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ABSTRACT 

Advanced MTJ Sensory Devices for Industrial and Healthcare Applications 

Yousof Ahmad Mashraei 

 

Magnetic sensors are deployed in many applications such as automotive, consumer 

electronics, navigation and data storage devices. Their market’s growth is driven by 

demands of higher performance; primarily to assist in the advancement of the Internet of 

Things (IoT) and smart systems. Challenging obstacles of miniaturization and power 

consumptions must be overcome. A leading sensor that has the potential to accelerate 

the development is the magnetic tunnel junction (MTJ) devices. 

Corrosion causes catastrophic consequences for industries. Preventive measures could 

save up to 35% of annual corrosion-related costs. An advanced corrosion sensing 

technique is developed based on iron nanowires. The iron nanowires are magnets which 

lose their magnetization when corroded. Their magnetization loss is monitored using 

sensitive MTJ sensor. Combined, the nanowires and the MTJ sensor realize a highly 

integrated sensor concept that enables corrosion sensing with an ultra-low power 

consumption of less than 1 nW, a sensitivity of 0.1 %/min, a response time of 30 minutes 

and an area of 128 μm2. 
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Surgical tool development is accelerating in the healthcare sector. Cardiac catheterization 

specifically is a minimally invasive surgery that relies heavily on x-ray imaging and contrast 

dyes. A flexible tri-axis MTJ sensor is developed to help minimizing the need for x-ray 

imaging during the procedure. The flexible sensor can bend to a diameter of 500 μm 

without compromising the performance and can endure over 1000 bending cycles 

without fatigue. Three flexible sensors are mounted onto the tip of a 3 mm cardiac 

catheter, realizing a novel sensor-on-tube (SOT) tri-axis sensor concept. The sensor has a 

high sensitivity of 9 Ω/° and an MR ratio of 29%. It weighs 16 μg only, adds 5 μm to the 

catheter’s diameter and a total size 300 μm2. The prototype system estimated the 

heading angle with an RMS error value of 7° and tracked the orientation of the sensor 

with an acceptable accuracy. However, the sensor has a misalignment issue caused by the 

manual placement of the sensors. A high precision tool is needed for the assembly, and 

any further misplacement -within a reasonable margin of error- could be corrected by 

calibration algorithms.   
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Chapter 1  

Introduction 

1.1 Motivation and objective 

Magnetic sensors are widely deployed in many applications, especially in automotive, and 

mobile electronics. They are efficient, miniaturized, and capable of contactless-detection. 

The latter advantage, in particular, makes them very popular in engine, crankshaft and 

vehicle braking systems [1]. They are also known for their leading role in hard drive 

systems and magnetic storage devices [2]. Due to their capabilities, their exploitation 

continues to grow globally. According to the strategic business report by Global Industry 

Analysts, the growth’s value of the magnetic sensors’ market will reach $2.4 billion by 

2020 [3]. Asia-pacific region shows the highest compound annual growth rate of 6.8%. 

The Giant Magnetoresistance (GMR) technology alone is estimated to have a compound 

annual growth rate of 6.1% by 2020, raising the market’s value along with Anisotropic 

Magnetoresistance (AMR) and Hall-effect sensors. The main drives of this growth are 

classified into quality-based and expanding-based approaches. While the quality-based 

approach demands for higher performance of existing solutions, the expanding-based 

approach tackles new problems and demands more innovative solutions.  
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Examples of quality-based approach are the demand of higher sensing performance of E-

compass, angle and position sensors. The expanding-based approach demands to explore 

in sectors such as industrial, IT and healthcare. A summary of the market report is 

illustrated in Figure 1.1. 

 

Figure 1.1 Global strategic business report of magnetic sensors [3]. 
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Along with the market’s growth and advancement of sensor technologies, the Internet of 

Things (IoT) paradigm becomes more applicable and can be integrated into existing 

applications. The IoT network is a system that allows for the interaction between objects 

and things within the system to achieve a common goal [4-6]. Such a system requires 

countless sensors and actuators implemented in the network for data acquisition [7, 8]. 

However, due to various factors of a system’s complexity and operating conditions, 

sensors available in the markets may be impractical. Hence, advanced sensory devices 

must be designed for sophisticated tasks, taking into account critical parameters; such as 

sensitivity, flexibility, size, power consumption, and resolution. In other words, the 

advanced sensory devices are explicitly designed to operate under restricted conditions, 

with high precision and sensitivity, to perform certain tasks; which, therefore, can be 

implemented into the desired system. Henceforth, to demonstrate the necessity and 

advantages of advanced sensory devices; two case-studies are investigated hereunder. 

The first case tackles a huge industrial ordeal, famous by “corrosion”. Most metals form 

a protective layer spontaneously when exposed to a corrosive agent. Iron, for example, 

creates an oxide layer of rust in oxygen’s  presence, which degrades its overall quality [9]. 

Corrosion has severe complications for infrastructure assets and buildings foundations.  
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Some recent catastrophic events were caused by corrosion-faults of infrastructure, such 

as the Flint water crisis in 2014 [10]. Like any big city, the potable water distribution 

system is architecturally complex, which makes it extremely difficult to identify faults in 

the pipe system. Water discoloration [10-12] is sometimes the only indication of such 

faults. The main cause of discoloration is the by-products of corroded iron that dissolved 

from the pipes [13-15]. Similar failures are prone to industries as well. Hence, corrosion 

sensors are deployed heavily in industries to prevent such failures [16], to reduce 

maintenance costs [17] and to extend the life of infrastructure assets [18]. Early detection 

and control procedures of corrosion could save up to 35% of the total annual cost caused 

by corrosion [19]. Harsh conditions in chemical industries, for instance, pose a significant 

threat to facility’s infrastructure, causing them to corrode [20-22]. 

Thin films sensors are among the preferred methods for corrosion sensing. They operate 

by monitoring the change in the resistance as the thin film corrodes into oxides. They are 

very versatile and enable a high degree of integration. More importantly, they have a fast 

response, due to their large surface-to-volume ratio, and they are very energy efficient 

[23-27]. Nanowires, on the other hand, can be superior to thin-films sensors, in terms of 

even larger surface-to-volume ratio and their unique qualities. However, nanowires are 

not fully utilized since making electrical contact with individual nanowires is difficult and 

impractical.  
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A solution to this is contactless monitoring of nanowires, which is possible, for example, 

by using permanent magnetic iron nanowires (Fe NWs) with high remnant magnetization 

[28-38]. They lose a major part of their magnetization upon corrosion due to the growth 

of an oxide shell around the iron core [39, 40]. With such unique properties, an advance 

corrosion sensor can be developed to have an ultrafast response, miniaturized size, 

efficient and cost-effective performance. The difficulty of creating such a sensor requires 

a high sensitivity to detect minute magnetization changes of the Fe NWs. Hence, they 

must be placed directly on the magnetic sensor. Such a combination of the magnetic 

sensor with nanowires seems unconventional but opens for high-performance corrosion 

sensing. This innovative combination can enhance the performance of thin-film sensors 

by utilizing nanowires that are replaceable once they are corroded; in addition to its 

similar properties of thin-films sensors, such as the accessibility to unreachable locations, 

such as pipes interiors, due to their miniaturized size. 

The other case-study investigated concerns the healthcare sector. Nowadays, surgical 

procedures have significantly advanced, especially in minimally invasive surgeries where 

small surgical incisions are used in the operations [41]. These procedures are more 

effective than noninvasive surgeries, minimizing risks for patients. In the case of cardiac 

catheterization, which is an example of minimally invasive surgery, a surgeon inserts a 

thin catheter tube into a vein or artery to diagnose the cardiovascular system.  
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The catheter has several uses, such as to locate any blockage in blood vessels, obtain a 

tissue sample or check the pumping function of the heart. Also, it can be used for treating 

the heart during procedures such as angioplasty, closure of holes, replacement of heart 

valves and ablation [42-44]. However, to perform the procedure, x-ray images enhanced 

with contrast agents are used to visualize the heart and track the orientation of the 

catheter. The navigation into the targeted vessel’s branch is carried out after several 

attempts, which lead to a longer x-ray exposure and more injections of the contrast dye. 

Obviously, X-ray exposure is harmful to the patients as well as the medical staff [45-47]. 

Another less obvious risk is the excessive use of the contrast dye. The high contrast dye 

poses a serious risk of contrast medium-induced nephropathy, which has gained a lot of 

attention lately, especially during cardiac interventions. It has been reported to have 

increased to 30% in patients with congestive heart failure [48-50].  

The prime drive of the recent development of alternative navigation solutions is mainly 

to reduce x-ray exposure while providing an accurate estimation of the catheter’s 

orientation during the procedure [51-53]. A recently developed technology consists of 

eight powerful electromagnets inside a housing [51]. They are positioned beside the 

patient’s body and generate a relatively uniform and focused magnetic field of 

approximately 0.16 T. A small magnet is placed on the catheter’s tip, which aligns with 

the generated magnetic field outside the body.  
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Consequently, the catheter tip deflects by controlling the generated magnetic field of the 

magnets, and the surgeon navigates the catheter using a control system without any 

manual handling of the catheter, as shown in Figure 1.2. This technology, however, 

involves the installation of bulky equipment and special tools, which adds to its costs and 

complexity. It also requires highly trained personnel to operate.  

 

Figure 1.2 The catheter guidance, control and imaging system, referenced in [51]. (a) The 

electromagnetic coils placement. (b,c) The catheter’s tip has a magnet that deflects under applied field. 

(d,e,f) Frames of a movie clip showing the bended catheter and the control unit. 

Another system utilizing a tri-axis magneto-impedance sensor has been proposed as an 

alternative for a catheter’s navigation [53]. Though the sensor makes use of the Earth’s 

magnetic field, the system requires an external AC magnetic field of 10 kHz, which is 

generated by a large 2-axis magnetic field coil.  
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Hence, the sensor detects both the Earth’s and the generated AC magnetic fields, and 

thus, Euler angles are obtained from the measurements, as illustrated in Figure 1.3. This 

system is complicated since it requires the operation of two external magnetic AC fields 

at high frequencies (>100 MHz), and the size of the sensor package is relatively large 

(2×2×3 mm3), with a little window for any further miniaturization.  

 

Figure 1.3 Schematic of the tri-axis sensor system proposed in [53]. 

Tracking system technology is a well-established field that is used to monitor movements 

of an object and to estimate its orientation using computer-assisted algorithms [54-56]. 

Magnetic tri-axis sensors, in particular, are very useful; since most of these sensors exploit 

the Earth’s magnetic field for navigation. They are composed of 3 individual sensors 

aligned perpendicular to each other, creating arbitrary x- y- and z- axes.  
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A major obstacle to realizing a magnetic tri-axis sensor is the difficulty of fabricating three 

magnetic sensors with their sensitive axes perpendicular to each other.  

On the contrary, flexible electronics can be a practical solution to this problem. Flexible 

electronics have advanced significantly over the past decade [30, 57-61]. They have the 

capability to conform to the geometry of curved surfaces and can be stretched to a certain 

degree. This conforming ability has many advantages, especially by providing a large 

coverage area on curved surfaces. Moreover, flexible Magnetic Tunnel Junction (MTJ) 

devices have been reported with alumina [62-64] and MgO junctions [65]. These flexible 

MTJs are fabricated on organic substrates, and consequently, suffer from inferior 

performance compared to silicon-based MTJs. There is a reported flexible MTJ sensor that 

was fabricated on a silicon substrate which then underwent a back etching process to thin 

it down [66]. The high performance is retained in this process, but the final bending 

diameter is rather high due to the final thickness.  

Hence, a catheter’s tracking system that utilizes flexible MTJ sensors which are then 

mounted on a catheter’s tip is proposed. Such a system can provide a reliable tracking 

system for cardiac catheterization surgery that is cost-effective, miniaturized and reliable. 

To conclude, the advancement of the magnetic sensor market is pushing towards more 

involvement of new technologies, along with the ever-growing IoT system that is 

providing many opportunities with advanced and ambitious applications [67].  
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This research aims to develop advanced sensory devices to provide practical solutions for 

two complicated challenges in the industrial and healthcare sectors. The chosen MTJ 

sensing technology is sought to play a major role in its performance [68]. Two case-studies 

are selected to tackle: 1) the industrial corrosion problem and 2) the development of a 

catheter’s tracking system. Both cases are seemingly different and pose a big challenge 

to solve. Conventional solutions can be impractical, and various constraints must be 

considered during the development of the solution. 

The main objectives of this dissertation are: 

1. Fabricate MTJ sensors with reliable performance, 

2. Investigate a novel corrosion sensor based on magnetic nanowires, 

3. Develop a miniaturized tri-axis magnetic sensor to be utilized in a catheter’s 

tracking system; to minimize x-ray exposure during cardiac catheterization 

procedures. 

1.2 Thesis Outline and Contributions 

The dissertation is structured based on the main objectives stated in the dissertation. The 

cumulative development of the work is presented, and the dissertation focuses on the 

fabrication and characterization of the MTJ sensors. This dissertation is organized into six 

chapters as follows: 
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Chapter 1 introduces and discusses the motivation of the work, along with the thesis 

outline and contributions. 

Chapter 2 provides a brief background on magnetic sensors and discusses the different 

categorizations of magnetic sensors. This chapter also clarifies the potential of MTJ 

sensors and elaborates on its working principles. 

Chapter 3 describes the structure of the MTJ sensor and its fabrication process in details, 

along with the characterization setup used to evaluate the performance. The chapter also 

covers the progressive optimization of the sensor and its optimized performance. 

Chapter 4 starts with defining the corrosion problem and illustrates the corrosion sensor 

concept. This chapter firstly covers the fabrication and characterization of the iron 

nanowires, then follows with the assembly of the corrosion sensor and its 

characterization. Then, the results and the summary conclude the chapter. 

Chapter 5 starts by explaining the catheter’s tracking system and its implications. Then, 

the chapter explains the tracking system blocks and consideration, and the development 

of flexible tri-axis magnetic sensor is discussed. Then the chapter concludes with the 

prototype results.  

Chapter 6 summarizes the results and discussions found in the dissertation. The chapter 

concludes with a discussion about possible challenges and prospects of future work. 
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The dissertation revolves around the development of advanced MTJ sensory devices and 

broadens into different aspects based on the specified topic. The contributions of this 

work cover wide perspectives from nanowires engineering and characterization to system 

developments and instrumentation. To the best of my knowledge, the research work has 

made the following contributions: 

1. Introduced a fabrication process for MTJ-based sensors in KAUST with a linear and 

hysteresis-free response as well as tunable resistance values from a few ohms to 

over 30 kΩ, using standard photolithography process.  

2. Introduced a new corrosion sensor based on iron nanowires. By exploiting the high 

surface-to-volume ratio of nanowires, the corrosion sensor opens a new regime 

of corrosion-sensing by magnetic nanowires. The nanowires properties are 

characterized, and the performance of the corrosion sensor is evaluated. 

3. Fabricated and assembled a flexible tri-axis MTJ sensor. The sensor is miniaturized 

to fit over the tip of a 3 mm catheter and then used to develop a catheter tracking 

system for cardiac catheterization. 

1.3 Statement of Collaboration  

Since the dissertation has interdisciplinary and wide aspects, the work was only 

conducted with the help of colleagues and lab staff. The magnetic stack deposition of all 

MTJ sensors was done by Dr. Xiaofeng Chen from the Nanofabrication Core Lab.  
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The characterization setup is prepared together with my college, Julian Moreno. Julian 

also took cross-section scanning electron microscope images of alumina membrane and 

performed energy dispersive x-ray analysis on iron nanowires. Alexander Przybysz built 

the readout circuit PCB board. Both Julian and Alexander are from the Sensing, 

Magnetism and Microsystems Group. Ulrich Buttner from the Nanofabrication Core Lab 

helped in making the tri-axis sensor by direct-soldering into the sensors. Dr. Yurii Ivanov 

took high-resolution transmission electron microscope images of the flexible MTJ stack. 

The MTJ optimization was a progression of Dr. Selma Amara’s work, who also performed 

the fatigue test on flexible MTJ sensors. All the other experimental procedures involving 

the fabrication of MTJ sensor, iron nanowires and their characterization, flexible tri-axis 

MTJ catheter sensors were done by Yousof Mashraei. 
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Chapter 2  

Background  

2.1 Introduction to Magnetic Sensors 

Magnetic sensing has been known since ancient times [69]. The simplest magnetic sensor 

was the magnetized needle compass that was used for navigation, which points toward 

Earth’s magnetic north pole. Magnetism was mysterious until the great discovery of Hans-

Christian Oersted in 1820. He cast the light on the relationship between the electricity 

and magnetism when he deflected a compass needle with a current-carrying wire [70]. 

This discovery started a series of experiments that revolutionized modern 

electromagnetism theories as we know it today. 

There are many kinds of magnetic sensors and each has a unique way of detecting the 

magnetic fields. Most of these transducers are based on the magnetic-electric 

relationship and one way of categorizing them is based on the excitation method of the 

sensor [71], either by AC or DC signals. In Figure 2.1, a tree of common magnetic sensors 

is plotted based on their excitation methods, the materials used, and the transducing 

effect. For most DC magnetic sensors, the galvanomagnetic effect is prominent and it is a 

charge transport mechanism inside the material, which controls their interaction under 

applied magnetic fields.  
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For example, in the Hall-effect sensor, upon exciting the sensor with DC current, the 

electrons that transport between the terminals will be deflected under an applied 

magnetic field. Thus, they will induce a voltage across the sensor proportional to the 

magnetic field. Similarly, magnetoresistance is another galvanomagnetic sensor, but the 

electrons are transported differently, in a way where the material’s magnetization has a 

big influence on the electron’s transportation, e.g., giant magnetoresistance (GMR) 

sensors. On the other hand, AC magnetic sensors are mostly based on Faraday’s law of 

induction or the Skin effect; which requires a current of high frequency, and sophisticated 

electronics for operation. 

 

Figure 2.1 Magnetic sensors categorized based on the excitation method, materials, and effects [71]. 
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Another important categorization is based on the sensitivity and operational range of the 

sensor [71]. This category divides sensors into three sensitivity levels: 

• High sensitivity range (<1 nT)  

• Medium sensitivity (<0.1 mT)  

• Low sensitivity (>0.1 mT) 

As illustrated in Figure 2.2, magnetoresistance effect sensors - which are mainly 

Anisotropic Magnetoresistance (AMR), Giant Magnetoresistance (GMR) and Tunnel 

Magnetoresistance (TMR) - have a wide dynamic range and cover both medium and high 

sensitivity levels. As mentioned earlier, magnetoresistance (MR) is a galvanomagnetic 

effect that causes a change in material’s resistance under an applied magnetic field and 

return back when the applied magnetic field is gone [72]. The MR is quantified by the ratio 

of change in resistance to the minimum resistance value as follows: 

𝑀𝑅 = 
𝑅𝑚𝑎𝑥−𝑅𝑚𝑖𝑛

𝑅𝑚𝑖𝑛
× 100 ,       (1)  

where Rmax and Rmin are the maximum and minimum resistances respectively. 
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Figure 2.2 The sensitivity and dynamic range of common magnetic sensors [71]. 

The AMR effect was discovered in the mid-1800s [73] and it corresponds to the direction 

of the external field with respect to the current flow in the ferromagnetic material as 

illustrated in Figure 2.3a. AMR sensors are typically based on permalloy materials (nickel-

iron) and they have a low MR ratio around ~4% [1]. They are low cost, robust and are 

widely used in automotive applications for angle sensing [74]. The subclass GMR sensor 

is made up of magnetic multilayers, which enhance the MR ratio greatly. The magnetic 

multilayers consist of alternating nonmagnetic-conductive and ferromagnetic layers. This 

magnetic stack utilizes the spin-dependent scattering of electrons, where electrons of 

matching state with the layer’s magnetization will transport smoothly through the layer. 

While electrons of opposite state will scatter more rapidly in the layer, which results in 

higher resistance, as illustrated in Figure 2.3b.  
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Figure 2.3 (a) AMR effect and its characteristic curve. Angle θ is the angle between the external 

magnetic field and the current direction (b) GMR effect and its characteristic curve. 

GMR sensors have an MR ratio that reaches 80% [75]. They are used for angle detection, 

position and current sensing; and are the leading technology used in magnetic storage 

devices [76].  

Similar to GMR sensors; the TMR sensors are made up of a magnetic stack. The TMR stack 

includes a thin insulation “barrier” layer, which permits a tunneling effect, hence, the 

alternative name: Magnetic Tunnel Junction (MTJ).  
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The enhancement in the MR ratio rocketed to 600% [77] . MTJ sensors provide promising 

technology in magnetic sensors for it has higher MR ratio, higher sensitivity, lower power 

consumption, better temperature stability and a wider linear range [65, 78, 79]. They are 

used for positioning application, magnetic storage units, and other proximity sensing 

applications. Henceforth, MTJ is chosen as the main sensor of the thesis and will be 

discussed comprehensively further on. 

2.2 The working principle of Magnetic Tunnel Junction 

Typical MTJ sensor consists of at least four main layers (Figure 2.4a) [80]. The layer 

thicknesses play a major role in determining the characteristic of the MTJ, making it either 

a sensor (Figure 2.4b) or a memory unit (Figure 2.4c). The function of each layer is as 

follows: 

1. Pinning Layer; an antiferromagnetic layer that produces a pinning magnetic field. 

2. Reference Layer; a ferromagnetic layer which is magnetically coupled with the 

pinning field; and its direction is referenced as the easy-axis direction.  

3. Free Layer; another ferromagnetic layer that is magnetically free. This layer is the 

sensitive layer.  

4. Barrier Layer; a very thin insulation layer between the free and reference layers 

that allows for electron tunneling.  
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Figure 2.4 (a) The MTJ’s main four structural layers that determine its characteristic curve. (b) The 

characteristic curve of an MTJ sensor. (c) The characteristic curve of an MTJ memory unit. 

The MTJ sensor works on two main effects; namely the tunneling effect and spin-

dependent transport of electrons. This transport mechanism depends on the 

magnetization direction - magnetic polarization - of the ferromagnetic layers [81, 82]. In 

the ferromagnetic layers, the material crystallinity determines an easy axis, in which 

magnetic dipoles will align along under no external magnetic field. However, the 

magnetization direction can be changed under an applied field, as magnetic dipoles rotate 

along the external field. In the case of the MTJ structure, the reference layer has a fixed 

magnetization direction, due to the pinning layer, while the sensitive layer is free.  
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On the other hand, electrons have a spin state and due to the exchange interaction effect, 

ferromagnetic materials have two densities of states, up-spin and down-spin densities 

[83]. Hence, the electrons gain spin polarization as they occupy free states on 

ferromagnetic materials. However, they must tunnel through the barrier, and thus, the 

tunneling current has spin-polarized electrons that will only occupy unfilled states in their 

perspective density of state on the other side of the junction, which results in two 

independent current flows. A simplified energy band structure of the MTJ junction is 

illustrated in Figure 2.5. In the case where both ferromagnetic layers have the same 

polarization (the free layer is aligned in the parallel direction with the reference layer), 

the majority spins will tunnel to the majority states; and the minority spins tunnel to the 

minority states. But when the polarization is reversed (free and reference layers are in 

the antiparallel direction to each other), the majority and minority density of states switch 

in the free layer; and hence majority spins tunnel to minority states and vice versa. The 

junction conductance is determined by the density of states [82]: 

𝐺𝑃 = 𝐷𝑅
↑𝐷𝐹

↑ + 𝐷𝑅
↓𝐷𝐹

↓  ,           (2) 

𝐺𝐴𝑃 = 𝐷𝑅
↑𝐷𝐹

↓ + 𝐷𝑅
↑𝐷𝐹

↓  ,                 (3) 

Where GP and GAP are the conductance at parallel and antiparallel cases respectively, DR 

and DF are the density of states of the reference and free layers respectively; and the 

arrows superscript indicate the majority (up) and minority (down) states. 
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From (2) and (3), the MTJ has different conductance values and the MR ratio is derived 

from (2) and (3) as follows: 

𝑀𝑅 =
𝐺𝑃−𝐺𝐴𝑃

𝐺𝐴𝑃
=

𝑅𝐴𝑃−𝑅𝑃

𝑅𝑃
,           (4) 

Where RP and RAP are the resistance’s values of parallel and antiparallel states of the MTJ 

respectively. 

 

Figure 2.5 (a) Energy Band diagram at the MTJ junction. Left is the parallel magnetization state, and 

right is the antiparallel magnetization state. (b) The characteristic curve of the MTJ, depicting the two 

states. D↑ and D↓ are the majority and minority density of states respectively [83]. 
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The previous two cases show the junction resistance with respect to a changing magnetic 

field. However, under a constant magnetic field, the junction’s resistance changes with 

the direction angle of the magnetic field as its dipoles follow the spinor transformation of 

states [84]: 

𝑅 =
1

2
× [𝑅𝑃 + 𝑅𝐴𝑃 + cos(𝜃) × (𝑅𝑃 − 𝑅𝐴𝑃)],          (5) 

Where R is the junction resistance and θ is the angle between the magnetization direction 

of the reference layer and the external magnetic field as illustrated in Figure 2.6. 

 

Figure 2.6 Angle characteristic curve of MTJ’s resistance under a constant magnetic field. 
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Chapter 3 

Fabrication and Characterization of Magnetic Tunnel Junctions 

3.1 Fabrication Process 

The fabrication of MTJ sensors follows standards of the in-house photolithography 

process. It starts with a pre-cleaning step by dipping a new 4-inch silicon wafer p-Si (001) 

in piranha solution; a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) of 1:3 

ratio, at 120 °C for 30 minutes. This cleaning step ensures the removal of any organic 

residues of the substrate. Then, the wafer is rinsed in deionized (DI) water and spun dry. 

Then, the native oxide is stripped by dipping the wafer into a diluted hydrofluoric acid 

(HF) solution of 1:50 ratio, at 20 °C for 15-20 seconds. Then, the wafer is put in a tube 

furnace bank for thermal oxidation, to thermally deposit an insulation layer of silicon 

dioxide (SiO2). This insulation layer is to prevent any cross-talk between the electronic 

devices later. Alternatively, silicon nitride (Si3N4) or aluminum oxide (Al2O3) could be 

deposited instead. The latter is specifically used as a barrier to protect electronics during 

the back-etching process described later in section 5.3.1. The Al2O3 is deposited by Atomic 

Layer Deposition (ALD) Oxford Instruments tool. The process is based on alternating 

exposures of trimethylaluminum (TMA) and water at 300° C under continuous argon (Ar) 

gas flow. Nonetheless, a 100 nm layer thickness is sufficient for insulation.  
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Figure 3.1  Magnetic Stack of the MTJ sensor. The magnetic direction of the sensitive layer is ideally 

free, and it will align along the direction with the sensed external magnetic field. 

The next step is the deposition of the magnetic stack by the magnetron sputtering system 

Singulus Rotaris. The deposition is performed by RF-sputtering in an ultrahigh vacuum 

(base pressure is less than 8×10-7 Pa). As illustrated in Figure 3.1, the magnetic stack 

consists of the following layers [85, 86]: * Starting from top, the symbols are: (Ta) Tantalum, (Ru) Ruthenium, 

(CoFeB) Cobalt-Iron-Boron permalloy “subscript numbers represent alloy percentage”, (MgO) Magnesium Oxide, (CoFe) Cobalt-Iron 

permalloy, (MnIr) Manganese-Iridium alloy 
 

1. Capping layer that serves as a top contact: Ta / Ru  

2. Free sensitive Co20Fe60B20 layer  

3. Barrier MgO  layer  

4. Synthetic antiferromagnetic stack which acts as a reference layer: 

a) Ferromagnetic Co70Fe30 layer that is pinned by the exchange coupling field 
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b) Thin spacer of Ru to form a smoother interface 

c) Ferromagnetic Co20Fe60B20 that is antiferromagnetically coupled to the 

pinned layer which acts as a reference layer 

5. Antiferromagnetic layer for the exchange coupling field: Mn80Ir20 

6. Buffer layer that serves as a lower contact layer: Ta / Ru / Ta 

There are two designs of the sensors; either a single junction or series of junction-pairs. 

The junction is an elliptical shape of various sizes with an aspect ratio of 2 or more. The 

width and length of the elliptical pillar are at least 1 μm and 8 μm, respectively. The 

connection of the series junction-pairs sensor is in sequential order to increase the overall 

resistance, and the masks’ design of the series sensor is illustrated in Figure 3.2.  

 

Figure 3.2 The masks of the series junction-pairs sensor. (a) Pillars. (b) Lower contacts. (c) Protection 

layer. (d) Contact layer. 
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After the deposition of the magnetic stack, a photolithography step follows by spin 

coating a 1.4 µm layer of the positive photoresist (AZ 5214-E) and exposing it under the 

“pillars” chrome mask, to create the pillars. These pillars are etched in the Ion Beam Etch 

(IBE) Oxford Instruments tool. A high-power RF-generator of 500 watt is used to energize 

argon gas and create an ionized beam, which is then neutralized and directed at the wafer 

at 45° angle. The gas flow is kept at a low rate of 10 standard cubic centimeter (sccm) to 

create sharp edges of the pillars. The etch rate is determined by resistivity check of a test 

sample that is deposited with the same magnetic stack except for the buffer layer. Hence, 

the resistivity of the sample is checked visually and electrically after every etching trial. 

Once the resistivity reads an open-circuit value and the insulation layer becomes visual, 

the process is considered complete, and the etch rate is estimated. Typically, the etch 

rate of the pillars is about 5 nm/min depending on layers’ thicknesses and compositions. 

Upon etching the pillars, the wafer is ultrasonicated in an acetone bath for 1 hour, to 

remove the photoresist then washed with Isopropyl Alcohol (IPA). The lower contact is 

then patterned immediately to reduce the risk of oxidizing the magnetic stack. A similar 

photolithography process is done for the patterning and etching of the lower contact. The 

resistivity check of the wafer is also performed to ensure a complete etch of the lower 

contact, and the etch rate is 4 nm/min. The wafer is then characterized by scanning 

electron microscopy (SEM). Figure 3.3 shows different SEM images of series pair-junction 

sensors of different sizes, and sharp edges profile is achieved. 
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Figure 3.3 The SEM image of (a) series junction-pair sensor, with zoomed pair in the inset, (b) junction 

pair sensor with 1 µm in width showing sharp edges profile. 

After another ultrasonication bath, the wafer undergoes a deposition process in the 

Plasma Enhanced Chemical Vapor Deposition (PECVD) Oxford Instruments tool to deposit 

an insulation layer of silicon nitride (Si3N4). The insulation layer protects the magnetic 

stack from oxidizing, and its thickness must cover the magnetic stack completely. The 

insulation layer has a similar thickness of the magnetic stack and is then patterned to 

create openings above the pillars. These openings are then etched in the Reactive Ion 

Etching (RIE) Oxford Instruments tool, using carbon trifluoride (CHF3) and sulfur 

hexafluoride (SF6) gases. Then a lift-off step follows by spin coating a 4 µm layer of the 

positive photoresist (AZ ECI 3027) and patterning it for the contact pads.  
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Then, a gold layer is sputtered using the Reactive Sputter System Cambridge tool. 200 nm 

thick layer of gold is deposited and then lifted-off in an ultrasonication bath of acetone 

for 2 hours. The photolithography process is illustrated in Figure 3.4.  

 

Figure 3.4 Fabrication steps: (a) Clean wafer. (b) Deposit insulation layer. (c) Deposit magnetic stack. 

(d) Pattern pillars and lower contacts. (e) Pattern protection layer. (f) Pattern contact layer. 

Once finished, the wafer is then diced in the dicing saw Accretech tool. The wafer is diced 

using a diamond blade and made into 1×1 cm2 or smaller dies according to the application 

requirements. A cross-section image of the MTJ stack was obtained by High-Angle Annular 

Dark-Field Scanning Transmission Electron Microscopy (HAADF STEM), showing the 

magnetic stack layers profile unbroken (Figure 3.5). The sensor is also imaged by SEM, 

and the image shows the pillar and the opening window covered by the gold layer as 

shown in Figure 3.6. 
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Figure 3.5 HAADF STEM cross-section image of the MTJ stack. The image is displayed with permission 

from Dr. Xiaofeng Chen, KAUST nanofabrication CoreLab. 

 

Figure 3.6 SEM image of the MTJ sensor. 
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Then annealing step is conducted for devices for the exchange bias effect [69]. The 

exchange bias effect is an effect that utilizes an antiferromagnetic layer to fix the 

magnetization of the reference layer into one axis, which is referred to as the easy axis. 

To do so, the devices are put in a special holder and inserted into the magnetic furnace 

ECT ET9007 East Changing (Figure 3.7). The generated magnetic field in the furnace is set 

at 0.8 Tesla in vacuum for 45 minutes. Then the temperature ramps up to 360 °C in 30 

minutes and remains constant for two hours, then slowly cools down to room 

temperature for six hours or more [87]. 

 

Figure 3.7 (a) The sensor is put on the holder to be inserted into (b) the magnetic furnace. 
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3.3 Fabrication Optimization 

3.3.1 First Generation MTJ Sensors  

The first successfully fabricated batch of MTJ sensors had a magnetic stack that consisted 

of a 17 nm antiferromagnetic layer and a free layer of 2 nm in thickness. The TMR 

characteristic curve is plotted in Figure 3.8, and it shows an MR ratio of more than 55% 

and a sensitivity of 3% /Oe. However, the sensitive region of the MTJ is shifted by 30 Oe 

and has a wide hysteresis curve of about 10 Oe.  The exchange bias effect had a big impact 

by influencing the free layer and shifting its sensitivity region. The thickness of the free 

layer caused hysteresis behavior on the characteristic curve. 

 

Figure 3.8 TMR characteristic of the first-generation batch, (inset: Zoomed hysteresis curve). 
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To reduce the hysteresis, the free layer is reduced to 1.5 nm for superparamagnetic 

response [88], which reduced the hysteresis to 4 Oe (Figure 3.9a). However, the curve is 

shifted due to the pinning filed of the antiferromagnetic layer. Thus, the 

antiferromagnetic layer is reduced to 8 nm to diminish the stray field (Figure 3.9b). 

 

Figure 3.9 TMR characteristic of (a) thin free layer to reduce the hysteresis and (b) a reduced 

antiferromagnetic layer to reduce the shift of the curve. 

3.3.2 Annealing Process of the MTJ Sensor 

Annealing of the MTJ sensor has different purposes. First, the annealing improves the 

interface between the antiferromagnetic and pinned layers and creates a definitive 

direction; thus increase the efficiency of the exchange bias effect [89]. The annealing also 

triggers diffusion processes, especially for oxides, and crystalizes ferromagnetic layers 

[90], and when done under an applied magnetic field, reorientation of the free layer’s 

easy axis can be achieved [91]. The sensitive region of the sensor is preferred to be 

centered around the zero-field; for the case-studies mentioned earlier.  
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Hence, different effects are considered in designing the MTJ sensor. First, the shape 

anisotropy effect is utilized, which is an effect that assists the magnetization of a 

ferromagnetic material to align along a preferred direction by the shape of the material 

itself [92]. Elliptical pillars with an aspect ratio of at least two are used in all the fabrication 

attempts. Also, the annealing of MTJ devices promotes MgO crystallization [93, 94]. The 

TMR characteristic curves of an MTJ sensor before and after annealing under no applied 

magnetic field is plotted in Figure 3.10. The MR values of both cases are low; however, 

annealing the MTJ sensor enhances the performance of the MTJ considerably. The MR is 

increased to 20% after annealing, and the sensitivity is almost tripled to 1.6%/Oe. Also, 

the resistance of the MTJ sensor increased two folds. 

 

Figure 3.10 MTJ sensor, before and after annealing under no applied magnetic field. 
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3.4 Characterization Setup 

The characterization of the MTJ sensor is carried out by measuring the resistance TMR 

characteristic of the MTJ sensor under applied magnetic fields. The characterization setup 

is built to provide a sweeping dc magnetic field and is controlled by the computer. The 

magnetic field is generated by the electromagnet coils EMU-75 from SES Instruments. The 

coils are wound on a soft iron core to concentrate the magnetic field in an air gap of which 

the sensors are placed. This airgap is limited to 3×3 cm2 which defines the maximum die 

size. The coils are driven by a Keithley 2400-C in current source mode, and the current is 

amplified by the Kepco Bop72-6m bipolar amplifier. The sensor is probed using another 

Keithley 2400-C in resistance-measurement mode. The magnetic field is monitored using 

an F.W. Bell Gauss-meter model 6010 in dc measurement mode. All feedback signals are 

sent to the control computer, and a LabVIEW program is used to visualize the data in real 

time. All measurements are done under a limited maximum compliance voltage of 1 V, 

and the current ranges between 1 – 1000 µA depending on the measured resistance value. 

The resistance of a single pillar junction is measured by the 4-wire method while the 2-

wire measurement method is used in the case of series junction-pairs. The magnetic field 

is applied in the direction of the long axis of the MTJ elliptical pillar, which is referred to 

as a zero-angle measurement or easy axis direction interchangeably. Measurements are 

taken at room temperature unless specified otherwise. The schematic of the setup is 

illustrated in Figure 3.11.  
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Figure 3.11 Characterization Setup: (a) The MTJ sensor, (b) Kethely 2400-C in resistance 

measurement mode, (c) Electromagnetic coils, (d) Kethley 2400-C in current source mode, (e) Kepco 

Bob72-6m bipolar amplifier, (f) F.W. Bell Gaussmeter 6010, (g) Computer. 

The sensors are characterized by the TMR resistance curve which is obtained using: 

𝑇𝑀𝑅 =  
𝑅−𝑅𝑚𝑖𝑛

𝑅𝑚𝑖𝑛
× 100 ,       (6)  

 where R and Rmin are the measured and the minimum resistances respectively.  

The TMR characteristic curve of the fabricated MTJ sensor shows a linear sensitivity 

centered around zero-field with a hysteresis-free curve as plotted in Figure 3.12. The 

hysteresis-free curve is obtained at ±20 Oe magnetization loops, and the MR ratio of a 

single 4 × 12 µm2 pillar sensor reaches 63% with a sensitivity of 4.9% /Oe. The magnetic 

stack of the MTJ is: (thickness of the layer in nm): 
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1. The Buffer layer: Ta (5) / Ru (30) / Ta (5) 

2. The Antiferromagnetic layer: Mn80Ir20 (8) 

3. The Synthetic antiferromagnetic stack: 

a) The pinned ferromagnetic layer: Co70Fe30 (2.3) 

b) The spacer: Ru (0.85) 

c) The reference ferromagnetic layer: Co20Fe60B20 (2.4) 

4. The barrier layer: MgO (1.53)  

5. The sensitive layer: Co20Fe60B20 (1.45)  

6. The capping layer: Ta (8) / Ru (7)  

 

Figure 3.12 TMR characteristic of the fabricated MTJ sensor. The inset is ±20 Oe magnetization loop. 
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Chapter 4 

Corrosion Sensor Based on Magnetic Tunnel Junctions and Magnetic 

Nanowires 

4.1 Corrosion Sensor Concept 

Corrosion is a chemical reaction that occurs to metals’ surface when exposed to a 

corrosive agent [95]. The corrosion process has many parameters that interplay together, 

which are complex and hard to identify individually. They determine the corrosivity of an 

environment. Parameters such as humidity, temperature and pressure are the main 

contributors to the corrosion process. The most effective way to determine the corrosivity 

is by exposing a thin layer of a metal, iron for example, directly to the environment. 

Thinner layer with big areas will react faster due to surface-to-volume ratio. Consequently, 

bigger ratio promotes a faster reaction. A nanowire shape has a higher surface-to-volume 

ratio, and thus react remarkably faster. Furthermore, iron nanowires specifically (Fe NWs) 

has high saturation and remanence magnetization values, which renders them nano-sized 

permanent magnets [28-38]. When exposed to a corrosive environment, they form an 

oxide shell around the core. The shell grows with corrosion until the core is completely 

oxidized. As a consequence, the nanowires lose some of their magnetizations [39, 40]. 

This property of Fe NWs is exploited for corrosivity sensing and is particularly useful. 
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In order to detect the magnetization loss of the NWs; hence measure the corrosivity of 

the environment; the Fe NWs are integrated and placed directly on top of an MTJ sensor. 

The corrosion of the Fe NWs is observed as the MTJ’s resistance change, which 

corresponds to Fe NWs losing their magnetization, as illustrated in Figure 4.1. 

 

Figure 4.1 Illustration of the magnetic NW corrosion sensor concept. When the Fe NWs start corroding, 

their magnetization decreases, which is detected by the MTJ sensor. 

 

 



59 

 

 

 

4.2 Iron Nanowires 

4.2.1 Nanowires Fabrication 

The iron nanowires (Fe NWs) are prepared using electrodeposition into templates made 

of Free-Standing porous anodic alumina (AAO) discs from InRedox ®. The discs were 

examined using scanning electron microscopy (SEM) as shown in Figure 4.2. The SEM 

images show irregular pore formation with varying diameters. The poor quality of the 

membrane is not suitable for the Fe NWs electrodeposition process.  

 

Figure 4.2 SEM image of AAO membrane, with irregular pores formation and an average diameter of 

70 nm. Inset is a zoomed image of the membrane. 
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Therefore, AAO templates were prepared by the two steps anodization technique [96]. 

High purity (99.9995%) aluminum discs were purchased from Good Fellow, with a 

diameter of 25 mm and a thickness of 0.5 mm. First, the disc is washed thoroughly with 

DI water and sonicated in an acetone bath for 5 minutes. Then the disc is electropolished. 

The electropolishing solution is prepared by adding 25 ml of perchloric acid HClO4 into 75 

ml of ethanol C2H5OH. The step is carried on a magnetic stirrer under an electric potential 

of 20 V and the temperature is 4 °C for 4 minutes (Figure 4.3). Next, the disc is anodized 

in 0.3 M oxalic acid C2H2O4 at 3 °C, under a voltage of 40 V and the current is limited to 2 

A. This anodization step takes 24 hours, and its sole purpose is to create a uniform base 

for the pores as seen in Figure 4.4a. 

 

Figure 4.3 (a) Electropolishing setup. (b) Polished and unpolished aluminum discs. 
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Then, the porous alumina is removed in a chrome solution; which is prepared by adding 

1.8 g of chromium trioxide CrO3 to 50 ml of DI water, then adding 5.76 g of phosphoric 

acid H3PO4 to the mix and complete with DI water to 100 ml. The removal of alumina is 

carried at 40 °C for at least 12 hours (Figure 4.4b). The disc is then subjected to another 

anodization step, to create highly oriented pores (Figure 4.4c). The duration of this 

anodization step determines the pore length, and it takes 24 hours to get a 60 μm pore 

length. The preparation steps of the AAO disc are illustrated in Figure 4.5. 

 

Figure 4.4 SEM images of AAO after different steps. (a) First anodization step. (b) Removal of the 

alumina showing the highly-ordered base. (c) Second anodization step. 

The Fe NWs electrodeposition It starts with removing the aluminum from the back of the 

membrane with a copper solution; which is prepared by adding 100 ml of hydrochloric 

acid HCl to 100 ml of DI water, then adding 3.4 g of copper chloride dihydrate CuCl2.2H2O 

to the solution. The aluminum disc is put in a Teflon cell, exposing its backside to the 

copper solution. Then, the copper solution is poured on the cell, and replaced with a new 

solution when it turns transparent. 
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Figure 4.5 AAO disc preparation: (a) Electropolished aluminum disc. (b) First anodization step, 

forming irregular pores. (c) Alumina Removal to expose the ordered-pores base. (d) Second 

anodization step, forming highly ordered pores. 

The removal of the aluminum takes about 20 minutes, and it is confirmed by a visually 

check the transparency of the membrane as it turns transparent, too. The pores are then 

opened and widened in a solution of 0.59 ml of phosphoric acid H3PO3 and 99.41 ml DI 

water for 2 hours. After that, a gold contact of 100 nm in thickness is deposited on the 

back side of the membrane by sputtering Quorum Q300TD tool. Next, galvanostatic 

electrodeposition of Fe NWs follows. A 6 g of iron sulfate FeSO4, 1 g of boric acid H3BO3 

and 1 g of ascorbic acid C6H8O6 are added into 100 ml DI water to prepare the 

electrodeposition solution. The process is carried out under nitrogen bubbling for 2 hours, 

and the current is set to 2 mA. The duration of the electrodeposition step will determine 

the length of the Fe NWs. Then, the Fe NWs are released from the membrane after dry 

etching the gold contact. The electrodeposition process is depicted in Figure 4.6. 
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Figure 4.6 Nanowire fabrication: (a) Aluminum removal from the back of the membrane, (b) Opening 

and widening of the pores, (c) Depositing a contact gold, (d) Electrodeposition of Fe NWs, (e) Gold 

removal, (h) Alumina removal and release of the Fe NWs. 

Then, pieces of the membrane are put in an Eppendorf tube and a solution of chromic 

acid H2CrO4 (0.2 M) and phosphoric acid H3PO4 (0.4 M) is poured into the tube. The 

Eppendorf is then kept under constant agitation at 40 °C for 24 hours. Once the alumina 

is dissolved completely, the nanowires are collected by magnetic separation technique. 

The released Fe NWs are rinsed thoroughly and stored in an Eppendorf filled with ethanol 

for later. 
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4.2.2 SEM Characterization of Fe NWs 

After growing the nanowires inside the pores, a piece of the membrane was cut and 

imaged in SEM. As shown in Figure 4.7, a cross-section of the membrane shows 

electrodeposited Fe NWs inside the pores. The Fe NWs have an average length of 5 µm; 

and an average diameter of 46 nm, resulting in an aspect ratio >100. This ensures a single 

magnetic domain in the NWs [33], leading to a magnetic remanence value that is about 

as high as the saturation value.  

 

Figure 4.7 SEM images of Fe NWs in the alumina membrane. Inset is a zoomed image of the Fe NWs. 
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Upon the release of Fe NWs, the compositions of the NWs were analyzed using Energy 

Dispersive X-Ray (EDX). As seen in Figure 4.8, the EDX spectrum shows the presence of 

the oxygen (O) and Fe peaks. The oxygen peak is expected since a protective oxide shell 

grows spontaneously around the NWs upon the release from the membrane. The silicon 

(Si) peak comes from the substrate onto which the NWs were placed for this 

measurement.  

 

Figure 4.8 EDX spectrum. Inset is an SEM image of released Fe NWs. 
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4.2.3 Raman and XRD Characterization of Fe NWs Compositions 

Further examination of the Fe NWs compositions is done using X-Ray Diffraction (XRD) 

spectroscopy. XRD spectrum is plotted in Figure 4.9a, and it shows Fe and iron oxide 

(Fe2O3) peaks [97]. However, the spectrum is completely obscured by the gold peak at 38 

degree, which was on the glass substrate. Therefore, Raman spectroscopy is used.   

As seen in Figure 4.9b, Raman spectrum elucidates a polycrystalline structure of Fe NWs 

and the existence of Fe2O3 in six bands [98]. The polycrystalline structure will promote 

further oxidization of the NWs [39], which will be useful in this application.  

4.2.4 SQUID VSM Characterization of Fe NWs Magnetization 

The effect of the corrosion on the magnetization of the NWs was characterized in a 

Superconducting Quantum Interference Device-Vibrating Sample Magnetometer (SQUID 

VSM). A sample of about 100 x106 Fe NWs was added to a Snap-Fit gelatin capsule and 

characterized in the SQUID VSM (Quantum Design, MPMS®3). The magnetic field was 

swept between ±1 T, and the temperature was maintained at 20 °C. Then a 50 µL drop of 

a saline solution was added to the capsule with the Fe NW sample and enclosed tightly, 

trapping an air bubble of 150 µL inside the capsule. The sample was then characterized 

under the same conditions for 11 weeks.  
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Figure 4.9 (a) XRD spectrum and (b) Raman Spectrum of Fe NWs. 
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As seen in Figure 4.10a, the coercivity of the NWs is reduced only slightly throughout the 

measurement period. This indicates that the switching mechanism did not change, which 

consists of domain wall nucleation followed by its motion across the NW length. This also 

indicates a single magnetic domain of the Fe NWs and they did not decompose. Another 

observation is the reduction of the saturation and remnant magnetizations as plotted in 

Figure 4.10b. This is a consequence of iron oxide formation and the decreasing size of the 

iron core. Under the assumption that the weight loss of the Fe core results in the 

formation of iron oxide, the oxidation rate inside the capsule can be roughly estimated by 

using the formula: 

Ms(Fe NWs) =  x Ms(Fe) + (1 − x) Ms(Fe2O3) ,    (7) 

Where Ms(Fe NWs) is the saturation magnetization of the sample, Ms(Fe) and Ms(Fe2O3) are 

the saturation magnetization of Fe and Fe2O3 respectively, and x is the weight ratio of the 

compositions.  

The Ms(Fe) and Ms(Fe2O3) values are 218 and 92 emu/g respectively [99]. Thus, for newly 

fabricated Fe NWs, the calculation indicates 8:2 ratio of Fe to Fe2O3. This corresponds to 

a nanowire of 46 nm core dimeter to get an oxide shell of 4.6 nm in thickness; which is in 

good agreement with previous work [39]. At the fourth week of the measurement, the 

Ms(Fe NWs) value indicates that the NWs are fully corroded. Thus, the linear oxidation rate 

of the Fe NWs is found to be 1.4 nm/day; as the iron core transforms into oxide.   
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Figure 4.10 (a) Magnetization Curves obtained by SQUID VSM. (b) Saturation magnetization decay. 
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Note that due to the enclosed environment condition, the corrosion of the encapsulated 

NWs is substantially slowed down [100]. The corrosion reduces the saturation 

magnetization over time, which stabilizes at 45% of the original value (Figure 4.10b). This 

indicates that the NWs are fully corroded, in agreement with earlier findings [39]. 

4.3 MTJ Characterization  

The characteristic curve of the MTJ used for this sensor is plotted in Figure 4.11. The 

sensitive region is shifted by 10 Oe, and the MR ratio is 60%. The sensor size has an area 

of 8×16 µm2. The sensor is annealed as described in section 3.1, in a vacuum and under 

0.8 T for 2 hours. 

 

Figure 4.11 The characteristic curve of the MTJ sensor. (Inset: Zoomed graph of the sensitive region). 
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4.4 Assembly of the Corrosion Sensor  

The corrosion sensor consists of Fe NWs on top of an MTJ sensor. The alignment of the 

Fe NWs on top of the MTJ sensor is done manually by a drop-casting technique. First, the 

MTJ sensor is placed in the uniform magnetic field region of the electromagnetic coils and 

aligned in the desired direction, either along the MTJ’s easy axis, or perpendicular to it. 

Then the magnetic field of about 100 Oe is generated in the desired direction. A 1 µL drop 

of ethanol containing well-dispersed Fe NWs is cast on the sensor. Once the ethanol drop 

dries, the sensor is imaged in SEM to check the presence of the Fe NWs on top of the 

sensor, as illustrated in Figure 4.12. 

 

Figure 4.12 (a) Drop casting Alignment of Fe NWs, (b) parallel and (c) perpendicular to its easy axis. 
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4.5 Results 

Throughout all corrosion experiments, a saline solution of 3.5% sodium chloride (NaCl) 

dissolved in DI water is used as a seawater equivalent. The resistance measurement is 

done under a limited current of 10 µA. 

4.5.1 Alignment Effect on MTJ Characteristic  

The alignment of Fe NWs is either parallel or perpendicular to the easy axis of the MTJ, as 

illustrated in Figure 4.12. The Fe NWs that are aligned along the easy axis exert an external 

magnetic field that aligns or opposes the pinning field of the MTJ, which results in shifting 

the MTJ curve by 11.8 Oe. However, after immersing the sensor in saline solution for 2 

hours, the curve shifts back by 8.1 Oe, correlate to the magnetization loss of the Fe NWs 

due to their corrosion. In other words, in this parallel alignment case, the magnetic field 

of the Fe NWs will interact with the pinning magnetic field either constructively, or 

destructively. This translates into a shift of the characteristic curve, which partially returns 

back when the Fe NWs were fully corroded, and their stray fields reduced Figure 4.13a.  

On the other hand, the alignment of the Fe NWs perpendicular to the easy axis extends 

the dynamic range of the MTJ sensor, since their stray field applies a bias field 

perpendicular to the easy axis [101]. As a consequence, the sensitivity of the MTJ sensor 

changes from 12.6 %/Oe to 0.7 %/Oe, in exchange for a wider dynamic range that 

increases by 94 Oe (Figure 4.13b).  
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When submersed in the saline solution for 2 hours, the corrosion of the NWs reduces 

their magnetization, and the sensor partially recovers its original MTJ characteristic, with 

a sensitivity of 2.4 %/Oe, and a reduction of the dynamic range by 77Oe. Hence, In the 

case of the perpendicular alignment, the Fe NWs stray fields will align the magnetic 

dipoles of the free layer perpendicular to the easy axis; ensuring an effective easy axis 

that is not aligned with the long axis of the elliptic MTJ anymore. This alignment results in 

a “stretched” characteristic curve since the alignment of the free layer’s dipoles (either 

parallel or antiparallel directions) will require larger magnetic fields. Therefore, the 

sensitivity of the MTJ reduces, but the dynamic range increases.  

Another important difference between the two alignments is that in the perpendicular 

orientation case, the resistance change of the MTJ is apparent at zero-field. From a 

practical point of view, this is advantageous, since the corrosion measurement can be 

carried out without the need to apply an external magnetic field. So, this alignment 

simplifies the operation of the sensor, allows for extreme miniaturization, and minimizes 

the power consumption. Therefore, this orientation of the NWs is used for further studies 

of the proposed corrosion sensor. 
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Figure 4.13 Results of Fe NWs alignment on the MTJ characteristic curve during their corrosion:           

(a) parallel alignment to the easy-axis, (b) perpendicular alignment to the easy-axis. 
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4.5.2 Corrosion Sensor Measurements  

Corrosion sensor, which consists of Fe NWs aligned perpendicular on an MTJ sensor, was 

immersed in saline solution. The characteristic curve was obtained for 5 hours and plotted 

in Figure 4.14a. The corrosion sensor responded fast in the saline solution and then 

saturated after two hours, which confirms that the Fe NWs were fully corroded. These 

results qualitatively match the magnetization loss behavior found in Figure 4.10b. The 

zero-field values are the most important since this is where the corrosion sensor operates 

at ultra-low power consumption. The zero-field response is plotted in Figure 4.14b. The 

corrosion sensor’s sensitivity (τ) of the environment is defined as the slope of a line that 

connects the initial to the saturation resistance values of the sensor as follows:  

𝜏 =
𝑅𝑠𝑎𝑡−𝑅0

𝑡𝑠𝑎𝑡×𝑅𝑚𝑖𝑛
× 100 ,           (8) 

where Rsat and R0 are the saturation and the initial resistance values of the corrosion 

sensor, respectively, tsat is the time it takes for the corrosion sensor to saturate, and Rmin 

is the minimum resistance value of the MTJ sensor.  

Under the assumption that the corrosion occurs uniformly from the outer shell towards 

the center of the NW, the rate of corrosion can also be estimated as the rate of the 

nanowire’s oxidation across its diameter: 

 𝐶𝑅 =
Φ𝑁𝑊𝑠

2×𝑡𝑠𝑎𝑡
,         (9) 

where CR is the corrosion rate, and ΦNWs is the average diameter of the NWs. 
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Figure 4.14 (a) MTJ characteristic curves of the corrosion sensor measurements for 5 hours. (b) Zero-

field resistance response of the corrosion sensor. 
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In order to study the effect of a different environmental parameter on the corrosivity, the 

temperature of the saline solution was increased, and the zero-field resistivity of three 

different corrosion sensors was recorded. Figure 4.15a shows the effect of the 

temperature on corrosion sensors. At 20 °C, the sensitivity was found to be 0.05 %/min 

and the saturation was reached after two hours; thus, the corrosion rate was 0.1 mm/year. 

When the temperature was raised to 40 °C, the corrosion was accelerated with a 

corrosion rate of 0.2 mm/year, and the full corrosion was achieved after one hour, 

implying a sensitivity of 0.07 %/min. Similarly, at 60 °C, the sensitivity increased to 

0.1 %/min and sensor saturated after 30 minutes, with a corrosion rate of 0.4 mm/year. 

Hence, the corrosion rate increases with heat, with a factor of 1.4 every 20 °C increase in 

temperature (Figure 4.15b). This nonlinear behavior is due to complex parameters of 

oxide formation and the oxygen solubility dependence on temperature [102]. 

The responsive behavior of the corrosion sensors is very similar to the Fe NWs corrosion 

characteristic found with the SQUID VSM (Figure 4.10b). The change of the magnetization 

remanence of the Fe NWs is inherently transferred into the corrosion sensor. Since the 

Fe NWs can be fully corroded within 30 minutes, they provide a very quick measure of 

the environment’s corrosivity. The high sensitivity of the corrosion sensor is facilitated by 

the sensitive MTJ sensor, which can detect the minute changes in the NWs magnetic field.  
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Figure 4.15 (a) Zero-field resistance curve of three different corrosion sensors at different 

temperatures. The corrosion rates CR20°C, CR40°C, and CR60°C are calculated at temperatures 20 °C, 40 °C 

and 60 °C, respectively. (b) Corrosion rates dependence on temperature. The sensitivities τ20°C, τ40°C, 

and τ60°C are calculated at temperatures 20 °C, 40 °C and 60 °C, respectively. 
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4.6 Summary 

In this chapter, a magnetic Fe NW corrosion sensor is demonstrated. This corrosion sensor 

exploits the high magnetic remanence of the Fe NWs, and their large surface-to-volume 

ratio. Combined with the fast-reactive Fe NWs, the corrosion sensor inherently acquires 

high sensitivity and power efficiency from MTJ devices. Upon the Fe NWs corrosion, their 

stray magnetic field is weakened, which is detected using a simple resistance 

measurement of the MTJ sensor. Two different alignments of Fe NWs were studied, i.e., 

parallel and perpendicular to the easy axis of the MTJ sensor. While both configurations 

capable of detecting the Fe NWs corrosion, the perpendicular alignment is preferable, 

since it shows a resistance dependence to corrosion at zero magnetic field. The corrosivity 

of the environment was estimated by evaluating the corrosion rate of the Fe NWs. The 

integration of the MTJ and NWs, and the operation at zero-field resulted in a sensor with 

an ultralow power consumption of less than 1 nW, fast response of 30 minutes in saline 

solution and small size of only 128 µm2. The sensitivity of the corrosion sensor reacted to 

temperature changes with a sensitivity of 0.07%/min and a corrosion rate of 0.4 mm/year. 
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Chapter 5 

Flexible Magnetic Tunnel Junction Sensor for Tri-axial Field Measurement 

and Cardiac Catheterization Tracking System 

5.1 Catheter Tracking System  

Cardiac catheterization is a minimally invasive surgery, for patients with cardiovascular 

disease. A thin tube - called a catheter - is inserted into the artery of the patient, and the 

surgeon navigates the catheter to the heart with continuous X-ray imaging enhanced with 

contrast dyes. Both the X-ray and contrast dyes are harmful and pose serious risks to 

patients [45-50]. Thus, an alternative navigation system is crucial to reduce the risks, and 

few alternatives already exist, but they are complex, bulky and very expensive [51-53], 

but they are complex, bulky and very expensive. To develop such a system, few key points 

must be addressed. First, the actual catheter’s location is less important than its 

orientation. The reason behind this is related to the understanding and the well-mapped 

cardiovascular system of the human body, which allows surgeons to localize vessels with 

a high degree of certainty. Another key point is the movement’s restrictions and size. 

Specifically, aortic valve sinus has a diameter of about three centimeters, and it bifurcates 

into vessels of around one centimeter in diameter [103, 104].  
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The catheter is pushed into the aorta until it reaches the bifurcations near the heart. By 

rotating the catheter’s end, surgeons orient the catheter towards the designated vessel. 

It is also important to mention that there is an associated risk of vascular complications 

associated with bigger catheters [105]. Thus, a catheter tracking system must be a 

platform integrable into any catheter with minimal addition of size and weight. The main 

goal of the system is to reduce X-ray exposures during the procedure by tracking the 

catheter’s orientation (Figure 5.1).  

 

Figure 5.1 The catheter’s tracking system with a tri-axis MTJ sensor on the tip and wired to the handle 

at the catheter’s end “Image by Ivan Gromicho, KAUST”. 
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The system exploits the Earth’s magnetic field to track the catheter’s tip. The Earth’s 

magnetic field is a spatial vector, and consequently, its projections on the cartesian 

coordinates are perpendicular to each other. The vector summation of the projections (or 

alternatively x, y and z magnetic components) will point toward the magnetic north. Thus, 

by implementing a tri-axis magnetic field sensor on the catheter’s tip, the magnetic north 

can be used as a reference direction to estimate the tip’s orientation. However, due to 

the catheter’s size, commercial magnetic sensors cannot be used. Therefore, a 

miniaturized flexible tri-axis MTJ sensor is developed. By taking advantage of the catheter 

shape, three individual MTJ sensors are systematically placed on the perimeter of the 

catheter, to make their sensitive axes effectively perpendicular to each other, as 

illustrated in Figure 5.2.  

 

Figure 5.2 The tri-axis sensor concept on a catheter. The arrows indicate the sensitive direction of the 

individual sensor. 
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5.2 System Blocks  

The catheter’s tracking system consists of three main blocks, namely; sensors, µcontroller, 

and display screen, along with secondary elements such as the readout circuit and the 

computational algorithm (Figure 5.3). Each element and related issues are discussed 

hereunder. 

 

Figure 5.3 Block diagram of the catheter’s tracking system. 

5.2.1 Earth’s Gravity & Magnetic Field  

The system targets high efficiency, low power consumption and low-cost solution, and 

thus the system relies on Earth’s gravity and magnetic field. Both gravity and magnetic 

field, have distinguished directions and can be used reliably as a reference. Hence, the 

calibration process is very crucial for the system to work properly.  

Earth’s magnetic field has inconsistency across the globe, which depends on geographic 

and geophysics of the Earth’s core. To compare, the magnetic field strength in Thuwal, 

Saudi Arabia is (0.41) Oe, while it is at (0.51 Oe) Washington DC, USA [106, 107].  
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However, the magnetic field remains constant within a small area, such as the operation 

room. These small differences must be calibrated before every use of the system.  

Other effects on the magnetic field are the soft- and hard- iron distortions. Hard-iron 

distortion is an induced magnetic field by a magnetic source and is usually constant. Soft-

iron distortion is related to high-permeability material in close proximity to the sensor. 

Both effects can be corrected by a pre-operation calibration and data-processing [108].  

Similarly, the Earth’s gravity has minute differences around the globe, but is less prone to 

changes and remains constant within a small area. The actual gravity value can be 

corrected during the calibration process. 

5.2.2 The Sensors   

The system must have at least two types of sensors to work properly: a main tri-axis MTJ 

sensor and an auxiliary tri-axis accelerometer. The MTJ tri-axis sensor consists of 3 sensors 

having their sensitive directions perpendicular to each other. They must be sensitive to 

Earth’s magnetic field and must have an angular dependency as illustrated in Figure 2.6. 

The fabrication process and assembling of the tri-axis sensor are discussed later.  

The tri-axis MTJ sensor alone can only detect up to three degree-of-freedom (DOF); which 

means that the orientation can only be detected if the catheter does not rotate around 

its axes [109]. Hence, the auxiliary accelerometer sensor is essential if the detection of 

the rotational movements is required [110].  
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The catheter is also rotated and manipulated by rotating its end, and thus, the 

accelerometer sensor can be placed at the catheter’s end. Hence, the arrangements and 

distribution of the sensors simplify the system. In particular, it is essential to minimize the 

sensors devices at the catheter tip, in order to minimize weight and size as well as the 

wiring along the catheter. As mentioned before, commercial magnetic sensors come in 

relatively big packages and cannot be mounted on the catheter’s tip. The accelerometer 

sensor, however, is placed at the end of the catheter, and hence, commercial sensors can 

be utilized in the system. 

5.2.3 Readout Circuit and the µController 

The utilized readout circuit is illustrated in Figure 5.4; it consists of a Wheatstone bridge, 

amplifiers and low-pass filter. The Wheatstone circuit bridge consists of 4 resistors 

including the sensor, and balances around zero volt. The bridge converts the minute 

changes of the sensor’s resistance into a voltage signal to be amplified. 

 

Figure 5.4 Readout circuit diagram. 
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Note, the sensor will be at the catheter’s tip, and it will be wired to the µcontroller outside 

the body. Thus, the wiring’s resistance must be negligible compared to the sensor’s 

resistance, to allow for a 2-wire measurement method and to comply with size restrains. 

The bridge resistors are selected to balance around the sensor’s midpoint value. Thus, the 

sensor branch of R1 and RSensor is balanced by selecting R1 to be at the midpoint of the 

sensor’s (RSensor) resistance, and this midpoint is obtained from the TMR characteristic of 

the sensor. The other branch of R2 and R3 is a potentiometer that is used to tune the 

bridge manually and provide a virtual ground reference (GREF) for signal conditionings. 

Then, a differential amplifier is used to compare the potential difference of the bridge 

circuit and to amplify it with a gain of 200. The signal is then fed into a buffer for 

protection and insulation. Then, a 2nd order noise filter is used to filter out noises with a 

corner frequency of 20 Hz and unity gain. The output signal of the filter is then amplified 

in a differential amplifier with a gain of 10, by comparing it with the GREF reference of 

the potentiometer. Then, the signal is transferred by direct connection to the Arduino 

board. The readout circuit layout of one MTJ sensor is illustrated in Figure 5.5. There is a 

total of three readout circuits for each signal from the tri-axis MTJ sensor, and each circuit 

is tuned manually for accurate readings. 

 Arduino Nano® board is used as the µController since it is a great tool for fast prototyping, 

cheap and versatile. The board has built-in analog-to-digital converters with 10-bits 

resolution and 9.6 kHz sampling rate. 
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Figure 5.5 Readout circuit layout. 

The µController is used to condition and transfer the data to a computer. A C++ based 

compiler is used to program the Arduino via a mini universal serial bus (USB) port. The 

pseudocode algorithm that is used to read the MTJ tri-axis sensor is in Figure 5.6, and it 

utilizes an autoregressive running averaging code, for its simplicity and effectiveness for 

this application. The averaging is evaluated as follow:  

𝐴𝑣𝑔𝑋(𝑡) = 𝛼 𝑆𝑋(𝑡) + (1 − 𝛼) 𝐴𝑣𝑔𝑋(𝑡−1)  ,          (10) 

 Where AvgX(t) is the average value of the x-axis sensor, α is the autoregressive factor 

(minimum value will discard old values rapidly and it is chosen to be 0.5), SX(t) is the 

reading from the x-axis sensor and AvgX(t-1) is the old average value of x-axis sensor.  
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Then, the average value is normalized as a ratio of differences between the average to 

the minimum and maximum values, and span the ratio to range between ±100 as follows:  

𝑀𝑋 = (
𝐴𝑣𝑔𝑋(𝑡)−𝑀𝑖𝑛𝑋

𝑀𝑎𝑥𝑋−𝑀𝑖𝑛𝑋
× 200) − 100 ,          (11) 

Where MX is the x-axis sensor normalized ratio, MinX and MaxX are the minimum and 

maximum values of the sensor’s readings.  

 

Figure 5.6 Arduino’s pseudocode of reading the MTJ sensor. 
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The calibration of the system is done to search for the maxima and minima values of the 

sensor. By rotating the sensor 180° around its axes (x, y and z), the maxima and minima 

are identified, then the output is evaluated and transferred to a computer for data 

processing and display. Adopted algorithm codes are listed in Appendix B. 

5.2.4 The Display Unit and the Heading Angle Algorithm  

The output of the Arduino board is sent directly to a MATLAB-running computer through 

a mini USB port. MATLAB® program is a powerful computational tool that is used for data 

processing and visualization. Thus, the computer is the primary µController of this 

prototype system. Upon receiving the raw data from the Arduino board, the data are 

processed and visualized in MATLAB.  

 

Figure 5.7 The roll(φ), pitch (θ) and heading (Ψ) angles in the catheter’s tracking system. 
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The Roll, Pitch and Heading angles are defined as the clockwise-rotating angles around 

the x-, y- and z- axes respectively (Figure 5.7). The algorithm determines only the Heading 

(Ψ) angle from the magnetic sensor readings. The Roll(φ) and Pitch (θ) angles, on the 

other hand, require an auxiliary accelerometer to be evaluated, which is not adapted at 

this stage due to the catheter’s size limitations.  

As mentioned before, the Earth’s magnetic field is a spatial vector of a constant value. 

Also, the individual sensors of the tri-axis MTJ sensor are perpendicularly aligned to each 

other. They have a typical angular response with the Earth’s magnetic field as described 

in section2.2, and so, the change in their resistance value is proportional to the cosine of 

the angle between the Earth’s magnetic field and the sensitivity direction of the sensor. 

The values of the MX, MY and MZ are the normalized magnetic projections of the Earth’s 

magnetic field on the x-, y- and z- axes of the tri-axis sensor using Equation 11 (Figure 5.8). 

Hence, in an ideal condition, if one of the projections is at its maximum or minimum value, 

the other projections must show zero readings. Misalignment could be corrected within 

a small margin of error. Nonetheless, once the magnetic components are obtained, the 

Heading angle is evaluated by examining different statements as follow: 

 

{
 
 

 
 𝑀𝑌 > 0 ⟹  𝜓 = 90 − tan (

𝑀𝑋

𝑀𝑌
)

𝑀𝑌 > 0 ⟹  𝜓 = 270 − tan (
𝑀𝑋

𝑀𝑌
)

𝑀𝑌 = 0 ∧  𝑀𝑋 < 0  ⟹  𝜓 = 180
𝑀𝑌 = 0 ∧  𝑀𝑋 ≥ 0  ⟹  𝜓 = 0     

 ,   (12) 
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Figure 5.8 The Earth’s magnetic projections MX, MY, and MZ as detected by the inner sensors. The θX, 

θY and θZ are the angle between the Earth’s magnetic field and the x- y- and z- axes respectively.  

5.2.5 Initialization Process 

The system must be initialized at the beginning of each use, to calibrate and account for 

any disturbances in the local magnetic field. The initialization steps are (Figure 5.9): 

1. Place the sensor on a horizontal plane and point its x-axis along the Earth’s 

magnetic field. 

2. Rotate the catheter 180° around the z-axis to identify the MaxX and MinX. 

3. Repeat step 1 and 2 for the y-axis, by placing the catheter on the horizontal plane 

and direct its y-axis along the Earth’s magnetic field and rotate it 180° around the 

z-axis to identify the MaxY and MinY. 

4. Repeat step 1 and 2 for the z-axis. The sensor’s z-axis is directed along the Earth’s 

magnetic field and rotate it around its y-axis to identify the MaxZ and MinZ. 
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Figure 5.9 The initialization steps.  

5.3 Flexible Tri-axis Magnetic Sensor  

The tri-axis MTJ sensor is an essential component of the system. It must be miniaturized 

to be mounted on the catheter’s tip. Hence, there are two approaches used to fabricate 

a flexible tri-axis MTJ sensor.  

The first approach is a polymer-based fabrication process. It utilizes an electronics-

transfer process to a polyimide substrate [111-113]. However, the process was 

unsuccessful due to the irregular formation of a defective sacrificial layer, as discussed in 

Appendix C. The second adopted approach utilizes a backside etching technique to make 

silicon-based electronic devices flexible [114, 115]. Therefore, the MTJ sensor retains 

good performance with a relatively easier fabrication process.  
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5.3.1 Fabrication of Flexible MTJ sensor 

The fabrication process of flexible sensor-on-tube (SOT) follows the same 

photolithography process described in section 3.1. After dicing the wafer into smaller dies 

and annealed as described in section 3.1, a back-etching process is performed on the dies 

[114, 115]. The process starts by applying a drop of silicone oil on the surface of each die, 

to protect the sensor from burning. Then, the die is placed upside down on a glass carrier 

and undergoes a deep reactive ion etching (DRIE) process. The process is carried out using 

octafluorocyclobutane C4F8 and sulfur hexafluoride SF6 gases, and alternates between the 

C4F8 for 3 seconds and SF6 for 8 seconds at 10° C to guarantee a slow etching rate. Gas 

flows are kept at 100 sccm. The process takes 3 hours to etch 400 µm of silicon. The 

thickness is checked by a profilometer, and once the desired thickness is achieved, a 

gentle clean with IPA will remove the oil residues. The process and SEM images of the SOT 

are shown in Figure 5.10; and an ultrathin MTJ sensor of ~4 μm thickness is achieved.  

5.3.2 Characterization of the Flexible MTJ Sensors 

After making the sensor die flexible, the coercive field of the SOT sensor was measured 

for different bending curvatures using a Vibrating Sample Magnetometer (VSM). Figure 

5.11a shows the coercive field, saturation and remnant magnetization obtained for 

several sensors bent at different bending diameters down to 500 µm. To this end, the 

samples were placed on a VSM holder (Figure 5.11b), and the bending diameter was 

evaluated by SEM images as shown in Figure 5.11c.  
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Figure 5.10 Flexible MTJ fabrication process: (a) MTJ sensor die, (b) Coating with silicone oil, (c) Back 

etch using DRIE process, (d) Desire thickness of the die is achieved, (e) Cleaning the die. (f, g) SEM 

images of flexible MTJ sensor with less than 4 μm die thickness. 
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Figure 5.11 (a) Coercive field, saturation and remnant magnetizations of a flexible MTJ die measured 

by VSM with the bending curvature. (b) Optical microscope images of the VSM sample holder. (c) SEM 

image shows the method of estimation the diameter D. 

For all diameters, the coercivity remains constant with very little change (22±5 Oe), which 

confirms that neither the magnetic properties nor the structure were changed during the 

thinning process. The saturation and remanence magnetizations show the same stable 

behavior. The structure of the magnetic multilayers was analyzed by Transmission 

Electron Microscopy (TEM). Figure 5.12 shows no structural degradation, and the well-

defined nanoscale multilayer structure is entirely maintained.  



96 

 

 

 

 

Figure 5.12 (a) TEM image of a flexible MTJ die. (b) The magnetic stack of the MTJ sensor is intact.    

(c) The flexible MTJ sensor is mounted on the sample holder. 

Compressive and tensile strains were applied to the flexible MTJ sensor, and the magnetic 

properties were measured in the VSM tool, to see the effect of bending on its 

characteristic curve. The corresponding magnetization curves are shown in Figure 5.13a 

for flat or bent die in a compressive and tensile manner with a diameter of 2 mm. For the 

magnetic field oriented along the easy axis, a tensile strain along the easy axis gives rise 

to a harder magnetic behavior shifting the saturation field. In contrast, under a 

compressive strain, the material becomes magnetically softer; which indicates negative 

total magnetostriction [116]. 
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Figure 5.13 (a) Magnetization loops of flexible MTJ sensor for flat, compressive and tensile states. (b) 

Magnetization loops after 10, 100 and 1000 cycles of bending. 

These results provide an alternative way to mechanically tune the magnetic properties, 

which can be considered when developing flexible magnetic devices. In order to evaluate 

the reliability of the SOT, their magnetic properties were studied under periodic strain 

cycles. This was accomplished by attaching a sample to elastomeric support, which was 

repetitively stressed by bringing it from a flat state into a tensile state repeatedly. After 

10, 100 and 1000 of such cycles, the magnetization curves were measured and no relevant 

differences, due to fatigue, were found (Figure 5.13b).  

The TMR characteristic curves of a flexible MTJ sensor were evaluated under different 

bending conditions.  Figure 5.14a shows the MR ratio, the maximum and minimum 

resistance values with different bending diameters. All values remain almost constant 

under bending with roughly maximum and minimum resistance values of 22 Ω and 9 Ω 

respectively, and an MR ratio of about 145 %.  
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All measurements show similar behaviors for different bending conditions, which 

suggests that the stress applied to the magnetic stack is not enough to change the 

electron band structure. Cyclic loading experiments were performed to test the reliability 

of the flexible MTJ sensor. The MR ratios were taken before applying (zero cycles) and 

after the 10th, 100th and 1000th loading cycle. The MR ratio remains consistent without 

any signs of fatigue as shown in Figure 5.14b. 

 

Figure 5.14 (a) Maximum and minimum (Rmax, Rmin) resistance values of the flexible MTJ sensor, 

and the MR ratios for a bending diameter from 30 mm to 3 mm. (b) MR ratio versus cycles of tensile 

strain. The inset shows the experimental setup, which was used to cyclically apply the strain. 

The flexible MTJ single-pillar sensor shows high performance but has a low resistance 

value of 9 Ω, which was comparable to the wiring’s resistance (~3 Ω). Thus, series-pillars 

MTJ sensors were fabricated, which consist of 500 junctions in series with cylindrical pillar 

shape of 4×8 µm2, to increase the resistance. As seen in Figure 5.15a, the TMR curve of 

the series-pillars sensor shows a great improvement in the resistance with a value of 29 

kΩ at zero-field and sensitivity of 1.4 kΩ/Oe and a total sensor area of 300 µm2.  
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However, the MR ratio has dropped considerably to 28.7%. This tendency of MR ratio 

drop is associated with series-pillars connection [117], which could be associated with the 

poor contacts between the junctions or a result of the spin-transfer torque effect 

between pairs-junctions [118] or combination of these effects.  

The angle curve of the new batch MTJ sensor is measured by mounting the sensor on a 

stepping motor that rotates at 10° steps. As seen in Figure 5.15b, the measured curve is 

in agreement with the theoretical estimation (Equation 5), but the curve is slightly 

damped due to the hysteresis of the junction. The sensitivity of the MTJ sensor is 8.85 Ω/° 

and maximum resistance change is about 3.8 kΩ. Henceforth, the series-pillars connection 

sensor is adopted for this application.  

 

Figure 5.15 (a) TMR characteristic curve and (b) the angular response of the new MTJ sensor. 
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5.3.4 Assembly of the tri-axis Flexible MTJ sensors 

The tri-axis MTJ sensor exploits the shape geometry of the catheter to create three 

perpendicular sensors. As seen in Figure 5.16a, the sensors are placed on a hollow 

cylindrical acrylic tube as a carrier, instead of attaching it directly onto the catheter.  

The tube is laser cut to have a 2 mm diameter and a shell thickness of 0.5 mm. It also has 

four cut-through small openings (0.1 mm) for the copper wires to go through. The wires 

are then soldered directly onto the contacts of the sensors. Once the sensors are placed 

and soldered, a heat shrink tube is used to secure the assembly creating a thick protective 

shell of about 0.6 mm. So, the total thickness of the assembly is about 3.4 mm, which can 

be improved by utilizing another protection alternative. The assembly with the copper 

wires is shown in Figure 5.16b. 

 

Figure 5.16 (a) Illustration of the carrier tube used for the assembly. (b) Assembled tri-axis sensor. 
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5.4 Prototype Test  

The prototype consists of the tri-axis MTJ sensor alone, to assess the performance of the 

sensor and identify any irregularity or misalignment. Hence, the accelerometer is not 

adopted at this stage to focus on the main part of the innovation of this work. Also, the 

algorithm is modified accordingly to visualize the Earth’s magnetic field only as sensed by 

the tri-axis sensor. 

5.4.1 MATLAB Code 

The tri-axis MTJ sensor detects the Earth’s magnetic field components MX, MY and MZ 

while the Arduino board records the three readings. As described in section 5.2.3, the 

Arduino controller averages and conditions the signals to be transferred to MATLAB. The 

communication between MATLAB and Arduino board is done through mini USB, with a 

transfer rate of 2 Mb/s. The MATLAB algorithm calculates for the heading angle from the 

tri-axis MTJ sensor alone [119]. The heading angle is calculated from MX and MY values 

and identified by different statements as described in section 5.2.4. Then, an arrow vector 

is created and projected on xy-plane, to point toward the sensor’s tip direction. The 

plotter also projects the magnetic components on the planes to make the visualization of 

the arrow more comprehensible. The algorithm’s pseudo code is shown in Figure 5.17.   
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Figure 5.17 MATLAB’s pseudo code of the compass heading angle detection using the tri-axis MTJ 

sensor. 
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5.4.2 Results and Discussion 

The MTJ sensor is visualized using the plotter tool provided by the MATLAB program. The 

system is initialized as described in section 5.2.5. The sensor is then placed on a horizontal 

plane and rotated 360° around its z-axis at slow speed. In Figure 5.18, a sequence of movie 

frames showing the process of the experiment. The plotter shows a vector arrow 

depicting the direction of the sensor which rotates with the sensor. The arrow vector is 

plotted in the middle of a 3D cube, and the MX and MY are projected on the xy plane as 

shown below. The sensor was directed firstly along the Earth’s magnetic field, and the 

arrow was tilted from the north’s axis (Figure 5.18a). As the sensor rotated clockwise 

(Figure 5.18b-f), the arrow followed the rotation demonstrating a good response. 

However, the arrow movement indicates a tilted sensor arrangement.  

 

Figure 5.18 Image sequence of a recorded video showing the arrow as plotted in MATLAB rotating 

with the sensor rotation. 

 



104 

 

 

 

The tilt issue of the sensor was investigated by obtaining the normalized magnetic 

projections (MX, MY and MZ) from the Arduino µcontroller directly. A step motor was used 

in this experiment to rotate the tri-axis sensor with angle (ϕ) with 6° steps, and the 

magnetic projections MX, MY and MZ were recorded simultaneously as depicted in Figure 

5.19. In Direction-X, the Sensor X “which corresponds to the x-axis sensor” showed a good 

response with minimum value along the Earth’s magnetic field, and maximum when it 

aligns antiparallel to it. The heading angle “which is the clockwise-rotating angle around 

the z-axis” was evaluated as described in section 5.2.4, and the error was calculated as 

the difference between the actual and the estimated angles. In this direction, the heading 

angle should be the same as the rotational angle (ϕ). The evaluated error ranged between 

14.3° and -7.8° with root-square-mean (RMS) value of 6.9°. The response of the Sensor Y 

“which corresponds to the y-axis sensor” was shifted by 90° from Sensor X, which 

indicates a good alignment of these two sensors to each other. However, Sensor Z “which 

corresponds to the z-axis sensor” showed a considerable cross sensitivity with Sensor Y.  

In Direction-Y, a similar behavior was observed, Sensor Y has its minimum and maximum 

values aligned parallel and antiparallel to the magnetic direction and the cross sensitivity 

of Sensor Z became evident. The heading angle was also evaluated, but it is shifted by       

(-90°) from the rotational angle (ϕ). The error was found to range between 1.6° and -13.3° 

with an RMS value of 6.0°. The heading estimation falls within an acceptable margin of 

error, since the arterial trees varies broadly between 12° to +50° [120].  
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Figure 5.19 The tri-axis sensor rotation around the X- Y- and Z- directions.  

The Sensor Z was the only sensitive sensor to the z-direction, but the MZ projection was 

not aligned perfectly with the Earth’s magnetic field since the maximum and minimum 

values do not coincide with this alignment. To determine the tilt of Sensor Z, the angle 

between Sensor Z and Sensor Y is calculated, since it should be 90°. The angle was found 

to be 77° when Sensor Z was rotating from angle (ϕ = 90° to 270°), and -76° everywhere 

else. This change in polarity is due to the change in polarity of Sensor Z readings at angles 

90° and 270°. The absolute tilt angle of Sensor Z is estimated to be round 12°±1°, which 

could be caused by the glue.  

Further confirmation of the misalignment issue was confirmed by sweeping the magnetic 

field along X- Y- and Z- directions as illustrated in Figure 5.20. The results showed the 

cross-sensitivity more vividly in Direction Y, where Sensor Z showed a significant response.  
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These results show the misalignment of Sensor Z during the assembly, which induced 

considerable cross-sensitivity between Sensor Z and Sensor Y. The misalignment could be 

a result of glue hardening, which tilted and misplaced the sensor off its axis. 

 

Figure 5.20 The tri-axis sensor rotation around the X- Y- and Z- directions.  

5.5 Summary  

A cardiac catheter’s tracking system is introduced and discussed based on its main blocks. 

Then, a discussion follows about the employed sensors, their utilization of Earth’s gravity 

and magnetic field, and the main complications associated with it. The µController is also 

discussed, covering the readout circuit diagram and the algorithms needed for the system. 



107 

 

 

 

Then, a flexible and miniaturized MTJ sensor is demonstrated. The MTJ sensor is based 

on silicon-fabrication which allows the sensor to retain its high performance. The 

flexibility of the MTJ sensor is achieved by the back-etching process, which renders the 

sensor bendable, thin and light. The final thickness of the sensor is ~ 5 µm and a bending 

diameter of 500 µm is achieved.  

The flexible sensor is also tested for fatigue by cyclic bending to over 1000 cycle, which 

resulted in remarkable endurance of the sensor. The sensor is 300 µm2 and weighs around 

16 µg.  Its magnetic field sensitivity is 1.4 kΩ/Oe with an MR ratio of 29%. The sensor is 

able to detect the direction of the Earth’s magnetic field with a sensitivity of 8.85 Ω/°. 

Plus, the power consumption of the sensor is as low as 30 nW.  

Three flexible MTJ sensors are used to assemble a tri-axis MTJ sensor. An acrylic carrier is 

used for the assembly. The total diameter of the tri-axis sensor is about 3.4 mm due to 

the heat-shrink wrapping film, which could be significantly reduced by utilizing another 

alternative. The tri-axis MTJ sensor is then tested in the catheter’s tracking prototype 

system to evaluate its performance. The system successfully demonstrated a good 

response to the rotation of the sensor as visualized in MATLAB plotter. The plotter shows 

an arrow representing the catheter’s tip, and the heading angle was estimated with an 

RMS value of 7°. However, the sensor has a cross-sensitivity between sensors due to the 

misalignment of the sensors during the assembly. The assembly must be performed with 

high precision tools since the small glue pumps could misplace sensors.  
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Another drawback of the system is the lack of an auxiliary accelerometer along with the 

tri-axis magnetic sensor. The full orientation of the tip can only be visualized after 

evaluating the heading, pitch and roll angles. However, the system at this stage utilizes 

the MTJ tri-axis sensor only, and hence the system is a 3-DOF system. 

  



109 

 

 

 

Chapter 6 

Conclusion and Future Perspective 

6.1 Conclusion  

MTJ sensing technology is an established field with high performance and capabilities. It 

dominates the data storage market and is anticipated to expand its uses more into 

industrial and healthcare sectors. The expansion is driven by the need of advanced 

sensors to integrate into existing systems. Thus, two case-studies from industrial and 

healthcare sectors are chosen, which present a difficult challenge. Highlighted results of 

both advanced sensors are summarized in Table 1. 

The corrosion is not a new problem in industries [121]. Actually, the global cost of 

corrosion estimates a total of $2.5 trillion annually [122]. Such persisted problem could 

be controlled effectively by detecting the corrosivity of the environment. Thus, an 

advanced corrosion sensor was demonstrated by utilizing an MTJ sensor and exploiting 

the high surface-to-volume ratio of magnetic nanowires. Measuring the corrosion-

dependent magnetization of the nanowires with the MTJ sensor remotely, avoids the 

need for electrically connecting to the nanowire. The corrosion mechanism of iron 

nanowires to seawater was thoroughly observed and evaluated in Superconducting 

Quantum Interference Device Vibrating Sample Magnetometer.  
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Then, the nanowires were drop-casted onto a highly sensitive MTJ sensor. The same 

corrosion behavior of iron nanowires was then observed by the MTJ sensor, but with a 

much faster rate. The combination of iron nanowires and MTJ sensor establishes the 

concept of the advanced corrosion sensor. The effect of iron nanowires alignment onto 

the MTJ sensor was studied and identified. Since iron nanowires are permanent magnets, 

their magnetic field interacts and affect the magnetic dipoles of the free layer of the MTJ. 

Consequently, the characteristic curve of the MTJ can either be shifted (in parallel 

alignment to the easy axis) or stretched (in the perpendicular alignment to the easy axis). 

Moreover, as the iron nanowires corrode with time, the curve reacts accordingly and start 

to regain its former characteristics. For practical industrial usage, the perpendicular 

alignment of the nanowires was chosen for the corrosion sensor. Then, three different 

corrosion sensors were tested under different seawater’s temperature, and the 

responsive curve shows a fast corrosion rate at high temperatures of 0.07%/min and at a 

rate of 0.4 mm/year.  

The corrosion sensor inherits its ultralow power consumption (< 1nW) from the MTJ 

sensor, while its ultrafast response is from the iron nanowires. The sensor is also reusable, 

which can be achieved by washing the expired nanowires and replacing them with new 

ones. Also, since corrosion is conventionally related to iron structures, the iron nanowires 

are very convenient for this application, since they can be a true measure of the 

environment’s corrosivity to iron.  
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On the other hand, over 1 million cardiac catheterization procedures are performed 

annually in the US [123]. It is minimally invasive surgery which utilizes a thin catheter for 

the navigation to the heart. The surgeon depends heavily on x-ray and contrast dyes to 

visualize the heart and blood vessels; which is evidently harmful. To reduce the x-ray 

exposures during the procedure, a miniaturized tri-axis sensor was developed and utilized 

in a catheter’s tracking system. The system relies on Earth’s gravity and magnetic field to 

allow for miniaturized and power efficient system. It consists of a tri-axis MTJ sensor to 

detect Earth’s magnetic field and can be further expanded by an auxiliary tri-axis 

accelerometer to detect the gravity and monitor catheter rotation. Related aspects of the 

readout circuit and algorithms were covered.  

Then, a flexible MTJ sensor was fabricated. The fabrication process was developed for 

silicon-based electronics to reduce the substrate’s thickness. Deep reactive ion etching 

was performed gradually on the back of the sensor to etch the silicon. Once the desired 

thickness is achieved, the sensor was characterized by different methods. The MR 

characteristic curve was characterized by Vibrating Sample Magnetometer. Also, the 

structural integrity of the sensor was checked and imaged by Transmission Electron 

Microscopy. The sensor reliability and endurance were also investigated. The total 

performance of the MTJ sensor was good and consistent.  
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Then, three sensors were assembled perpendicular to each other to form the tri-axis MTJ 

sensor. The total thickness of the assembly was 3.4 mm. The tri-axis MTJ sensor was 

adopted in the tracking system to evaluate its performance. The system was responsive, 

and the sensor was able to detect Earth’s magnetic field. However, there was a 

misalignment issue of the assembled sensor.  

Table 1 Summary of the Results 

* The electromagnetic force excreted on the magnet by the coils. 

** The size of the sensor’s package to be mounted on the catheter. 

Corrosion Sensor 

Work Detection Method Sensitivity 
Excitation 

Input 
Size 

Power 
Consumption 

[124] RFID 2.866×10−7 225.2 μA 42 cm2 675 μW 

[125] RFID of Nanowires NA 750μA 20 mm2 NA 

[126] Thin films 
42.3 pm/ 80% 

mass loss 
10 mV ~15 mm2 NA 

This 
work 

Nanowires on MTJ 0.07%/min 10 μA 128 μm2 ~1 nW 

Cardiac Catheter Tracking Sensor 

Work Detection Method Sensitivity 
Excitation 

Input 
Final 

Diameter 
Power 

Consumption 

[51] Electromagnetic coils 7 kOe/m 25 g* 3 mm NA 

[53] 
GMI and 

electromagnetic coils 
NA 5 mA 12 mm3 **  10 mW 

This 
work 

MTJ Sensors 8.85 Ω/°  1 μA 3.4 m 30 nW 
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6.2 Future Perspective   

The MTJ sensor shows great performance in both case-studies: the industrial corrosion 

problem and the healthcare catheter’s tracking system. The sensors were explored in a 

wider range of applications opening the door for innovative and advanced ideas. The 

sensor is utilized as a novel corrosion monitor for industrial purposes; and is investigated 

in a catheter’s tracking system as an assistant surgical tool. The fabrication of the MTJ 

sensor currently utilizes photolithography. By using the Electron beam (E-beam) 

lithography process, great improvement of the sensor’s performance could be achieved. 

Since the sensor has very low resistivity due to its area, E-beam lithography could shrink 

the area to <100 nm2. E-beam process can also boost the shape anisotropy effect on the 

sensor, allowing for multi-directional sensing platform on a chip. This could be very useful 

for the tri-axis sensor application.  

The sensor could also be improved by utilizing flux concentrator on the sensor; which 

could reduce any cross sensitivity and boost the sensor’s directionality. The corrosion 

sensor combines the advantages of both MTJ technology and nanowires’ unique qualities. 

The sensor provides exceptional sensing platform that can be reusable and miniaturized.  

However, there are few options for improvement. A complete wireless detection is 

possible by fabricating a chip that has a transceiver a small battery or energy harvester. 

Another possible improvement requires more sophisticated work.  
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The current corrosion sensor utilizes a random number of iron nanowires. For a fully 

integrated and miniaturized sensor, a single iron nanowire per sensor is recommended. 

To achieve such feat, the nanowire must be individually deposited on the MTJ sensor. E-

beam lithography could assist for creating a membrane and the nanowire could be 

electrodeposited directly onto the sensor. This process can be difficult but could possibly 

be scaled up if tuned correctly. Of course, utilization of different magnetic nanowires, 

such as nickel or cobalt, could provide interesting insights on the corrosivity of the 

environment. 

Finally, the catheter’s tracking system has a big impact on patients. The system is at the 

early stages, with big rooms of improvements. First, the tri-axis sensor is essential for the 

system to work properly. Thus, 360° characterization of the x- y- and z- sensors must be 

conducted, to identify the sensor’s exact easy axis direction. Then, based on this 

characterization, the sensors are then assembled accordingly, to ensure perpendicular 

alignment of the sensors. Another possible improvement is to apply a very thin layer of 

biocompatible adhesives instead of the heat-shrink wrapping polymer. The final solution 

would realize the MTJ sensors directly on a catheter without intermediate attachment 

steps. The algorithm on the other hand, could utilize a much powerful µcontroller and a 

plotting program. 
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Appendices 

Appendix A: Simulation of the Adaptive Bias Field Sensor Concept  

The idea behind the adaptive bias field sensor concept is to produce a magnetic field that 

interacts with the pinning field constructively or destructively, creating a moving dynamic 

range. The feasibility of the concept is simulated using COMSOL Multiphysics 5.1. 

COMSOL is a finite element method that depends on meshing and the boundary condition 

of the system, and it is used to estimate the heat and the magnetic field produced by a 

current-carrying thin film on an iron sensitive layer. The goal is to produce magnetic fields 

about 10 Oe or more while maintaining a temperature less than 50 °C.  

The simulation is built using axisymmetric 2D model, and it solves for (magnetic fields) 

and (heath transfer in solids) multiphysics modules simultaneously. The (magnetic fields) 

module solves for Maxwell equations at the nodes to estimate the generated magnetic 

field induced by a fixed current density, as well as the electrical field, energy and 

associated losses. While the (heat transfer in solids) module solves for the induced 

electromagnetic heating by the current and estimates the dissipation of the heat to the 

surrounding.  
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The geometry of the system consists of a copper film with 3.0 × 0.2 µm2 cross-section. 

The length of the wire is 150 µm and it is chosen as the current-carrying thin film. An iron 

thin film is also built that has dimensions of 3 µm × 2 nm and is distanced at 1 µm from 

the copper thin film. The iron film represents the sensitive layer of an MTJ sensor, and the 

distance is a close approximation of fabrication limits. Both are contained in a cylinder of 

100 µm in diameter and 50 µm in height. The cylinder is filled with air and the simulation 

is carried in this closed system to reduce the simulation time.  

The simulation environment is set at 20 °C and the copper film is carrying a dc current; 

which is then swept in the simulation. The triangular meshing method is chosen, with 

maximum and minimum element sizes of 50 nm and 1 nm respectively. The simulation 

also adapts physics-controlled and adaptive mesh refinement for better accuracy. Then, 

a parametric sweep of the current is performed [1.0, 2.5, 5.0 7.5] mA; and the simulation 

is conducted for a stationary study of the system. 

As seen in Figure A.1, the simulation results show a magnetic field of about 2.5 Oe was 

produced across the sensitive layer at a current value of 7.5 mA, but the generated heat 

increased to 63 °C. In general, the produced magnetic field was found insufficient while 

the heat is produced rather more rapidly. To compensate for the low magnetic fields 

produced, the current-carrying film must be much closer to the sensor. The distance 

effect is simulated by a fixed current value of 5 mA, but the distance between the current-

line and the sensitive iron layer is swept: [100 : +100 : 1000] nm. 
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Figure A.1 COMSOL simulation results. The sensitive layer is subjected to (a) the produced magnetic 

fields, and (b) the generated heat, by different current values (1-2.5-5-7.5 mA). (c) Magnetic field 

gradients and temperature contours produced by the 7.5 mA current-carrying film. 

The generated heat across the sensitive layer increases as the current-line becomes closer 

is shown in Figure A.2, and the maximum increase of temperature is about 4 °C. The 

produced magnetic field across the sensitive layer shows a similar trend with the distance 

but with a maximum of only 0.8 Oe increase in field strength. The adaptive bias field 

sensor concept could potentially be feasible by considering other parameter, such as the 

geometric dimensions of the layers. However, in this work, the concept does not show 

promising results, and hence, no further studies are conducted.  
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Figure A.2 The distance effect on (a) the generated heat and (b) the produced magnetic field on the 

sensitive layer. 
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Appendix B: Arduino and MATLAB Codes 

Arduino Compiler Code 

/* 

This is the Arduino code utilized to read the MTJ tri-axis sensor. The code reads 3 inputs 

from the tri-axis sensor.  

Written by Yousof Mashraei, Feb 2019 

*/ 

// Start 

// Assign SensorX, SensorY and SensorZ variables for input pins A3, A6 and A7 

#define  SensorX  A3 

#define  SensorY  A6 

#define  SensorZ  A7 

/* Define the running average coefficient (Coeff). The coefficient is a positive fraction 

smaller than 1. Higher values discard old readings more rapidly. */ 

double  Coeff = 0.3; 
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// Define global maxima and minima variables of the readings 

double  Xmax = -1000; 

double  Xmin = 1000; 

double  Ymax = -1000; 

double  Ymin = 1000; 

double  Zmax = -1000; 

double  Zmin = 1000; 

// Start communicating with the mini USB port, and setting the transfer rate to 2 Mb/s 

void setup() { Serial.begin(2000000); }  

void loop()  

{ 

// Define local data variables 

double  SensX;  

double  SensY;   

double  SensZ; 
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// Autoregressive running average reads the pins inputs and averages with older data. 

SensX = Coeff*(analogRead(SensorX)) + (1 - Coeff)*SensX; 

   SensY = Coeff *(analogRead(SensorY)) + (1 - Coeff)*SensY; 

   SensZ = Coeff *(analogRead(SensorZ)) + (1 - Coeff)*SensZ; 

// Updating Maxima and Minima values with sensors’ readings   

   if (SensX > Xmax)  

Xmax = SensX; 

   if (SensX < Xmin)  

Xmin = SensX;  

   if (SensY > Ymax)  

Ymax = SensY; 

   if (SensY < Ymin)  

Ymin = SensY;   

   if (SensZ > Zmax)  

Zmax = SensZ; 
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   if (SensZ < Zmin)  

Zmin = SensZ; 

// Define local averaged centralized data variables MagX, MagY and MagZ 

double  SensX;  

double  SensY;   

double  SensZ; 

// Centralize the readings around zero and between ±100 

   MagX = (((SensX - Xmin)  / ( Xmax - Xmin)) * 200.0) - 100.0; 

   MagY = (((SensY - Ymin)  / ( Ymax - Ymin)) * 200.0) - 100.0; 

   MagZ = (((SensZ - Zmin)  / ( Zmax - Zmin)) * 200.0) - 100.0; 

// Transfer and print MagX, MagnY and MagZ as a string, separated by “ ”   

   Serial.print(MagX);          

   Serial.print(" "); 

   Serial.print(MagY); 

   Serial.print(" "); 
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   Serial.print(MagZ); 

   Serial.println();  

} 

// end 
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MATLAB Code (Compass Heading) 

% This code is the 2D Compass Pointer Code by read only the tri-axis MTJ sensor. 

% Written by Yousof Mashraei, Feb2019 

% Start 

% Communicate with Arduino board through the mini USB port at the transfer rate 2 Mb/s        

s=serial('COM7','BaudRate',2000000);  

fopen(s); 

% Matrix size 

msize=10; 

% Create endless loop 

while(1) 

% Create empty magnetic-component vector matrices MagX, MagY and MagZ 

     MagX = zeros(msize,1); 

MagY = zeros(msize,1);  

MagZ = zeros(msize,1); 
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for i = 1: msize 

% Read and convert the string data to double, identified by the separator ‘ ’ 

readData=fscanf(s); binValue = str2double(strsplit(readData,' ')); 

% Check for any redundancy or corrupted reading 

if size(binValue,2) < 3         

          continue; 

     else 

% Updates the magnetic-component vectors with the received data 

MagX(i) = binValue(1); 

MagY(i) = binValue(2); 

MagZ(i) = binValue(3); 
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% Calculate the heading angle 

      if Mag_Y(1,i) > 0 

               heading = 90 - atand(Mag_X(1,i)/Mag_Y(1,i)); 

          elseif Mag_Y(1,i) < 0 

               heading = 270 - atand(Mag_X(1,i)/Mag_Y(1,i)); 

         elseif Mag_Y(1,i) == 0 && Mag_X(1,i) < 0 

               heading = 180; 

          else 

              heading = 0.0; 

          end 

% Create Pointer Vector Vor 

Vscaler = sqrt((Mag_X(1,i))^2+(Mag_Y(1,i))^2+(Mag_Z(1,i))^2); 

Vor_x = -Vscaler*cosd(heading); 

Vor_y = -Vscaler*sind(heading); 

Vor_z = (Mag_Z(1,i))/Vscaler; 
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Vor=[Vor_x Vor_y Vor_z];         

% Create the magnetic component X projection (Vx) 

Vx=[Mag_X(1,i) -200 -200]; 

% Create the magnetic component Y projection (Vy) 

Vy=[-200 Mag_Y(1,i) -200]; 

% Create the magnetic component Z projection (Vz) 

Vz=[-200 200 Mag_Z(1,i)]; 

% Visualize and plot vector C, by calling Function (VectorCompass(p1, p2, alpha), thick) 

VectorCompass(Vor,[0 0 0],1.5,3); hold on 

% Visualize and plot projection vector Vx 

VectorCompass(Vx,[0 -200 -200],0); hold on  

scatter3(0,-200,-200) 

hold on 
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% Visualize and plot projection vector Vy 

VectorCompass(Vy,[-200 0 -200],0); hold on 

scatter3(-200,0,-200) 

hold on 

% Visualize and plot projection vector Vz 

VectorCompass(Vz,[-200 200 0],0); hold on 

scatter3(-200,200,0) 

hold on 

% Visualize and plot the pointer vector projection Vor_x 

VectorCompass([Vor_x 0 -200],[0 0 -200],0,1); hold on 

scatter3(0,0,-200) 

hold on 

% Visualize and plot the pointer vector projection Vor_y 

VectorCompass([0 Vor_y -200],[0 0 -200],0,1); hold on 

 



143 

 

 

 

% Visualize and plot the pointer vector projection Vor_z 

VectorCompass([0 200 Vor_z],[0 200 0],0,1); hold on 

scatter3(0,200, 0) 

pause(0.001) 

          hold off 

          scatter3(0,0,0) 

          hold on 

end 

end 

end 
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MATLAB Code ( VectorCompass ) 

% This code is the VectorCompass implemented to visualize the vector in 3D MATLAB 

plotter, by 2 points. 

% Written by Yousof Mashraei, Feb2019 

% Start 

function VectorCompass(p1,p0,alpha) 

          x0 = p0(1); y0 = p0(2); z0 = p0(3); % creating Points x0, y0, z0 

          x1 = p1(1); y1 = p1(2); z1 = p1(3);    % creating Points x1, y1, z1 

          plot3([x0;x1],[y0;y1],[z0;z1], ‘LineWidth’,thick);   % Draw a line between p0 and p1 

          xlim([-200 200])                     % Setting x-axis limits to ±100 

          ylim([-200 200])                     % Setting y-axis limits to ±100 

          zlim([-200 200])                     % Setting z-axis limits to ±100 

          p = p1-p0; 
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          alpha = alpha/10;   % Size of arrow head relative to the length of the vector 

          beta = alpha*0.8;   % Width of the base of the arrow head relative to the length 

          hu = [x1-alpha*(p(1)+beta*(p(2)+eps)); x1; x1-alpha*(p(1)-beta*(p(2)+eps))]; 

          hv = [y1-alpha*(p(2)-beta*(p(1)+eps)); y1; y1-alpha*(p(2)+beta*(p(1)+eps))]; 

          hw = [z1-alpha*p(3);z1;z1-alpha*p(3)]; 

          hold on 

          plot3(hu(:),hv(:),hw(:), ‘LineWidth’,1)    % Plot arrow head 

          grid on 

          xlabel('X')         %Label x axis 

          ylabel('Y')         %Label y axis 

          zlabel('Z')         %Label z axis 

         xlim([-200 200])    % Setting x-axis limits to ±200 

          ylim([-200 200])   % Setting y-axis limits to ±200 

          zlim([-200 200])   % Setting z-axis limits to ±200 
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          ax = gca;           % Get handle to current axes. 

          ax.XColor = 'k';    % X-axis color Black 

          ax.YColor = 'k';    % Y-axis color Black 

          ax.XAxisLocation = 'origin'; 

          ax.YAxisLocation = 'origin';  

          hold off  

end 
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Appendix C: Polyimide Buckled Cantilever 

The buckled cantilever concept utilizes a transfer process of silicon-based fabricated 

electronics to a flexible polyimide substrate. This concept has promising potential as it 

provides a localized tri-axis sensor, as illustrated in Figure C.1. However, the fabrication 

process was unsuccessful as discussed later. 

 

Figure C.1 Illustration of the buckled cantilever tri-axis MTJ sensor. 
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C.1 Buckled Cantilever Fabrication Process 

The fabrication process starts with a cleaning routine and the deposition of the insulation 

layer as described in section 3.1. Then, a sacrificial layer of about 2 μm thick amorphous 

silicon (Si) is deposited by Chemical Vapor Deposition (CVD). The magnetic stack is then 

deposited on the Si layer, then patterned to form the sensors. The sensors are then 

protected by a Si3N4 insulation layer with open windows for contacts. Then the Si is 

patterned and etched to forms structural anchors of the cantilever. A gold layer is 

deposited and lifted-off for electrical contact. Then, a polyamic acid solution is spin coated 

and cured at 360 °C to form a 10 µm thick layer of polyimide. Once the polyimide layer is 

patterned and etched, the αSi layer is removed chemically by xenon difluoride (XeF2). The 

devices are then released, and the polyimide structure is buckled manually by a probe 

station. The fabrication process is illustrated in Figure C.2. 
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Figure C.2 Fabrication process of buckled cantilever: (a) Deposition of the αSi on a clean wafer. (b) 

Magnetic pillar patterning and protection. (c) Etching the αSi to form the anchors. (d) Contact gold lift-

off process. (e) Polyimide casting and curing. (f) Remove of the sacrificial layer.  

C.2 Quality of the αSi film 

The deposited αSi was very rough with many island-formations as seen in Figure C.3. The 

surface roughness of the layer is measured using Atomic Force Microscopy (AFM) and it 

was found to be about 17 nm / 10 µm2 (Figure C.4). The roughness formation might be 

formed due to crystal transition of αSi at low temperature [127, 128]. The roughness value 

is very high and comparable to the magnetic layers thickness (16.5 nm) which can damage 

the magnetic stack. After many optimization attempts (Figure C.5), the quality of the film 

was not useful for the purpose, and the process was not pursued any longer. 
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Figure C.3 The rough surface observed of the αSi layer. 

 

Figure C.4 AFM Measurement of αSi layer. 
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Figure C.5 Failed attempts. The αSi layer damaged the magnetic stack as well as the gold contacts. 

 


