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Abstract 

 

  A spin-valve based biosensor array designed for the detection of magnetic bio-labels 

has been developed. A Co/Cu/Co/NiFe spin-valve design with a bottom Co layer pinned 

by a Co/Ru/Co synthetic antiferromagnetic tri-layer was employed. The 

Ta/Ru/Co/Ru/Co/Cu/Co/ Ni81Fe19 /Ta multilayer stack was deposited using UHV 

magnetron sputtering system. An external magnetic biasing field was applied during 

deposition to magnetically bias Ni81Fe19 layer to further control magnetization orientation 

of the free (top) Co layer. The deposition conditions and thickness of individual layers 

were carefully optimized to maximize the GMR ratio to 13% in unpatterned films. 

  In order to fabricate nano-scale GMR based biosensors from multi-layer stack, new 

processes including optical and e-beam lithography were designed and conducted. The 

use of a new electron beam bilayer resists comprised of poly-(4-hydroxystyrene) 

(PHOST) as the top layer and poly-(dimethylglutarimide) (PMGI) as the bottom layer is 

demonstrated. Twelve 400nm × 400nm sensors on a chip were built. GMR peaks 

corresponding to antiparallel magnetization configuration over a base line corresponding 

to parallel magnetization configuration of the Co layer in the spin-valve stack was 

observed. Several sizes and numbers of Fe3O4 nanoparticles attaching over sensor surface 

resulted in a significant change of the GMR peak profile. 

  Micro-magnetic simulation was also conducted in attempt to explain magnetic 

behavior of particle-sensor interaction. The trend effect of a magnetic particle on sensor 

GMR profile was confirmed. The simulation results were strongly consistent with those 

from experiments. 
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Chapter 1. Introduction 

   

  GMR-based spin-valve (SV) devices have been intensely and widely developed for 

different varieties of applications, including read/write heads in hard disk drives, and 

magnetic random access memories (MRAM). In recent years, a novel application of 

GMR-based spin-valve sensors on biomolecular detection and biomedical diagnosis has 

been increasingly received much attention and studied [1-3] .  

  In the magnetic bio-detection scheme, the GMR-based spin-valve sensor for 

biomolecular detection involves magnetic micro- or nano-scale particles as labels on 

which biomolecules attach with specific binding. The area above the spin-valve is 

defined as the biological sensing area on which specific biomolecules are usually 

deposited. This creates the ability to recognize specific biomolecules on the magnetic 

particle surface. Numbers of design and approaches for sensing biomolecules, such as 

proteins [4, 5], peptides [6] and DNA [7, 8] have already been well established. Figure 

1.1 is an example showing how a GMR based sensor detects streptavidin-binding 

magnetic particles. When those magnetic particles with a streptavidin surface bind with 

biotins on the sensor surface, the magnetic fringing field from the attached magnetic 

particles would lead to the resistance signal change of the sensor under a given external 

field. Those particles which do not bind on the sensor can be either pulled off by a 

vertical external magnetic field or screened out by other approaches. Allowing only a few 

or single particles attaching on the sensor surface reduces influence of background 

particles; therefore, it improves resistance change signal. A magnetic based biosensor is 

sometimes embedded with a micro-fluidic delivery system which is able to carry a few or 
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single bio-label magnetic particles to the designated sensing area [9].  

 

 
 

Figure 1.1: The schematic illustration of magnetoresistance-based biosensor detection. 

 

  Three major parts in magnetic biosensor development need to be studied: magnetic 

multi-layer preparation, the sensor fabrication process, and choice of suitable magnetic 

particles. Spin-valves as GMR sense elements are usually composed of multi-layer thin 

films, commonly a ferromagnetic/non-magnetic/ferromagnetic tri-layer. Many derivatives 

from this tri-layer have also been studied in order to achieve a large GMR effect and high 

sensitivity. In addition to the fabrication processes, design and development of the robust 

GMR materials for low-field application is also important. Many similar structures, 

derived from Dieny et al. [4], of GMR multi-layers have been investigated and put into 

practice [10, 11]. For this project, we deposited our GMR multi-layer stack incorporated 

with a synthetic antiferromagnetic (SAF) tri-layer. SAF usually consists of two 

ferromagnetic layers separated by a thin Ru layer such as Co/Ru/Co [12]. The three layers 
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are strongly and periodically antiferromagnetic coupled as the Ru layer thickness is 

thinner than 1 nm [13]. The reasons for employing a SAF tri-layer are that many studies 

have proved theoretically and experimentally that synthetic antiferromagnetism (SAF) 

has a higher magnetic and thermal stability than antiferromagnetic (AF) materials. In 

other words, SAF is able to enhance the sensor’s overall stability and performance [14-

16]. In addition, since the sensor is designed for low-field application, a permalloy layer 

was added as part of the free layer. By doing this, the coercivity of the overall GMR 

multi-layer stack can be lowered. 

  The dimension of the sensor should be designed to compromise between the signal-to-

noise and biological sensing area. Since sensor resistance increases with the increasing 

length-to-width ratio of the sensor dimension, the sensor length cannot be too long as the 

sensor width is fixed. High resistance would lower the GMR ratio and make the sensor 

hard to measure. On the other hand, if the sensor length is too short, there is not enough 

area to detect bio-magnetic particles, leading to a low sensing capability.   

  In previous studies, sensors were made with a relatively large sensor-to-nanoparticle-

size ratio. Those sensors had low sensitivity and difficulty sensing such particles whose 

size are 500 nm or less in diameter. In this research, our goal is to build a magnetic sensor 

which is able to conduct single magnetic nanoparticle detection. Sensors with high 

sensitivity have to be developed in order to be capable of detecting those magnetic 

nanoparticles which have smaller magnetic moments than micro-scale magnetic particles. 

To achieve this, it requires a new design and approach to achieve higher sensor 

sensitivity with a smaller sensing area, specifically for a sensing single magnetic 

nanoparticle. In order to achieve high sensitivity of bio-recognition, the dimension of the 



4 

 

spin-valve sensing area should also be scaled down to several hundred nanometer by 

several hundred nanometers. However, due to the limit of present lithography processes, 

the size of existing spin-valve biosensors is too large for sensing nanoparticles. In order 

to fabricate a sensor whose size is relatively comparable to a nanoparticle, a fabrication 

process based on a self-aligned lithography method which has been widely adopted in the 

semiconductor industry is introduced in this article [17, 18]. Haifang Yang et al. [19] 

illustrated a method using the bilayer resist system for the negative tone lift-off process to 

generate a 200 nm thin-line pattern with undercut profile. Based on their case, a metal 

layer as a contact layer can be deposited on the whole substrate except on the patterned 

portion. This achievement sheds light on the issue of self- aligned contact connected to 

the nano-scale sensing area. To fabricate a less than 1 μm2 sensing area, a novel and 

complex sensor fabrication process is designed and built. In our sensor fabrication 

processes, nano-scale GMR-based biosensors were fabricated using a combination of 

optical and e-beam lithography (EBL). Negative tone bi-layer resist was used here for 

EBL in order to define the sensing area and obtain self-aligned contacts. There are two 

main advantages to using the negative tone bi-layer resist system to fabricate GMR-based 

spin-valve biosensor. First, fabricating self-aligned contacts with the negative tone bi-

layer system avoids a very long waiting time for conducting the e-beam exposure of a 

large defined electric contact area on the positive tone bilayer resist system. Second, by 

using the negative tone bi-layer resist system, the sensing area can be defined after 

sputter depositing the GMR multi-layer stack, allowing one to obtain better controlled 

magnetic characteristics of the patterned GMR multi-layer stack, compared to using the 

positive tone bi-layer resist system.  
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Some studies have developed using hydrogen silsesquioxane (HSQ) resist in their 

negative tone bilayer system [20, 21]. However, HSQ has a serious aging effect and scum 

problems which require optimizing processing conditions frequently [22]. Therefore, in 

our study, an alternative bilayer resist system without using HSQ has been developed. 

A new negative tone bilayer resist system comprised of poly(4-hydroxystyrene) 

PHOST as a top layer and poly(methylglutarimide) (PMGI) as a bottom layer was 

developed for self-aligned contacts fabrication. PHOST developed by IBM [23, 24] has 

long been used as a good photoresist in 248 nm UV lithography because of its stability 

and low cost. It was also found that PHOST was a potential negative electron beam resist 

[25]. The bottom layer, PMGI , which has usually been used as an efficient lift-off resist 

incorporating with PMMA, LOR [26], was deployed here for undercut configuration. 

Although PMGI as an underlayer may generate over-cut profiles which cause destruction 

of the bilayer system, our fabrication procedure successfully overcame this problem. The 

detailed processes of using this bilayer resist system to fabricate self-aligned contacts 

connecting on defined metallic patterns will be demonstrated in this thesis. By using this 

newly developed bilayer system, we can successfully define and scale down the magnetic 

spin-valve biosensor dimension to 400 nm × 400 nm, which is an ideal dimension for 

nano-scale magnetic particle detection.  

A biosensor is required to be designed to protect against damage or corrosion when 

any measurement is conducted. Phosphate buffered saline (PBS) solution is commonly 

used for bio-storage or a biological buffer solution [27]. Bio-conjugated magnetic 

particles are designed to be carried in the PBS fluid to the sensing area. This salted 

solution may conduct electrolysis and further cause serious damage to the sensor due to 
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the strong acid/base ions in the local area nearby the electrodes when current is applied 

on the sensor during the GMR measurement. Therefore, the sensor corrosion effect of the 

phosphate buffered saline (PBS) solution has also been investigated. A passivation layer, 

Al2O3, was employed and investigated to protect the sensor from corrosion.  

  Magnetic particles used as labels can be classified by size. The larger ones, in micro-

scale, have been widely used nowadays [28]. They can be made in a consistent shape and 

size which allow easy quantitating of the relationship between the signal of resistance 

change and the number of particles detected upon a defined sensing active area. In 

addition, those micro-scale particles, in comparison to nano-scale particles, have a higher 

magnetic moment per label which produces a stronger fringing field. A stronger fringing 

field, theoretically, is able to express more resistance change signals which can be more 

easily detected by the sensor. However, with their inherited large size, they obstruct 

intense density receptor-ligand binding across the sensing area. The smaller magnetic 

particles, in nano-scale, can avoid this problem. Nevertheless, at this writing, due to 

fabrication difficulties, most commercial magnetic nano-particles are not consistent in 

size and shape. Besides, due to their high magnetization and anisotropy per unit volume, 

they easily aggregate with each other, leading to difficulty of dispersion on the sensor 

surface.  

  The magnitude of the magnetic resistance (MR) profile change of the sensor would be 

limited not only by sensor capability but also by the magnetic moment of the particle. A 

magnetic particle with high magnetic moment and single domain is a good candidate for 

single magnetic particle detection. Several types of magnetic nanoparticles and robust 

particle synthesis approaches have been published [29-32]. By considering the size of 
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general biomolecules such as fragments of DNA, RNA, and several sequence of amino 

acids, nano-scale magnetic particles instead of micro- ones are more size-suitable for 

those biomolecules [33]. More accurate quantitative analysis of binding biomolecules can 

be obtained by reducing non-specific particle binding and improving dispersion of the 

magnetic particles on sensor surface during the detection  

  Not only are the experimental results of the GMR profile change of single Fe3O4 

magnetic nanoparticles attaching onto the sensor presented in this thesis, but also micro-

magnetic simulation data was recorded. Micromagnetic simulation is able to explain the 

magnetic behavior of either a sensor or a magnetic particle in a micro-scale perspective 

and the tendency of the particle detection. Several magnetic parameters of a sensor and a 

particle were tested and optimized in this thesis. Particle-sensor models describing the 

effect of micro-magnetic behavior between a particle and a sensor on the GMR profile 

were investigated. The strong consistency between simulation data and experimental 

results is also presented in this thesis. 
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Chapter 2. Background Review 

 

2.1 Giant Magnetoresistance (GMR)  

 The giant magnetoresistance (GMR) effect is the phenomenon resulting from a large 

change in electrical resistance induced by an external magnetic field. Materials exhibiting 

GMR effect are usually thin films composed of different ferromagnetic and nonmagnetic 

layers. The resistance change is related to the field-induced alignment of the 

magnetization orientation of the magnetic layers. Different magnetization orientations are 

derived from the alternating spin states of the electrons, which leads to the change of the 

electrical conductivity in ferromagnetic materials. The GMR was discovered in 1988 by 

Albert Fert [34] on Fe/Cr (001) multi-layers. In the first study of GMR, the film was 

composed of layers of Fe (ferromagnetic) and Cr (nonmagnetic) with typical thicknesses 

of a few nm, and the current was applied to the in-plane direction of the film, as shown in 

Figure 2.1. Their research also interpreted the GMR effect in terms of spin dependent 

scattering. Peter Grünberg [35] also found GMR on Fe/Cr/Fe (001) tri-layers during the 

same period. Several years before GMR was found, scattering experiments conducted by 

Grünberg’s group [36] had already proven that two Fe layers separated by a less 

than 1nm thick Cr layer were anti-ferromagnetically coupled. Figure 2.1 C) illustrates the 

mechanism of the GMR effect. In the parallel magnetic configuration, free electrons in 

one type of the spin states is able to pass easily through all the layers, causing a short 

circuit in this channel. The mean free path of such free electrons is long, leading to low 

resistance. On the other hand, in the anti-parallel configuration, free electrons in both spin 
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states are hindered and transmitted slowly. The mean free path of all free electrons is 

short, causing the high resistance [37]. 

 

 

 
Figure 2.1: The discovery of giant magnetoresistance from two independent groups:      

A) On Fe/Cr (001) multi-layers [34]. B) On Fe/Cr/Fe tri-layers [35]. C) 

Schematic illustration of the mechanism of the GMR. [37]. 

 

After the discovery of GMR, attention was quickly drawn to it because of the many 

possibilities of applications and interests of the fundamental. In 1990, Parkin’s group [13] 

presented the existence of GMR in multi-layers (Fe/Cr, Co/Ru and Co/Cr). They also 

found the variation of the magnetoresistance attributed to the oscillations of the interlayer 

exchange coupling as a function of the spacer layer thickness. GMR effect vanishes when 

the coupling is ferromagnetic, and reappears in the thickness ranges where the coupling is 

antiferromagnetic (AF), as shown in Figure 2.2. This oscillation behavior is only valid 

http://www.scholarpedia.org/article/Attention
http://www.scholarpedia.org/article/Periodic_Orbit
http://www.scholarpedia.org/article/Giant_magnetoresistance#fig:Fert_fig2.png
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when the thickness of the spacer layer is only a few nm, where the exchange coupling is 

stronger than the coercivity of the multi-layers. Another important result, as shown in 

Figure 2.2 B), was the discovery of the behavior of large oscillations on the GMR effect 

in Co/Cu multi-layers, which gradually becomes basic GMR components. Last but not 

least, the highest GMR ratio, 220%, was obtained by Schad et al. [38] from investigating 

Fe/Cr multi-layers.  

 

 

 
Figure 2.2: The variation of the oscillation of the GMR ratio as a function of the 

nonmagnetic layers thickness in A) Fe/Cr [24] and B) Co/Cu multi-layers 

[39]. 

 

2.2 Spin-Valve 

A spin-valve (SV) device is generally composed of two ferromagnetic layers separated 

by a non-magnetic spacer layer, in which the GMR effect presents. Typical multi-layer 

structures used in a spin-valve device include Co90Fe10/Cu/Co90Fe10 [40], [Co/Cu/Co]n 

[41-43], and [Ni80Fe20 (Py)/Cu/Co]n [44] . The GMR effect in the spin-valve is based on 

the fact that a parallel configuration of the magnetizations in the multi-layers can be 

switched into an anti- parallel one by applying an external magnetic field. One of the 

spin-valve types includes multi-layers combining hard and soft magnetic layers. The 

http://www.scholarpedia.org/article/Giant_magnetoresistance#fig:Fert_fig2.png
http://www.scholarpedia.org/article/File:Fert_fig2.png
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GMR effect can be observed by solely switching the soft layer [45, 46]. Another spin-

valve type in which an extra antiferromagnetic layer is added was also developed [47]. 

With the addition of an antiferromagnetic layer, the magnetization of one of the magnetic 

layers is pinned by interaction with an antiferromagnetic layer. As a result, the GMR 

effect can be enhanced.  

Two major designs of the spin-valve device are current perpendicular-to-plane (CPP) 

and current in-plane (CIP), as shown in Figure 2.3. The CPP component is usually 

designed as an important element of the read/write head of hard disk drives [48-50]. On 

the other hand, GMR effects can also be obtained with the current in-plane to the layers. 

The CIP design is broadly adapted for fabricating magnetic sensors, including the one 

developed in this thesis [51, 52].  

 

 
 

Figure 2.3: The example of A) CIP B) CPP design for GMR device. 

 

2.3 Synthetic Anti-ferromagnetism 

  Materials which exhibit antiferromagnetism have electron spins aligning in one 

orientation with neighboring electron spins aligning in the opposite one, constructing a 

repeating pattern, as shown in Figure 2.4. Materials such as FeMn, IrMn, and NiMn are 

common antiferromagnets [53]. Although a high exchange bias can be observed by 

I 

I 
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depositing those antiferromagnets in SV device at room temperature, a blocking 

temperature above which the pinning field decreases drastically and magnetic property 

becomes unstable is relatively low [54]. Furthermore, when the thickness of the SV is in 

the sub-micrometer  

range, the presence of the demagnetizing field can cause the loss of the pinning ability 

which can no longer completely fix the pinned layer [55].  

 

 
 

Figure 2.4: Schematic diagram of spin alignment in antiferromagnet. 

 

  Due to these drawbacks, a new approach for expressing antiferromagnetic 

characteristics is to develop a synthetic component called synthetic antiferromagnet 

(SAF). The configuration of SAF, usually a tri-layer structure, is predicted by the RKKY 

theory [13, 56, 57]. The RKKY theory illustrates interlayer coupling within multi-layers 

of magnetic layers separated by a non-magnetic spacer layer, a Ru layer. The magnetic 

characteristics were found to oscillate between antiferromagnetic and ferromagnetic as a 

function of the thickness of Ru layer, as shown in Figure 2.5. With higher thermal and 

magnetic stability, SAF is a promising antiferromagnetic material to be applied to 

magnetic-based sensor fabrication [12]. In this research work, interlayer exchange 

coupling in a synthetic antiferromagnet, Co/Ru/Co, depending on the thickness of the Ru 

layer was investigated. The magnetic characteristics when applying such tri-layer 

structure to the multi-layer SV films was also investigated.  
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2.4 Biomolecular Detection Scheme 

The idea of magnetoresistance-based sensors applied in the biomolecular recognition 

field was first proposed by Shieh and Ackley in 1997 [58]. In 1998, the Baselt group [59] 

demonstrated the prototype of a giant magnetoresistance based biosensor. In their bio-

detection scheme, magnetic micro-particles were used as labels for biomolecules and 

were detected by 80 μm × 5 μm magnetoresistive transducers in which the sensing 

element was composed of GMR multi-layer sandwich film developed by Dieny et al. [60] 

in 1994.  

 
 

Figure 2.5: The illustration of RKKY oscillatory variation as a function of Ru thickness 

[24]. 

 

  In the past several years, Wang’s group from Stanford University has achieved a series 

of significant breakthroughs related to sensing a large number of bio-conjugated magnetic 

nanoparticles using GMR sensors [3, 61-64]. The result showed that bio-sensing was 

achieved by using an array of 32 pairs of GMR sensors. Each sensor consists of 32 

sensing strips with a dimension of a 93 μm × 1.5 μm active area. Their research has 

established the latest prototype of the magnetic biosensor and has provided great 
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contributions to magnetic bio-sensing. 

2.5 Magnetic characteristics 

2.5.1 Hysteresis loop 

  Hysteresis loops, also known as magnetization curves, have been used widely to 

illustrate the magnetic characteristic of a specific material. The shape of the hysteresis 

loop describes the characteristics of the magnetic properties of a magnetic material and 

illustrates the reluctance with which it is magnetized as well as the ability to retain 

magnetization. A hysteresis loop can be determined from the measurement using 

instruments like MOKE, VSM, or AGFM, etc. 

  From a hysteresis loop, one can tell the change of magnetization, M, depending on 

applied field strength, H. Figure 2.6 shows a typical hysteresis loop corresponding to 

several key magnetic states with magnetic domain motion in a ferromagnetic material 

[65].  

 

 
 

Figure 2.6: The hysteresis loop and corresponding magnetic domain motions at 

certain states of a ferromagnetic material [65]. 
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    There are several important magnetic properties that can be obtained from a 

hysteresis loop: 

 Coercivity (Hc): Strength of the reverse magnetic field required as the magnetization 

of the material returns to zero. In other words, coercivity represents the resistance of 

a ferromagnetic material tending to be demagnetized. 

 Remanence (Hr): Strength of magnetization remaining in a ferromagnetic material as 

an applied magnetic field is zero. In this state, a considerable degree of magnetic 

domains remain along the orientation of the saturation magnetization. It is a 

magnetic property specific to ferro- or ferri- magnetic materials. 

 Saturation magnetization (Ms): A state above which the magnetization of the 

material is not able to increase further even as higher external magnetic field applies. 

At this state, the all magnetic domains align along the same orientation.  

 Squareness ratio (SQR): Ratio of Mr and Ms. It is essentially a degree of how square 

the hysteresis loop is. Generally speaking, materials considered to be good recording 

medium have large squareness values. 

 Permeability (µ): Ratio of the magnetic flux B and the applied field H. It illustrates a 

relative increase in the magnetization inside a material compared with the applied 

field in which the given material is placed. 

  One can also differentiate the magnetic types of a material from the shape of the curve. 

In addition to the ferromagnetic hysteresis loop shown in Figure 2.6, the other typical 

hysteresis loops of diamagnetic, anti-ferromagnetic, and paramagnetic materials are 

shown in Figure 2.7. 
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Figure 2.7: The hysteresis loop of a A) diamagnetic and B) paramagnetic or anti-

ferromagnetic material. 

   

2.5.2 Magnetoresistive curve 

A magnetoresistive (MR) curve, as shown in Figure 2.8, illustrates the change of the 

electrical conductivity of a material under the appearance of various external magnetic 

fields by plotting the resistance versus the alternating external field. Some special 

magnetic components such as spin-valve or Fr/Cr multi-layer show a larger MR than 

other common magnetic materials. This large MR is called giant magnetoresistance 

(GMR). In a spin-valve device, starting from a certain high external field, the 

magnetization of two ferromagnetic layers are both saturated along the same direction, 

expressing a low resistance state. As the field decreases to zero, hysteretic behavior 

causing magnetoresistance remains at a low state. However, as the applied field increases 

toward to the direction opposite the previous saturation field, two ferromagnetic layers 

flip non-concurrently, which generates a higher resistance state. To quantify the GMR 

effect, the resistance change can be written as 

                          
p

pap

R

RR
RatioGMR


 ,                   (Eq. 2-1) 
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where Rap and Rp are the resistance of the antiparallel and parallel magnetization 

configuration, respectively [66]. 

The ratio of resistance change and the required coercive field depends on metal types 

and interlayer exchange coupling. In a spin-valve structure, adding an anti-ferromagnetic 

layer allows for a pinning field to be generated within the spin-valve structure. Such 

pinning field generates an antiferromagnetic exchange coupling with the proximity to the 

ferromagnetic layer, called the pinned layer. As the magnetization orientation of the 

pinned layer is fixed, the other ferromagnetic layer called a free layer, usually separated 

by a spacer layer, is able to flip freely under the given external magnetic field. Many 

studies has been verified that by adding a antiferromagnetic layer to the spin-valve 

structure, a significant increase of the GMR effect, compared with the spin-valve 

structure without any antiferromagnetic layer, can be obtained [67-69]. 

 

 
 

Figure 2.8:  Simulated GMR curve corresponding to applied field. 
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A GMR curve usually has symmetry about the vertical axis, indicating that the positive 

and negative cases are identical and have nothing to do with the resistance change. The 

half-width of the peak represents the coercivity of the material. A position shift of the 

peak along the horizontal coordinate or the width of the peak change in the GMR curve 

implies the change of the pinning field within the spin-valve structure.  

2.6 Fabrication 

2.6.1 Resists 

The function of resists is to form a patterned surface with designed textures. The resist 

material, usually a polymer, is chemically changed after exposure under an energy 

source, leading to alteration of composition and solubility.  

Based on the energy sources for the exposure, resists can be classified into two major 

distinctive groups: photoresists, and e-beam resists. Photoresists are light-sensitive and 

have been widely used in both industrial and lab processes, particularly in the 

semiconductor industry. The light source used for photolithography includes UV (405 nm 

or 365 nm wavelength), DUV (248 nm, or 193 nm wavelength), or EUV(less than 193 

nm wavelength) [70]. Table 2.1 summarizes several common photoresists and their 

operational exposure wavelength [23, 71-74]. 

 

Table 2.1: Several common photoresists. 

 

Photoresist Manufacturer Tone 
Exposure 

wavelength(in nm) 

AZ-1512 AZ Positive 350-450 

SU-8 MicroChem Negative 350-400 

PMMA MicroChem Positive 193-248 

PHOST Sigma-Aldrich Negative 193-248 

LOR MicroChem Positive 240-290 
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  Electron beam (e-beam) resists, instead of being exposed under an energy source from 

light, are defined when the exposure process uses an e-beam as an energy carrier. The 

mechanism of e-beam resist exposure is similar to UV exposure. However the major 

difference is that electrons carry their energy gradually into the resist, and scatter within 

the molecules in the resist during exposure, while photons are absorbed by the resist, 

depositing all their energy at once. Table 2.2 summarizes several important e-beam 

resists, their tones, and required doses. 

 

Table 2.2: Several common e-beam resists. 

 

E-beam resist Manufacturer Tone 
Required dose 

( in μC/cm2) 

PMMA MicroChem 
Positive 500 

Negative >10000 

PMGI MicroChem Positive 1000 

PHOST Sigma-Aldrich Negative 8500 

ZEP Zeon Chemicals Positive 30 

   

  Some photoresists can also be exposed by the e-beam, leading to the same result as 

exposure under light. PMMA and PHOST are two of those that can form a patterned 

surface by either light or e-beam [25,75]. 

The exposure process alters the chemistry of the resist and changes its solubility 

relative to the unexposed resist. Based on this solubility change, resists can also be 

categorized into two distinctive types: negative tone and positive tone, as shown in Figure 

2.9. 

  When a positive resist is exposed to an energy source, the energy breaks specific bonds 

in the long-chain polymers of the resist, causing them to be cut into shorter fragments and 

thus more soluble than unexposed areas. As a result, exposed areas are easily dissolved 
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and washed away by using a proper developer, leaving behind a positive image of the 

mask pattern. On the contrary, when a negative resist is exposed to an energy source, it 

causes cross-linking between the resist polymers, leading to more bond bindings in the 

resist and thus making the exposed areas less soluble than unexposed areas. As a result, 

exposed areas remain on the substrate, leaving behind a negative image of the mask after 

unexposed areas are dissolved and washed away by using a proper solvent or developer. 

Several resists such as PMMA can be either positive or negative tone depending on the 

applied dose or light intensity. For example, PMMA as an e-beam resist can be positive 

tone while the applied dose is around 500 μC/cm2, and turn to negative tone when the 

applied dose increases to 10000 μC/cm2 [76]. 

 

 
 

Figure 2.9: Schematic diagram of negative tone (left) and positive tone (right) resist 

development. 
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2.6.2 Lithography 

  The lithographic process is a method used to create micro- or nano- structures by the 

formation of a pattern on a substrate via the proper resist coated on the substrate surface. 

Based on the types of lithographic energy sources employed, a lithographic technique can 

be termed UV, e-beam, X-rays or ion lithography. The first two are the most common 

lithographic techniques used in industry and research labs. In photolithography, a 

uniform layer of photoresist is applied to a surface to be patterned. Ultraviolet (UV) light 

is shown on a mask mounted above the surface. Some regions of the mask are transparent 

to the UV incident and allow exposure of the photoresist below while other regions are 

opaque and block the UV exposure. 

  The major advantage of photolithography is the capability of generating mass 

throughput. In other words, it is able to fabricate many devices with complex circuits at 

once in a short time. However, a fundamental restraint of photolithography is light 

diffraction, which limits the size of the patterned features that can only be fabricated to 

approximately the wavelength of the light source.  

  In electron beam lithography (EBL), electrons, instead of light, are radiated to the 

specimen. EBL does not require a physical mask to create designed patterns. This type of 

mask-free lithography is capable of writing patterns down to sub-10 nm [77] and has 

been widely used for low-volume production of semiconductor components and UV 

photomask fabrication [78]. 

  The advantage of electron beam lithography is that it is one of the ways to break 

through the diffraction limit of UV photolithography and fabricate features in a nano-

scale region. The major disadvantage of electron beam lithography is small throughput, 
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which means it takes a very long time to expose a large area of a substrate. A long 

exposure time leaves the user vulnerable to beam drift or instability that may occur 

during the exposure. In addition, proximity effect has to be considered while EBL is 

conducted. Proximity effect attributes to the fact that electrons undergo multiple inelastic 

and elastic scattering collisions once in the substrate. Some of energy is transmitted to the 

proximity of the desired area, leading to unwanted features generated after development. 

Proximity effect can be reduced by using higher acceleration voltages, applying smaller 

spot size or specific EBL settings [79].  

2.6.3 Etching methods 

Etching is a process used in micro- or nano- fabrication to physically or chemically 

remove specific layers, usually resists, from a substrate. In lithography, the etching 

process plays an important role in which part of the substrate is protected against the 

etchant by a masking material which resists etching whereas the unmasked part is etched 

thoroughly. Sometimes an etchant can etch two or more layers on one substrate at 

different etching rate depending on the material types in order to accomplish specific 

features. Etching methods can be categorized into two groups: wet etching and dry 

etching depending on etchant phases [80]. In wet etching, materials that are not protected 

by the mask are etched away by liquid chemicals. The wet etching method involves 

several chemical reactions and can be explained by three major mechanisms. First, the 

liquid etchant molecules diffuse to the layer that is prepared to be removed. Second, the 

reaction between the material being etched away and the liquid etchant undergoes and is 

accompanied by a further reduction-oxidation reaction. This is the reason that most of the 

liquid chemical etchants are acid or base solutions. Third, the byproducts from previous 
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reactions are generated and usually washed away. Wet etching is generally an isotropic 

process except for etching different crystalline structures. Low cost, good selectivity for 

most materials, easy conductions, and a high etching rate are the advantages of the wet 

etching method. Whereas sample contamination of byproducts and difficulty in defining 

small dimensions are the reasons that wet etching is not adapted. 

  In dry etching, the materials with a higher etching rate are etched away by plasmas or 

etchant gasses. The principle of the dry etching can be chemical, physical or a 

combination of both. [81] Theoretically, dry etching allows for etching with a higher 

aspect ratio and higher resolution than wet etching.  

  In chemical dry etching, instead of using liquid chemicals, etchants mostly are gases. 

The process involves a chemical reaction between the material being etched away and the 

etchant gases. Common ion gases used for chemical dry etching are chlorine gas (Cl2), 

fluorine (F2), sulfur hexafluoride (SF6), and tetrafluoromethane (CH4) [82]. In physical 

dry etching, high energy kinetic energy carriers such as ions or electrons are needed to 

bombard the substrate surface. There is no chemical reaction taking place during the 

bombardment process. As the high energy particles collide with the substrate atoms and 

make them from the substrate surface, the material evaporates and only the material that 

is able to resist the bombardment survives on the surface. The common physical etching 

processes include Ar ion milling and plasma sputtering. A method called reactive ion 

etching (RIE) is based on both physical and chemical principles to achieve the etching 

process. The process is one of the most diverse and most widely used processes in 

industry and research because it possess both physical and chemical etching advantages. 

The high energy carriers trigger the ionization of etchant molecules and accelerate the 



24 

 

etchant molecules to react with substrate material. Besides, since the substrate material is 

reacted chemically in the RIE process, the etching process has high selectivity [80]. 

2.7 Alumina as an Anti-corrosion Layer 

  Al2O3 is a good electrical insulator and also possesses a relatively high thermal 

conductivity (30 Wm−1K−1) [83]. Aluminum oxide is completely insoluble in water. 

There are several commonly occurring crystalline forms, γ-, δ-, η-, θ-, and χ-Al2O3. 

Aluminum oxide is used for the resistance of metallic aluminum oxidation and corrosion. 

Metallic aluminum is very reactive with atmospheric oxygen, but a thin Al2O3 layer is 

able to be a passivation layer on any exposed aluminum surface. This layer protects the 

other metal layers from further oxidation and corrosion. The related approaches for 

deposition and coating of a thin Al2O3 layer using the sputtering system has been studied 

and investigated [84]. These approaches can generate the high rate deposition of pinhole-

free, and fully dense oxidized coatings. Al2O3 layer has been verified as a good corrosion 

protection layer on the GMR biosensor [85].  

2.8 Landau–Lifshitz–Gilbert (LLG) Equation 

The Landau-Liftshitz equation, used to solve time-dependent micro-magnetic 

problems, was first proposed by Landau and Lifshitz as follows [86] 
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The equation can be described along with a different approach proposed 

by Gilbert [87], which is referred to as the Landau-Lifshitz-Gilbert equation: 
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where M is magnetization, t is the given time, γ is the electron gyro-magnetic ratio, Ms is 



25 

 

saturation magnetization, α is the Gilbert damping constant depending on the type of 

materials, and Heff is a magnetic field comprised of the external magnetic field, the 

demagnetizing field, and quantum mechanical effects.  

  The Laudau–Lifshitz–Gilbert (LLG) equation is most commonly used to express the 

detailed interlayer magnetic switching status and compare the switching speed within 

magnetic thin films. Switching field dependence on the angle of the external field can 

also be calculated using the LLG equation. LLG is widely applied to calculate various 

perpendicular media and the component of a read head in a hard disk drive [88]. In 

addition to the practice of the LLG equation for calculating switching field and magnetic 

moment changing over time in magnetic thin films, the LLG equation is also used to 

analyze the magnetic behavior of a magnetic particle [89]. 
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Chapter 3. Experimental Method 

 

3.1 Preparation of GMR Multi-layer Stack 

The AJA -2200 UHV magnetron sputtering system was used to fabricate multi-layer 

thin films. Employing an in-plane magnetic bias field underneath the targets can confine 

electrons, avoiding recombination of Ar ions and hence increasing deposition rates. The 

base vacuum was below 1 × 10-8 torr. During the operation, ultrapure Ar gas was injected 

into the main chamber and working pressure was approximately 2.5 × 10-3 torr with the 

condition of 100 Watt DC power.  

The entire GMR spin-valve structure was deposited from bottom to top as Ta(2.5 

nm)/Ru(5 nm)/Co(5 nm)/Ru(0.8 nm)/Co(10 nm)/Cu(4 nm)/Co(3 nm)/Ni80Fe20(10 

nm)/Ta(5 nm). The deposition rate of each layer was calculated by sputter depositing 

each layer for six minutes and then dividing the thickness of each layer by six minutes. 

The deposition rates of Ta, Ni80Fe20, Co, Ru, and Cu were 0.1 nm/s, 0.06 nm/s, 0.1 nm/s, 

0.07 nm/s, and 0.15 nm/s, respectively. A silicon dioxide wafer was first cleaned in a 

piranha solution followed by a 2.5 nm thick Ta layer deposition as an adhesive layer. The 

Ta layer reduces the roughness of the substrate, increasing the uniformity of further layer 

depositions. It was also deposited on the top of all samples as a capping layer because its 

oxidized state has intense density, protecting underneath metals from oxidation. A 

magnetic bias was applied on substrates during the deposition of magnetic layers in order 

to improve uniaxial anisotropy of ferromagnetic layer growth. When depositing the Co, 

permalloy, and SAF layers, substrates were fixed at a certain direction and were not 

allowed to rotate horizontally. The direction and angle were defined as shown in Figure 
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3.1. Consequently, uniaxial anisotropy was amplified. On the other hand, when 

depositing non-magnetic layers, substrates rotated horizontally in order to achieve flat 

and smooth layers. Ni80Fe20, also known as permalloy (Py) was the subsidiary layer 

coupled ferromagnetically to the adjacent Co free layer. The low coercivity of the 

subsidiary layer in an external magnetic field is able to induce the reversion of the 

magnetization in an adjacent Co layer, reducing the coercivity so that the orientation of 

the free layer could flip more easily. Cu was an ideal material for the spacer layer because 

of its nonmagnetic, high interfacial spin-dependent scattering and high conductivity 

properties. Ru, with its strong antiferromagnetic coupling effect, was an ideal interlayer 

for synthetic pinned layers. 5 nm thick Ru was also employed under the bottom Co layer 

to improve the Co crystal-lattice alignment.  

 
 

Figure 3.1: A) The illustration of target metal deposition with bias field applied on 

sample holder. B) The easy axis of GMR spin-valve multi-layer was assigned 

along 0°. C) The component of GMR spin-valve multi-layer. 

C) 

A) B) 
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3.2 Chip Design 

  The illustration of sensors and corresponding contacts is shown in Figure 3.2. The 

sensor was 400 nm × 400 nm, connected by two 60 μm long Cu contacts at both ends. A 

second set of Cu contacts with 50 μm linewidth was designed to attach and overlay at 

both ends of the first set of Cu contacts, separated by a 50 μm wide space, as shown in 

Figure 3.2 B). A 2 mm×4 mm Cu pad was designed and fabricated for 4-point probes 

measurement device. The extension from the pad was 500 μm in width as shown in 

Figure 3.2 C). Figure 3.3 illustrates the whole design of the 12 sensors with 

corresponding circuits on a chip. 

 

 
 

Figure 3.2: The dimension of the sensor and its paired contacts: A) sensor (gray area) 

with its first set contacts (red area), B) second set contacts, C) lead end and 

contact pads. 
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Figure 3.3:  The schematic illustration of a GMR sensor chip. 

 

3.3 Sensor Fabrication 

  Nano-scale magnetic sensors were fabricated on a GMR multi-layer stack using a 

combination of optical and e-beam lithography (EBL). Wet and dry etching were also 

involved. The overall process is illustrated in Figure 3.4.  

3.3.1 Fabrication processes of self-aligned contact surface 

PMGI (from MicroChem) was first spin-coated onto GMR layers at 3400 rpm for one 

minute and baked at 180 °C for 90 seconds. PHOST (from Aldrich-Sigma) was found to 

be delaminated easily on a raw PMGI surface; therefore a one minute UV-Ozone 

treatment was conducted after the PMGI was spin-coated in order to reduce 

hydrophobicity and further enhance PHOST adhesion. PHOST was then spin-coated, at 

1000 rpm for one minute, onto a UV-Ozone modified PMGI surface and baked at 130°C 

for 60 seconds.  

To investigate required exposure doses, the contrast curve of PHOST/PMGI with 100 

nm, 200 nm and 400 nm linewidth, respectively, was built with various bilayer 

thicknesses at an e-beam working dose ranging from 100 to 13500 μC/cm2. The thickness 



30 

 

of PHOST/PMGI was determined by the profilometer. In our experiment, e-beam 

lithography was performed using JEOL JBX-5500FS to write four 1 μm×400 nm line 

patterns on the PHOST resist. 8500 μC/cm2 was applied on the bi-layer to form a cross-

link PHOST structure. The bi-layer was then developed in propylene glycol monomethyl 

ether acetate (PGMEA) (from Aldrich-Sigma) for 30 seconds, followed by a 0.88% 

tetramethyl ammonium hydroxide (TMAH) (from Shipley MF-319) treatment on samples 

for 50 seconds to etch through the PMGI layer and generate an undercut configuration.  

 

 

 

Figure 3.4: Sensor fabrication processes using combination of electron-beam and UV 

optical lithography. 
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The undercut configuration was formed for the lift-off process and also for generating 

an opening at both lateral ends of the line patterns. A further Cu layer could be deposited 

and partially overlapped with the GMR multi-layer stack in those openings. The average 

110 nm undercut length was precisely controlled by the PMGI etch time. Afterwards, 

samples were ion milled in Ar gas at 500V, 34mA for 80 seconds to remove unmasked 

GMR layers. After Ar ion milling, samples were loaded into a UHV sputtering system to 

deposit the Cu layer with an optimized thickness of 70 nm. The lift-off process was then 

conducted. Samples were immersed in 3% TMAH solution for 5 to 10 minutes, followed 

by a five minute ultrasonic agitation after which GMR line patterns and the Cu layer were 

successfully transferred to the substrate. 

3.3.2 Fabrication of first set of sensor contact wires 

In order to define 120 μm × 400 nm Cu contact wires, an EBL including alignment 

process was conducted. PHOST was spin-coated on the substrate. The substrate was then 

aligned vertically to overlay with the previous line patterns in the center, generating a 

cross configuration by e-beam at a dose of 8500 μC/cm2, 50kV. The patterns were 

developed using a PGMEA solution, follow by Ar ion milling for 180 seconds at 500V, 

34 mA to wipe out unmasked metal layers. The PHOST was then removed using oxygen 

plasma etching with the given etching condition of 150 W, 50 sccm oxygen flow rate and 

under 40 mtorr operating pressure for three minutes. The reason for using oxygen plasma 

etching to remove PHOST is based on its high selectivity of PHOST etching over GMR 

and Cu layers. Thus, the damage to GMR layers underneath PHOST could be minimized.  

3.3.3 Fabrication of second sets of contact wires and pads 

The second set of copper contact wires and pads were patterned using the UV 
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photolithography technique. PMGI was first spin-coated onto the substrate and baked at 

180 °C for 90 seconds, followed by the spin-coat of AZ-1512 photoresist and baked at 90 

°C for 90 seconds. Twelve pairs of contacts were aligned and printed through the ABM 

365 nm UV mask aligner after which samples were conducted post-baked at 120°C for 90 

seconds. Since TMAH can be used as both AZ-1512 developer and PMGI etchant, the 

development and etching processes were performed together by immersing the substrate 

in 3% TMAH solution for 30 seconds. A 500 nm thick Cu layer was then sputter 

deposited on the substrate. For the lift-off process, the substrate was immersed in 3% 

TMAH for 30 seconds and then in acetone for five minutes with ultrasonic agitation. As a 

result, a completed GMR chip comprised of twelve sensors, their pair contacts, and pads 

was fabricated.  

3.4 Instruments and Metrology 

3.4.1 Scanning electron microscope (SEM) 

The scanning electron microscope (SEM) uses high-energy electrons to generate a 

variety of signals at the surface of solid and conductive specimens. The signals derived 

from electron-sample interactions provide information on the specimen including surface 

morphology, chemical composition, and crystalline structure and orientation of materials. 

In most applications, signals are collected over a selected area of the specimen surface, 

and a 3-dimensional image is generated which displays spatial variations in these 

properties. The principle of how the SEM works is illustrated as follows:  

The electron is emitted from an electric field generated by a tungsten tip in the electron 

gun. The image brightness, the ß value, is an important parameter depending on the 

electron gun. The value of ß is a function of the operating temperature, filament type, and 
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operating voltage. Electromagnetic lenses are used here to adjust focus. The focal length 

depends on two factors: the quantity of the current through the coil which determines the 

flux density, B, and the gun voltage which determines the electron velocity, v. Therefore, 

the operator controls the focal lengths of the lenses by adjusting the currents applied to 

them. Increasing the radial force by increasing the current reduces the focal length. The 

scanning electron microscope allows the electron beam to scan the sample surface. There 

are two sets of scan coils in which one is for raster and the other is for deflection. The 

emission of the beam is deflected by the Lorentz force derived from the magnetic fields 

of such pair coils in a double-deflection system. These coils cause the beam to scan over 

a square area on the specimen surface. The scan generator controls line times and the 

frame as well as the raster size. Higher magnification can be obtained by reducing the 

raster size over the specimen. As electrons interact with the surface material, several 

signals would be generated from the specimen. These signals generally can be in forms of 

backscattered electrons (BSE), secondary electrons (SE), diffracted backscattered 

electrons, heat, and photons (X-Ray). Secondary electrons and backscattered electrons 

are two most commonly used for imaging samples. Secondary electrons are most suitable 

for showing morphology and topography on samples. On the other hand, backscattered 

electrons are most capable of illustrating contrasts in composition in multiphase samples. 

Since SEM analysis is considered to be non-destructive except for those electron-

sensitive materials such as e-beam resists, it is possible to analyze the same specimen 

repeatedly.  

FEI XL-30FEG SEM was used for inspecting the nano-scale surface in this research. 

The geometry of the sensor was examined and verified through scanning electric 

http://serc.carleton.edu/research_education/geochemsheets/bse.html
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microscopy (SEM). The high-resolution field-emission SEM has an optimum 

morphology and pattern image resolution using secondary electrons, and is controlled 

completely by a computer terminal. The microscope can be operated both at low 

accelerating voltage (5kV) and high accelerating voltage (30kV), depending on the 

thickness and conductivity of the surface material of the specimen. The ultra-high 

resolution (UHR) mode is able to improve the resolution to 20 nm.  

3.4.2 Focused ion beam 

The focused ion beam (FIB) system uses a Ga+ ion beam to raster over the specimen 

surface similar to the way the electron beam does in SEM. Images of the surface of the 

sample result from the generated secondary electrons (or ions). The focused ion beam is 

also capable of generating the milling of many kinds of nano-scale geometry patterns on 

the sample at well-designated locations. Therefore, cross-sectional images of the 

specimen structure can be obtained or 3-dimensional local modifications in the structures 

can be fabricated. 

FEI 235 dual-beam focused ion beam is used in this research, primarily for cross-

sectional inspection of undercut configuration on PMGI. This FIB system is controlled by 

a Windows NT terminal. Gallium liquid metal is used for the focused ion beam operated 

at 5 to 30 kV in a current range of 30 pA to 500 pA. The sample stage has to be tilted at a 

52°-tilt angle to make the ion beam perpendicular to the specimen for further cross-

sectional milling. 3D imaging of the cross section cut by the ion beam can be carried out 

by using equipped SEM at 15kV. This FIB system is able to reach as high as 3 nm spatial 

resolution. 

3.4.3 Profilometer 
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Profilometer is a thickness measuring apparatus used to determine the surface's profile. 

A 12.5 μm stylus is vertically in contact with the substrate and can scan horizontally 

across the substrate for a 400 nm to 1000 nm distance. The height position of the stylus 

generates a vibrating signal which is then converted into a digital signal output. The 

horizontal resolution is controlled by the data signal sampling rate and the scanning 

speed.  

  In our work a Tencor alpha-step 200 profilometer was used to measure the thickness of 

metal and polymer layers. The thickness measurements further determined spin-coated 

rates, multi-layers deposition rates, and etch rates. 

3.4.4 Electron beam writer 

An e-beam writer is an important tool particularly in micro-electronics, which require 

extremely precise placement of nano-scale circuit elements. Basically, an e-beam writer 

is operated to emit a concentrated beam of electrons precisely onto a designated resist 

coated substrate. High energy electrons can induce either the deposition of substances 

onto a surface, or etch away at the surface. One using an e-beam writer is capable of 

designing and writing elements on a smaller scale than using photolithography tools. 

However, components can only be fabricated very slowly, largely increasing the cost and 

time. In addition, an e-beam writer is necessary to be operated in a vacuum environment, 

further tightening the required process and equipment. Therefore, it is only suitable for a 

small amount of production.  

JEOL JBX 5500FS, as shown in Figure 3.5, is primarily used to write the sensor 

patterns and the first set of contact wires in our sensor fabrication processes. The amount 

of the exposure dose is primarily determined by the types of e-beam resists, pattern 

http://en.wikipedia.org/wiki/Surface
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dimensions, and the limit of proximity effect. Optimum calibration, mask design, and 

exposure setup are conducted using an embedded program before pattern writing. The 

writing process was carried out at 50 kV, 10 nA in a high vacuum environment below 10-4 

Pa. 

 

 

 

Figure 3.5:  JEOL JBX-5500 electron beam writer. 

 

3.4.5 Reactive ion etching (RIE) 

  The RIE system is basically comprised of a cylindrical vacuum chamber, with a non-

conductive sample platter positioned at the bottom of the chamber. The sample platter is 

electrically isolated for generating a high voltage difference as the RIE occurs. Etching 

gas is injected through small inlets in the top of the chamber, and exits from the vacuum 

pump system through the bottom. The flow rate of the etching gas is precisely controlled. 

http://en.wikipedia.org/wiki/Vacuum_pump
http://en.wikipedia.org/wiki/Vacuum_pump
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Types and amount of gas used vary depending on the substrate type and etching process. 

Gas pressure typically remains in a range between a few mtorr and a few hundred mtorr 

by adjusting gas flow rates and the degree of the valve opening of the exhaust. Since RIE 

systems can be easily fitted in a low cost laboratory development, it has been widely used 

in organic electronics research or semiconductor industry. 

Oxford Instruments Plasmalab 80 Plus has been performed for the reaction ion etching 

process in this study. In the reactive ion etching process, oxygen was used as etching gas 

here because of its very high selectivity between PHOST and the Cu underlayer. The 500 

nm thick PHOST can be etched thoroughly using O2 RIE with the given conditions of 

150W, 200V DC bias, 50 sccm oxygen flow rate and under 40 mtorr operating pressure 

for three minutes. 

3.4.6 Argon ion milling 

  Unlike oxygen RIE based on chemical etching, Ar ion milling is a physical milling 

process in which Ar ions bombard the specimen surface, causing atoms from the 

specimen to eject from the surface. Ar ion milling is a non-selective anisotropy process. 

The milling rate depends on the types of milled materials. 

A Veeco customized Ar ion milling system has been used in this experiment to mill 

thoroughly unmasked metal layers. Samples were ion milled in Ar gas at 500V, 34mA 

under working pressure 10-4 torr. The advantage of using such high energy Ar ion milling 

system is that it takes less time than using the RIE system to mill a large area of 

specimen. 

3.4.7 UV mask aligner 

A UV mask aligner is an exposure systems typically producing an image on the wafer 

http://en.wikipedia.org/wiki/Torr
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using a photomask. The UV light sifts through the photomask, which prevents the light 

from reaching some regions but allows the light to pass on some other regions on a wafer 

at the same time.  

The ABM mask aligner, as shown in Figure 3.6, has been used in this research to 

define and fabricate the electric circuit which consists of the second set of electric wires 

and corresponding pads for the sensor arrays. The UV lamp is able to generate a 365 nm 

wavelength at the intensity of 20mW/cm2. The chromium-on- glass photomask was 

designed and used in direct contact with the substrate and exposed it to a uniform UV 

light. A microscope equipped on the system can help one to conduct the alignment and 

overlay process. It took four seconds to expose a 0.5μm thick AZ-1512, a positive-tone 

photoresist, under the condition of 20 mW/cm2 light intensity at room temperature. 

 

 
 

Figure 3.6:  ABM mask alignment system. 

 

 

3.4.8 Vibrating sample magnetometer (VSM) 

  A VSM instrument is the most commonly used magnetometer for the characterization 
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of magnetic materials. The critical sensitivity can reach up to 10-6
 emu, and the field 

resolution can be as small as 10-3 Oe. VSM is widely used to obtain magnetic properties 

including magnetic moment, Hc, Ms, and hysteresis loop. The principle of a VSM is 

based on Faraday’s law of induction,  

                            V(t) = C
dΦ

dt
,                          (Eq. 3-1) 

where 
dΦ

dt
 stands for the change of magnetic flux over time, C is the proportionality 

constant, and V(t) is the induction voltage. The schematic structure of a VSM instrument 

is shown in Figure 3.7. In a VSM measurement a sample, usually smaller than 1cm2 

placed in the optimum position, is vibrated perpendicularly to the applied field in the 

vicinity of a set of pick-up coils. The magnetic flux change caused by the vibrating 

magnetic sample generates an induction voltage across pick-up coils that is proportional 

to the magnetization of the sample. A known magnetic sample, usually Ni, is required to 

be measured for the calibration process prior to the measurement of an unknown 

magnetic sample. The output voltage from the pick-up coils is the signal of the magnetic 

moment of the sample, and the detection signal from the embedded Hall probe is the 

strength and orientation of the magnetic field. 

  A VSM instrument is particularly useful for measuring GMR, tunneling 

magnetoresistive (TMR) films, AF system, and spin-valve. In addition to the GMR thin 

films, magnetic characterizations of several types of magnetic particles were measured by 

VSM in this research. The measuring processes of magnetic particles are similar to the 

measuring processes of GMR thin films. However, the major difference is that the 

standard sample used for the calibration of magnetic nanoparticles is a spherical Co 

sample instead of the square Co thin film used for the calibration of GMR thin films. In 
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this project, the magnetic moment as a function of switching external fields on different 

components and orientations of GMR layers was measured by VSM. Full hysteresis 

loops were obtained for investigating the magnetic behavior of GMR layers and magnetic 

nanoparticles. 

 

 
 

Figure 3.7:  The schematic diagram of a VSM. 

 

3.4.9 4-point probes measurement 

A 4-point probes instrument is broadly used for the non-destructive measurement of 

sheet resistance or magnetoresistance. A set of four probes is usually aligned linearly and 

landed on a flat conductive surface with a fixed separation distances. A constant current 

source is applied through the two outermost probes, and the potential change of the 

sample is measured through the inner pair of probes. The advantage of using 4-point 

probes over 2-point probes is that the 4-point probes measurement excludes the influence 

Vibration Unit 

Sample 

Pick-up coils 

Electromagnet Electromagnet 

Hall probe 

Vibration direction 
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of resistance from those connecting wires.  

In order to measure the GMR effect of our sensor, the 4-point probes system was 

designed as shown in Figure 3.8. In this system, a power supply drove the electromagnet 

to produce the magnetic field which was measured by the Hall probe. A Lakeshore model 

450 gauss meter could convert the Hall probe signal to digital output. The current sensing 

and voltage signals were obtained by the Keithley sourcemeter and converted to digital 

output through a data acquisition (DAQ) card manufactured by National Instruments. The 

whole process of resistance measurement under varying external fields was controlled by 

Labview ®  in a computer terminal.  

 

 

 

Figure 3.8: The schematic illustration of 4-point probes setup for GMR measurement. 
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  The 4-point probes measurement was used to measure both sheet samples and 

biosensor array chips in this research. For sheet sample measurements, the sheet sample 

was placed in the middle of the electromagnet and a sensing head manufactured by 

Cascade Microtech with a set of four parallel probes was applied and perpendicularly 

landed on the sheet sample surface. Each probe was separated at fixed 1.55mm distance 

with one another. A bipolar power supply generated cyclical voltage to the electromagnet 

from 10V to -10V and back again, which triggered the magnetic field ramped up to 800 

Oe at the beginning, then ramped down within several steps to -800 Oe, and finally back 

again to 800 Oe to complete the loop. The power change frequency was optimized to 0.1 

Hz and the sensing current was 0.2 mA. For measurements of biosensor array chips, a 5 

cm × 5 cm customized sample holder was designed to load the chip. An acrylic board 

mounted with 48 spring-loaded pins was fabricated and screwed tightly to the sample 

holder in order to connect the copper wires and sensor chip. The pins were aligned as 24 

pairs and landed on 24 contact pads on the chip correspondingly, as shown in Figure 3.8. 

The sample was then placed in the middle of the electromagnet and capped by a lid on 

which twelve channels of 4-point probes were installed. A Keithley switch system was 

installed for facilitating measurements for twelve sensors on a chip at once. For the 

sensor-particle resistance measurement, a plastic, corrosion-free tube with two openings 

at the top and bottom ends was glued on the chip by vacuum gel. For dry magnetic 

particle detection, the 50 nm Fe3O4 nanoparticles were directly dropped on the sensor 

surface with an external field of zero. GMR measurements were conducted before and 

after particles dropped. Another method of the particle distribution was conducted. 

Magnetic particles first stored in ethanol solution were dropped from the top of the chip 
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to sensing areas before the lid was capped. The volume of the particle solution dropped 

on the sensing areas was from 40μl to 100μl depending on the particle concentration in 

order to make sure that there was appropriate probability that nanoparticles were 

attaching onto the sensing area. However, at the same time, there was relatively low 

probability for the formation of particles aggregation. GMR measurements had been 

carried out every 60 to 100 seconds for at least 18 hours.  

3.5 Corrosion Test  

  An ultra-high vacuum sputtering system was used to deposit amorphous alumina on 

top of the sensor as the anti-corrosion layer. The processes and conditions for depositing 

approximately 30 nm thick alumina were presented as follows: 4 nm thick aluminum 

metal was first sputtered at 100 Watt DC power for 5 seconds as a seed layer after which 

the oxidation process was warmed up by introducing a 30 Watt DC bias on the substrate 

for 30 seconds and then performing aluminum oxidation with a 15 Watt bias plasma for 

35 seconds. During the alumina deposition process, aluminum was sputtered with 100 

Watt DC power at 45 degree angle to the substrate surface with the presence of a mixture 

of gas comprised of Ar with a 35 sccm flow rate and O2 with a 6 sccm flow rate. The 

deposition rate of alumina was averaged 0.8 Å /s. In order to avoid unnecessary alumina 

coverage, the sensor chip was fully covered by aluminum foil, but a 1 cm × 1 cm area 

was left hollow in the sensor chip center before the alumina deposition process was 

carried out, as shown in Figure 3.9. 

The valid protection ability of the alumina anti-corrosion layer against a PBS solution 

with different concentrations was tested. 0.1M and 0.01M PBS solutions were prepared 

by mixing PBS powder bought from Sigma (P5368) with 100 ml and 1000 ml DI water, 
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respectively. All PBS solutions were maintained at pH 7.4. 

 

 

 

Figure 3.9: The schematic diagram of sensor arrays protected by Al2O3 passivation layer. 

 

3.6 LLG Simulation Method 

  The software used for the GMR sensor and magnetic particle simulation is LLG 

Micromagnetics SimulatorTM [90]. It is 3-D simulation package software with integrated 

graphics based on numerical methods used to solve Landau-Lifshitz-Gilbert-Langevin 

equations, as shown in Figure 3.10. By using this program, micromagnetic structure and 

dynamic behavior in thin films, magnetic devices or materials can be simulated and 

characterized. 

  For characterizing micromagnetic behaviors of the GMR sensor, simulations were 

conducted in a 400 nm × 400 nm × 30 nm cubic with 30 × 30 × 50 discrete points. From 

bottom to top, Co (12 nm)/Cu (6 nm)/Co (3 nm)/Py (9 nm) layers were constructed. 

Standard parameters were used to characterize the properties of Co, Cu, and Py are as 

follows.  

 Co: Resistivity= 4.8 μΩ-cm, Ms= 1400 emu/cc, and uniaxial anisotropy constant Ku= 
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4×106 erg/cc.  

 Permalloy: Resistivity =5.6 μΩ-cm, Ms=800 emu/cc, and Ku=1000 erg/cc.  

 Cu: Resistivity=2 μΩ-cm, Ku=0, and Ms=0.  

  Exchange stiffness is 3.05 μerg/cm for Co and 2.1 μerg/cm for permalloy. In addition, 

0.2 mA time-independent current was applied along the x-axis direction, which is the 

same direction as the easy axis of the cobalt layer, and permalloy. Various strengths of 

the external field were also applied along ±x-direction.  

 

 
 

Figure 3.10: The magnetic simulation environment of LLG Micromagnetics SimulatorTM. 

 

  Furthermore, to study intra magnetism of a single magnetic particle and further 

interaction between a single particle and a GMR sensor, two different sizes, 100 nm and 

200 nm Fe3O4 nanoparticles were also built. Each particle was built in a 400 nm × 400 

nm × 300 nm cubic with 30 × 30× 50 discrete points. For 100 nm and 200 nm particle 

models, Fe3O4 particle parameters were assigned as Kc= 2×105 erg/cc, Ms= 280 emu/cc, 
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exchange stiffness, A= 0.005 μerg/cm, and resistivity= 6100 μΩ-cm. The anisotropy axes 

of particles in the cubic lattice were set along [100] and [010]. External field parameters 

were assigned as switching in between 800 Oe and -800 Oe at pitch 25 Oe. Time 

integration is computed using the rotation matrices approach with 0.1 ps time steps. All 

the calculation were set to be completed when the convergence was as small as 10-4. 
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Chapter 4. Results  

 

4.1 Optimization of GMR Multi-layer Thin Films 

4.1.1 Sputter deposition rate and thin film uniformity  

The DC magnetron sputter deposition rate of each metal layer was investigated in 

advance of depositing specific thicknesses of each layer in the GMR multi-layer stack. In 

addition, since the chamber pressure and DC power were fixed at 2.5 mtorr and 100W, 

respectively, the uniformity of deposited layers on a three-inch wafer was varied 

depending on the distance between the sputter target and the area on the wafer.  

For investigating the uniformity of each metal layer deposition, a wafer map separated 

into 24 divisions for each metal layer was constructed. Each wafer map demonstrated the 

deposition rate of each metal layer, as shown in Figure 4.1. Generally, the average 

deposition rate of copper is the highest among the five metals, whereas the deposition 

rate of Py is the lowest. Besides, no matter what kind of metal the layer was, the 

deposition rate of the center divisions within the radius of one-inch demonstrated good 

uniformity. Since the center divisions were also large enough for fabricating sensor 

arrays, a multi-layer stack was prepared and deposited in this range of the area at the 

deposition rate of 1 Å /s, 1.7 Å /s, 0.75 Å /s, 1.05 Å /s, and 1 Å /s for Co, Cu, Py, Ru, and Ta, 

respectively. 

4.1.2 Magnetic characterization of essential magnetic layers 

  In order to achieve a high GMR ratio, the consistency of anisotropic directions of the 

permalloy layer was investigated. In Figure 4.2, a 50 nm thick permalloy was measured 

using VSM. The external field was applied between 20 to -20 Oe, along the sample in-
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plane direction. The sample was rotated horizontally and measured from 90° to -90° at 5° 

intervals.  

 

 
   

Figure 4.1: The illustration of deposition rates distributed on a 3” wafer for Co, Cu, Py, 

Ru, and Ta using DC magnetron sputtering system at 2.5 mtorr, and 100W 

operating conditions. 

 

  The magnetization curves of Py dropped smoothly as the external field was applied in 
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the range between 5 Oe and -5 Oe, indicating that the magnetic domains in the layer were 

randomly aligned. That is, no specific easy axis orientation was observed for the whole 

Py layer. Ideally, for a high GMR ratio, magnetic domains in the Py layer are designed to 

show uniaxial anisotropy along one particular direction.  

 

 
 

Figure 4.2: The hysteresis loops of a 50 nm thick permalloy layer at various angles 

without magnetic bias applied. 

 

To improve uniaxial anisotropy, an approximately 40 Oe magnetic bias was applied to 

the sample as sputtering deposition was conducted. Figure 4.3 illustrates the hysteresis 

loops of a 50 nm thick permalloy layer, measured at various measurement angles, with a 

40 Oe magnetic bias applied during the sputtering deposition. Significant differences in 

the hysteresis loop at various measurement angles were observed. The magnetization 

curve was formed to a high squareness ratio loop when the measurement angle was either 

90° or -90°. The magnetization changed sharply as the external field was approaching 5 

Oe and -5 Oe. In addition, the coercivity was approximately 2 Oe, which was lower than 

5 Oe, the coercivity of the same thickness permalloy layer without magnetic bias applied 
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during the sputtering deposition. Those evidences imply that the magnetic domains in the 

permalloy layer were aligned consistently and easy axes of every magnetic domains were 

nearly isotropic.  

 

 
 

Figure 4.3: The hysteresis loops of a 50 nm thick permalloy layer at various angles with 

40 Oe magnetic bias field applied. 

 

Next, the magnetization of a 10 nm thick Co layer deposited above the Ta seed layer 

was investigated. The in-plane magnetization of the Co layer was measured and rotated 

horizontally every 15° within 180° in order to obtain the orientation of the easy axis, as 

shown in Figure 4.4 A). As the external field applied on the sample was aligned parallel 

to the sample’s easy axis orientation, the highest coercivity and squareness ratio close to 

one was observed when the angle was ±90°, as shown in Figure 4.4 B). For the spin-

valve based biosensor, the coecivity of the free layer is prefered to be below 20 Oe so that 

the stray field generated by the moment from the magnetic nanoparticle will be able to 

exhibit significant influence on the GMR profile of the sensor. By considering this 
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situation, permalloy is a good candiate for a free layer. On the other hand, by taking into 

account the mixed influence from demagnetizing, nonlocal interlayer bilinear exchange 

coupling, and anisotropy, a Co/Cu/Co tri-layer is a good spin-valve device. Therefore, a 

permalloy layer ferromagnetically exchange coupled with a thin Co layer to form a Co/Py 

bi-layer as the spin-valve free layer was preferred in our sensor fabrication process and 

suitable for our sensor application. 

 

   

 

Figure 4.4: A) The hysteresis loops of a 10 nm thick cobalt layer measured at various 

angles. B) The coercivity and squareness ratio corresponding to different 

measured angles. 

 

The magnetization of the Co/Py bi-layer was verified. In Figure 4.5, there are not any 

multi-steps in the hysteresis loop of the Co(3 nm)/Py(10 nm) layers, indicating that the 

perfect ferromagnetically exchange coupled within the bi-layer at a measured angle of 

90° is observed. In addition, when the external field was applied parallel to the easy axis 

of the Co/Py bi-layer at ±90°, the perfect squareness loop was presented. The coercivity 

of the Co/Py bilayer is approximately 5 Oe, which is in between the magnitude of the 
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coercivity in permalloy and the cobalt individual layer.  

 

  

 

Figure 4.5: The hysteresis loops of a Co(3 nm)/Py(10 nm) bi-layer measured at various 

angles. At ±90°, the external field was parallel to the easy axis of the bi-layer.  

 

 

  For a spin-valve component, the effect of the thickness of the spacer layer deposited 

between two magnetic layers is critical on a GMR result. If the thickness of the spacer 

layer is too thin, the unpaired carrier electrons in one magnetic layer may exchange 

coupled with other electrons in the other magnetic layer and induce their spin alignment 

along same direction. Thus, the difference of the coercivity between two magnetic layers 

may be reduced, leading to low GMR. On the other hand, if the spacer layer is too thick, 

GMR may decrease due to the large current shunting in the spacer layer, also leading to 

low GMR. The Cu layer was used as a spacer layer in our spin-valve device. The 

hysteresis loop of the spin-valve multi-layer thin films, Ta(5 nm)/Co(10 nm)/Cu(x 

nm)/Co(3 nm)/Py(10 nm), depending on Cu thickness is shown in Figure 4.6. The Cu 
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thickness x was varied in order to seek the largest coercivity difference between two 

seperated ferromagnatic layers. Since the Cu layer was thick enough, the coercivity of the 

Co layer on top was reduced by its adjacent permalloy layer but the coercivity of the Co 

layer at the bottom remained the same due to no significant magnetic effect from the 

permalloy layer. Such a coercivity difference between the two Co layers attributes to 

electron spins in the two Co layers switching at different fields. Therefore, a sub-step in 

the magnetization curve might be exhibited. In our result, as the Cu layer was 4 nm thick, 

the largest coercivity difference was observed, implying that the top Co/Py bi-layer and 

thebottom Co layer aligned in an anti-parallel direction within ±10 Oe and ±20 Oe.  

 

 
 

Figure 4.6: The hysteresis loop of Ta(5 nm)/Co(10 nm)/Cu(x nm)/Co(3 nm)/Py(10 nm). 

A significant sub-step in the loop is presented as the thickness of Cu, x is 

4nm. 

 

  With the thickness of Cu layers either thinner or thicker than 4 nm, there is not clearly 
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a sub-step loop in these magnetization curves, implying that anti-parallel alignment did 

not obviously appear. When the thickness of the Cu layer decreases to 2 nm, it was not 

thick enough to divide the two Co layers. Therefore, ferromagnetic exchange coupling 

occuring between the two Co layers generated a complete square loop with all electron 

spins switching concurrently. As a result, no sub-step loop in the magnetization curve is 

presented. 

In order to enhance the GMR effect, a tri-layer, Co/Ru/Co, was prepared as a synthetic 

antiferomagnetic pinned layer employed at the bottom of our spin-valve system. By 

designing the pinned layer at the bottom and the free layer on top in the spin-valve 

sensor, the stray field generated from the magnetic nanoparticle landing on top of the 

sensor can cause stronger response from the free layer than if the free layer is designed at 

the bottom. Thus, sensor sensitivity can be enhanced because of the shorter particle-free 

layer distance.    

Exchange interactions within the Co/Cu/Co tri-layer can be antiferromagnetic or 

ferromagnetic, depending strongly on the thickness combinations of the tri-layer. 

Therefore, magnetization curves of Co/Ru/Co with a variety of thickness combinations 

were investigated prior to being employed in the spin-valve system, as illustrated in 

Figure 4.7. The hysteresis loop of the thickness combination, Co (5 nm)/Ru (0.8 nm)/Co 

(5 nm), shows antiferromagnetic coupling between the two Co layers. On the other hand, 

Co/Ru/Co with other thickness combinations shows ferromagnetic coupling with a 

different variety of coercivity. 

  A complete and optimized GMR multi-layer including seed layers, synthetic 

antiferromagnetic pinned layers, free layers, and a spacer layer was prepared before 
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undergoing sensor fabrication steps. Searching for a good antiparallel alignment which 

expresses a step-like loop in the magnetization curve is important. Therefore, the 

magnetization curve of the whole structure Ta(2.5 nm)/Ru(5 nm)/Co(5 nm)/Ru(0.8 

nm)/Co(10 nm)/Cu(4 nm)/Co(3 nm)/Py(10 nm)/Ta(5 nm) with various measurement 

angles were investigated, as shown in Figure 4.8.  

 

 
 

Figure 4.7: In-plane magnetization curves of Co/Ru/Co, showing the antiferromagnetic 

(black line) and ferromagnetic (others) coupling between two Co layers. 

 

  The characteristics of magnetization curve of the GMR multi-layer depends on the 

angle between the external field and overall easy axis of the multi-layer. As the angle in 

between ±45°, magnetization curves did not exhibit spin-valve charateristics. Sub-steps 

were not clearly observed in those curves, indicating there was weak to none pinning 

field. On the other hand, as the angle around -60°, a plateau-like sub-step in the loop 

exhibiting a 50 Oe pinning field and 40 Oe coercivity was observed, indicating that best 
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GMR phenomenon acquired among various measurement angles. The orientation of the 

easy-axis of the whole spin-valve thin films was recorded and the particular angle setting 

at which the strongest pinning field was presented was adapted for further sensor 

fabrication. 

 

 

 

Figure 4.8: The magnetization curve of the multi-layer stack, Ta(2.5 nm)/Ru(5 nm)/Co(5 

nm)/Ru(0.8 nm)/Co(10 nm)/Cu(4 nm)/Co(3 nm)/Py(10 nm)/Ta(5 nm) 

corresponding to various measurement angle between ±90°. 

 

4.1.3 Characterization of the optimum GMR multi-layer stack 

  Two different orientations of the external field applied on the GMR multi-layer stack 

were examined. Figure 4.9 shows the GMR result as the external field was applied 

parallel to the hard-axis of the GMR multi-layer stack. High resistance fluctuations in the 

range between 1.04 Ohms and 1.06 Ohms were observed as the multi-layer stack was 

close to being saturated when the external field was larger than ±50 Oe. The cause of this 
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phenomenon was that magnetic domains in the GMR multi-layer stack flipped out of 

order as the magnitude and orientation of the external field changed. As the external field 

increased from 0 Oe to 50 Oe after the multi-layer was saturated, the resistance exhibited 

a drastic change between ±50 Oe. The pinned layer and free layer in the GMR multi-layer 

stack were not clearly flipped under different strengths of the external field. Therefore, it 

is difficult to acquire a significant GMR profile change from particle detection by 

applying an external field along the hard-axis orientation.  

 

 
 

Figure 4.9: The resistance change of GMR multi-layer stack, Ta(2.5 nm)/Ru(5 nm)/Co(5 

nm)/Ru(0.8 nm)/Co(10 nm)/Cu(4 nm)/Co(3 nm)/Py(10 nm)/Ta(5 nm) as 

external field was applied along hard-axis orientation. 

 

  Instead of applying the external field along the hard-axis orientation of the GMR 

multi-layer stack, the GMR sensing scheme adapted the measurement method in which 

the external field was applied and switched along the parallel and antiparallel orientation 

of the easy axis. A typical dependence of the GMR multi-layer stack resistance on the 
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applied external field is shown in Figure 4.10. GMR peaks corresponding to the 

antiparallel magnetization configuration over a base line corresponding to parallel 

magnetization configuration of the Co layer in the multi-layer stack can be observed.  

  In Figure 4.10, the GMR result shows that the two peaks appearing as the external 

fields were between ±15 Oe and ±75 Oe, which was closely consistent with the two steps 

in the magnetization curve. A 13% GMR ratio was obtained from GMR multi-layer stack 

measurement. 

 

 

 

Figure 4.10: The GMR result (solid-line) and magnetization curve (dashed-line) of the 

GMR multi-layer stack. Two curves show consistency with each other. A 

13% GMR ratio was observed. 

 

4.2 Sensor Fabrication 

4.2.1 Evaluation of electron beam dose  

  In order to find an appropriate dose for EBL on the PHOST/PMGI bilayer resist 

13% 
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system, the exposure characteristic was investigated. Figure 4.11 shows the SEM 

micrographs of the PHOST/PMGI bilayer with various linewidths. Wavy patterns were 

the result of underexposure. PHOST with a 400 nm linewidth was fully developed at a 

dose of 8500 μC/cm2. However, it was necessary to apply no less than 12000 μC/cm2 to 

obtain a fully developed PHOST with a 200 nm linewidth and 15000 μC/cm2 for a fully 

developed PHOST with 100 nm linewidth.  

 

   

 

 

Figure 4.11: SEM image of A) 100 nm, B) 200 nm, and C) 400 nm linewidth of 

PHOST(500 nm) /PMGI(135 nm) patterned with conditions of EBL dose 

from 100 to 14000 μC/cm2 (top to down) at 50kV. 

 

) ) 

) 
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  Contrast curves of three linewidth patterns, 100 nm, 200 nm, and 400 nm, are 

established, as shown in Figure 4.12. The contrast γ is given by the following expression 

                              1

0

100 )
D

D
(logγ  ,                      (Eq. 4-1) 

where D100 represents an exposure e-beam dose for complete resist insoluble and D0 

represents a threshold exposure e-beam dose for resist insoluble.  

   

 

 

 

Figure 4.12: The contrast curve of A) 100 nm B) 200 nm C) 400 nm linewidth of 

PHOST/PMGI patterns with various thicknesses of PMGI underlayer from 0 

to 250 nm. 
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  Based on the exposure characteristic, the contrast γ of PHOST was 1.4, 1.2, and 1.0 as 

the linewidth was 100 nm, 200 nm, and 400 nm, respectively. The result implies good 

resolution for a vertical resist profile. Moreover, three different thicknesses of the PMGI 

underlayer, 70 nm, 135 nm, and 250 nm, were deposited in order to investigate whether 

various thicknesses of PMGI underneath PHOST have a significant influence on 

exposure characteristics of PHOST.  

 

 

 

 

Figure 4.13: SEM image of a cross-section of the 400 nm wide PHOST/PMGI etched in 

TMAH aqueous solution for A) 30 seconds, B) 40seconds, and C) 50 

seconds. The undercut length was 60 nm, 80 nm, and 110 nm, respectively. 

 

) ) 

) 
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  According to the results of contrast curves, no significant change in the exposure 

characteristics of PHOST with any linewidth was found depending on thicknesses of the 

PMGI underlayer. Therefore, e-beam exposure on a PHOST/PMGI bilayer system can be 

carried out with the same dose as e-beam exposure on a single PHOST layer.  

4.2.2 Undercut configuration on PMGI 

In order to facilitate further lift-off processes and create an opening for further Cu layer 

to be deposited upon the edge of metal line patterns as contacts,an undercut profile was 

developed and investigated. Undercut length was first determined by etching time, as 

shown in Figure 4.13. 60 nm, 80 nm, and 110 nm undercut lengths were observed using 

0.88% TMAH aqueous as etchant for 30, 40, and 50 seconds, respectively. The undercut 

rate was approximately 2.1 nm/sec. For self-aligned contact fabrication, the undercut 

length can not be too long, or the PHOST may collapse, nor too short, otherwise the 

undercut configuration may disappear shortly after the Ar ion milling process. 

4.2.3 Ar ion milling rate 

  In order to investigate optimal conditions of the Ar ion milling process for metallic 

pattern transfer, milling rates from two directions, vertical and transverse, of PHOST 

need to be considered. The PHOST, as a good mask layer, has to survive while those 

regions unprotected by a patterned PHOST mask are milled thoroughly in a given etching 

time. In our experiment, a 40 nm thick Ta layer deposited under PHOST/PMGI was 

prepared for patterning. The thickness change of the GMR multi-layer and PHOST 

depending on etching time using Ar ion milling with conditions of 34mA, 500V and 

1.2×10-4 torr was established, as shown in Figure 4.14 A). As an unprotected GMR multi-

layer with approximately a 42 nm thickness was thoroughly removed in 75 seconds, 
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approximately 88% of the original thickness (500 nm) of PHOST still survived, showing 

that PHOST was an effective mask layer. 

 

    

 

 
 

Figure 4.14: A) The normalized thicknesses of GMR and PHOST and B) the undercut 

length depending on Ar ion milling time. SEM image of the 400 nm wide 

PHOST/PMGI milled by Ar ion milling for C) 30 seconds, D) 80seconds. 

 

  In addition, as Ar ion milling was conducted, not only vertical but also transverse 

milling occurred. Since transverse milling inevitably damages the undercut profile, the 

development of the Ar ion milling process also has to be based on the premise of the 

undercut profile survival when the unprotected GMR multi-layer is thoroughly etched. 
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Therefore, the dependence of the undercut length of the PHOST/PMGI on the etching 

time was investigated under the same Ar ion milling conditions mentioned above, as 

shown in Figure 4.14 B). Figure 4.14 C) shows that the undercut length started to shorten 

at 30th second. Figure 4.14 D) indicates that the unprotected GMR multi-layer was 

thoroughly removed whereas the undercut profile survived well enough for further self-

aligned Cu contact deposition at 75th second. As a result, an optimal Ar ion milling 

process for self-aligned contact fabrication was developed.  

  The limit time for transverse milling was also examined. Although the 

PHOST/PMGI/GMR line pattern survived after a180-seconds milling process, significant 

damage of the whole structure was observed. Moreover, the undercut profile completely 

disappeared and the whole pattern was unable to be used for further sensor fabrication 

processes, as shown in Figure 4.15. 

 

 
 

Figure 4.15: The over-etch configuration of PHOST/PMGI/GMR layers after 180 

seconds of Ar ion milling process. 

 

  After an optimized Ar milling process was conducted, a 70 nm thick Cu layer was spun 
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deposited on the sample, followed by a lift-off process using a 2% TMAH aqueous 

solution. As a result, 400 nm wide PHOST/PMGI line patterns successfully transferred 

into the GMR multi-layer. In addition, the Cu layer was self-aligned, connecting to the 

GMR multi-layer line pattern, forming an electrical contact surface, as shown in Figure 

4.16 A). Two grooves along both edges of the line pattern was due to the higher milling 

rate at the edges than on the smooth surface of the line pattern in the Ar ion milling 

process. Figure 4.16 B) shows a top view approximately 60 nm wide with 70nm thick Cu 

contacts overlapping on both the left and right edges of the 400 nm wide GMR multi-

layer line pattern.  

 

  
 

Figure 4.16: A) Tilted SEM image of Cu contact surface connecting to GMR multi-layer 

line pattern. B) A cross-section image of the line pattern in A). The contact 

surface overlapped on left and right edges of the GMR line pattern. 

 

4.2.4 Overlay and alignment of lithographic features 

  After the lift-off process to transfer four 1 μm × 400 nm line patterns to the GMR 

multi-layer with Cu contact layers on a quarter wafer, PHOST was again spin-coated for 

A) B) 
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e-beam lithography. Three 150 μm ×400 nm line patterns were aligned and overlapped on 

top of each previous 1μm ×400 nm GMR multi-layer line pattern, generating a cross 

configuration. One of the cross configurations is shown in Figure 4.17. The PHOST lines, 

averaging a 500 nm thickness, were used as a mask layer for a further Ar ion milling 

process. After the Ar ion milling and PHOST removal process, the Cu contact surface 

was trimmed to be two 60 μm × 400 nm or 60 μm × 200 nm Cu contact wires, connecting 

the defined sensing area at both ends. The width of the GMR multi-layer line pattern and 

the width of the PHOST line pattern defined the sensing area dimension, 400 nm × 400 

nm or 200 nm × 400 nm.  

 

 

 

Figure 4.17: The tilted view of a150 μm × 400 nm PHOST line pattern(horizontal line) 

overlaying on a GMR multi-layer line pattern (vertical line). A cross 

configuration was generated, defining sensing area and paired Cu wires.  

 

4.2.5 Oxygen RIE rate 

The patterned PHOST molecules after e-beam exposure were cross-linked and unable 

to be dissolved in its solvent, PGMEA. Therefore a new process had to be conducted to 
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remove patterned PHOST for transferring the patterns. The oxygen reactive ion etching 

(O2 RIE) was used here for patterned PHOST removal. The O2 RIE rates of PHOST, 

GMR, and Cu were measured to obtain the required time and key conditions for PHOST 

removal, as shown in Figure 4.18. The high selectivity of PHOST etching over the GMR 

and Cu layers is required so that damage to Cu, and GMR layers underneath PHOST 

could be minimized. In Figure 4.18, a 400 nm line-width PHOST with a 500 nm 

thickness was etched over 200 seconds with the given conditions of 150W, 200V DC 

bias, 50 sccm oxygen flow rate and under 40 mtorr operating pressure. The thickness of 

the pattern PHOST decreased linearly till it was etched thoroughly as the etching time 

reached 210 seconds. The etch rate of patterned PHOST was approximately 2.3 

nm/seconds. Whereas the Cu layer and GMR multi-layer both showed nearly zero etch 

rate under the same etching conditions. 

 

 

 

Figure 4.18: The thickness of patterned PHOST, Cu layer, and GMR multi-layer change 

over O2 RIE time. 
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4.2.6 Sensor arrays 

  Twelve sensor arrays comprised of 400 nm-long sensors with the width varying 

between 200 nm and 400 nm were built. Those twelve sensors were assigned in a 1.5 mm 

× 1.5 mm region, as shown in Figure 4.19. The dimension of the first set of contact wires, 

which connected to the sensor directly, was 200 nm × 60 μm or 400 nm × 60 μm, 

depending on the desired sensor width. A 400 nm separation between two wires defined 

the sensor length to be 400 nm. The second set of contact wires partly overlapping on the 

first set of contact wires was 50 μm wide and separated by 50 μm. A 2 mm × 4 mm 

contact pad connecting each second set of wire at one end was fabricated to fit for 

touching 4-point probes.  

 

 
 

Figure 4.19: SEM micrograph of A) 12 GMR sensors on a chip with Cu contact wires.  

Two different dimensions of sensing area, B) 200 nm × 400 nm and C) 400 

nm × 400 nm and its first set of Cu contact wires.  
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  Based on the previous results, the GMR profiles of the unpatterned GMR multi-layer 

measured in a 1.5 mm × 1.5 mm region at the center of the wafer were identical, showing 

the same magnitude of base resistance, and highest resistance. The height and width of 

the GMR peaks, along with the position of peaks on the external field axis were also 

nearly identical. However, GMR profiles of several sensors which were fabricated in the 

same region showed certain levels of difference within each other, as shown in Figures 

4.20 and 4.21.  

  Characteristics of GMR measurements on two different dimensions of the sensor are as 

follows: First, in 400 nm × 400 nm sensor measurements, base resistance varies in a 

range of 35.5 Ohms to 49.5 Ohms. In 200 nm × 400 nm measurements, base resistance 

varied in a range of 136.8 Ohms to 245.8 Ohms. On average the base resistance of 200 

nm × 400 nm sensors was higher than the base resistance of 400 nm × 400 nm sensors. 

This is because the narrower contact wires connecting to the 200 nm × 400 nm sensors 

lead to the higher resistance. Second, in addition to the two main GMR peaks appearing 

in Figures 4.20 and 4.21, some GMR profiles exhibited sub-steps in GMR peaks, 

implying that some magnetic domains in the free layer of the sensor may not flip 

synchronously.  

  The profile difference of GMR peaks within the individual sensors with the same 

dimensions attributes to the edge irregularity and roughness of the sensor caused by the 

fabrication process. Third, the width of GMR peaks of the 200 nm × 400 nm sensors was 

distinguishably wider than the width of GMR peaks of the 400 nm × 400 nm sensors. 

Despite the difference mentioned above, one is still able to clearly recognize the GMR 

signal from noise in every GMR sensor measurement. 
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Figure 4.20: Several GMR results of different 400 nm × 400 nm sensors fabricated on a 

sensor chip.  

 

   
 

Figure 4.21: Several GMR results of different 200 nm × 400 nm sensors fabricated on a 

sensor chip.  

 

4.3 Magnetic Particle Detection 

4.3.1 50 nm Fe3O4 nanoparticles 

The magnetization of magnetic particles was investigated prior to the particle detection 

test by a GMR sensor. The magnetization curve of 50 nm Fe3O4 nanoparticles with 

various weights was obtained using VSM, as shown in Figure 4.22 A).  

From the magnetization curve, Fe3O4 nanoparticles exhibited ferrimagnetic behavior. 

The saturation field of 9 mg, 15mg, and 42 mg 50 nm Fe3O4 nanoparticles was about 

500Oe, 700Oe, and 2000Oe, respectively. Figure 4.22 B) shows that the saturation 

moment linearly increased with increasing weights of 50 nm Fe3O4 nanoparticles. In 



71 

 

addition to the magnetic characteristics investigation, the geometry of 50 nm Fe3O4 

nanoparticles is obtained. In Figure 4.22 C), irregular, rounded shape nanoparticles are 

observed.  

Two types of preparation of 50 nm Fe3O4 nanoparticles were used in the particle 

detection experiment. The first type is dry-powder nanoparticles. A single layer of dry-

powder 50 nm Fe3O4 nanoparticles was directly distributed onto the sensor. A GMR 

profile of the sensor was influenced by these high magnetic moment nanoparticles, as 

shown in Figure 4.23.  

  

 

Figure 4.22: A) The magnetization curves of 50 nm Fe3O4 particles with 3 different 

weights. B) The linear relationship between saturation magnetization and the 

weight of the particles. C) SEM micrograph of 50 nm Fe3O4 nanoparticles. 

A) B) 

C) 
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The black solid-line represents the GMR as the sensor was tested without particle 

coverage whereas the red dashed-line represents the GMR when particles covered on a 

400 nm × 400 nm sensor. Both plots are bilaterally symmetric, implying that the GMR 

results were not influenced by the direction of the external fields. The external field first 

increased to approximately 280 Oe to make sure the GMR sensor was fully saturated. In 

the solid-line plot, the resistance started to increase sharply from 79 Ohms as the external 

field was switched from 280 Oe to -10 Oe and remained at 80 Ohms, the highest 

resistance in the measurement. As the external field increased to -40 Oe, the sensor 

resistance dropped sharply back to 79 Ohms, exhibiting approximately 15 Oe coercivity.  

 

 
 

Figure 4.23: The change of GMR peaks of a 400 nm × 400 nm sensor with and without a 

single layer of dry 50 nm Fe3O4 particles coverage. 

 

  The dashed-line plot represents the single layer of dry-powder 50 nm Fe3O4 particles 

distributed on the sensor. The resistance did not have significant increase until the 
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external field reached -80 Oe after applying the saturated field 280 Oe onto the sensor, 

indicating an extra 70 Oe external field required to flip the free layer of the sensor. 

Compared to the GMR result of the sensor without particle coverage, two GMR peaks 

separated more as the sensor was covered by dry 50 nm Fe3O4 particles. Thus, particle 

coverage on the sensor increased the overall pinning field applied on the sensor. However 

the width of the GMR peaks remained the same, showing that the coercivity of the sensor 

was not affected by the particles. Although the capability of this sensing system was 

successfully verified, the method of particle distribution still needed to be improved in 

order to achieve a single particle detection scheme.  

In order to enhance particle attachment and dispersion on top of the sensing area, the 

second type of particle preparation was used. 50nm Fe3O4 particles were stored and 

dispersed in ethanol solution at a 0.066 mg/ml concentration. 100 μl of the particle 

solution was dropped from the top of the sensor chip center and constrained in a 25 mm2 

circular area to reduce the particles landing on a non-sensing area. The GMR result had 

been tested as the external field swept in between 400 Oe to -400 Oe in 30 seconds. Each 

GMR result was recorded at five-minute intervals for 20 hours. Figure 4.24 shows the 

GMR profile change as particles fell down to the sensor surface starting from 0 hours to 

the 20th hour. The base resistance increased over time due to the damage of the sensor 

and sensor contact wires caused by the particle solution. More and more particles falling 

to the sensor surface and sticking on either the sensing area or part of sensor wires during 

the measurement time might also cause an increase of the base resistance. Although the 

Figure 4.24 shows the peak shape was also affected by such damage, the resistance 

change attributing to the GMR phenomenon still can be observed and recognized from 
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noise over time.  

Figure 4.25 shows the 2-dimentional R-H plots extracted from Figure 4.24 in a time 

interval between the 600th and 825th minute. Two GMR peaks, starting from the 660th 

minute, gradually separate further apart. At the 765th minute, the two peaks exhibited the 

largest separation. In the positive field region, a sudden increase of the resistance 

occurred as the external field reached 80 Oe at the 645th minute but shifted to 150 Oe at 

the 765th minute. A similar transition occurred in the negative field region.  

 

 
 

Figure 4.24: 3-dimension plot of resistance change of a 400 nm × 400 nm sensor 

influenced by particles over time. 

 

In addition, the GMR peaks, though they vary irregularly, tended to be wider from the 

600th to the 765th minute, implying that the coercivity of the sensor was also influenced 

by the attachment of 50 nm Fe3O4 particles. After the 765th minute, it was observed that 

the characteristic of GMR peaks turned back to those before the 600th minute. Even 

though the magnetic characteristic returned to the initial state, the overall resistance still 

http://dict.cn/To%20cause%20to%20rise%20and%20fall%20or%20vary%20irregularly_2E
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went higher with increasing time. The explanation of this phenomenon is that as more 

and more magnetic nanoparticles landed on the sensing area, the dipole-dipole moments 

and the magnetic exchange coupling within magnetic particles diminished the stray field 

applied on the sensing area, leading to insignificant magnetic characteristic change. 

Besides, if particles aggregate together and form a sheet configuration on the sensor 

surface, the distance from the dipole of the sheet configuration would be very far to the 

sensing area, leading to a very low stray field sensed by the sensor. At the same time, 

more and more particles accumulating on the sensor contributed to higher and higher 

sensor resistance. 

 

 
 

Figure 4.25: The GMR profiles from 600th minute to 825th minute at 15 minutes 

interval.  

 

4.3.2 100 nm Fe3O4 nanoparticles 

  In addition to the 50 nm Fe3O4 nanoparticles detection test, 100 nm Fe3O4 

nanoparticles stored in ethanol solution were also prepared for detection by a 400 nm × 

400 nm GMR sensor. The magnetization of 100 nm Fe3O4 nanoparticles was first 
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investigated, as shown in Figure 4.26. In Figure 4.26 A), the particles were fully 

saturated, showing approximately a 1000 Oe anisotropy field. The magnetization curve is 

consistent with ferrimagnetic behavior. In Figure 4.26 B), the particles were magnetized 

by the external field sweeping between 500 Oe and -500 Oe, close to the external field 

applied on the sensor when the detection measurement was conducted. To calculate a 

single particle moment, the density of Fe3O4 particles is introduced and known as 5 g/ml. 

The moment per gram of the measured Fe3O4 particles was approximately 5.4 emu/g as 

the external field was zero and 19.5 emu/g as the external field was 200 Oe. Therefore, by 

calculation, each 100 nm Fe3O4 particle was able to give approximately 14 femu 

magnetic moment when the external field was zero and approximately 51 femu when the 

external field was 200 Oe.  

 

 

 

Figure 4.26: The magnetization curve of 100 nm Fe3O4 particles, A) which were fully 

saturated and B) measured in a range of external field sweeping between 

500 Oe and -500 Oe. 

 

 

  To conduct 100 nm Fe3O4 particle detection tests, the particles were first disolved in 
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ethanol solution. The concentration allowed the particles to land on the sensing area with 

the highest probability while avoiding a large amount of particle aggregation. The 100μl 

particle solution was dropped onto the surface of the sensor array area. The particles fell 

from the top and precipitated gradually onto the sensing surface over a period of time. In 

Figure 4.27, the SEM micrograph shows approximately ten 100 nm Fe3O4 nanoparticles 

attached to the top of the sensing area and several others attached to the top of the 

adjacent Cu wires.  

 

 

 

Figure 4.27: The SEM micrograph of several 100nm Fe3O4 particles attaching on the 

sensing area and paired Cu wires. 

 

 

  The profile of GMR peaks before and after several 100 nm Fe3O4 nanoparticles landed 

on a 400 nm × 400 nm sensor is shown in Figure 4.28. As particles landed on the sensing 

area, the width of GMR peaks were wider than those as particles did not land. As a result, 

the coercivity of the sensor was influenced by those particles landing on the sensing area 

and increased by approximately 20 Oe. In addition, the resistance difference, ΔR, which 
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only depends on free- and pinned- layer relative orientation, did not increase with the 

increased overall resistance. Hence, a decrease in the GMR ratio was observed.  

  The GMR of the sensor was measured again after the attached particles were washed 

away by using an ethanol solution with ultrasonic agitation for 10 minutes. The sensors 

were verified through SEM to confirm there were no particles left on the sensing area. In 

Figure 4.28, the sensor after particles were removed exhibited the same GMR profile as 

the sensor before particles were introduced.  

 

 
 

Figure 4.28: The GMR profile change of a 400 nm × 400 nm depending on whether 

several 100 nm Fe3O4 nanoparticles landing on the sensing area. 

 

4.3.3 225 nm Fe3O4 nanoparticles 

  100 μl of 225 nm Fe3O4 nanoparticles dissolved in ethanol at a concentration of 0.18 

mg/ml was dropped on the top of the sensor arrays, a similar process used for 100 nm 

Fe3O4 nanoparticles measurement. The saturation magnetization curve of the particles 

measured by VSM is shown in Figure 4.29 A). The highest magnetic moment was 58 

emu/g when the saturation field was around 1000 Oe. The ferrimagnetic behavior was 
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verified from the magnetization curve. In Figure 4.29 B), the particles were magnetized 

by the external field sweeping between 500 Oe and -500 Oe, similar to the external field 

applied on the sensor as the particle detection was conducted. Although the Mr here was 4 

emu/g, smaller than the Mr of the 100 nm Fe3O4 nanoparticle, the magnetic moment of a 

single 225 nm Fe3O4 particle had a higher strength than the magnetic moment of a single 

100 nm Fe3O4 particle. The moment per gram of the measured Fe3O4 particles was 

approximately 1.5 emu/g when the external field was zero and 15 emu/g when the 

external field was 200 Oe. Therefore, by calculation, each 225 nm Fe3O4 particle was able 

to give an approximately 45 femu magnetic moment when external field was zero and 

increase to approximately 450 femu when the external field increased to 200 Oe.  

 

 

 

Figure 4.29: The magnetization curve of 225 nm Fe3O4 particles, A) which are fully 

saturated and B) measured in a range of external field sweeping between 

500 Oe and -500 Oe. 

 

  An SEM micrograph of a single 225 nm Fe3O4 nanoparticle landing on the top of the 

400 nm × 400 nm sensor confirmed the single particle detection in GMR measurement, 
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as shown in Figure 4.30. The change of the GMR profile before and after a single particle 

attached to the sensing area is shown in Figure 4.31. When a single nanoparticle was 

detected, the GMR peak on the positive external field region was 24 Oe wider than the 

one corresponding to the sensor without the appearance of any particles. The GMR peak 

on the negative external field region was not as wide as the one on the positive external 

field region and was approximately 20 Oe wider than the one corresponding to the sensor 

without the appearance of any particles. This result demonstrates that the largest sensor 

coercivity increase was from 48 Oe to 60 Oe as well as successfully presenting the 

capability of our GMR spin-valve based sensor to detect a single magnetic bio-label.  

 

  

 

Figure 4.30: A single 225 nm Fe3O4 nanoparticle landed on the 400 nm × 400 nm sensing 

area. 
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Figure 4.31: The profile change of GMR peaks before and after a single 225 nm Fe3O4 

particle attaching on 400 nm × 400 nm sensing area. 

  

4.4 Corrosion Test 

  To evaluate corrosion resistivity of the Al2O3-coated sensor, the influence of the 

deposition of a 25 nm thick Al2O3 passivation layer on the GMR was first examined. In 

Figure 4.32, the GMR of a sensor exhibited a similar profile whether a 25nm thick Al2O3 

passivation layer was deposited or not. Neither a resistance increase nor a magnetization 

change was observed. Thus, the influence of the passivation layer on the sensor GMR can 

be regarded as negligible. 

  Next, a 100 μl 0.1M PBS solution containing 225nm Fe3O4 nanoparticles was prepared 

and dropped onto the sensing area. After five hours, the sensing area without 25nm thick 

Al2O3 layer coated was completely damaged; on the other hand, no significant corrosion 

24 Oe 
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was observed on the surface of the sensing area covered by a 25nm thick Al2O3 layer, as 

shown in Figure 4.33.  

 

 
 

Figure 4.32: The GMR profile of a sensor before and after covered by a passivation layer. 

  

 
 

Figure 4.33: Corrosion tests on the GMR sensor A) without a 25nm thick Al2O3 layer 

coverage on the sensing area and B) with a 25nm thick Al2O3 layer 

protection on the sensing area for 5 hours. 
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Figure 4.34: The resistance change of a GMR sensor with and without Al2O3 layer 

coverage over time.  

   

  Tests of sensor corrosion resistivity were also performed by introducing diluted a PBS 

solution. A 100 μl 0.01M PBS solution containing 225nm Fe3O4 nanoparticles was 

prepared and dipped onto the sensing area. The resistance change of the sensor was 

recorded every five minutes for 16.5 hours, as shown in Figure 4.34. The red plot stands 

for the normalized resistance change of the sensor covered by a 25 nm thick passivation 

Al2O3 layer and the blue plot stands for the result of the sensor without a passivation 

layer on top. Normalized resistance is defined as the ratio of each measured resistance to 

the initial resistance at time zero. Although no significant corrosion was found by direct 

observation of the sensor chip, the resistance test showed different consequences from the 

sensor with and without the passivation layer coverage. Compared to the resistance of the 

sensor with a passivation layer protection, the sensor without a passivation layer coverage 

exhibited a significant resistance increase over time. The unprotected sensor suffered 

continuous damage caused by the electrolysis process till the solution was completely 
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dried out. After 16.5 hours, the resistance was approximately 3.5 times larger than the 

initial state. 

4.5 Simulation Results of Particle Sensing 

4.5.1 Sensor models 

  The micro-magnetic behavior of the GMR sensor was first investigated. A 3-

dimensional GMR sensor model comprised of a 400 nm × 400 nm GMR-based sensor on 

an x-y plane with the structure of Co(9 nm)/Cu(6 nm)/Co(3 nm)/Py(9 nm) was built. The 

thickness of each layer was set to parallel the z-direction. A 0.2 mA time-independent 

current was applied on the sensor model. In order to create a GMR sensor model which 

exhibits the result similar to the experimental data, the finite parameters of the GMR 

sensor were assumed and adapted in reasonable criteria. The assumption has been made 

that the bottom Co layer was pinned by its antiferromagnetic exchange stiffness, Asp, with 

the spacer layer.    

  Various strengths of Asp, from 0 to -0.1 μerg/cm, were examined. A comparison of the 

hysteresis loop of the sensor with varying Asp is shown in Figure 4.35. When Asp was 

zero, the loop did not exhibit any sub-steps, implying the pinning field applied to the 

bottom Co layer was zero. An antiferromagntic exchange coupling between the bottom 

Co layer and the spacer layer increased with increasing Asp. The magnetization curve of 

the GMR sensor clearly shows two flat sub-steps in the loop as Asp was approximately -

0.1 μerg/cm. In this case, the anti-parallel configuration of two ferromagnetic layers 

sandwiched by the Cu layer sustained in a certain range of the external field, which was 

similar to the experimental observation.  
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Figure 4.35: Comparison of the magnetization curve of the 400 nm × 400 nm GMR 

sensor comprised of Co (9 nm)/Cu (6 nm)/Co (3 nm)/Py (9 nm) with various 

of Asp: A) 0 B) -0.025 C) -0.05 D) -0.1 μerg/cm. 

   

  GMR peaks corresponding to the antiparallel magnetization configuration over a base 

line corresponding to the parallel magnetization configuration of the two Co layers in the 

sensor was also observed, as shown in Figure 4.36. The resistance change of the GMR 

sensor was measured and affected by local resistivity which depends on the 

magnetization alignment of the micro-magnetic domains of the free and the pinned layer. 

The GMR result exhibited approximately a 4% GMR ratio, 100 Oe pinning field and 70 

Oe coercivity. 
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Figure 4.36: The GMR profile of the simulated 400 nm × 400 nm sensor. 

 

4.5.2 Effect of particle properties on GMR 

  How an additional magnetic nanoparticle affecting the sensor GMR profile with 

different particle magnetic conditions is illustrated. Several simulations calculated by the 

LLG equation were conducted as follows. 

  To understand the effect of Kc and Ms of a particle on the GMR simulation, a model 

comprised of a 100nm sphere magnetic particle attaching to a 400 nm × 400 nm GMR 

sensor was simulated. In Figure 4.37, a 100nm particle with Ms = 280 emu/cc and Kc= 

2.0×105 erg/cc was built on top of the GMR sensor model. First, all magnetic domains in 

the particle and the sensor were fully saturated along the +x-direction under a given 

external field, as shown in Figure 4.37 A). Next, the free layer and pinned layer exhibited 

an anti-parallel configuration when the external field increased from zero along –x-

direction, as shown in Figure 4.37 B). All magnetic domains in the particle also flipped to 
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the –x-direction under certain strengths of the external field. Neither inconsistent 

magnetic domains in each magnetic layer nor domain walls were observed. When the 

external field was more than -200 Oe, the particle and the sensor were fully saturated and 

magnetization was along the –x-direction, as shown in Figure 4.37 C). Similar processes 

shown in Figure 4.37 B) to C) were observed as the external field increased from zero 

and was applied along the +x-direction. The magnetic domains flipped synchronously in 

either the free or the pinned layer, as shown in Figure 4.37 D). The free layer flipped to 

the +x-direction while the pinned layer remained in the opposite one, generating an anti-

parallel configuration again. As the external field exceeded 200 Oe, as shown in Figure 

4.37 E), magnetization of all magnetic domains in either the particle or the sensor flipped 

back to the +x-direction. Figure 4.37 F) shows the GMR profile of this particle-sensor 

model. Because of the appearance of exchange bias from the particle, the GMR peaks 

were wider than those in Figure 4.36. However, the significant influences on the GMR 

ratio and resistance were not observed due to the appearance of the particle. 

  Next, Figure 4.38 shows particle-sensor model behavior and the GMR profile under 

different strengths and orientations of the external field when Ms and Kc of the particle 

was 280 emu/cc and 2.8×105 erg/cc. First, all magnetic domains in the particle and the 

sensor were fully saturated along the +x-direction under a given external field, as shown 

in Figure 4.38 A). Next, two magnetic layers exhibited an anti-parallel configuration 

when the external field increased from zero along the –x-direction, as shown in Figure 

4.38 B). Neither inconsistent magnetic domains in each magnetic layer nor domain walls 

were observed. When the external field was more than -200 Oe, the particle and the 

sensor were fully saturated and magnetization was along the –x-direction, as shown in 
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Figure 4.38 C). On the other hand, as the external field increased from zero and was 

applied along the +x-direction, the magnetic domains did not behave synchronously in 

either the free or the pinned layer, as shown in Figure 4.38 D). Half of the free layer 

flipped to one direction and the other half, separated by a domain wall, did not flip and 

remained in the opposite direction until the external field exceeded 200 Oe, as shown in 

Figure 4.38 E). Thus, two GMR peaks showed no identical profile as indicated in Figure 

4.38 F). 

 

 

 

Figure 4.37: The magnetic orientation of sensor-particle model varied at five continuous 

states, starting from A) to E). F) The GMR profile of sensor-particle model. 

Ms and Kc of the 100nm particle were 280 emu/cc and 2.0×105 erg/cc, 

respectively. 
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Figure 4.38: The magnetic orientation of sensor-particle model varied at five continuous 

states, starting from A) to E). F) The GMR profile of sensor-particle model. 

Ms and Kc of the 100nm particle was 280 emu/cc and 2.8×105 erg/cc, 

respectively. 

 

  Magnetic behavior was also investigated as the particle magnetic parameters Ms 

increased to 350 emu/cc and Kc remained at 2.0×105 erg/cc, as shown in Figure 4.39. 

Figure 4.39 A) shows the magnetization of the magnetic domains in the particle and the 

sensor were all saturated along the +x-direction. Magnetic domain walls appeared in both 

the free layer and the pinned layer as a certain strength of the external field was applied 

in either the +x- or –x-direction, as shown in Figure 4.39 B) and D). Besides, because of 

the increasing Ms, the demagnetizing field also increased, causing the reduction of the 
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required external field for flipping sensor layers. Though the magnetic domains in the 

sensor were fully saturated as the external field exceeded -200 Oe, the magnetic domains 

in the particle were not fully saturated especially those at the edge close to the sensor, as 

shown in Figure 4.39 C). Figure 4.39 E) illustrates the GMR profile of the particle-sensor 

model as the demagnetizing field dominated. 

 

 

 

Figure 4.39: The magnetic orientation of sensor-particle model varied at five continuous 

states, starting from A) to E). F) The GMR profile of sensor-particle model. 

Ms and Kc of the 100nm particle was 350 emu/cc and 2.0×105 erg/cc, 

respectively. 

   

  From previous simulation examples, one could realize the additional interaction 

between the sensor and the particle increased the required external field to flip the bottom 

pinned layer to generate parallel orientation with the free layer, causing the significant 
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width increase of GMR peaks. One could also find that as domain walls appeared in the 

sensor, the width of GMR peaks was decreased, implying that the coercivity of the sensor 

was reduced. Such interaction canceled the pinning field in the pinned layer and 

increased the required field to flip the whole free layer. Different magnetic behaviors of 

the magnetic domains in the sensor were affected by exchange coupling with their 

neighbor domains including those in the particle.  

 

 

 

Figure 4.40: A) A 225nm particle at the center of the sensor surface. B) The GMR profile 

of the model in A). C) A 225nm particle locating at 50nm displacement from 

the center of the sensor surface. D) The GMR profile of the model in C). 

   

  To investigate the effect of various locations of the particle on top of the sensor, a 225 

nm particle was created to be placed at the center of the sensor surface as well as a 50 nm 

displacement along the x-direction from the center. In Figure 4.40, the cross-section view 
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of the particle-sensor configuration at two different locations on top of the sensor and its 

corresponding GMR profile were illustrated. Comparing Figure 4.40 B) and D), the width 

and height of GMR peaks showed little difference. The only difference was no bump was 

presented in the peak as the field increased from zero to 30 Oe along the +x-direction. 

4.5.3 Comparison of simulation result with experimental data 

 

 

Figure 4.41: The simulated magnetization curve of the elliptical particle with Ms = 280 

emu/cc and Kc= 2.0×105 erg/cc. 

 

  Micro-magnetic behavior of the GMR-based sensor has been investigated and 

compared with experimental data in an attempt to explain the differences that occur 

before and after a single particle appearance. As shown in Figure 4.41, an ellipsoidal 

particle with a 220 nm long major axis and two 200 nm long minor axes was found to 

exhibit similar magnetic characteristics to those from the experimental data in Figure 

4.29. The particle shape and size, Hc and Mr from the simulation result were similar to 
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those from the experimental data. Though the magnetization configuration above the 200 

Oe external field exhibited some differences between the experimental data and the 

simulation result, it had little influence on particle detection scheme because the detection 

result was focused on the range of the external field between ±200 Oe. This particle 

configuration was suitable to be used in the detection model in order to verify the 

experimental data and explain the GMR profile change, as shown in Figure 4.42. 

 

 
 

Figure 4.42: The magnetic orientation of the elliptical particle on top of the sensor at five 

continuous states, starting from A) to E). F) The GMR profile of the sensor-

particle model. Ms and Kc of the elliptical particle was 280 emu/cc and 

2.0×105 erg/cc, respectively. 
 

  In the GMR simulation result, approximately 170 Oe external field was required to flip 

the bottom Co layer to opposite direction in absence of the elliptical particle model and 
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190 Oe as the particle appeared on top of the sensor, as shown in Figure 4.42 E). Thus, 

approximately a 20 Oe increase in the external field was required to flip the pinned layer 

of the sensor along the external field direction in the simulation result. In the 

experimental data shown in Figure 4.31, approximately a 24 Oe increase in the external 

field was required. On the other hand, both the experimental and simulation data showed 

that the presence of the particle had little influence on GMR profile under near-zero field. 

Thus, the GMR profile change as the particle was presented in the simulation exhibited a 

similar trend as the particle was detected in the experiment, showing a strong agreement 

between the simulation and experimental results. 
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Chapter 5. Conclusion and Future Work 

 

  A GMR-based multi-layer stack based on a Co/Cu/Co/NiFe spin-valve design with a 

bottom Co layer pinned by a Co/Ru/Co synthetic antiferromagnetic (SyAF) tri-layer has 

been deposited. The whole multi-layer stack was successfully optimized to maximize the 

GMR ratio to 13% in non-patterned films. Fabrication processes for a self-aligned contact 

technique using the PHOST/PMGI bilayer resist system were established. A 110 nm 

undercut length was successfully generated on the PMGI layer. Lithographic processes 

using a combination of e-beam and UV lithography to fabricate twelve 400 nm × 400 nm 

or 200 nm × 400 nm sensors and paired contacts on a chip were presented and verified.  

  Fe3O4 ferrimagnetic nanoparticles, 50 nm, 100nm and 225 nm in diameter, were 

successfully detected by the GMR-based sensor in different schemes. The detection of a 

single 225nm Fe3O4 nanoparticle landing on a GMR-based sensor was presented. The 

GMR peak is 24 Oe wider on the external field axis than the GMR peak corresponding to 

the sensor without any particles attached. This result demonstrated that the sensor 

coercivity increased from 48 Oe to 60 Oe as well as presented the capability of our spin-

valve based biosensor to detect a single magnetic particle. 

  In the sensor corrosion test, it was first verified that there was not a significant change 

in the GMR profile before and after a passivation layer was deposited on the sensing area.   

Besides, evidence showed a 25nm thick Al2O3 passivation layer deposited on top of the 

sensing area effectively protected the sensor from being damaged by the PBS solution 

and reduced the resistance increase after the PBS solution was introduced.  

  The finite-element simulation based on the Landau-Lifshitz-Gilbert equation 
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demonstrated behaviors of magnetic domains of the free layer and pinned layer in the 

sensor associated with the presence of a Fe3O4 nanoparticle with various magnetic 

characteristics. The particle size, shape, Ms, Kc, and magnetic exchange coupling at the 

interface between the nanoparticle and the free layer were verified to have various 

degrees of influence on the sensor GMR profile diversification. A particle-sensor model 

with similar characteristics to those in the particle detection experiment exhibited a 

similar trend to the GMR change in which the width of the GMR peaks were at least 20 

Oe wider than those corresponding to the sensor-only model. Therefore, a strong 

consistency in the established sensing model and experimental data was observed. 

So far, the particle distribution method we use can only allow a relatively low 

probability of particles landing on the desired region. The particle distribution method 

can be improved by designing an approach that is able to wipe out non-sensing-area 

binding and enhance the probability of particles landing on the sensing area. One of the 

doable methods involving the mask design, UV lithography, and the lift-off processes are 

shown in Figure 5.1. A chip comprised of a fully developed sensor array will be prepared. 

A 1μm thick AZ-1512 photoresist will be spin-coated on the chip, followed by the UV 

lithography process. Twelve 2 μm × 2 μm square patterns will be overlapped on top of 

the twelve sensing areas. The chip will be developed in 2.2% TMAH. Appropriate 

amount of magnetic nanoparticles will be distributed on the chip randomly after 

development of AZ-1512, followed by a lift-off process using acetone. Particles which do 

not locate in the twelve square pattern regions will be washed out during the lift-off 

process. Few or single particles landing in those square patterns are constrained in a 

micro-scale area and hence increase the portion of the particle only attaching on sensing 
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area. 

 

 
 

Figure 5.1: The scheme of distribution of nanoparticles in confined micro-scale area using 

UV lithography technique. 

 

In the long-term future work, more knowledge in biochemistry is needed for sensing 

bio-conjugated magnetic particles. In order to verify the final sensing capability of a 

functionalized magnetic particle, strategy has to be developed involving the 

immobilization of biomolecules on nanoparticles and its corresponding binding targets on 

the sensing area of the sensor, followed by the magnetic pull-off technique used to 

remove non-specific binding particles. In addition, numbers and sizes of biomolecules 

need to be comparable to magnetic nanoparticles so that the detection strategy based on 

the GMR biosensing can be feasible. 
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