of 366m 

and a tip angle of 37º. Each probe has two SV sensor with a sensing area of 40x2m2, separated by 

300m. The removal of the 4 contacts for each sensor also supressed the need of having a larger area 

covered with aluminium contact leads. The gold pad was moved from the tip of the probe for the space 

in between the SV sensors. The distance from the tip to the first sensor was also reduced to 105m. 

These chages were made in order to reduced the stress caused on the cells around the sensor, reducing 

the changes of them dying, weakening the measured signal. The dimensions of this probe are shown 

shcematically in figure 45. 

 

 

FIGURE 44 - DIMENSIONS OF THE THINNER AND SHARPER SV PROBES: A)PROBE; B) PROBE TIP; C) SV SENSING ELEMENT 
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b) 
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1.1. Magnetic Transport Measurement 

 

 The SV stacks deposited had the following composition: 20 Ta / 60 NiFe/ 70 IrMn / 33 CoFe / 

25 Cu/23 CoFe /28 NiFe/ 60 Ta. After the microfabrication of the probes magnetic transport 

measurement was performed, in all the fabricated type of needles. In all sensor the sensing area is 

40x2m2 and the current bias that passed through the sensor was of 1mA. 

For the probes without flux guides the MR varied from 3,28% to 4,71%. The transport 

measurement of the sensors, without FG, used at IMM is show in figure 46 and in table 5 is shown the 

MR of the needles used and their sensitivity.   
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FIGURE 45 - TRANSPORT MEASUREMENT OF THE MR SENSORS WITHOUT FG INCORPORATED ON THE NEEDLES USED AT THE EXPERIMENTS AT IMM 

  

Regarding the probes with FG, the results of the transport measurement for the needles used at IMM is 

shown in figure 47-a and their sensitivity is summarized in table 5. The MR in the probes with FG used 

varied from 4,52% to 4,93%. In order to characterize the magnetic behaviour VSM was performed in an 

unpatterned sample of CZN and the results for this measurement can be found in figure 47-b. 
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FIGURE 46 - A) - TRANSPORT MEASUREMENT OF THE MR SENSORS WITHH FG INCORPORATED IN THE NEEDLES USED AT THE EXPERIMENTS AT IMM; 

B) VSM CHARACTERIZATION OF AN UNPATTERNED CZN SAMPLE 
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 Regarding the thinner sharper probes, the results of the transport measurement for the 

needles used at IMM is shown in figure 48 and their sensitivity is summarized in table 5. The MR in 

the thinner sharper probes used varied from 5,16% to 4,46%. 
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FIGURE 47 - TRANSPORT MEASUREMENT OF THE MR SENSORS INCORPORATED IN THINNER SHARPER NEEDLES USED AT THE EXPERIMENTS AT IMM 

 

Type of probe Probe MR 
Sensitivity 

(%/Oe) 
Sensitivity (V/T) 

Without FG 

1 3,28 0,04 1,31 

5 3,72 0,04 1,49 

7 4,54 0,06 2,74 

10 4,71 0,064 3,01 

With FG 

1 4,93 0,6775 33,4 

2 4,8 0,6475 31,08 

5 4,52 0,6075 27,46 

9 4,54 0,6075 27,58 

Thinner and 
Sharper 

6 5,16 0,06875 3,55 

11 5,11 0,06875 3,51 

13 4,46 0,05 2,23 

TABLE 5 - SUMMARY OF ALL THE PROBES USED AT THE EXPERIMENTS AT IMM INCLUDING THE VALUES FOR MR AND SENSITIVITY IN BOTH %/OE AND 

V/T 

Looking at table 5 we can notice that the MR of the sensors used at the experiments varies 

between 3,2% and 5,2%. When comparing the sensitivity of the probes without flux guides it’s possible 

to notice that it doesn’t vary too much, weather we are talking about the larger and wider or about the 
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thinner and shaper, being its value around 3V/T. This happens because the sensing area of the SV 

sensors is the same in both cases. On the other hand if we compare this 3V/T with the sensitivity of the 

probes with flux guides, that is around 30V/T it’s possible to notice a gain in sensitivity of around 10, 

which is the expected value for the type of FG used. It’s also possible to notice that even though the 

stack of the SV sensors was the same for all the probes the MR varies between probes and even 

between sensors in the same probe. This happens because the deposition methods are not uniform all 

over the wafer and therefore an equal result was not expected all over the wafer. In spite of this the 

values aren’t very disperse, showing that the measurements performed with the microfabricated probes 

are able to be reproduced.  

 

1.2. Noise measurements 

 

 The results from the noise measurements for the SV sensor with higher sensitivity without flux 

guides is shown in figure 49-a and for the SV sensor with flux guides with higher sensitivity is shown in 

figure 49-b. Joining this results the detectivity levels for the sensors with and without FG are shown in 

figures 49-d and 49-c respectively. The potentiometers in the noise measurement setup were balanced 

in order to obtain a bias current through the sensor of 1mA. In table 6 we can find the values for noise 

and detectivity for each sensor at low (30Hz) and high (10Kz) frequencies.  

FIGURE 48 – A) NOISE LEVEL ON A SV SENSOR WITHOUT FG; B) NOISE LEVEL IN A SV SENSOR WITH FG; C)DETECTIVITY LEVEL ON A SENSOR WITHOUT 

FG D) DETECTIVITY LEVEL ON A SENSOR WITH FG 
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Sensor type 
Noise @ 30Hz 
(nV/sqrt(Hz)) 

Noise @10kKz 
(nV/sqrt(Hz)) 

Detectivity 
@30Hz 

(nT/sqrt(Hz)) 

Detectivity @ 10 
KHz 

(nT/sqrt(Hz)) 

Without FG 83,6 4,92 27,7 1,63 

With FG 75,2 4,42 2,41 0,14 

TABLE 6 – NOISE AND DETECTIVITY VALUES AT 30HZ AND 10KHZ FOR SV SENSORS WITH AND WITHOUT FG 

 

 Analysing the graphs for noise for both types of sensors it’s possible to notice that the noise 

values are close and the graphs have the same tendency, being dominated by the 1/f noise at low 

frequencies, decreasing and reaching the thermal noise value at higher frequencies. It’s possible to 

notice a peak at 50Hz due to the interference from the power grid. We can conclude that, as expected, 

the FG don’t introduce any additional noise to the sensor. Looking at the values for the detectivity that 

should be as low as possible, the SV sensors without flux guides have a detectivity value of 

27,7nT/sqrt(Hz), a value one order of magnitude above the 1,63 nT/sqrt(Hz) measured for the sensor 

with FG. The same difference in magnitude can be verified for the detectivity values at 10kHz, being 

measured a value of 1,63 nT/sqrt(Hz) for the sensor without FG and a value of 0,14 nT(sqrt(Hz) for the 

sensor with FG. This is due to the gain of 10 introduced to the sensor by the flux guides.  

 

2. In Vitro experiments 

 

 In the in vitro experiments a hippocampus brain slice is used because the information flow 

pathways in this structure are well known and organized and is important to know the links between 

complex behaviours controlled by the brain and the links between neurons, its basic structure. Synaptic 

activity is an intrinsic property of neurons that generate ionic currents that pass through the extracellular 

medium and can be measured by electrodes. These currents generate in turn magnetic fields that can 

be measured at a distance from its source although during the work developed during this thesis the 

technique was invasive, in order to be closer to the magnetic field sources.  

 In vitro experiments were carried out using SV sensors incorporated in silicon needles. In these 

experiments the brain slices had a thickness of 300 m and the stimulation electrode in the CA3 region 

of the hippocampus and the recording electrode placed on the CA1 region (figure 50). The small 

magnetic signals were measured by the acquisition setup previously described. In vitro experiments 

were performed because they provide some advantages when compared to in vivo approaches to study 

the central nervous system.  The advantages of in vitro approaches over in vivo approaches are the 

relatively fast preparation of the biological samples, the use of inexpensive animals (mice) where 

anaesthetics are not necessary, maintaining the cells most of their characteristics and receptors active, 

the mechanical stability of the preparation, due to the nonexistence of heartbeat and respiration 
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pulsation, the control of preparation’s condition is simple and a direct visualization of the structure, 

allowing the accurate placement of stimulus and recording electrodes in the preferred position.   

 

 

FIGURE 49 - RECORDING SETUP: LFP SYSTEM AT IMM WITH THE STIMULATION ELECTRODE PLACED IN THE CA3 AREA OF THE HIPPOCAMPUS AND THE 

RECORDING ELECTRODE PLACED IN THE CA1 AREA OF THE HIPPOCAMPUS 

 

 Before starting the experiments is necessary to measure the total noise present with the signal 

acquisition setup. This need arises from the fact that these are the conditions in which the experiments 

were performed, that are not the same as when using the noise measurement setup. During the 

experiments the noise levels recorded are higher because the sensor is not magnetically isolated, there 

is the presence on the power grid 50Hz noise and the electronic setup has its own noise.  

 The results here presented were obtained using needle 10 without flux guides, since this was 

the only needle with which a magnetic signal could be detected. Experiments were carried using other 

needles but no signal was measured. Probes with FG didn’t produce results because they suffered 

corrosion, probably due to problems with the passivation layer (figure 51), causing a short circuit on the 

probe, probably due to lift-off ears. 

 

 

 

 

 

 

 

 

 

 

 

a) 

) 

b) 

) 

FIGURE 50 - CORROSION IN NEEDLES WITH FG CAUSED BY KREBS SOLUTION: A) NEEDLES BEFORE EXPERIMENTS; B) NEEDLES AFTER EXPERIMENTS 
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 In order to reduce the influence from the power grid the ADC converted was tested using Pb 6V 

batteries and a power cable. Also to attest the influence of the power grid noise, the signal was also 

acquired with and without the pump for perfusion of krebs working. A similar experiment was carried 

away with the reference electrode for electronic measurements. These experiments showed that using 

the ADC connected to the power grid and using the pump did not introduced 50Hz noise. However 

performing measurements without the reference electrode in the system introduced noise from the 

power grid, as show in figure 52. 
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FIGURE 51 - DIFFERENCE BETWEEN NOISE MEASURED IN WITHOUT (A) AND WITH (B) REFERENCE ELECTRODE IN SOLUTION, SHOWING THE INFLUENCE OF 

THE REFERENCE ELECTRODE IN REDUCING THE POWER GRID NOISE 

 

During the experiments at IMM krebs solution is used to perfuse the cells in the hippocampus 

slice with the nutrients they need to maintain their normal metabolism and to wash away metabolic toxic 

products. Since krebs is an ionic solution and there is a current bias passing through the solution it might 

be a possible source of noise. Acquisition was made in air (figure 53-a), in water (figure 53-b) and in 

krebs (figure 53-c) to see if these solutions would introduce any additional noise. The results from these 

measurements can be found in figure 53.  
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FIGURE 52 - ACQUISITION OF ENVIRONMENTAL NOISE WITH THE SENSOR IN (A) CONTACT WITH AIR; (B) IMMERSED IN WATER (B); AND (C) IMMERSED 

IN KREBS SOLUTION 

 

The results of noise measurement in the time domain yielded values of 0,95 mVpp for the sensor 

in contact with air, 1,01 mVpp for the sensor immersed in water and 1,21 mVpp for the sensor immersed 

in krebs solution. Although the values of environmental noise increase from air to water and from water 

to krebs, the increase is not accentuated, remaining the noise in the same order of magnitude. The 

measurement of noise was performed by measuring the peak to peak voltage dropout. Since what we 

are measuring in this acquisitions is environmental noise it does not correlate with the signal and is 

mostly random noise, and therefore it is possible to reduce it by performing averaging on the signal. 

This effect is exemplified in figure 54, in which averaging was performed in krebs. The results for 60 
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(figure 54-a), 150 (figure 54-b) and 300 averages (figure 54-c). The averaging process was sinchronized 

with the stimulation of the cells, being one average performed once every 2 seconds.  
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FIGURE 53 - EFFECT OF AVERAGING ON THE ENVIRONMENTAL NOISE: A)60 AVERAGES; B)150 AVERAGES; C) 300 AVERAGES 

  

 When 30 averages are performed we expect the noise to be reduced by a factor of √60≈7,75, 

1,21V/7.75=0,156V a value very close to the one obtain by observing the noise in the measurement 

(0,182V). This effect can also be noticed increasing the number of averages. √150≈12,25 and 

1,21V/12,25=0,099V that as obtained for the 60 averages is close to the value of noise obtained by 

observation (0,098V). √300≈17,32 and 1,21V/17,32=0,070V that is again close to the value 

obtained (0,069V). If more averages were performed the noise value in the measurement would reach 

a minimum, although the convergence would be slower because in order to obtain the same level of 

reduction in noise, more averages would be needed. Even increasing the number of averages, since 

the environmental noise is not an ideal signal, not being completely Gaussian, the effect of averaging 

would be ceased once the contribution of random noise was smaller than the one from the other non-

Gaussian noise that composes the signal. Even so, averaging is a powerful processing technique to 

improve the SNR on the signal being acquired.   
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 The experiments with the hippocampus slice were carried in the setups previously described in 

section III.4.2. Before introducing the SV probe the viability of the cells was tested by measuring the 

electric signal, using the electrophysiological setup available at IMM. For this recording the cells in the 

CA3 area of the hippocampus were stimulated every 15 seconds and six averages were performed. The 

amplitude of the stimulation was 0,7mV. The results of this measurement can be found in figure 55.  
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FIGURE 54 - ELECTRIC SIGNAL MEASURED ON THE CA1 AREA OF THE HIPPOCAMPUS 

 

 In the electric signal measured in the hippocampus its noticeable the stimulus artefact, the pre-

synaptic volley and the population spike. The biological phenomenon that causes the pre-synaptic volley 

is the depolarization of pre-synaptic cells. The amplitude of this pre-synaptic volley is directly 

proportional to the number of activated fibres on the hippocampus that is in turn dependent on the 

stimulation current provided. The population spike is caused by the movement on ions involved in the 

propagation of action potentials. This spike often reflect synaptically induced firing and therefore can be 

classified as a field of excitatory postsynaptic potentials. Since in neurons the pyramidal cells are all 

oriented in the same direction, the extracellular signals arising from the generation of action potentials 

don’t cancel each other, but add up, giving rise to a signal that can more easily be recorded. The result 

obtained is the summation of the synchronized activity of several cells, not only one, and therefore the 

amplitude of the recorded signal, contrary to happens with the action potential, depends on the 

stimulation provided, the higher the stimulation the higher the amplitude of the measured signal.  

After confirming biological activity in the hippocampus slice, the probe was inserted into the slice 

and the sensor was biased with a sinusoidal signal with a frequency of 20kHz and an amplitude of 500 

mVRMS. The results here presented were measured with needle 10 without flux guides, connecting only 

sensor 1 to the electronic board. Without averaging, the measured signal in the brain slice is shown in 

figure 56.   
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FIGURE 55 - ACQUIRED SIGNAL IN THE HIPPOCAMPUS SLICE WITHOUT AVERAGING 

 

 The environmental signal measured with and without the sensor being inserted into the slice is 

the same, confirming that the magnetic field generated by the pyramidal cells is really small and has a 

smaller amplitude than the noise. Since the noise level with the needle immersed in krebs and inserted 

into the slice is similar we can also conclude that the insertion of the needle in the slice doesn’t contribute 

to any additional noise.  

 After recording a non-averaged signal, the cells in the CA3 area of the hippocampus were 

stimulated with a pulse signal with a frequency of 0,5Hz and an amplitude of 0,7mV. These parameters 

were controlled by a software available at IMM. The stimulus signal was also used to synchronize the 

averaging of the recorded signal. After 5 minutes of averaging the noise level was reduced by a factor 

of √150 and a magnetic signal was already visible as shown in figure 57-a. After 30 minutes of averaging 

the noise level was reduced by a factor of 30 and the recorded signal is shown in figure 57-b. 
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FIGURE 56 - VOLTAGE DROPOUT DUE TO THE PRESENCE OF A MAGNETIC SIGNAL WITH THE SAME CHARACTERISTICS OF THE ELECTRIC MEASUREMENT 

AFTER 150 AVERAGES (A) AND 900 AVERAGES (B) 

 In order to verify if the signal was caused by biological activity and not due to electronic 

interference ttx, a neurotoxin that binds to the voltage-gated ion channels and inhibits the firing of action 

potentials, was added to the krebs solution perfusing the hippocampus slice. One L of a 1M solution 

of ttx was added for every mL of krebs solution. After the addition of ttx to the krebs solution the 
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hippocampus slice was left in perfusion for five minutes so that the neurotoxin has time to act. The 

results of the measurement performed after the perfusion with ttx and 900 averages is shown in figure 

58. 
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FIGURE 57 - SIGNAL MEASURED IN THE CA1 AREA OF THE HIPPOCAMPUS AFTER ADDITION OF TTX (900 AVERAGES) 

  

After the addition of ttx to the krebs solution the signal previously recorded was supressed, 

remaining only in the recorded signal the stimulation artefact, confirming that it was caused by biological 

activity in the hippocampus slice. In figure 59 a comparison between the measurements in the 

hippocampus slice after 900 averages before and after ttx is depicted.  
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FIGURE 58 - COMPARISON BETWEEN THE ACQUIRED SIGNLAS BEFORE (A) AND AFTER (B) ADDIN TTX TO THE KREBS SOLUTION PERFUSING THE CELLS 

 In spite of this result this measurement was only able to be recorded once, and only in one 

direction, with needle 10 without flux guides. This might be so because in every experiment there are 

several variables that need to be controlled, such as lightning, temperature, angle of the sensor with the 

horizontal plan, strength and direction of the insertion on the slice that might cause damage to 
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neighbouring cells, viability of the biological material, size of the slice and the distance from the probe 

to the sensor.   

 

3. Magnetic Characteristics of the measured signal 

 

 The magnetic signal measured needs to be characterized so that the characteristics of the 

magnetic field that gave rise to it is known. Needle 10 without flux guides is sensible in the direction 

perpendicular to the horizontal plan. It was inserted in the slice with an angle of 60º (figure 60), and 

therefore the strength of the field in this direction is the one that can be calculated. 

 

 

 

FIGURE 59 - ANGLE BETWEEN THE SENSING DIRECTION OF THE SENSOR AND THE HORIZONTAL PLAN 

 The measured signal after 3600 averages is shown in figure 61. 

0,00 0,05 0,10

-0,6

-0,5

-0,4

-0,3

-0,2

-0,1

0,0

0,1

S
e
n
s
o
r 

o
u
tp

u
t 
(u

V
)

time (s)

Signal measured after 3600 averages

 

FIGURE 60 - MAGNETIC SIGNAL MEASURED WITH THE CHARACTERISTICS OF THE BIOLOGICAL SIGNAL IN TERMS OF AMPLITUDE AND DURATION 

 The pre-synaptic volley on the magnetic signal measured has an amplitude of 0,115V and a 

duration of 8ms, while the population spike has an amplitude of 0,033 V and a duration of 12ms. The 

temporal values, when compared to the ones observed in an electric signal measured in the same slice 
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(4,6ms for the pre-synaptic volley and 10,5ms for the population spike) are relatively close, in spite of 

being slightly bigger. This might happen due to a delay in the spin valve response and also due to 

distortions in the signal introduced by the electronic setup.  

 In order to calculate the magnetic field associated with the biological activity of pyramidal cells 

in the hippocampus we must use the sensitivity of needle 10, which is 3.01 V/T, meaning that a variation 

of 1T produces a variation of 3.01 volts in the sensor terminals. Since we are operating in the linear 

range of the magnetotransport curve, the can estimate the magnetic field that produced the changes 

associated with the change in voltage measured.  

 For the pre-synaptic volley, a magnetic field of 36,2 nT produced a change in voltage of 115nV, 

and for the population spike, a magnetic field of 10,9 nT give rise to a change in voltage of 33nV at the 

sensor terminals. These values are summarized in figure 62. 
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FIGURE 61 - MAGNETIC CHARACTERISTICS OF THE SIGNAL PRODUCED BY SYNCHRONIZED ACTIVITY OF THE PYRAMIDAL CELLS OF THE HIPPOCAMPUS 
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V. Conclusions and outlook  

 

 The human brain is the most complex and organized biological structure that is known, being 

also a centre of integration of information, playing a major role in our day to day lives, being responsible 

for what we see, smell, feel, think, etc. In the brain there are billions of neurons that when process 

information regarding stimuli generate weak ionic currents that in turn generate magnetic fields that are 

passible to be detected.  

 In order to perform the measurements of the magnetic field, SV sensors were incorporated in 

silicon needles and in vitro experiments were carried. The microfabricated devices had a sensitivity 

around 3V/T and it was demonstrated that this sensibility would be improved by a factor of 10 by 

incorporated FG into the device. For the SV sensors without flux guides sensitivities of 3.01V/T and 

detectivity levels of 27,7 nT/√Hz at 30Hz and of 1,63 nT/√ Hz at 10 kHz were achieved. Regarding the 

probes in which flux guides were included sensitivity of 33,4V/T and detectivity levels of 2,41/nT√ Hz at 

30Hz and 140pT//√ Hz at 10 kHz were achieved.  

 The experiments in hippocampal brain slices from mice were done by inserting the silicon 

probes containing the magnetorresistive sensors into the slice and using an electrophysiological 

chamber to perform the recordings of magnetic fields generated by synaptic currents. The magnetic 

neural activity in the hippocampus can be divided in two components one of high frequency, usually 

higher than 500Hz, that contains the action potentials and is called spikes, and a low frequency 

component, usually bellow 500Hz, called local field potentials that reflect the activity of several neurons. 

Both the pre-synaptic volley and the population spike fall into the low frequency component of the electric 

brain activity. In spite of being an invasive method, the approach used in this thesis has the advantage 

of not measuring the magnetic activity at a distance and allows measurements right at its source. The 

electric measurements carried away with the gold pads did not yield any results because there was no 

suitable system, with a high entrance impedance that allowed the measurements to be carried.  

 In order to obtain better results with probes with FG new passivation methods should be studied 

since these probes increase sensitivity and decrease detectivity, aspects that could be the key to 

fabricate devices with higher temporal resolution, since the sensors currently used need about 150 

averages in order to the signal to be visible, and since these averages need to be timed locked with the 

stimulation it can’t be done with a high frequency because the cells become hyperpolarized and stop 

responding to stimuli, not firing more action potentials, ceasing the ionic currents and consequently the 

magnetic field generated by it. 

 Regarding signal acquisition and processing both the DSBSCM and the averaging process were 

suitable methods for this kind of experiment and biological signal. Averaging is a powerful signal 

processing technique for reducing Gaussian noise and improving SNR.  

 Using a SV sensor without flux guides and with a relatively high sensitivity and low detectivity 

levels, and performing a high number of averages it is possible to measure magnetic signals generated 

in the brain. In spite of this, these results are hard to reproduce since there are lots of variables that 

need to be controlled such as the proximity of the sensor to the stimulation electrode, the angle of 
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insertion of the probe in the hippocampal slice, among others. The results obtained weren’t possible to 

be reproduced, but magnetic brain activity in the pyramidal cells of the hippocampus was successfully 

measured and this was verified by adding to the culture media a neurotoxin that blocks the firing of 

action potentials. The in vitro experiments yielded magnetic field values of 36,2nT for the pre-synaptic 

volley and values of 10,9nT for the magnetic activity generated by population spikes for a stimulation of 

0,7mV.  

 Regarding future work detectivity values in the order of fT are still a challenge and the minimum 

detectivity allowed by the sensors developed during this work is in the order of hundreds of pT. New 

approaches using sensors with FG incorporated should be tested, and also measurements of fields 

generated in other directions. An effort in order to reduce noise faster should be done. A possible way 

to reduce noise levels is to perform experiments in a magnetic shield room, to reduce the environmental 

noise produced by natural and artificial magnetic noise sources.  
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Appendix I 

Run Sheet for SV probes with Flux Guides 

Rrun#                                                    Responsible: Fábio Andrade 

Sample ID: SV 2006 

STACK: 20 Ta / 60 NiFe/ 70 IrMn / 33 CoFe / 25 Cu/23 CoFe /28 NiFe/ 60 Ta 

Process Start:           /           /         Process Finish:            /              / 

Step 1: 1st exposure – Spin Valve Definition Front side 

 
Date:                                                                     Operator: 
Pre-treatment: no 
 

Conditions:  
 
Equipment: SVG tracks, DWL 2.0     

  
Vapor prime, 30 min (Recipe – 0) 

   Purge oven for 25 min at 130ºC in N2 atmosphere at 10Torr; 

   Bake with surfactant for 5 min at 130ºC and 5 Torr pressure; Surfactant: hexadimethylsilane 

 

Photoresist coating, 1.5 µm PR (Recipe 6/2) 

 2cP JSR Electronics 

   Sample heating for 60s at 110ºC; Cool down for 30s; 

   Photoresist spinning for 40s at 2500 rpm (1.5 µm photoresist); Baking for 60s at 100ºC 

 

Exposure: 

Map:  Amsion 

Mask: SVProbes_FG2x1_L1   (inverted) 

E:90          F: -10          Total time:  58min 

Die dimensions: [ 37000 ;19000 ] X0 = 0           Y0 = 0   

                

Photoresist developing, (Recipe 6/2); (6/2: developing only) 

Sample heating for 60s at 110ºC 

Cool down for 30s 

Developing for 60s:  

 

Observations:  

 

 

 

  

Step 2: Ion Milling – Total Structure Etch @ N3600 

Date:                                                                    Operator: 

Pre-treatment: No 

 

 

2m 

)  
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Conditions: 

BP: 1.26x10-7Torr                                                      Batch:  

Etching Turn Time Effect 

1   

2  Cool down  

3   

 

Assist 

Gun 

Power 

(W) 
V+ (V) I+ (mA) V- (V) I- (mA) 

Ar Flux 

(sccm) 

Read 

Values 
171 723.3 104.4 344 3.7 10.2 

Pan (deg) 
Rotation 

(%) 

70 30 

 

Observations:  

Total thichness to etch: 319A 

Step 3: Resist Strip 

Date:                                                                    Operator:  

Pre-Treatment: no 

Conditions: 

ACETONE NO HEATING + ultrasounds 

Cleaning 

IPA rinse; DI water rinse; Dry with N2 gun 

Observations:  

TOTAL TIME = 6h 

Step 4: Mask exposure in DWL – Flux Guide Definition 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  
 
Equipment: SVG tracks, DWL 2.0     

  
Vapor prime, 30 min (Recipe – 0) 

   Purge oven for 25 min at 130ºC in N2 atmosphere at 10Torr; 

   Bake with surfactant for 5 min at 130ºC and 5 Torr pressure; Surfactant: hexadimethylsilane 
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Photoresist coating, 1.5 µm PR (Recipe 6/2) 

 2cP JSR Electronics 

   Sample heating for 60s at 110ºC; Cool down for 30s; 

   Photoresist spinning for 40s at 2500 rpm (1.5 µm photoresist); Baking for 60s at 100ºC 

 

Exposure: 

Map:  Amsion 

Mask: SVProbes_FG2x1_L2   (inverted) 

E:90          F: -10          Total time:  42min 

Die dimensions: [ 37000 ;19000 ] X0 = -168           Y0 = -54   

                

Photoresist developing, (Recipe 6/2); (6/2: developing only) 

Sample heating for 60s at 110ºC 

Cool down for 30s 

Developing for 60s: 

Observations:  

 

 

 

 

Step 5: DC Magnetron Sputtering, CoZrNb 5000 Å Deposition @ UHVI 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  
 

Deposition 

time 
CZN thickness Ar gas flow Pressure Power source 

50A/min 

1h40min 
5000 Å 723.3 4.5mTorr 64W 

 

Observations:  

 

Step 6: CZN liftoff 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  

ACETONE NO HEATING + ultrasounds 

Cleaning 

IPA rinse; DI water rinse; Dry with N2 gun 

400m 

) 

35m 

145m 
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Observations:  

TOTAL TIME = 1h 

 

 

 

Step 7: Mask Exposure in DWL – Open Vias 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  
 
Equipment: SVG tracks, DWL 2.0     

  
Vapor prime, 30 min (Recipe – 0) 

   Purge oven for 25 min at 130ºC in N2 atmosphere at 10Torr; 

   Bake with surfactant for 5 min at 130ºC and 5 Torr pressure; Surfactant: hexadimethylsilane 

 

Photoresist coating, 1.5 µm PR (Recipe 6/2) 

 2cP JSR Electronics 

   Sample heating for 60s at 110ºC; Cool down for 30s; 

   Photoresist spinning for 40s at 2500 rpm (1.5 µm photoresist); Baking for 60s at 100ºC 

 

Exposure: 

Map:  Amsion 

Mask: SVProbes_FG2x1_L3   (inverted) 

E:90          F: -10          Total time:  15min 

Die dimensions: [ 37000 ;19000 ] X0 = -168           Y0 = -54   

                

Photoresist developing, (Recipe 6/2); (6/2: developing only) 

Sample heating for 60s at 110ºC 

Cool down for 30s  

 

Developing for 60s:  

observations:  

 

Step 8: Insulating Layer Deposition – Al2O3 3000 Å Deposition @ UHVII 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  
 

Deposition 

time 

Al2O3 

thickness 
Ar gas flow Pressure Power source 

10.7A/min  

4h50min 
3103 Å 45 sccm 2.3 mTorr 200W 

 

CZN 

40m 

) 

5m  

 

10m  

7m  
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Step 9: Insulating Layer Liftoff 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  

ACETONE NO HEATING + ultrasounds 

Cleaning 

IPA rinse; DI water rinse; Dry with N2 gun 

Observations: 

Total time: 3 days 

Step 10: Mask Exposure in DWL – Contact leads definition 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  
 
Equipment: SVG tracks, DWL 2.0     

  
Vapor prime, 30 min (Recipe – 0) 

   Purge oven for 25 min at 130ºC in N2 atmosphere at 10Torr; 

   Bake with surfactant for 5 min at 130ºC and 5 Torr pressure; Surfactant: hexadimethylsilane 

 

Photoresist coating, 1.5 µm PR (Recipe 6/2) 

 2cP JSR Electronics 

   Sample heating for 60s at 110ºC; Cool down for 30s; 

   Photoresist spinning for 40s at 2500 rpm (1.5 µm photoresist); Baking for 60s at 100ºC 

 

Exposure: 

Map:  Amsion 

Mask: SVProbes_FG2x1_L4   (inverted) 

E:90          F: -10          Total time:  1h 

Die dimensions: [ 37000 ;19000 ] X0 = -168           Y0 = -54   

                

Photoresist developing, (Recipe 6/2); (6/2: developing only) 

Sample heating for 60s at 110ºC 

Cool down for 30s  

 

Developing for 60s:  

 

observations:  

 

Step 11: Aluminum deposition 3000 Å @ N7000 

Date:                                                                Operator: 
Pre-treatment: no 
 

Al2O3 
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Conditions:  

 

 

N7000 sequence: Metallization 

 Mod 2 – f9: 1 min etch 40/60W 

 Mod 4 – f1 3000A Al 2kW 

 Mod 3 – f19 150A TiW passivation 

 

Values: 

 P (W) P (mT) Ar (sccm) N2 (sccm) 
Thickness 
(A) 

Time (sec) 

Mod2 – f9 40/60 3 50   60 

Mod4 – f1 2k 3 50  3000A 80 

Mod3 – f19 0.5k 3 50 10 150A 32 

 

Observations: 

Step 12: Aluminum liftoff 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  

ACETONE NO HEATING + ultrasounds 

Cleaning 

IPA rinse; DI water rinse; Dry with N2 gun 

Observations: 

Total time: 1 days 

Step 13: Mask Exposure in DWL – Passivation Layer 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  
 
Equipment: SVG tracks, DWL 2.0     

  
Vapor prime, 30 min (Recipe – 0) 

   Purge oven for 25 min at 130ºC in N2 atmosphere at 10Torr; 

   Bake with surfactant for 5 min at 130ºC and 5 Torr pressure; Surfactant: hexadimethylsilane 

 

Photoresist coating, 1.5 µm PR (Recipe 6/2) 

 2cP JSR Electronics 

   Sample heating for 60s at 110ºC; Cool down for 30s; 

Al  
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   Photoresist spinning for 40s at 2500 rpm (1.5 µm photoresist); Baking for 60s at 100ºC 

 

Exposure: 

Map:  Amsion 

Mask: SVProbes_FG2x1_L5   (inverted) 

E:90          F: -10          Total time:  1h 

Die dimensions: [ 37000 ;19000 ] X0 = -168           Y0 = -54   

                

Photoresist developing, (Recipe 6/2); (6/2: developing only) 

Sample heating for 60s at 110ºC 

Cool down for 30s  

Developing for 60s:  

 

observations:  

 

Step 14: Al2O3 3000 Å Deposition @ UHVII + AlNx 3000 Å deposition @ N7000 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  

UHVII 

Deposition 

time 

Al2O3 

thickness 
Ar gas flow Pressure Power source 

10.7A/min  

4h43min 
3028 Å 46 sccm 2.4 mTorr 202W 

 

N7000 

N700 sequence: #65 

 Mod4 – f82 

- 10sccm(Ar)   - 10sccm(N2)   - 2mTorr     - 0.3kWDC 

  Observations: 

       

Step 15: Insulating Layer  lift-off 

Date:                                                                Operator: 
Pre-treatment: no 
 

Conditions:  

ACETONE NO HEATING + ultrasounds 

Cleaning 

IPA rinse; DI water rinse; Dry with N2 gun 

Observations: 

Total time: 3 days 
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